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Abstract: This paper provides a comprehensive review and outlook on power converters devised
for supplying polymer electrolyte membrane (PEM) electrolyzers from photovoltaic sources. The
produced hydrogen, known as green hydrogen, is a promising solution to mitigate the dependence
on fossil fuels. The main topologies of power conversion systems are discussed and classified; a
loss analysis emphasizes the issues concerning the electrolyzer supply. The attention is focused on
power converters of rated power up to a tenth of a kW, since it is a promising field for a short-term
solution implementing green hydrogen production as a decentralized. It is also encouraged by the
proliferation of relatively cheap photovoltaic low-power plants. The main converters proposed by
the literature in the last few years and realized for practical applications are analyzed, highlighting
their key characteristics and focusing on the parameters useful for designers. Future perspectives
are addressed concerning the availability of new wide-bandgap devices and hard-to-abate sectors
with reference to the whole conversion chain.

Keywords: green hydrogen; water electrolysis; clean energy; photovoltaic generation; DC/DC
converter

1. Introduction

Hydrogen is widely recognized as a zero-carbon energy carrier and can play a cru-
cial role in addressing issues related to climate change [1]. It is a promising solution for
storing energy and produces zero-emission, as fuel burned with oxygen [2,3]. As a con-
sequence, hydrogen roadmaps have been conceived and applied by an increasing num-
ber of countries [4]. Paper [5] recognizes, as a relevant element of carbon-neutral Pow-
er-2-X applications, the combination of hydrogen generated from renewable electricity
and CO2 captured from the atmosphere. The urgency of immediate actions to reduce
greenhouse gas emissions and lower the Earth’s temperature has led the European Union
(EU) to the ambitious goals of reducing emissions by at least 55% by 2030, compared to
the 1990 levels, and to become the first climate-neutral continent by 2050 [6].

Hydrogen can be produced by different methods. At the moment, fossil energy re-
forming is the most popular solution; it has the lowest cost but implies the generation of a
significant amount of carbon dioxide [7]. On the other hand, there is a broad selection of
methods used to obtain hydrogen sustainably; they encompass fossil energy reforming,
industrial by-product gas, water electrolysis (WE), and other technologies still in the ex-
perimental stage [8-10].

Water electrolysis produces no carbon emissions. Currently, it exhibits a higher cost
than other methods [11]; however, it is more attractive when supplied by renewable en-
ergy sources (RESs), such as wind and photovoltaic energy, since the process displays a
fluctuating power [12,13]. Recent studies (2020-2023) do not believe water electrolysis
holds economic promise within the next few years [14]. However, the situation is ex-
pected to change in the medium term, when the expected cost will be lower than 2.5 $/kg
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H: by 2030 [15] and will be further reduced to 2.5 $/kg Hz by 2050 [16]. Consequently, this
solution is expected to become cost-effective compared to other methods [17]. In aid of
this prediction, oxygen (Oz2) generated as a by-product is considered a source of income.

There are different technologies for water electrolysis in the market, for instance,
Alkaline electrolysis is available up to a MW scale [17,18]; Polymer Electrolyte Membrane
(PEM) electrolyzers (EL) are attractive when the power supply is delivered by renewable
energies [19,20]; and solid oxide (SO) electrolyzers exhibit a higher efficiency, though
their low lifetime and high fabrication costs do not currently make them feasible for in-
dustrial use [21].

Polymer Electrolyte Membrane electrolyzers (PEM-ELs) are expected to replace al-
kaline systems; they could become the most common solution for hydrogen generation in
2030 [19]. At the moment, an obstacle is represented by the cost of metal materials em-
ployed; however, once the operational cost is lessened, PEM electrolyzers may also be
extended to industrial applications [20]. Among the advantages of PEM electrolyzers are
the reduced operational cost, high current density (above 2 A/cm?), and low ohmic drops
thanks to a thinner electrolyte compared to the alkaline EL. In addition, the PEM-EL op-
erates in a wide range of power inputs for the fast response of the proton transport across
the membrane. For these reasons, they are particularly suitable to be powered by pho-
tovoltaic sources [7,22]; it is expected that they will encourage the research and design of
new converters [23-26]. On the other hand, the PEM-EL lifetime is still lower than that of
alkaline systems under fluctuating operating conditions [27]. For these reasons, this pa-
per mainly focuses on DC/DC converters devised for the PEM-EL supply; it discusses the
main issues regarding design and performance, which are different from applications of
the same converters in different fields because of the constraints imposed by the electro-
lyzers. Converters with powers up to ten kW are analyzed because there is great potential
in this field for distributed generation, even in domestic applications [14,17].

Although hydrogen is inherently a nonpolluting energy carrier, the energy source
from which it is produced must be considered in terms of its pollutant emissions. For this
reason, hydrogen is associated with a corresponding color. At the moment, the most
common method for hydrogen production, which shows mature technology use and a
low production cost, is based on the conversion reaction of fossil fuels. If carbon emis-
sions are generated during the process, it is called gray hydrogen [28,29]. Carbon emis-
sions can be processed by technologies such as carbon capture and carbon sequestration
(CCUS) to produce blue hydrogen. Finally, water electrolysis by renewable sources gives
green hydrogen; in this case, almost no greenhouse gas is derived during the production
process [30].

It is evident that to manage an environmental-friendly vector of energy, all efforts
should tend toward green hydrogen production; however, there are still technical
thresholds and a high cost to be faced before achieving large-scale production [12,31-34].

For the above-mentioned reasons, in the hydrogen production framework, this pa-
per considers the power converters supplied by photovoltaic sources for producing green
hydrogen exploiting water electrolysis by PEM-ELs. A graphical representation of this
planning is shown in Figure 1. The PEM-based electrolysis is a subset of water electroly-
sis that falls under the field of green hydrogen generation. In this field, converters are
being researched both in terms of new topologies and with traditional circuits that must
be considered based on the constraints imposed by the electrolyzer. The electrolyzer re-
quires a DC voltage generally lower than that of the source, high currents, minimal
voltage ripple, and the absence of overvoltages in dynamic behavior.
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Figure 1. Graphical overview of the approach proposed by this paper; in the context of hydrogen
production, we consider that produced from photovoltaic sources by the electrolysis of water with
PEM-type electrolyzers.

This approach makes this review different from others recently published in the lit-
erature; in fact, [9] is focused on hydrogen production processes as well as [20,29]. Papers
[23,24] deal with PEM water electrolysis, whereas [35] considers PEM electrolyzers sup-
plied by renewables, introducing the need for a converter system to be used as a power
interface, even if the topologies are not addressed. Some surveys consider specific ap-
plications such as grid services [36] and the use of hydrogen as a storage system [37].
High-power converter applications for large-scale hydrogen production via water elec-
trolysis are described in [38,39], concerning the use of IGBT or thyristors. Paper [40]
mainly focuses on the architecture, including electrolyzer modeling; paper [41] deals
with DC/DC converters, and it evidences some challenges, such as output ripple reduc-
tion, efficiency optimization, cost minimization, and robustness against failures. Papers
[42,43] are dedicated to the interleaved converters. Paper [27] gives a complete overview
of the integration of water electrolyzers and photovoltaic (PV) solar technology; however,
it does not deal with power conversion circuits. A review of power converters is given in
[10,31,44]; the structure of this paper is similar to that of these last three papers. In addi-
tion, it discusses the presented converters, taking into consideration the main constraints
in terms of efficiency, ripple, and cost. It is up to date compared to [10,44], since refer-
ences encompass seven papers published in the first half of 2024. Compared to [31], the
proposed work is more design-oriented since it includes a deep analysis of DC/DC con-
verters specifically devised for PEM electrolyzers. After the introduction, a losses over-
view focused on PEM electrolyzers is given, and the ways in which a suitable choice of
parameters can optimize efficiency are discussed. The power converters are classified
into non-isolated and isolated, and the constraints imposed by the high-output currents
are discussed in the analysis proposed in the following sections. Finally, the perspectives
opened by new power devices such as SiC and GaN and some hard-to-abate sectors
concerning the whole conversion chain are addressed.

2. PEM Electrolysis

PEM electrolysis cells offer several advantages, for instance, there is a high current
density (above 2 A/cm?), the operational cost is reasonable, and ohmic voltage drops are
reduced compared to the alkaline electrolyzer since the electrolyte is thinner [7]. Moreo-
ver, the PEM electrolyzer exhibits a fast response of the proton transport across the
membrane, resulting in suitable operation with a wide range of power inputs, as the
power is delivered by renewable energy sources whose delivered energy is affected by
abrupt variations [12,13]. Finally, the PEM electrolyzer produces high-pressure hydrogen,
performing an electrochemical compression; this feature makes storage easier.

The chemical reaction carried out to obtain hydrogen is described by Equation (1),
which considers the Gibbs energy (237 k]-mol-') and the lost energy (48.6 kJ-mol-). Gibbs
energy is the minimum work necessary for the reaction to proceed, whereas lost energy is
converted into heat due to losses in the anode and in the cathode.
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Starting from the water molecule, protons and oxygen are obtained providing elec-
trons according to the following sub-reaction:

1
Hy0 > 2H* +5 0, +2e” @)

The available electrons flow through the anode, resulting in a current flowing into
the anode, and the protons flow through the membrane. Once the protons reach the
cathode, they combine with electrons originating from the terminal at the negative po-
tential and obtain hydrogen as follows:

2H* + 2e” - H, (3)

Figure 2 schematically shows the operation; the anode is connected to a positive
electric potential, and a current is imposed on the electrolyzer to guarantee the electrons’
flow.
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Figure 2. Diagram of PEM water electrolysis reactions.

From this analysis, it can be deduced that the electrolyzer is a current-driven device.
The volume of hydrogen is proportional to the current density [45].

