Application of a multiphase interleaved DC-DC
converter for power-to-hydrogen systems
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Abstract—Power electronics plays a crucial role in the
implementation of a clean hydrogen production system, whose
last stage consists of a water electrolyzer requiring a DC power
supply to be in operation. The most recent architectural
solutions imply the use of an isolated DC-DC converter,
collecting energy from medium voltage (MV) and delivering it
to the electrolyzer. An equivalent electrical model of the
electrolyzer is therefore needed, as well as an accurate design of
the power converter stage, aiming at a high-efficiency operation
of the electrolyzer’s cells and at a low-ripple supply current, to
avoid premature degradation. This work investigates a full-
bridge step-down isolated DC-DC converter, focusing on the
opportunity of a multiphase interleaved configuration,
particularly convenient for the proposed application. The
considered maximum power level is 400 kW, representing a
small-scale example of an industrial water electrolyzer supplied
by a maximum DC voltage of 700 V. Input DC voltage is 7 kV.
Power electronics’ simulation have been carried out, as well as
model analysis of the proposed converter.
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[. INTRODUCTION

In the last few years, hydrogen has been playing an
increasingly relevant role in industrial research, due to its
notable potential for use in different sectors. Indeed, in
addition to conventional applications such as its wide
exploitation for ammonia-based fertilizers, pure hydrogen
represents an attractive fuel to achieve net zero CO;
emissions, being able to replace the conventional and
polluting fossil fuels, such as carbon and natural gas [1]. This
is particularly interesting in relation to the hard-to-abate
sectors, i.e. the fossil energy users that are not esasily
decarbonisable, such as heavy industry (producers of iron,
steel or cement) and heavy transportation (shipping or
trucking).

To make hydrogen actually clean, its global production
based on steam reforming of natural gas shall be strongly
reduced, being this process responsible of CO, generation. A
more eco-friendly way of producing hydrogen is water
electrolysis, a process consisting in the splitting of water into
hydrogen and oxygen, while using electrical power. Given
that water splitting is not responsible for CO, emissions, it is
absolutely necessary to guarantee a sustainable production of
the electrical energy used in this process to make water
electrolysis actually green.

Contribution by renewable energy sources (RES) is
therefore essential for this purpose. In recent years, along with
the development of alternative RES, incentives have been
decided to help the renewable energy sectors [2-7]. At the
same time, new power transmission systems, such as high
voltage DC (HVDC) lines, have been greatly developed to
help RES integration [8-9].
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Therefore, even considering the meager amount of
hydrogen global production from water electrolysis and the
high investments in renewable energy over the last decades,
the renewable production of pure hydrogen represents an
excellent attempt to achieve net zero carbon emissions by
2050 [10-11].

In such a scenario, hydrogen production and renewable
energy sources (RES) perfectly suit each other: while RES
contribute to produce clean hydrogen by water electrolysis,
hydrogen can represent an energy storage system able to
collect the surplus renewable power and possibly give it back
during high demands periods thanks to fuel cells, that convert
hydrogen into electricity. In this way, it is possibile to
compensate the inherently intermittent nature of RES and its
negative contribution to the power grid in terms of stability
issues [12].

In the general architecture of a clean hydrogen system,
shown in Fig. 1, a crucial part of the power-to-hydrogen (P2H)
chain is represented by the power conversion required to
transfom the electricity arising from RES into the direct
current (DC) electricity needed to supply the water
electrolyzer. To preserve the electrolyzer, a continuous
operation has to privileged, so that a direct connection
between photovoltaic/wind energy source shall be possibily
avoided without the support of a power grid not to expose the
electrolyzer to the fluctuating nature of RES.

Therefore, an integration between RES, power grid and
water electrolyzer generally occurs, so that the main P2H
block is implemented by the AC-DC power conversion stage
between the grid and the electrolyzer.

