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Abstract

In this paper, interleaved dual buck converters are analyzed for use with electrolyzers coupled to renewable energy sources. The
topology offers advantages such as low blocking voltage stress, and the possibility to reach high current for large electrolyzers
through interleaved connection of converter channels. Additionally, interleaved dual buck converters can generate points of current
ripple cancellation for a discrete number of output voltage values, which increase as more channels are connected in interleaved
mode. This can lead to a reduction in the power of each channel and extend the lifespan of the electrolyzer. The theoretical analysis
of the converter and the dependence of the output current ripple on the different system variables and parameters are addressed.
Simulation results are presented for a 6-channel interleaved configuration for a 1M/ W nominal power operating point, which can

be reconfigured to 5 channels in order to reduce the output current ripple.

1 Introduction

Low-carbon hydrogen, also known as green hydrogen is emerg-
ing as an important energy vector and feedstock for energy
transition applications such as fuel cell-powered transportation
systems [1], hydrogen combustion [2], hydrogen energy stor-
age systems [3], and hydrogen-based synthetic fuels production
[4]. Low-carbon hydrogen is produced from water electrolysis
using renewable energy sources such as wind and photovoltaic
power [5]. Consequently, power converters are essential for
these applications, as high-power electrolyzers are powered
with high DC currents and operate at low voltage.

There are different electrolyzer technologies including
the Proton Exchange Membrane (PEM), Alkaline Water
Electrolyzer (AWE), and Solid Oxide Electrolyzer (SOEC)
[6]. For a better response to power fluctuations - an intrinsic
characteristic of renewable energy sources - PEM is the most
adequate alternative [7], which is considered in this work. Water
electrolyzers can be connected either through AC coupling to the
AC grid using a rectifier for single-stage configurations or a recti-
fier followed by a DC-DC converter for a two-stage solution. For
DC coupling to DC grids, photovoltaic energy systems, and the
DC-link of wind turbines, only DC-DC converters are needed.
Hence, in most cases, high current DC-DC converters are
required for this application. These converters usually operate
in buck mode since DC grids and DC links of renewable energy
conversion systems operate at 1000V or 1500V, while elec-
trolyzers typically range from 200V to 500V at large-scale
applications. A high-voltage conversion ratio, with low output
voltage and reduced current ripple are the main requirements to
be considered for DC-DC converters feeding electrolyzers [8].
Isolated and non-isolated converters have already been proposed
[9]. The choice of a particular converter topology can save cost,
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reduce size, increase efficiency, and improve reliability, all of
which can impact the levelized cost of hydrogen [10].

Within non-isolated converter candidates, the classic buck
converter has been considered the most straightforward solution
[11]. Simple, low cost, easy to control, and a reduced number of
components make this converter a suitable candidate. However,
the industry trend to elevate the DC-bus voltages to reduce DC
currents and thereby increase efficiency can be an issue for this
traditional converter, since its power switch and diode block the
entire input voltage, and will require operating within a reduced
range of duty cycles to achieve the high input-output voltage
conversion ratio. One solution is the voltage divider converter
principle, where semiconductors block a fraction of the input
voltage of the DC-DC converter, usually lower than the input
voltage, allowing the use of switches with lower voltage ratings
[12], [13].

Due to the high input-output voltage ratio and blocking
voltage stress on devices, another challenge is to increase
the power level of both electrolyzers and power converters
used to supply DC currents to them. The use of interleaved
DC-DC converters is a natural way to reach higher power levels,
while simultaneously reducing the output current ripple. This is
considered advantageous for increasing the electrolyzer lifespan
[14].

The dual buck converter has been proposed in [15] as an
advancement over traditional buck converters, particularly in
reducing electrical stress. In [16], it is suggested for high-power
applications through the utilization of two channels in an
interleaved configuration. Addressing hydrogen production
applications, [17] discusses a control strategy involving a
two-channel dual buck converter for connecting a DC grid to
a PEM electrolyzer. Additionally, [18] presents a dual buck
converter topology with multi-output capability tailored for
multiple stacks of electrolyzers.
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Fig. 1 Proposed dual buck converter for hydrogen production
application.

This paper presents the use of interleaved dual buck
converters to power PEM electrolyzers. The dual buck converter
reduces the blocking voltage of power semiconductors to half of
the input voltage, allowing operation with higher input DC-bus
voltages. In addition, the use of several interleaved channels is
analyzed to assess the impact on the output current ripple and
positively affect the lifespan of the electrolyzer.

The paper is organized as follows: in section 2, the converter
model is discussed. In section 3, the interleaved connection of
the topology is analyzed, including the dependence of the output
current ripple on the system parameters and variables. The
model of the electrolyzer is addressed in section 4. Simulation
results are presented in section 5 to validate the theoretical
analysis. Finally, concluding remarks are given in section 6.

2 Dual buck converter model

Fig. 1 shows the power circuit topology of the proposed DC-DC
converter. To achieve symmetry in the converter topology, the
total inductance L is divided into L/2 between positive and
negative terminals. Due to the input connection of capacitors
C and (), the four semiconductors will only block half of the
input voltage V..