Unfortunately, the power supplied to the PEM electrolyzer cannot be completely
converted into high-pressure hydrogen because of the losses. A simplified physical
model that can be used to reproduce the hydrogen production and losses is depicted in
Figure 3. Particularly, the Gibbs energy, the membrane and losses into the two
sub-reactions, and the produced hydrogen are modeled by a series connection of re-
sistance and a counter-electromotive force generator, respectively. More complicated
models can also reproduce dynamic behavior; they adopt a parallel connection of an
equivalent resistance and a capacitance for the anode and cathode [22]. These models are
required to suitably reproduce dynamic transients.
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Figure 3. Simplified static linear model of a PEM-EL showing the breakdown of the power supplied
by the generator partly converted to hydrogen and partly lost as heat.

The counter-electromotive voltage value corresponds to the reversible voltage, rep-
resenting the minimum needed energy barrier of the electrolyzer; the hydrogen produc-
tion starts when the voltage applied to the electroyzer is greater than Vit The current
versus voltage characteristic starts with this value at zero current and then shows a
non-linear increasing trend with the current. Adopting the resistance and a voltage gen-
erator, the model is approximated by a linear voltage vs. current characteristic. The
power corresponding to the current flowing through the counter-electromotive force
generator is effectively converted into hydrogen, whereas the current flowing through
the resistance generator corresponds to the power lost. A higher current increases hy-
drogen production but worsens the PEM efficiency since the amount of hydrogen is
proportional to the current, while the losses increase with the square of the current. Based
on the supplied current I, in stationary conditions, the volume of hydrogen Vw2 can be
calculated by the following equation based on the Faraday law [46]:

R-1,-At-T
VH2=—F_p_Z 4)
where R is the ideal gas constant (equal to 8.3145 J/mol K), T is the temperature in [K], At
is the time interval the current is supplied, F is the Faraday’s constant (equal to 9.64 x 10*
C/mol), p is the ambient pressure, and z is the number of excess electrons (equal to 2 for
hydrogen).

At a constant temperature, the conductivity of the PEM electrolyzer decreases non-
linearly with the pressure, whereas with constant pressure, the conductivity increases
linearly with temperature. The conductivity variation requires a constant current to be
supplied to produce a constant hydrogen volume with the expected efficiency [47,48].
Finally, a constant current supply allows the removal of a defective cell (hot-swap)
without stopping the operation.

Although most converters analyzed are voltage generators, a converter’s control
algorithm can be entrusted with the task of maintaining a constant current. The algorithm
adjusts the output voltage based on the amount of hydrogen to be produced, and thus,
the current to be supplied.
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Water Electrolysis by PEM Electrolyzers Supplied by Photovoltaic Sources

When a photovoltaic source is exploited to supply a PEM electrolyzer, the power
converter has the task of tracking the maximum power point on the PV source, charac-
terized by a couple of voltage and current values (Viuy, Imy), varying the solar radiation,
and transferring the delivered power to the electrolyzer. The conversion chain is illus-
trated in Figure 4, where the source is connected to the DC/DC converter; its voltage
output is applied to the electrolyzer.

el(t) »

(Vmpp, Impp)

: impp(t)
-

o DC
Vopp@)| /

Converter

Electrolyzer

Photovoltaic
Source

Figure 4. Structure of a conversion chain supplied by a photovoltaic source.

The related power balance, neglecting the losses on the converter is given by:
Vinpp * Impp = Iezl “Rine + Iy " Vaer 5)

where according to Figure 4, I is the current flowing through the electrolyzer, Riu is the
internal resistance, and Va« is the activation voltage. The power converter must apply a
voltage to the electrolyzer so that the related current satisfies Equation (5). This current
depends on the electrolyzer’s equation, which is as follows:

Vel - Vact

Rint (6)

Iy =

By substituting Equation (6) into Equation (5), a second-order equation is obtained,

whose positive solution represents the converter’s output voltage to be applied to the
electrolyzer.

Vezl — Ve Vaer — (Vmpp : Impp) "Ryt = 0 (7)

The DC/DC power conversion systems are driving research, especially for medi-
um-low power levels [10]. These converters can be either in a transformerless or in iso-
lated configuration (as described below, a high-frequency intermediate transformer can
be used to improve the step-down ratio and achieve other benefits such as the galvanic
isolation between the source and the load). Such systems are taken into consideration as
equipped with supplementary storage elements, or more generally to support DC mi-
crogrids as well [49].

Although the converters that can be used are mostly known, their use in the field of
electrolyzers poses different specifications that come from the source and the load, af-
fecting the topology and the design of the converter. Concerning the constraints imposed
by the electrolyzer, first of all, the DC voltage produced by the PV plant is usually much
higher than that required by the electrolyzer, imposing a high step-down ratio [23,24].
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Secondly, the delivered power depends on solar radiation. Hence, the supplied DC
voltage changes over time and can also be subjected to abrupt variations in partial or total
shading; it requires tracking the maximum available power by the DC/DC converter. If
the power produced by the PV plant is lower than the rated power of the electrolyzer, the
delivered hydrogen is consequently diminished. The PEM electrolyzer needs a DC volt-
age with minimum ripple to preserve the membrane [50]; the supply voltage must not
exceed the maximum prescribed value, which means that the dynamic behavior during
the transients must avoid voltage overshoots. The requirement of minimum voltage rip-
ple also implies a suitable design of EMI filters, if required, since they affect the control
behavior [51]. The dynamic behavior of the power converter is affected by the dynamic
behavior of the electrolyzer, which should be considered in the converter design [52]. As
a consequence, the converter topology is selected to optimize the energy transfer under
steady-state conditions; then, the control system is designed to retrieve the best matching
during transients.

Finally, the converter’s efficiency plays a crucial role as it allows generated power to
be converted into hydrogen as much as possible. A higher efficiency reduces both the
design and production costs because the heat dissipation equipment is cheaper and so is
the operating cost. After all, it increases the amount of hydrogen per given power, low-
ering the payback time [14,17]. Because of the relevant role of efficiency, the next section
describes the main causes of losses in power converters and ways to optimize them.

3. Losses Analysis in Power Converters

The power converter’s efficiency plays a crucial role; the target is to achieve the
lowest losses, making the efficiency as close to the unit value and forming a flat curve as
the converter power varies. Unfortunately, the losses vary depending on the current
flowing through the various devices.

Efficiency is defined by the ratio of the output power (Po) over the input power (Pi);
they differ because of the power lost in the converter (Pais).

P, R 1  Puiss

= — = F— zl
77 Pi PO+PdiSS 1+% PO (8)
o

The losses can be classified as (a) constant losses (auxiliary cooling devices, capaci-
tive switching losses), (b) losses linearly dependent on the current (as in semiconductors
junctions with constant forward voltage drop), (c) losses quadratic with the current (as in
semiconductors characterized by a conduction resistance) or Joule losses.

Pyiss = ko + ki Py + kqP02 )

Maximum efficiency is achieved when constant and quadratic losses are equal; a
demonstration is given in Appendix A. Since Equation (9) represents a parabolic curve,
the efficiency curve shows a maximum that usually does not coincide with the rated
power of the converter; it means that the efficiency is worsened in proximity to the rated
power [53]. Since an electrolyzer needs high currents at the rated power, the efficiency
decrease represents an issue; some converters are conceived to retrieve a flat efficiency
curve.

A detailed loss analysis allows for the recognition of the main losses and how they
can be managed in the case of electrolyzer supply.

The losses in a power converter can be classified as shown in Figure 5. They are
grouped into static and non-static (dynamic) losses. Concerning static losses, conduction
losses often play a key role; on the contrary, blocking losses are not relevant due to the
negligible leakage currents. Dynamic losses occur during commutation due to the sim-
ultaneous presence of both voltage and current at the power device’s terminals; they can
be classified as turn-on, turn-off, and reverse recovery losses. A great deal of effort by
designers is therefore directed toward solutions avoiding the simultaneous presence of
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current and voltage at the device terminals, as will be shown in the following sections.
Finally, driving losses depend both on the driving circuit and the gate capacitance
charged and discharged at each commutation [54].

()
Conduction
losses
4
¢
Blocking
losses
)
~—
Power e Turn ON
converter Turn OFF
device losses & N
Switching
losses
—_— . )
NO'?' Reverse
Static recovery
' S -
- —
Driving
losses
~—

Figure 5. Losses classification.

The general expression of the mean power lost for a power device subjected to a
voltage v(t), in which flows a current i() in a time t1, calculated in a switching period T, is
given as follows:

Ploss = l tli(t) v(t) dt (10)
T 0

Concerning the conduction losses, the integration time is the conduction time fon.
Equation (10) can be particularized for devices that show either a constant voltage drop
vce (as IGBTs) or a conduction resistance Ron during conduction (as MOSFETs).

1 ton )
Peond_iger = T j i(t) veg dt (11)
0
1 ton'
Peona_mosrer = T f i%(t) Roy dt (12)
0

Equation (11) can also be used to calculate the conduction losses in a diode by
changing vce with the drop voltage across the diode V. The switching losses depend on
the contemporary presence of both voltage and current during commutation; under the
assumption of a triangular-shaped instantaneous power, the power lost in an on-off-on
commutation is given as follows:

1
Pow = Evl(tturn_on + teurn of)fs (13)

where V and [ are the voltage in the blocking state and the conduction current, respec-
tively; tum_onis the time required to turn on the device, which encompasses the fall time tf
(time interval in which the voltage drops to zero) and the rise time tr (time necessary for
the current to rise from zero to its final value). Similarly, tum_ofis the time required to turn
off the device; it encompasses the time interval in which the current falls to zero and the
time to increase the voltage up to the blocking value, and f; is the switching frequency.
Designers make great efforts to minimize the voltage or current during switching, aiming
for zero-voltage switching (ZVS) or zero-current switching (ZCS). The reverse recovery
losses occur in a diode when it switches from the conducting to the blocking state; the
current falls to null value and remains negative (reverse recovery current) for a time in-
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terval t+ (reverse recovery time). The presence of a negative voltage during this time
causes dissipation.