In this paper, a solution of power system architecture
impementing the P2H stage is proposed, with particular focus
on the design of an isolated DC-DC converter, notably
compliant with the typical costraints of an electrolyzer, such
as high DC current, small AC ripple and continuous operation.
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Fig. 1. Power system architecture of a P2H system, with RES integration,
based on Photovoltaic plants (PV) and Wind Farms (WF).



II. HYDROGEN PRODUCTION: POWER SYSTEM ARCHITECTURE

For large-scale hydrogen production — that is at MW
power level - a significant role is played by the P2H power
stage, being responsible for the conversion of the medium
voltage (MV) electrical power into a DC high-current power
flow supplying the electrolyzer, properly controlled in order
to modulate the hydrogen production according to the current
RES generation [13].

As highlighted by Fig. 1, the P2H stage needs an
equivalent electrical model of the hydrogen electrolyzer,
which represents the load as seen from the grid side, as well
as an accurate design of the actual power conversion system.

A. Electrolyzer electrical model

The electrical parameters of the electrolyzer equivalent
model need to be obtained according to a specific electrolyzer,
in order to accurately simulate its electrical behaviour.
electrical load.

In scientific literature complex models are provided,
representing both static and dynamic behaviour [14].
Nevertheless, to emulate the power transfer from source to
electrolyzer, a simple resistive model can be used to
preliminarly represent the hydrogen electrolyzer as an electric
load.

In addition to the electrical model, attention should be paid
to the possibility of multi-stack electrolyzers, based either on
series or parallel connection.

B. P2H conversion system. typical architectures

The architecture of a P2H conversion system generally
implies the connection of a rectifier (AC-DC) stage to the MV
AC power grid, featuring a voltage level in the range 6.6-35
kV, through a low frequency transformer (LFT). The typically
employed rectifier is the well-known 12-pulse thyristor
rectifier, presenting the drawback of requiring bulky
additional networks - such as AC filters and reactive
compensators — in order to smooth high-order current
harmonics and absorb reactive power.

Alternative solutions consist of using an active front end
(AFE) rectifier, made of totally controlled switching devices,
such as IGBTs, in order to properly shape the input AC
current, thus improving high power quality without needing
additional networks.

A DC-DC stage can be placed at the rectifer output to
enlarge the DC voltage operation range. Nevertheless, a
significant inconvenience of such an architecture is
represented by the bulky LFTs, so that their elimination is a
relevant research challenge. To do that, galvanic isolation
shall be implemented between the AC-DC and the elecrolyzer,
considering the electrical power chain going from the MV
power grid to the hydrogen electrolyzer.

A possible architecture, shown in Fig. 2, implies the use of
one AC-DC stage for each of the three phases, converting the
MV AC power into the low-voltage DC power directly
supplying the electrolyzer. Nevertheless, a more modular
approach could be adopted to increase flexibility and
reliability.

Therefore, an isolated DC-DC power conversion stage, as
shown in Fig. 3, realized through medium or high frequency
transformer is needed to reach this goal, thus compacting
dimensions. According to the high power level to be

transferred and to the possible multi-stack configuration of the
supplied electrolyzer, a modular implementation of the DC-
DC power conversion stage is a feasible solution.

In this paper, the analysis of a parallel connection between
different switiching cells of DC-DC stages is investigated,
along with the opportunity of a multiphase interleaved
configuration, being potentially able to notably smooth the
AC ripple in the output DC current, thus bringing benefits to
the electrolyzer in terms of reduction of the specific energy
consumption and of the degradation level. Indeed, a small AC
ripple amplitude would be advantageous to guarantee a long
lifespan and to avoid instantaneous null density current values.
Furthermore, benefits brought from the increase of the ripple
frequency concerning the electrolyzer energy consumption
have been demonstrated as well [15-17].

A large electrolyzer is supplied by MW DC power,
generally implemented through hudreds Volt and kiloAmpere,
so that switching frequencies, even considering the
performant emerging technologies of semiconductor devices,
shall be in the order of kilo or tenkilo Hertz.

Nevertheless, in order to increase the frequency of the AC
part of the electrolyzer supply current, interleaving multiphase
approach can be notably convenient.
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Fig. 2. P2H implementation with one isolated AC-DC stage for each phase.
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Fig. 3. P2H implementation with AC-DC+DC-DC stages for each phase.