Fig. 2 shows the dual buck converter operating modes
when duty cycle D < 0.5. The gate signals S; and S, are
phase-shifted by 180° relative to each other. When .S, is turned
on, the voltage across the total inductance L is:

Vie Ai,
5 ~Ve=Lpr ey
where V. is the input voltage (considered fixed for this study),
V, is the electrolyzer voltage, T is the period (inverse of the
switching frequency f) and Ai, is the electrolyzer current ripple.
When both S; and S, are turned off, the voltage across the total
inductance L can be expressed as:

Ai,
T(X — D)

2

Vo=1L 2

By combining (1) and (2), leads to the converter input-output
voltage transfer function:

V, =DV, 3)
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S, - (b)
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Fig. 2 Dual buck converter operating modes when D < 0.5.
(a) switching signal S;. (b) switching signal S;. (c) electrolyzer
current ¢,,.

It is worth noting that the operating modes when D > 0.5 are
not analyzed, as they fall outside the operational range of the
application. For this study, the duty cycle range comprises values
from 0.25 < D < 0.4, corresponding to an output voltage range
375V <V, < 600V, for a V. = 1500V.

3 Interleaved connection

For large-scale industrial electrolyzers, high currents in the order
of several kilo-amps are required. Therefore, the interleaved
connection of DC-DC converters is an appropriate solution
to reduce the electrical stress in all converter components,
especially in semiconductors [19]. The electrolyzer current ¢,
is equally shared among the interleaved channels, denoted as
n. Depending on the number of channels, zero total output
current ripple can be achieved for specific duty cycles or output
voltage values [20], which is advantageous for the lifespan of
the electrolyzer [21], [22]. Moreover, interleaved connection
improves the system reliability in case one or more channels
fail, due to inherent redundancy.

Fig. 3 shows the interleaved dual buck converters topology
with n channels, where 7, is the inductor current of the first
channel, ¢, is the inductor current of the second channel, and so

dc

_/ H2

|/

Fig. 3 Interleaved dual buck converters topology with n
channels.
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Fig. 4 Current ripple Ai, vs duty cycle D in dual buck
converters.

on up to ir,,, depending on the number of interleaved channels.
In this study, an interleaved configuration of 6 channels is
considered, which is then reconfigured to 5 to validate the
theoretical analysis through simulations.

3.1 Current ripple in interleaved dual buck converters

In a single-channel dual buck converter, the current ripple Az,
can be found according Eq. (1). For the numerical calculation of
the current ripple Ai,, with n channels connected, a parameter
k is defined, representing the discrete number of parabolas
according to the number of channels and duty cycle, following
the methodology outlined in [23]. The parameter k takes discrete
values from k € [0, ..., 2n — 1]. Fig. 4 illustrates the current
ripple Ai,, as a function of the duty cycle D. The shaded areas
represent operating points that fall outside the range suitable for
electrolyzer operation.

For n = 1, the maximum current ripple Ai, is reached at
D = 1/4 given by:

Vd c

~16Lf @

R Vdc L1 (l _ l)
Ai(D=1/4) = 412 4
i /4) Lf
Consequently, the maximum current ripple Ain can be
defined, by dividing by the number of connected channels, as
follows:

Ai, = e
16Lfn
The current ripple Ai,, can be expressed by a quadratic
formula, representing a parabolic relationship, given by

®)

Ai, =aD?*+bD + ¢ (6)

Considering three points a, b and ¢ as depicted in Fig. 4, a
system of three equations is established:
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Fig. 5 Electrolyzer current ripple A, vs output voltage V,, for
n =5and n = 6 at V. = 1500V. The red numbers represent
the optimal number of interleaved channels for ripple minimiza-
tion. The point B is the nominal operational point with n = 6.

a(E)+b(E)+e=0
a (ZE) b () 4o = e @)
a(52) +b(5) +e=0

Upon solving the system, the values of the three unknowns a,
b, and c are determined to be:

_ _‘/dcn
“=77 (®)
Vae(2k +1)
b= oLf ©)
_ —Vack(1 +k)
T 4Lfn (10)

Finally, the current ripple in interleaved dual buck converters
is:

. —Vaien Vae(2k + 1) Vack(1+ k)
Ai, = D? — 11
T anfn D
where:
k k+1
— <D< — 12
2n <P< 2n a12)

Given that the output voltage V,, is the product of the duty
cycle D and the constant input voltage V., the electrolyzer
current ripple A¢, can be expressed in terms of V,, as
illustrated in Fig. 5. The black-highlighted curve represents
the minimization of the total current ripple, while the vertical
dashed lines correspond to the output voltage points at which
this minimized curve changes based on the number of activated
channels. For example, within the range from V, = 415V to
V, = 474V, minimum ripple will be obtained for 5 channels,
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Fig. 6. Electrolyzer characteristic curve.

while from V, = 475V to V, = 554V, activating 6 channels is
preferable. Within the operating range of output voltage, the
maximum output ripple is Aig = 104, observed at point C.
Notably, specific output voltage levels exhibit points of current
ripple cancellation. Designing the system to operate at these
points would be ideal for mitigating output current ripple. For
this analysis, the nominal point is located at point B, with
V, = 500V.