1
B, = gton Voplrrm fs (14)

where Vbp is the diode blocking voltage, Irru is the maximum reverse recovery current,
which is specified in the diode datasheet. This parameter increases significantly with
temperature, the current derivative, and the current [55].

Parasitic elements also contribute to losses. The parasitic resistance of power in-
ductors s is often affected by a continuous (DC) component of the current and a pe-
riodic (AC) component; the related Joule losses are given as follows:

1 (%
P]oule_ind = F (iIZJC + iﬁc) Tvaras dt (15)
sJo

Filter capacitors are subjected to Joule losses because of their parasitic resistance res;
however, they are only affected by the AC component. Moreover, structural failures in
electrolytic capacitors are often due to power dissipation inside the component, wors-
ening the reliability of the whole conversion system [56,57].

1 (T
P]oule_cap = Ff (ljc) Tesr dt (16)
s Jo

Other losses from parasitic elements concern stray inductors and capacitors that
originate from the layout and connection wires; they are charged/discharged with each
switching period. As an example, a stray inductance L in a series with a power switch
(due to its connections, including the connection inside its packaging) generates power
dissipation as follows:

1 H
Psw_L= ELL fs 17)

Another effect to be accounted for, given by stray inductances, consists of voltage
overshoots originating from the high current commutation of fast switching devices. In
fact, by the constitutive inductor Equation (18), it can be deduced that across the stray
inductance, due to a high current variation in a short time, a voltage spike can occur
since, with turn-on or turn-off times of tenths on the order of nanoseconds, a stray in-
ductance of a tenth of a nanohenry and a current variation in tenths of an ampere can
generate a relevant voltage pulse.

di,
=L(— 18

Ve ( dt ) (18)
Similarly, a stray capacitance C in parallel on a switch causes power dissipation

corresponding to the transferring of the capacitance energy to the switch at its turn-on.
1
Pgy ¢ = 2 Cv* f (19)

Both losses described by Equations (17) and (19) are proportional to the switching
frequency. The same considerations hold for the gate capacitance of MOSFET-based
power switches, unless more sophisticated driving techniques are adopted; in this case, a
part of the energy is recovered [58].

Losses are recognized in magnetic materials adopted for inductors and transform-
ers. In a soft magnetic material, the losses due to an applied variable magnetic field can
be separated into three main contributions, the hysteresis, the eddy current, and the ex-
cess losses [59-61]. The hysteresis losses are due to the steady state losses of the Weiss
domain; they are given as follows:

Prag n = a fsB*mM (20)
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where B is the peak value of the flux density, f; is the frequency, a is a coefficient de-
pendent on the material, x is the Steinmetz coefficient, m is the number of toroids used for
the magnetic core, and M is its weight in kg.

The eddy current losses are due to the presence of eddy current in the material, and
they are given as follows:

P. = b f2(B)*mM (21)

where b is a coefficient dependent on the magnetic material.
Finally, the excess losses due to the dynamic losses of the Weiss domain are obtained
as follows:

P = e f.2(B)2mM (22)

where ¢ is a coefficient dependent on the magnetic material.

Usually, the coefficients are known for their sinusoidal waveforms; they are un-
suitable in power converters where inductors are subjected to periodical, but
non-sinusoidal solicitations, and more sophisticated models are required. The revised
generalized Steinmetz model has retrieved the use of an equivalent resistance to model
the core losses under triangular excitation [62,63].

In Equations (20)-(22), the dependence on frequency can be recognized. From this
perspective, by increasing the switching frequency, the temperature of the inductor rises
too. It may require attention when it is operated at the boundary of the linear zone since,
in general, outside this zone, the increase in the temperature makes the inductance lower,
leading, in some cases, to instability [64]. An analysis example of the main losses in a
practical case is given in Appendix B.

Several parameters can contribute to optimizing efficiency. Two different steps con-
cerning the converter design and control measures can be recognized as shown in Figure
6.
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Figure 6. Outlook on optimization solutions.

3.1. Design Measures

The power switches make a considerable contribution to the converter losses; they
are subjected to both switching and conduction losses. The designer has to minimize this
contribution by making a suitable choice of power switches. Concerning dynamic losses,
a lower turn-on and turn-off time allows diminishing switching losses according to
Equation (13). Reverse recovery in power diodes is reduced by a suitable choice of device
and imposing commutation with zero current; this feature is pivotal for the electrolyzer
supply since a rectifier stage often processes high current. With reference to static losses,
low conduction resistance (Rown) devices reduce conduction losses in MOSFETs as shown
by Equation (12). The gate drive losses involve the charge/discharge process of the gate
capacitance and the power supply of the related drive circuitry. The electrolytic capacitor
losses are less relevant; they are derived from the square of the RMS current flowing
through the ESR of the capacitors (see Equation (16)). Although this is often considered a
second-order effect, it influences the device’s reliability and, consequently, that of the
whole converter [56,57]. The inductive component losses are due to both the parasitic re-
sistance of the inductor winding and magnetic losses; this necessitates an appropriate
choice of components. Finally, auxiliary losses involve ancillary services such as fans and
signal circuits.

3.2. Control Techniques and Topology Measures

A relevant performance improvement can be retrieved by suitable control tech-
niques and topology measures. The current optimal partitioning consists of sharing the
current among several paths; this allows lowering Joule losses because they are quadratic
with respect to the current. This feature is exploited by interleaved circuits that also allow
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a reduction in the ripple amplitude; using parallel conversion units allows the stand-by
of some units when the power is much lower than the required one, achieving a flattened
efficiency curve [53]. Appendix C provides an example of the analysis in a practical case.

The resonant mode consists of imposing the commutation of the power switches
when voltage or current are null, realizing zero-voltage switching (ZVS) or zero current
switching (ZCS), respectively. In this way, either the voltage or current are nullified in
Equation (13). The resonant mode can be implemented by exploiting parasitic reactive
components (such as leakage transformers, inductors, or MOSFET output capacitances)
or by additional components.

The partial power conversion processes only a part of the total power; it highly in-
creases efficiency, especially when the power to be converted is lower compared with the
available power.

Finally, voltage range adaptation can be adopted when a wide input voltage range is
required for the converter’s operation. It consists of preconditioning the voltage by a
supplementary pre-regulator stage.

The above considerations are the basis of the design of the circuits analyzed in the
following sections, which are applied particularly to the supply of PEM electrolyzers.

4. Power Converters for Electrolyzers

The use of a power converter to supply the electrolyzer via a photovoltaic source
allows the required voltage conversion and optimizes the operating point by tracking the
maximum power during operation [65-67].

The power converter systems to interface a PV source with the electrolyzer can be
divided into grid-connected systems and stand-alone DC/DC converters. The
grid-connected systems are supplied by AC voltage requiring, in some cases, a line fre-
quency transformer (LFT) (The line frequency transformer operates at a low frequency
(corresponding to the grid frequency); although it guarantees the galvanic isolation, it is
bulky compared to a high-frequency transformer). The stand-alone DC/DC converters
can be divided into non-isolated and isolated converters. This section briefly describes
the grid-connected systems; non-isolated and isolated converters are analyzed in Sections
5 and 6, respectively.

A representation of a grid-connected power conversion system is shown in Figure 7.
The system is formed by a DC/AC converter supplied by the PV source, an AC/DC stage
for the electrolyzer and, in some cases, a low-frequency transformer. This multiple con-
version lowers the total efficiency and increases the cost compared to a direct DC/DC
conversion. On the other hand, the grid can supply the electrolyzer despite the variations
in the power produced by photovoltaic sources. To achieve green hydrogen at the rated
power, the photovoltaic power must be higher than the one required by the electrolyzer;
the remaining part can be used for other grid-connected services. The use of the grid, also
supplied by a photovoltaic plant placed in a different point connection, guarantees the
power to the electrolyzer that can be managed based on the hydrogen production re-
quirements. At the moment, a significant part of commercial systems belongs to this
category; however, hydrogen production by traditional methods is still relevant, in fact
water electrolysis accounts for about 2% of the whole hydrogen supply [10].
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Figure 7. Structure of a grid-connected conversion system.
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The high-power rectifiers connected to the grid play a crucial role; they transform
medium voltage (MV) to a high DC current to supply electrolyzers. Commercial
high-power rectifiers range up to 10 MW in power, supplying a current from 1.5 kA to 10
kA with a voltage of up to 1 kV. The main issues are related to their impact on the grid
regarding power quality issues such as voltage imbalance, harmonic distortion, reactive
power generation, and interference in the range of 2-9 kHz. Photovoltaic plants and wind
turbines usually achieve the supply by RESs, interfaced to the grid by DC/AC inverters or
AC/DC/AC converters, respectively. The grid behaves as a power transmission vector in
which power can be integrated by auxiliary or traditional generation where necessary.
The most used circuits are the 12-pulse thyristor rectifiers (12-THY) equipped with pas-
sive trap filters or with active shunt power filters to minimize distortion; the use of active
front-end rectifiers provides a better power quality regulation capability. All these cir-
cuits adopt a line frequency transformer (LFT) in a configuration of wye-delta-wye to
eliminate 5th and 7th-order harmonics, providing galvanic insolation. Another adopted
rectifier is the 12-Pulse Diode Rectifier with a Multi-Phase Chopper (12-DRMC); it em-
ploys two uncontrolled rectifiers connected to a DC/DC converter equipped with IGBTs
in an interleaved configuration. This converter requires notch filters at its input to sup-
press low-order harmonics. The twelve pulse thyristor rectifiers with active filter
(12-THY-AF) are based on the 12-THY rectifier added with an active shunt filter at its
input. Finally, the active front-end (AFE) rectifier is based on a three-phase IGBT bridge.
A comparison of these four topologies is given in Table 1 concerning power quality, effi-
ciency, control, reliability, and cost [39]. All these converters are implemented on a com-
mercial scale and have been devised for alkaline electrolyzers; however, they could be
employed for PEM electrolyzers. They are grid-connected circuits that can benefit from
photovoltaic energy, as depicted in Figure 7.