III. DC-DC CONVERTER DESIGN

The proposed DC-DC stage is implemented through an
isolated step-down full-bridge converter, whose schematic is
shown in Fig. 4.

A. Analysis and simulations

Active switches of the inverter stage, e.g. M1-M2-M3-M4,
are implemented through MOSFETSs and modulate power by
means of Phase Shift Modulation (PSM).

In Table I the values of the selected parameters are
provided, including reactive components and switching
devices, as well as the power converters specifications, such
as DC voltage, resistive load and target power level.

For the switching devices implementation, power modules
of 10 kV SiC MOSFETs have been considered in the inverter
stage, whereas power modules of 1200 V SiC Schottky diodes
have been considered in the rectifier stage [18-19].



TABLE L. SYSTEM SPECIFICATIONS AND MAIN COMPONENTS

System Parameter Description Value
Via Input DC voltage 7kV
Maximum output DC
Voumax voltage 700 V
PloadMax Maximum load power 300 kW
Converter Rioad Load resistance 1Q
fow Switching frequency 4 kHz
D Duty-cycle 0+0.5
L Step-down Inductance 1 mH
ON Drain-Source
Raon Resistance 100 mQ
MOSFETs Ton Turn-on time 101 ns
TOFF Turn-off time 118 ns
Diodes v, Conduction forward 15V
voltage
N =N;:N, Turns Ratio 10:1
L, Magnetizing 10 mH
Inductance
Transformer Lik Leakage Inductance 1.5 uH
R, Prnngry equlvalent 50 mQ
series resistance
R, Secoqdary egulvalent 5 MO
series resistance
Inductance L Step-down Inductance 100 uH
Capacitive Cin Input Capacitance 1 mF
filters Cout Output Capacitance 100 puF

In Figures 5 and 6 the power electronics simulations are
shown, concerning a single stage full-bridge converter,
according to the chosen parameters and provided
specifications. In the considered example, D is equal to 0.2.

The load voltage V. is related to input voltage Vi, and
input current I, according to the following:
2DV;
Vour = Tm - 2Vy - 2Rds,ONIin M
Iin depends on Iy according to the transformer turns ratio,

as in the folloging equation:
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Fig. 4 The proposed isolated DC-DC converter.
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Fig. 5 Simulation of the main waveforms, related to the gate signals with
D=0.2.

Fig. 6 Simulation of inductance and load current waveforms, related to
the gate signals with D=0.2.
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Fig. 7 Interleaved configuration based on n parallel stages.
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Fig. 8 Simulation of inductance and load current waveforms, related to
the gate signals with D=0.2, in a 4-stage interleaved configuration.
According to (1), (2) and (3), and neglecting the forward
voltage of diodes, Vo arises as the following:
2D

Rds,on
)
NRipad

Vout = Vin “4)

A multiphase interleaved paralell configuration has been
investigated for the proposed converter, as shown in Fig. 7.

Simulations concerning a 4-stage converter are shown in
Fig. 8, highlighting the correct phase difference between the
inductance current waveforms. If compared with the 1-stage
results, the load current shows a small AC ripple amplitude
and a quadruple AC ripple frequency.

B. Power losses analysis

Concerning the inverter stage, power losses are divided
into conduction losses and switching losses of MOSFETs. AC
ripple on current waveforms is neglected so that rms
component can be considered equal to DC component.
Therefore, conduction losses are:

Pcond,INV = 2Rds,ONIizn Q)

During turn-off transients of M1-M2-M3-M4, hard-
switching conditions occur, since the load current is still
flowing inside the MOSFET while the drain-sourve voltage is
rising. During turn-on transients of M1-M2-M3-M4, power
losses are only due to conduction of anti-parallel diodes, so
that they can be considered null if low forward voltage is
present.