4 Electrolyzer Model

Several equivalent circuit models have been proposed for PEM
electrolyzers, considering both dynamic and static operations
to represent the electrochemical effects of the device [21].
Fig. 6 illustrates the static curve of the implemented electrolyzer
equivalent model, which is implemented using a voltage source
in series with a resistance, denoted as V. and R,, respectively.
Assuming a constant input voltage V., the varying power
harvested from solar or wind energy will shift the operating
point of the electrolyzer along its polarization curve.

Due to physical and chemical processes occurring within the
electrolyzer, such as proton diffusion across the membrane or
mass and heat transport phenomena, the typical response time
in the dynamics of a PEM electrolyzer can range from seconds
to minutes [24]. On the contrary, power converters often operate
at much higher frequencies, ranging from kilohertz to even
megahertz levels, depending on the type of converter. It is for
this reason that a static electrolyzer model is used to simplify
the analysis without significantly sacrificing precision.

While electrolyzers typically operate at relatively low
voltages, typically under 1000V, the industry trend is towards
increasing power capacity, often achieved by increasing the
number of cells in series. For the simulation model of a 1MW
PEM electrolyzer, an output voltage of 500V is considered, in
accordance with typical specifications for PEM electrolyzer
stacks [25].

5 Simulation results

Table 1 summarizes the simulation parameters considered in this
work. For all simulations input voltage is considered fixed at
V4. = 1500V . For the design of inductor L, a maximum ripple
of Aig = 10A is considered for n = 6 as expressed by Eq. (5).

Table 1 Simulation parameters.

Parameter Symbol Value
Nominal output power P, 1MW
Nominal output voltage V, 500V
Nominal output current 1, 2kA
Nominal input voltage Vie 1500V
Electrolyzer resistance R, 0.1Q
Electrolyzer voltage source Ve 300V
Switching frequency f 10kH =
Inductor L 156.25pH
— §,: Voltage(V) — §,: Current (A)
1000 ‘ ‘
00 -+ b
5 —L/ e
0 ‘ ‘
-500 ‘
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-1000
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Fig. 7 Semiconductors waveforms for n =6 at nominal
operating point B. (a) S; voltage and current. (b) D, voltage
and current.

Fig. 7 illustrates the waveforms of the power switch S; and
diode D, for n = 6 at the nominal operating point B. These
curves depict voltages and currents of a single channel, with
similar characteristics for the other five channels, though shifted
in time. It is evident that the maximum voltage, depicted in blue,
reaches half of the nominal input voltage V., which is 750V

Fig. 8 illustrates the total output current and the individual
inductor currents of each interleaved channel when V, = 375V,
corresponding to point A in Fig. 5. As observed, this point
represents a cancellation of the current ripple, achieved by acti-
vating 6 interleaved channels, with an average output current of
750A and a significantly reduced ripple. If the output voltage
remains within the range of 375V to 415V, there is no need to
change the operative channels to minimize the output current
ripple.

Fig. 9 depicts the scenario where V,, = 500V, representing
the nominal operating point B corresponding to an electrolyzer
power of 1MW . Similar to point A, the output current exhibits
no ripple as it aligns with one of the cancellation points for the
n = 6 channel configuration. Within the output voltage range of
475V to 554V, the total current ripple is minimized by utilizing
6 channels.
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Fig. 8 Waveforms with 6 channels at V, = 375V (point A).
(a) output current. (b) inductors currents.
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Fig. 9 Waveforms with 6 channels at V, = 500V (nominal
point B). (a) output current. (b) inductors currents.

Fig. 10 illustrates the same variables when V, = 555V,
corresponding to point C'in Fig. 5. By activating 6 channels, the
current ripple may not be adequately reduced for output voltages
greater than or equal to 555V, potentially affecting the lifespan
of the electrolyzer. Optimal ripple reduction, achieving a value
of Ai, = 10A as depicted in Fig. 5, is attained by activating
only 5 channels. Specifically, this Ai, = 10A represents the
maximum achievable ripple (Aig) within the operating range
of 375V to 600V, constituting 0.39% of the average output
current at this operating point, where the average output current
is 2550A.

The interleaved dual buck converters offers ample flexibility
to reconfigure and operate the system while minimizing
current ripple. This adaptability is facilitated by the number
of interleaved channels activated.

6 Conclusion

This paper proposes interleaved dual buck converters as a
suitable topology for use in a low-carbon hydrogen production

2600 —
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Fig. 10 Waveforms with 5 channels at V, = 555V (point C).
(a) output current (b) inductors currents.

system. This configuration achieves a halving of the blocking
voltage stress on semiconductors compared to the input voltage.
The interleaved connection enables higher current levels to be
reached and reduces current ripple.

To evaluate the topology, a 6-channel interleaved configu-
ration is utilized, which is then reconfigured to 5 channels to
reduce the output current ripple and extend the lifespan of the
electrolyzer. For discrete output voltage values, the current
ripple can be reduced to zero depending on the number of
activated channels in interleaved mode.
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