Table 1. Comparison of the main features of high-power rectifiers employed in industry for hy-
drogen production.

Circuit Power Quality Efficiency = Control Reliability Cost
12-THY poor good easy very good cheap
12-DRMC neutral neutral neutral good cheap
12-THY-AF good neutral difficult neutral neutral
AFE very good neutral difficult neutral expensive

The comparison shows that each circuit has pros and cons; however, the AFE circuit
can benefit from being updated with the emerging SiC MOSFETs instead of Silicon IGBTs
[68].

Future developments are addressed with the suppression of the LFT by adopting a
modular multicell rectifier in which the transformer operates at a high frequency in a
DC/DC stage whose input is derived by an AC/DC converter. The whole structure is
modular, and it is expected to be adopted for high-power rectification in the future [39].
Grid-supplied high-power rectifiers are also described in [38,39,44]. A comprehensive
comparative analysis of the power converter topologies described above has been re-
cently provided by [69]. The above-described circuits are grid-connected high-power
rectifiers; hence, scaling to power around tens of kW to supply electrolyzers by photo-
voltaic plants is not feasible. For this reason, several topologies have been conceived,
adopting MOSFETs or IGBTs as power switches instead of the controlled rectifiers and
diodes. These converters, detailed in the following sections, can be supplied by the DC
source encompassing suitable dynamic features to track the source variations.

5. Non-Isolated Power Converters

Non-isolated or transformerless circuits allow the use of smaller and cheaper con-
verters with good efficiency. The most common topologies are step-down types, as the
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electrolyzer requires low voltage, while the photovoltaic source is exercised with higher
voltages to minimize the current delivered for the same power.

5.1. Basic Buck Converter

Introductory remark: This converter generates a square wave from a DC voltage by
the commutation of a power switch. The square wave is then filtered, obtaining a lower
DC voltage.

A classical buck converter is employed in [70,71]. The circuit is shown in Figure 8.
The step-down ratio is equal to the duty cycle of the power switch D = ton/Ts (since T5 =
Ton + Toff, the duty cycle is always between zero and one); hence, the output voltage is
reduced and proportional to D as follows:

Ve = D VUpy (23)

A suitable design of the LC filter minimizes the output ripple. The main drawback is
the discontinuous input current, since the power switch is connected in series with the
source; it would impose wide variations to the operating point of the PV generator (set on
the maximum available power) that are limited by a parallel capacitance (drawn in gray
in Figure 8). However, this capacitance modifies the converter’s dynamic behavior [51].
The power switch is subjected to a current that is higher the more the duty cycle is re-
duced; this can be a problem if high input voltage reduction ratios are desired. Quadratic
Buck converters assure a higher step-down ratio (v,; = D? vpy ); in this case, with the
same parameters, a reduced current ripple is obtained but with a higher voltage stress of
the semiconductor [72]. In addition, the free-wheel diode supports the same current as
the MOSFET, which is switched in the on—off transition of the MOSFET. Due to the para-
sitic inductance of the connections, overvoltages could be generated in the common in-
ductor-diode-MOSFET node that can propagate to the load and source. The conduction
losses of the power diode can be reduced by using a MOSFET instead of the diode. The
obtained circuit is known as synchronous Buck. An example is proposed by [73]; the low
conduction resistance of the MOSFETs allows for the reduction in the conduction losses,
avoiding the drop voltage introduced by the free-wheel diode (Figure 9).
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Figure 8. Traditional Buck converter.
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Figure 9. Synchronous Buck converter.

5.2. Interleaved Buck Converter

Introductory remark: This converter adopts parallel buck circuits to share the input
current and reduce the conduction losses.

A solution to reduce the high input current flowing through the MOSFET and its
ripple is given by the interleaved configuration in which many converters are parallel
connected to share the current among legs, as shown in Figure 10. In this way, conduction
losses through the power switches and inductors are lowered. In fact, considering that
they are quadratic with respect to the current, the adoption of two legs halves these
losses. The current sharing among legs is an effective way to reduce losses, especially
when high currents have to be managed [74]. The number of parallel circuits can be fur-
ther increased to make the efficiency curve flat as the power output varies, even for
power much lower than the rated one, because of the distribution of losses; it may be
more convenient to use only some branches [53]. An example is discussed in Appendix C.
A suitable phase shifting of the carriers of the PWM modulator can minimize the output
ripple. On the other hand, the circuit is more complicated, and current control is required
to split the current among legs equally [74,75]. Finally, the presence of more legs is help-
ful in realizing fault-tolerant circuits since, in case of a fault of a power switch, the re-
maining legs can ensure the power supply to the electrolyzer.
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Figure 10. Interleaved Buck converter (red lines represent the current waveforms).

The above-mentioned advantages are summarized in surveys [42,43], where further
topologies are addressed as follows: the interleaved buck can be improved by two cou-
pled windings at the input stage enhancing the voltage ratio conversion [76], the
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switching losses can be reduced by a Zero Current Transition of the power switches [77],
and this approach corresponds to the nullification of the current I in Equation (13).

A practical application of interleaved topology is described in [78]; it proposes a
three-leg interleaved buck converter supplied by the grid through a 12-pulse rectifier.
The converter is conceived for a peak power of 400 kW. The same rated power is man-
aged by a full-bridge step-down isolated DC-DC converter proposed by [79], in which
the interleaved configuration is particularly convenient for an industrial water electro-
lyzer. A comparison of efficiency curves between a buck converter and an interleaved
configuration is given in Appendix C.

5.3. Stacked Interleaved Buck Converter

Introductory remark: This converter is based on two buck circuits; only the former
processes the power, and the latter is employed to minimize the voltage ripple.

The stacked interleaved proposed by [52] is a two-leg interleaved configuration in
which a leg is devoted to the ripple compensation to preserve the electrolyzer [50]. The
circuit is shown in Figure 11. The auxiliary capacitor Caux stops the DC component of the
current flowing through the inductor L»; as a consequence, the leg connected to L2 is ex-
ploited only for ripple compensation and can be designed for a lower power compared to
the leg supplying L: that has to support the whole DC current required by the electro-
lyzer. Paper [52] also addresses the control issues of deriving the transfer function en-
compassing the dynamic model of the electrolyzer; this model plays a crucial role in the
dynamic response of the converter.
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Figure 11. Stacked interleaved Buck converter (red lines represent the current waveforms)..

5.4. Three-Level Interleaved Buck Converter

Introductory remark: This converter operates like an interleaved buck. A capacitive
divider partitions the input voltage, obtaining three voltage levels. The current is shared
between two power switches to lower conduction losses (see Equation (12)) (Since the
current flowing in a switch is halved, the losses in the same switch are reduced to a
quarter).

The three-level interleaved buck converter proposed by [80] exploits the basic Buck
topology in the double-phase interleaved version; the input voltage is halved by a ca-
pacitive divider and an analogous circuit is placed on the return path of the current. The
circuit is shown in Figure 12. Each power switch with its free-wheel diode behaves like a
traditional buck converter, each device is operated for half of the switching period by a
phase displacement of the gate signals so that the thermal stress is reduced. Finally, the
output current ripple is minimized, and fault accommodation can be provided as in an
interleaved converter. Recently, a novel control algorithm for a TLIBC has been proposed
to supply energy to a proton exchange membrane electrolyzer supplied by renewable
sources. It is based on non-linear improved sliding model-based control, which improves
dynamic response and robustness against parameter uncertainties [81].
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Figure 12. Three-level interleaved Buck converter.

5.5. Partial Power Conversion

Introductory remark: Unlike a traditional converter in which all power is processed,
in partial power conversion (PPC), only a part of it flows through the converter.

A partial power conversion scheme is provided in Figure 13. With reference to a
step-down conversion, based on the input voltage Vi and output Vo, an adjustable series
voltage V. is generated; this voltage is subtracted from Vi to retrieve V..

V,=V,— V. (24)

The converted power is limited to a lower level; this corresponds to the rated power
of the converter stage which results in lower power compared to the whole power. In
addition, in case V. < V,, a great part of the power does not need conversion to be de-
livered directly from the input.
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As a consequence, the total efficiency is increased as follows:

P 1+nc%
—_ 9 _ 2
L £

1+V2

where 7. is the efficiency of the converter stage; as an example, if the efficiency of the
converter stage is .= 0.85 and V/V2= 0.2, a total efficiency of 0.975 is retrieved [53].



Electronics 2024, 13, x FOR PEER REVIEW 18 of 42

Eﬂ V"
EL

Figure 13. Partial power conversion scheme.

The advantages and some applications are summarized in [82], which proposes a
PPC scheme to supply an alkaline electrolyzer. Although the rated power of the system is
around 3.5 kW, the converter is designed to manage about 750 W. Similar results are ob-
tained for supplying a solid-oxide electrolyzer/fuel cell converter where the rated power
of the system is about 32.5 kW; in contrast, the converter is designed to manage about 3.6
kW. With reference to the limitations of PPC, it should be noted that the best efficiency
results are obtained when the supply voltage is close to that of the load and that galvanic
isolation between input and output cannot be achieved [82]. Although a transformer is
required to implement PPC circuits, the converter connection does not provide galvanic
isolation. Therefore, when safety requirements for both the source and the load, or also
for any eventual human interaction with the devices, are mandatory, a different topology
must be employed. Two examples of converters to be used in PPC are proposed by [83];
they are the Dual Active Bridge (DAB) and the Isolated Full Bridge (IFB), shown in Fig-
ures 14a and 14b, respectively. Both converters are analyzed since they show good effi-
ciency with a limited component number. In the DAB, an inductor is employed to deliver
the power to the output; it is charged and discharged based on the phase-shift angle of
the half-bridge switching legs. The IFB converter exploits the duty cycle of the primary
switches; the energy is transferred to the output port by an input inductor. The analysis
proposed by [83] shows the best performance obtained by IFB in a wider operating re-
gion. More details on partial power conversion can be found in [84].