P, SW,INV = ESW,INV fow (6)
Esw,INV = 4Esw,Mos 7
Egwmos = Vin(in/2) (Ton + Torr) ®

Concerning the four-diode rectifier, the only power losses
are conduction losses, if switching losses are null due to small
reverse recovery typical of SiC devices.

Preer = Zvylout 9

Transformer copper losses are calculated as in the
following:

Pcopper,TRANS = Rllizn + Rzlgut (10)

Therefore, conduction power losses of the i-th inverter
stage are:

2
I .
Peona,inv,i = 2Rason (LTn) (1)
The total conduction power losses related to the n inverter
stages are:

I — Peondinv (12)

Pcond,INV,n = npcond,INV,i = 2Rds,ON n n

According to (12), the total conduction losses related to the
n inverter stages are n times less than the single-stage
configuration.

Switching energy losses of the i-th inverter stage are:

Esw,iNnv
Esw,INV,i = % (13)

Therefore, the total switching energy losses related to the
n inverter stages are equal to the single stage ones:

Eswinvn = nEswinv,i = Esw vy (14)
The power losses of the i-th rectifier stage are:
I
PRECT,i = ZV;/OTM (15)

Therefore, the total power losses related to the n rectifier
stages are equal to the single stage ones:

Precrn = "Precr,i = 2V lour = Precr (16)

Transfomer copper losses in the i-th stage are calculated as
follows:

Pcopper,TRANS,i =R (IlTn)Z +R; (Io:t)z 17

The total copper losses related to the n transfomer stages
are:
I 12
Pcopper,TRANS,n = nPcoppe‘r,TRANS,i =R % + R, OTM (18)
According to (18), the total copper losses related to the n
transfomer stages are n times less than the single-stage
configuration:

_ Pcopper,TRANS

Pcopper,TRANS,n - n (19)

C. Comparison between single- and multi-stage solution

Therefore, the multiphase interleaved configuration
provides benefits in terms of overall power transfer efficiency,
since the power losses related to ohmic drops, such as the
MOSFETs and copper-related ones, are proportional to the
current squared and therefore are reduced by n with respect to
the single stage, whereas the switching and diode power losses
are proportional to current and consequently are the same as
the single stage ones. According to previous equations, an
investigation on the power losses for different load power
levels has been carried out, highlighting the contributions
arising from the different converter sections. Considering D =
0.4 and supposing a fixed 1% contribution to power losses
arising from core transformer, Fig. 9 highlights the different
contributions as function of the number n of stages.
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Fig. 9 Different power loss contributions as function of n (D=0.4).
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function of n (D=0.4).

Overall power losses and load current ripple factor as

In Fig. 10, overall efficiency and ripple factor as resulting
from simulation are plotted as function of the number n of
stages, where the ripple factor is defined as the AC ripple
amplitude divided by the rms current. Note that the ripple
factor evolution decreases, but with a mathematical law
dependent on duty-cycle. In the figure example, the
considered D is equal to 0.4.

The AC ripple in the load current is notably reduced in the
interleaving configuration, as well as the power losses,
according to equations. Increase in ripple frequency
contributes to increase the electrolyzer cells efficiency, at the
cost of a higher degradation, which can be smoothed with a
low ripple factor.

IV. CONCLUSIONS AND FUTURE DEVELOPMENTS

In this paper a full-bridge step-down isolated DC-DC
converter for hydrogen electrolyzer power supply has been
proposed, with maximum power level of 400 kW and a
maximum DC voltage of 700 V, with input DC voltage of 7
kV. Power electronics’ simulations have been carried out, as
well as model analysis of the proposed converter, considering
Silicon Carbide (SiC) power modules. The use of a multiphase
interleaved parallel configuration has been taken into account
as smart solution to smooth AC ripple factor and increase AC
ripple frequency of the load current, thus potentially providing
benefits to the electrolyzer in terms of durability and
efficiency, as well as appropriate to increase power transfer
efficiency of the converter. Future developments forecast the
experimental implementation of such a solution, with
particular research of proper solutions of balanced power
sharing between the different interleaved stages and of
compact system, in order to maximize power density.
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