Electronics 2024, 13, x FOR PEER REVIEW 19 of 42

V.

N

FplLApL

(b)

Figure 14. Converters employed in partial power conversion: (a) dual active bridge, (b) isolated
full-bridge.

5.6. Direct Coupling

Introductory remark: The “direct coupling” between the source and the electrolyzer
consists of a direct connection between the electrolyzer and the PV source without using
a DC/DC converter as a power interface.

Within the last five years, the direct connection between a PV array and an electro-
lyzer has shown promise for low-power applications [85-87]; it is schematically shown in
Figure 15. Most of the applications proposed in the literature concern small power plants
[87-90]. The absence of the converter makes the system more economically viable [91]
and provides an output voltage without any ripple [92]. On the other hand, it lacks the
features allowed by the power interface such as maximum power point tracking, inter-
facing with existing plants, and partial shading management. In fact, since the source and
the electrolyzer share the same voltage and current, the optimal matching can be re-
trieved at a single operating point. The literature proposes as a design criterion to obtain
the optimal matching to set the maximum voltage of the PV source slightly above the
rated voltage of the electrolyzer at the rated power [67]; however, throughout the year,
the best operating points at maximum solar radiation represent a small percentage of the
whole set. Conversion efficiency can be improved by a suitable reconfiguration of the
photovoltaic source; some additional PV arrays are connected in parallel based on the
solar radiation value. In this way, the number of operating points in which the optimal
matching is reached is augmented, and an increased conversion efficiency is reached [93].
The reconfigurable PV source employed in direct coupling is drawn in Figure 16; the
MOSFETs are operated as switches to connect in parallel auxiliary PV arrays. Further
details on direct coupling can be found in [94].
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Figure 16. Direct coupled connection with reconfigurable PV source.

5.7. Feature Comparison of Transformerless Converters

The main features of transformerless converters are summarized in Table 2. The
basic buck is the simplest but shows poor performance; the stacked buck is similar.
However, it allows for reducing output ripple. The interleaved buck adopts a high
number of devices; on the other hand, efficiency increases as well as the minimization of
the output voltage ripple; it is a fault-tolerant converter since, in case of a power switch
failure, the remaining legs can continue to operate. The three-level interleaved buck is
also fault-tolerant, improving the step-down ratio. Finally, partial power conversion re-
quires a more complicated circuit, including a transformer; however, a significant part of
the input power does not need conversion to be delivered directly from the input, and it
achieves high efficiency.

Table 2. Comparison of the main features of transformerless converters.

Step-Down Current Power

Converter Figure Ref. Number of Devices Efficiency Ratio Ripple Density
Basic Buck 7 [54] low low low high high
Interleaved Buck 9 [72,73] high high low low fair

Stacked Interleaved Buck

10 [55] low low low low fair




Electronics 2024, 13, x FOR PEER REVIEW 21 of 42

Three Level Interleaved Buck 11 [78] high good good low fair
PPC 12 [80,81] high very good  good low high

6. Isolated Power Converters

Introductory remark: These converters generate a square wave voltage by exploiting
different inverter input stages. This voltage is applied to a transformer; then, it is rectified
and filtered to extract the mean value. The obtained DC voltage supplies the electrolyzer
according to the block diagram shown in Figure 17.

The isolated topologies allow for a high step-down ratio by a high-frequency voltage
matching transformer; additionally, they provide a galvanic isolation of the primary and
secondary side. The magnetic coupling given by the transformer allows multi-ports cir-
cuits to interface with other sources, such as fuel cells, or auxiliary storage systems [7].
Due to the inherent nature of the transformer, which needs to be supplied by an AC
voltage, the general structure of these converters to retrieve a DC/DC conversion consists
of (a) an inverter stage, (b) the insolation transformer, (c) a rectifier, (d) an output filter.
The DC supply is converted into an AC waveform by the inverter stage. The DC to AC
conversion is performed at a high frequency, allowing a reduced transformer size; the
secondary voltage is converted into a DC voltage by the rectifier stage, and the output
filter provides a suitable reduced ripple level [95].

2% I
+V‘“’"§ DC ° . AC + PEM
PVt i /ac oc | Y«t| EL
1 ——/ !
Inverter Transformer Rectifier

& filter

DC/DC step down isolated conversion

Figure 17. Block diagram of a DC/DC conversion obtained through insolated converter.

The inverter stages can be classified into push-pull (PP), half-bridge (HB), and
full-bridge (FB) topologies. The related circuits are drawn in Figure 18.

(@) (b) (c)

Figure 18. Inverter circuits employed in insolated converters: (a) push-pull, (b) half-bridge, (c)
full-bridge.

The PP topology needs only two low-side power switches (the low-side switches are
connected to the ground reference potential); as a consequence, the driver circuit does not
need a high-side floating supply. On the other hand, two primary windings are required
and a good matching of the switches is necessary to prevent different conduction times,
since it results in the saturation of the transformer core. The HB converter uses a capaci-
tive divider as the second leg. It reduces the number of required switches compared to FB
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and, consequently, the related losses and the drive circuitry. The voltage applied to the
transformer is halved, and a lower isolation of the transformer’s primary voltage is re-
quired. This topology assumes that the voltage at the middle point of the capacitive di-
vider is constant; a suitable sizing of the capacitors it required to obtain it. Since this
voltage depends on the current supplied by the capacitive divider during the commuta-
tions of the active leg, this topology is commonly used for a power range of around 1 kW.
The FB circuit adopts four complementary switches, which allow for higher power
compared to HB and a higher voltage to be applied to the transformer. A suitable circuit
can connect the inverter stage and the transformer. An inductance is adopted to achieve a
phase-shifted zero-voltage-switching (ZVS) PWM inverter; otherwise, a series of an in-
ductor and a capacitance gives (exploiting the magnetizing inductance of the primary
also) an LCL series resonant inverter. A comparison among soft-switching solutions is
given in [96]. In general, soft-switching performance depends on input voltage; it must be
taken into account when managing PV sources where the voltage is tied to solar irradi-
ance [97]. An LCL resonant converter, employing as a connection network a “T” resona-
tor made of two inductors and a capacitor, is presented in [98].

The three-phase configurations can be used to improve the losses distribution in the
converter increasing the power converter ratings; however, these topologies excessively
augment the number of components [95].

The output rectifier provides the DC voltage output. The output filter has to mini-
mize the residual ripple. The rectification can be realized by single-phase FB four-diodes
configuration or by a center tap output transformer with two diodes as the current dou-
bler. The efficiency conversion of the rectifier stage is crucial since it is interested in high
currents and the drop voltage across diodes increases losses. In addition, the reverse re-
covery losses in the rectifier diodes need suitable design for their minimization. Some
practical realizations are analyzed in the following sub-sections.

6.1. Push-Pull Inverter

A push-pull DC/DC converter for electrolyzers supplied from photovoltaic sources
is proposed by [99]; the circuit is drawn in Figure 19. The converter is designed for 5 kW
of the rated power, and design guidelines are given. The circuit shows the typical ad-
vantages of the push-pull, such as using two low-side connected power switches, the
absence of voltage equalizing input capacitors, and simple hard-switching driving with
PWM control, air-forced heatsinks to perform cooling. On the other hand, the trans-
former needs a center tap both at the input and output; the hard switching reduces effi-
ciency, and primary devices have to support twice the input voltage in the blocking state.
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Figure 19. DC/DC isolated step-down converter using push-pull inverter.

Some additional issues concern the specific application with a PV source as supply
and the electrolyzer as load. The PV source and the load are non-linear devices. The PV
source voltage versus current characteristic depends on solar irradiance and temperature.
To avoid the operating point of the PV source being influenced by the input current rip-
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ple imposed by the converter, an input filter is required. In fact, the pulsated current
creates wide input voltage variations, moving the PV operating point from zero (open
circuit condition with both switches off) to the point imposed by the maximum current.
The input filter can minimize these variations; however, its impedance must be compati-
ble with the input impedance of the converter to guarantee stability [100]. As a design
criterion, the input filter impedance is set 10 dB lower than the converter’s minimum
input impedance. This input filter exploits a series inductance and a parallel of damped
and undamped capacitances. As power devices, the converter employs IGBTs switched at
50 kHz, resulting in an output ripple frequency of 100 kHz. Finally, the efficiency, meas-
ured at a maximum output power of 2.5 kW, is around 90%. Paper [101] deals with the
same circuit addressing the converter control in detail. The control system aims to per-
form the maximum photovoltaic power tracking and electrolyzer current control; in this
way, the converter behaves as a current source proportional to the hydrogen production.
In addition, the two cases corresponding to a PV power that does not meet the electro-
lyzer power needs and a PV power exceeding the requirements of the electrolyzer are
taken into account. Both [99,101] provide experimental verification of the theoretical
model and the results obtained by the simulation.

6.2. Half-Bridge Inverter

A DC/DC converter based on a half-bridge circuit is proposed by [102]. As a rectifier,
a full-bridge active rectifier is adopted. The circuit is shown in Figure 20. A Zero Voltage
Switching (ZVS) operation is achieved by the phase shifting operation of the active recti-
fier; it allows using non-dissipative capacitive snubbers connected to the two inverter
switches that are operated at a constant frequency. The typical disadvantage of these
circuits consists of a time interval in which a quantity of energy goes back to the power
supply. It could be minimized by increasing the capacitance values; however, it implies
an increase in weight and cost. Instead, the paper [103] proposes two additional switch-
ing states of the rectifier switches to reduce the energy return interval, maintaining the
main feature of regulating the output voltage in a wide range by the phase-shift of the
rectifier switches. The proposed prototype adopts MOSFETs and series diodes for the
rectifier; however, as claimed by the authors, higher efficiency can be retrieved by re-
verse-blocking IGBTs or fast thyristors. A 1 kW converter has an experimentally verified
performance; the efficiency curve is not given.

%]

Figure 20. DC/DC isolated step-down converter using a half-bridge inverter.

A DC/DC isolated converter employing a three-level neutral point clamped
(BL_NPC) inverter and a current double rectifier is proposed by [104]. The circuit is pro-
vided in Figure 21. The output stage employs a current doubler rectifier (CDR). The
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three-level topology allows switches blocking voltage twice reduced compared to the
two-level inverter. The ZVS of the inverter is achieved by the parasitic elements of the
components (mainly free-wheeling diodes capacitance and leakage inductance of the
transformer) and the PWM control algorithm. Only two independent PWM channels are
required since the dead time generator and a common signal blocking system are im-
plemented by discrete logic circuits. The ZVS condition requires a relatively large leakage
inductance and a constraint on the dead time that must be lower than the time necessary
to exploit the leakage energy. The CDR circuit exploits a single secondary transformer
winding and two mutually coupled inductors. Compared to the traditional full-bridge
rectifier, losses in diodes are halved; compared with the full wave rectifier with two di-
odes and a center tap transformer, the CDR exploits a simpler transformer. This feature
allows the ripple current reduction toward the electrolyzer [103]. A further optimization
could be the design of a fully integrated magnetic structure encompassing the insolation
transformer and the two coupled inductors as described by [105]. The proposed circuit
shows an efficiency that is approximately 95% experimentally verified.
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Figure 21. DC/DC isolated step-down converter using a three-level half-bridge inverter.

6.3. Full-Bridge Inverter

The full-bridge inverter is the most commonly used inverter when higher power is
required. Paper [45] proposes a Multi-Resonant Converter (MRC) with a center-tapped
rectifier. The circuit is exploited as a constant current source. The characteristics param-
eters are the output admittance and the relative switching frequency variation over the
frequency operating range. The output admittance G is defined as the output current
variation I over the DC conversion ratio M: G = Al,;/AM. This value is expected to be as
low as possible, meaning that a low variation in the output current for constant switching
frequency occurs. Four different solutions are compared, MRC, LLC, LCC, and LLC-T.
The MRC in the middle of the operating range has the lowest admittance, whereas the
switching frequency variation in the MRC is higher than the LCC and LCC-T converters
and lower than LLC. The proposed circuit is shown in Figure 22. It exploits, as a resonant
network, the MOSFET output capacitances Co, an inductor Lr, and externally added ca-
pacitors Cdr across the rectifier diodes. When a diode is reverse-biased, its capacitor is
reflected by the transformer to the primary side. The resonant network exploits the major
parasitic parameters such as the transformer leakage inductance and the rectifier capac-
itance. Four operating modes are recognized depending on the resonance on a specific
part of the resonant network, A suitable choice of the capacitance Co allows a resonant
voltage transition on the bridge; otherwise, switching losses are increased. A detailed
analysis of all modes of operation can be found in [106]. Experimental results on a 1,2 kW
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prototype showed a minimal frequency variation (210-219 kHz), assuring a constant
current of 36 A, varying the output voltage from 34.42 V to 18.78 V with a DC link voltage
of 310 V. Finally, the efficiency curve shows an increasing trend, with the output power
reaching 94%. It demonstrates that such circuits can retrieve a flat efficiency curve.
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Figure 22. DC/DC isolated step-down converter using a multi-resonant converter with a full-bridge
inverter and center tapped rectifier.

A Full-bridge inverter with a current doubler rectifier has also been proposed in
[107]. The circuit is shown in Figure 23. A zero-voltage switching is implemented in the
full bridge by introducing a time delay between the commutation of upper switches; low
Ron MOSFETs are used. As a resonant network, an inductor with the leakage transformer
inductance is exploited, whereas the capacitive part is given by the output capacitance of
the MOSFETs and an additional capacitance. The current doubler rectifier is equipped
with fast recovery diodes requiring a single-winding secondary transformer. The effi-
ciency, experimentally measured on a 1 kW prototype, shows a maximum value of about
96% around 800 W and a slight decrease of up to 94% in the rated power.
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Figure 23. Full-bridge inverter with a current doubler rectifier.

6.4. Full-Bridge Converters with Pre-Regulator Stage

A comparison among full-bridge soft-switched FB DC/DC converters is provided by
[108]. Three topologies are considered: (a) fixed-frequency LCL series resonant converter
with capacitive output filter, (b) fixed-frequency LCL series resonant converter with in-
ductor output filter, (c) fixed-frequency phase-shift controlled zero-voltage-switching
full-bridge PWM converter. The three circuits are designed for a rated power of 2.4 kW to
be used in interleaved connection (meaning three identical circuits supplied by the same
DC source). Each circuit is phase-shifted by 120°, to manage a total power of 7.2 kW, re-
ducing the input current ripple. The switching frequency is set to 100 kHz. The convert-
ers are designed to work with an input and output voltage ranging from 40 V to 60 V and
a maximum delivered current of 40 A. Concerning Figure 18c, the LCL SRC with capaci-
tive output filter employs as a resonant network a series of capacitor-inductor and an
auxiliary inductor Lr parallel connected to the secondary side of the transformer; only an
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output capacitor is exploited as a filter. The LCL SRC series resonant converter with an
inductor output filter uses the same resonant network and a LC filter at the output of the
rectifier. The phase-shift controlled ZVS adopts an inductor as a resonant network, to-
gether with the leakage inductance of the transformer and an LC filter at the output of the
rectifier. All circuits use capacitors across the terminals of the FB devices. The first two
circuits ensure ZVS for all the switches of the FB inverter; the peak current through the
switches diminishes with load current. The third circuit realizes the ZVS for the switches
and achieves a reduced peak current stress compared to the resonant converters; how-
ever, snubber circuits are required across the output rectifier since the diode junction
capacitance with the leakage inductance of the transformer resonates generating voltage
ringing. As a result, the LCL SRC series resonant converter with an inductor output filter
is preferred to the other two converters because it also offers the highest efficiency, no
duty cycle loss (meaning no contemporary conduction of all the output rectifier), and no
ringing issues on the rectifier. In addition, this circuit requires a higher value of the res-
onant inductor, making its realization easier since it includes the leakage inductance of
the transformer. A pre-regulator stage is added to overcome the drawback of this circuit,
which is the lack of the ZVS for maximum input voltage. In general, this additional cir-
cuit helps assure the ZVS for input voltage variations, and, in particular,, it avoids the use
of a small value for Lr, which is difficult to obtain in practice. The adopted circuit is a
zero-voltage transition (ZVT) boost converter with a snubber cell consisting of an in-
ductor, a capacitor, an auxiliary switch and two auxiliary diodes; since all the switches
are turned on and off under exact or near ZVS and/or ZCS, there is no additional voltage
and current stresses on the main devices, resulting in a very high efficiency [109,110]. The
circuit is drawn in Figure 24.
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Figure 24. Pre-regulation boost converter stage with an additional network to achieve ZVS and/or
ZCS, (in gray lines).

6.5. DCX Conuverters

The pre-regulated stage is also proposed by [111] with DCX converters. The DCX
converter is an isolated resonant converter operated in an open-loop with soft-switching
at a resonant frequency; it is considered a DC/DC transformer [112,113]. The structure is
analogous to that shown in Figure 17. Paper [111] provides a detailed comparison of DCX
topologies expressly conceived for PV to electrolyzer applications, showing that DCX
converters promise to be a very efficient solution in performing larger voltage conversion
ratio requirements with DC voltage matching, high efficiency, and high-power density.
Four basic converters are analyzed; they adopt as inverter stage the half-bridge and the
full-bridge diodes, whereas, as a rectifier, a full-bridge diode and a center-tapped circuit
are chosen. The soft switching is realized by a resonant network formed by a series con-
nection of inductor and capacitor, together with the leakage inductance of the trans-
former, obtaining an LLC resonant converter. The DCX converter can also be exploited by
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a modular structure in an input-series output-parallel (ISOP) connection. The converter is
always operated at a fixed frequency corresponding to the resonant frequency. In this
operating point, the gain is independent of the load. A loss analysis shows that the best
efficiency is achieved by the half-bridge center-tapper (HB-CT) configuration; it exhibits a
low slope gain curve. The experimental realization is designed for 5 kW rated power, an
input voltage of 600 V, and an output of 200 V operated at 200 kHz switching frequency.
Since the DCX converter operates in an open loop, an interleaved buck converter is pro-
vided as a pre-regulation stage. The control scheme contains an inner control loop to
control the current injected into the electrolyzer. Concerning efficiency, the HB-CT con-
verter lies between 98.6% and 98.5% with a maximum of 99.2%, whereas the interleaved
buck converter presents a maximum of 99.2% at 4.5 kW; as a consequence, the global
system has an efficiency higher than 96% over the whole power range, with a maximum
of 98.2% at 4.5 kW.

6.6. Full-Bridge Converters with Multi-Port

The multiport converter allows for reducing the number of energy conversion stages
when an auxiliary energy storage/generation system has to be added; the ports are
magnetically coupled by the transformer. These features are of interest for improving the
overall efficiency, cost, and flexibility of the hydrogen buffers-based systems. Paper [114]
proposes a multiport DC/DC converter for hydrogen-based energy storages with three
ports, a bidirectional VSI port, a unidirectional VSI port, and a unidirectional quasi zeta
source inverter (qZSI) port.

By adding a fuel cell (FC) as a generator, two distinct operation modes are recog-
nizable, hydrogen generation (EL operation mode) and generation by a fuel cell (i.e.,, FC
operation mode). In the EL operation mode, the converter behaves as a step-down
DC/DC converter with a half-bridge inverter and current-doubler rectifier (Figure 25). In
the FC operation mode, the converter works as a boost DC/DC converter and the power
flows from the FC to the high-voltage DC bus exploiting the HB free-wheel diodes. The
simultaneous conduction of both switches of the same phase leg of the gZSI is exploited
(shoot-through switching) to store the magnetic energy in the side inductors L1 and L2
without short-circuiting the DC capacitors. This switching state is not allowed for the
traditional voltage source converters because it damages the inverter [115]. A similar
circuit that integrates a battery to improve the response time of the FC is proposed by
[116]. The battery is parallel connected to the transversal capacitance Ct. Compared to the
previous realization, additional operating modes of the FC mode consist of the power
delivered both by FC and battery, or only by FC or only by the battery. In addition, in
[116], a HB three-level inverter is adopted; it allows loss reduction of about 25% in the
switches.
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Figure 25. Multiport converter.

6.7. Feature Comparison of Isolated Converters

The main features of isolated converters are summarized in Table 3. All these circuits
exhibit a good step-down ratio thanks to the transformer that worsens the power density.
On the other hand, its cost and weight can be reduced by raising the switching frequency
as expected in the future. The transformer allows multi-port configuration to exchange
energy with storage systems.

Table 3. Comparison of the main features of isolated converters.

Topology Figure Ref. Number of Devices Efficiency Current Ripple
Push-pull 18  [99-101] low low fair
Half-bridge with full-bridge rectifier 19 [102] fair fair fair
Full-bridge inverter with current doubler rectifier 22 [107] high good fair
Full-bridge converters with pre-regulator stage 22,23  [108] high very good fair
Two-stage with DCX 16 [111] high very good fair

Table 4 provides a quantitative comparison of the most promising converters. It
contains conversion systems conceived for PEM electrolyzers or which can be used for
such systems. The following parameters are specified: circuit topology, number of
devices, rated power, efficiency, and type of control. The cost, on the other hand, is not
shown in the cited papers; however, it depends on the number of devices and the
transformer, if used. All converters are prototypes or concepts. In general, ZVS allows
higher efficiency and the adoption of a pre-regulator stage.

Table 4. Comparison of power supply converters for PEM electrolyzers.

Topology Reference Number of Devices Rated Power Efficiency = Control
Single-stage [73] 2 MOSFETs 50 W ~95% PWM/ZVS
2 MOSFETs o
Isolated [99] 2 diodes 5kW ~90% ZVS
Isolated (LCL-SRC 'w1th capacitive output [96] 4 MQSF ETs 79 KW ~90.8% VS
filter) 4 diodes

Isolated (LCL-SRC with inductive output [96] 4 MOSFETs 72 kW =90% ZNS
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filter) 4 diodes
Isol full-bri ith i i 4 FET:
solated (fu brldge. with inductive output [96] MQS s 79 KW ~89.8% PWM/ZVS
filter) 4 diodes
Multi-phase Interleaved [117] 2 E/Igggirs 2.5 kW =96% PWM/ZVS
FET:
Three-phase interleaved parallel LLC [118] 6 11\2/13)2 desS 6 kW ~93.1% ZVS
2 MOSFETs
. 2 diodes o Variable fre-
Two-stage with LLC-DCX [111] +2 MOSFETs 5 kW >98% quency/PWM 1
2 diodes) !

I pre-regulator stage.

7. Perspectives

From a power electronics perspective, the future prospects of green hydrogen pro-
duced by photovoltaic sources mainly concern three areas, converter circuits, electronic
components, and system issues.

7.1. Converter Circuits

From the analysis provided in this paper, it can be recognized that the literature
shows many recent contributions to power converters devised for PEM electrolyzers’
supplied by photovoltaic plants. Results are encouraging, especially for low-medium
power conversion circuits where some converters, such as the LCL SRC series resonant or
the HB-CT, exhibit high performance and relevant efficiency; however, the proposed
circuits are prototypes or concepts. These converters permit high switching frequencies,
minimizing the size and cost of reactive components. The modularity of these circuits
allows parallel interleaved connections, increasing the managed power and ripple can-
celation. These features represent an excellent standpoint for a short-term solution im-
plementing green hydrogen production as a decentralized generation, locating the elec-
trolyzers supplied by renewable energy in proximity to end-user consumption points, as
energy storage for fuel cells connected to the local electrical grid, or for power-to-gas use.

7.2. New Power Devices

Power converters can benefit from further performance enhancement due to power
static switches based on wide-bandgap (WBG) semiconductors. Four main categories are
recognizable, GaN, SiC, diamond, and [3-Ga20s. Their performance, compared to silicon,
is shown in Figure 26. In general, these materials are promising for better performance by
power switches; in fact, they exhibit a higher breakdown electric field (allowing higher
voltage for a device in off state), higher mobility (lowering switching losses due to the
reduced turn-on and turn-off time) and, in some cases, better figure of merit BFOM and
JEOM. The figure of merit represents a metric for evaluating efficiency considering both
conduction and switching losses.
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Figure 26. Performance comparison of wide-bandgap (WBG) semiconductors: diagram (a) contains
the value of the bandgap, the relative dielectric constant and the breakdown electric field, (b) con-
tains the electron mobility, the B and | figure of merits.

Diamond and 3-Ga20s3 show features that outperform other devices; however, at the
moment, no relevant availability on the market is noted. A study focused on high-voltage
and medium-voltage converters showed that (3-Ga:0s-based devices on diamond sub-
strates can reduce converter losses [119].

Silicon carbide (SiC) and gallium nitride (GaN) exhibit sufficient performance for
the realization of high-voltage switches for power converters and exhibit a high level of
maturity and industrialization. At present, SiC exploits high-voltage-oriented power de-
vices, covering voltage classes from 650 to 1700 V, having the availability of power mod-
ules with integrated gate drivers and temperature sensing. Conversely, GaN can cover a
voltage range from 15 V to 1200 V, even if the diffusion of such devices is almost entirely
limited to the 650 V range. Considering the 650 V range, i.e., the most suitable for the
converter analyzed in this paper, a comparison based on the figure of merit (FOM), de-
fined by the multiplication between the conduction resistance Ron and the total gate
charge Qc, shows the best performance of GaN-based devices. The FOM accounts for
both conduction and switching losses. In addition, the dynamic performance of
GaN-based devices is better, obtaining lower turn-on delay time (t+o1), turn-off delay time
(tao), rise time (tr), and fall time (#f). From a cost standpoint, the traditional Silicon de-
vices are still the cheapest, with an increase of 30% for GaN and 50% for SiC discrete de-
vices, however, the possibility to work at higher switching frequencies would allow for
less bulky and cheaper passive components [120].

Concerning future perspectives, MOSFET and IGBT devices show peculiar charac-
teristics such as the higher commutation speed of MOSFETs (since the conduction is
based on unipolar charges) and the improved robustness of IGBTs (whose operation ex-
ploits bipolar junctions). In general, there are many expected advantages given by
wide-bandgap semiconductors. Compared to silicon devices, SiC and GaN power tran-
sistors are smaller because of the reduced die area; it allows a higher breakdown field (>3
mV/cm), and higher temperatures can be sustained due to the wider energy bandgap. In
addition, conduction losses are lessened due to the lower conduction resistance; as a
consequence, the overall efficiency achievable by the power converter is improved with
the further advantage of requiring cheaper heatsinks and cooling systems. From a dy-
namic point of view, the reduced input capacitance and gate charge improve dynamic
performance, allowing a higher frequency of operation and, consequently, reducing re-
active components (inductors and capacitors sizes). At the moment, Si-IGBT devices are
employed for higher power; however, in the future, both MOSFETs and IGBTs can be
updated with new materials, maintaining their inherent features. SiC domain ranges for
blocking voltages higher than 1200 V, in the range from 400 V to 1200 V, exist for both
GaN and SiC, whereas, for voltages lower than 400 V, GaN devices are dominant. Future
applications of IGBTs will always involve high powers with relatively low frequencies,
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but they will be enhanced by new semiconductors; the same is the case for gate turn-offs
(GTOs) and silicon-controlled rectifiers [120]. On this basis, GaN devices are expected to
find applications in all converters described above, such as resonant LLC and
soft-switching or zero-voltage-switching (ZVS) topologies, and particularly, in a
half-bridge configuration, where the retrofit with GaN devices allows for higher fre-
quencies and efficiencies.

The current challenges regarding the converters’ retrofits regard the increased role
of parasitics requiring the suitable layout of the circuit and power modules with inte-
grated drivers, an increase in frequency-dependent magnetic losses with a need for
suitable core materials, and new EMI filters. Finally, GaN device parasitics such as
threshold voltage, conduction resistance, and input capacitance vary with the frequency
[121] and address the suitable measurement systems for characterization [122-124]; this
aspect is essential to the design of resonant converters exploiting parasitics. These issues
can be faced during the design stage and do not significantly influence the benefits
brought about by the new devices. Upgrading existing topologies with newly available
devices can be implemented as early as in the next few years, so it is expected that com-
mercial-scale deployment will occur using the new devices.

At the moment, two GaN-based converters have already been proposed in the liter-
ature; a stacked interleaved buck converter [125] and different solutions for a DC-DC
converter for a 10 kW PEM electrolyzer show an efficiency of around 98% at the rated
power [126].

7.3. Hard-to-Abate Sectors

The considerations described so far show excellent technological maturity for power
converters that can be used to produce green hydrogen from photovoltaics. However, as
Figure 4 shows, the converter is only one element in the conversion chain that begins
with the photovoltaic source and ends with the electrolyzer. Some issues concerning
hard-to-abate sectors are technical-economics, other concern policy.

The cost of the photovoltaic cells has been strongly reduced; in 1975, it was about 100
$/kW, reduced to about 10 $/kW in 1990, it reached 1 $/kW in 2014, showing a further
decreasing trend. Conversely, the modules conversion efficiency is increased, rising from
8% in 1980 to 15.2% in 2012 [127].

For electrolyzers, however, there are many factors to consider requiring
cost-effective solutions. At the moment, PEM electrolyzers are more expensive, showing
a cost of 1300-1500 $ per KW [128]; the optimization of cell operation conditions, such as
higher pressures and temperatures, can augment the efficiency of electrolyzers without
degrading membrane performance and durability-lowering costs [129]. The stack per-
formance can be improved by redesigning stacks for a higher current density and re-
ducing the reliance on precious materials. Other issues concern the balance of the plant,
which encompasses the reduction of hydrogen compression energy, the optimization of
storage, and the renewable energy integration [128].

In the future, the cost reduction in electrolyzers will play a crucial role.
Cost-effective and efficient green hydrogen production through electrolysis must con-
sider capital expenditure (CAPEX) and operational expenditure (OPEX). The former
depends on materials such as thinner membranes, active catalysts, and reduced raw
material; the latter depends on water quality, high-pressure operation, and maintenance.
Other issues involve storage, transportation, and distribution [128]. Finally, a further
challenge for green hydrogen production concerns the trade-off between augmenting the
efficiency of the whole conversion chain and minimizing costs [130].

Beyond technical and economic considerations, there are policy aspects to be con-
sidered; they also involve the need for standards [131] and social aspects related to safety
(risks that can arise from its high-flammability range, potentially leading to explosions)
[132]. Another issue is the low number of recent strategic research assessments concern-
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ing the commercialization of green hydrogen in the literature compared to the remarka-
ble increase in the number of publications dealing with PEM technology [128].
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8. Conclusions

The power converters conceived for supplying polymer electrolyte membrane
(PEM) electrolyzers from photovoltaic sources proposed in the recent literature have
reached a remarkable efficiency and overall performance. They are expected to be further
updated and improved by the availability of GaN and SiC devices, which will provide
higher efficiency, robustness, and power density relative to their silicon counterparts.
Most solutions are ready-to-market; however, they are still not counterbalanced by the
equipment available on the market. On the other hand, considering the entire production
chain, photovoltaic sources have seen a sharp reduction in cost and an increase in con-
version efficiency while electrolyzers still need research and investments to be competi-
tive.

To incentivize the deployment of green hydrogen production facilities, cost reduc-
tion is key; it particularly concerns the electrolyzers. An appropriate policy of economic
incentives can help address the initial cost of the plant, especially for distributed genera-
tion.

There are also hard-to-abate sectors, including standards and social aspects related
to safety.

This scenario appears favorable to the spread of short-term solutions, including
green hydrogen produced by electrolyzers located in proximity to end-user consumption
points for different uses, such as energy storage for fuel cells connected to the grid or
power-to-gas. Concerning medium terms, large-scale green hydrogen generation can be a
commercially viable solution with electrolyzers installed at the end-user site and pow-
ered by photovoltaic plants.
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Appendix A. Maximum Efficiency Calculation

The dissipated power Puiss can be expressed as a function of the output power Pooas
in Equation (6), repeated here for convenience:

Paiss = ko + I Py + kg Py (A1)
The total efficiency is given by:
P, 1
r’ = =
P, + Py k A2
o T Tdiss 1+<P—g>+kl+kq-P0 (A2)
Since usually Puiss << Po
ko
n~1- [(P_) +k +kg- Po] (A3)
0
The maximum efficiency is retrieved when:
ko .
<P_> +k + kg P, =>min (A4)
0

it corresponds to the condition:
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(—) =ky P, (A5)

nmale_kl_z ’kO kq (A6)
ko

Po(nmax) = k_ (A7)
2

This last value usually differs from the rated power; for this reason, the efficiency in
correspondence of the rated power is lower compared to the maximum.

As a final remark, the maximum power at which the maximum efficiency is ob-
tained does not depend on ki; however, it affects the maximum efficiency.

The maximum efficiency is:

and occurs at a power:

Appendix B. Analysis of the Main Losses in a Practical Case

A practical case study is proposed to show how losses in the main converter com-
ponents affect efficiency. With reference to Figure 4, the photovoltaic source exploits a 156
x 156 mm Polycrystalline Silicon Cell by Risen Solar Technology [133]. The main param-
eters are summarized in Table Al. The field is formed by arrays containing 16 se-
ries-connected cells; four sets of two parallel-connected arrays are arranged to obtain the
photovoltaic source.

The adopted electrolyzer is a PEM system, type NMH2-1000, by HELIOCENTRIS®.
It is devised for educational purposes; the manufacturers provide a dedicated converter
but here only the stack of the PEM electrolyzer is considered [134]. The main parameters
are summarized in Table A2.

According to Figure 3, the electrolyzer has been modeled with Rin=76 mQ and V=
42 V.

The DC/DC stage is a buck converter as described in Section 5.1; it has been analyzed
with real power devices whose parameters are given in Table A3. The switching fre-
quency is set to 20 kHz. The analysis is carried out varying the input power supplied to
the converter from 50 W to 550 W (obtained with solar radiation ranging from 100 W/m?
to 1000 W/m?), and considering the conduction and the switching losses in the MOSFET
(using Equations (9) and (10), respectively), conduction losses and the reverse recovery
losses in the free-wheel diode (using Equations (8) and (11)) and Joule losses in the in-
ductor (using Equation (12)). The losses are illustrated in Figure A1l (dynamic losses) and
Figure A2 (static losses); two separate plots are drawn due to the different ordinate scales.
Figure A1 shows the switching losses in the MOSFET and the reverse recovery losses in
the free-wheel diode; the switching losses in the MOSFET are reduced thanks to the low
values of the turn-on and turn-off time (see Equation (10)) equal to 5 ns for the device
considered. Figure A2 shows the conduction losses in the MOSFET, the conduction losses
in the free-wheel diode and the Joule losses in the inductor. It can be noted that the con-
duction losses in the free-wheel diode are linear, whereas both conduction losses in the
MOSEFET and the Joule losses in the inductor are quadratic, as expected. In addition, they
are coincident due to the similar values of the conduction resistance of the MOSFET and
of the parasitic resistance of the inductor. As a general remark, it can be noted that dy-
namic losses are reduced compared to conduction losses thanks to the fast-switching
features of the devices considered.

Table A1l. Characteristic parameters of the solar cell (measured under STC standard test conditions
1000 W/m?, AM 1.5, 25 °C).

Parameter Value Unit
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Pmpp 4.33 W
Vmpp 0.53 \%
Impp 8.17 A
Voc 0.635 \%
Isc 8.693 A
FF 78.44 %
Table A2. Characteristic parameters of the NMH2-1000 PEM electrolyzer.
Parameter Value Unit
Rated electric power 400 W
Stack voltage operating range 4.2-8 \Y%
Stack current range 0-50 A
Operating temperature range 288.15-313.15 K
Hydrogen outlet pressure 10.5 Bar
Cells number 3 -
Active area section 50 cm?
Hydrogen flow rate at STP (Standard .
0-1 SLPM (Standard L
Temperature and Pressure: 20 °C, 1 bar) (Standard L/min)
Table A3. Main parameters of components adopted for the DC/DC buck converter.
Symbol Rated Value Supplier Code
IL=10 A, Vishay-
L L =500 uH, (Selb IHV15BZ500
Re =100 mQ Germany)
C 560 uF, Epcos (Milan B43511A
Resr =160 mQ Italy) 4567M007
Vbss =650 V, Infineon Techn.
’ IPA60R125CP
MOSFET Ros(on) = 110 mQ@25 °C; (Milan 60R125C
CoolMOS
Ips=25 A Italy)
0.9 :
08| — Switching losses MOSFET |

Reverse recov. losses diode

Input power [W]

0 100 200 300 400 500 600

Figure A1l. Switching losses in the MOSFET and reverse recovery losses in the free-wheel diode.
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Figure A2. Conduction losses in the MOSFET, conduction losses in the free-wheel diode and Joule
losses in the inductor.

A synoptic comparison of losses is provided in Figure A3 by a bar diagram, which
encompasses the losses calculated at one-half of the rated power and at the rated power.
It can be observed that the switching losses in the MOSFET and the reverse recovery
losses in the diode remain negligible. Conduction losses are more significant. Particularly,
the bar diagram highlights the quadratic behavior of both conduction losses in the diode
and in the inductor, which, doubling the power, are quadrupled.

Power losses comparison

25
I 1/2 of rated power
I rated power
20t f "
Cond
Cond. Cond. Induct.

MOSFET diode ]

losses W]
7

—
=

Figure A3. Synoptic comparison of losses, calculated at one half of the rated power and at the rated
power.

Appendix C. Comparison of Efficiency Curves Between a Buck Converter and an In-
terleaved Configuration

The buck converter analyzed in Appendix B is now studied in an interleaved con-
figuration, as described in Section 5.2, to compare the efficiency varying the number of
legs from one to six. The efficiency curves are plotted in Figure A4. It can be noted that for
higher power, increasing the number of operated legs improves efficiency because the
current is shared among several devices so that quadratic losses are lessened; on the other
hand, for low values of input power, reducing the number of operated legs is advanta-
geous.
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Figure A4. Efficiency curves of an interleaved buck converter varying the number of operated legs.
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