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Abstract

Given the climate change being observed in the past few decades, sustainable development and the use
of renewable energy sources are urgent. In this scenario, hydrogen production through electrolyzers is
a promising renewable source and energy vector because of its ultralow greenhouse emissions and high
energy content. Hydrogen can be used in a variety of applications, from transportation to electricity
generation, contributing to the diversification of the energy matrix. In this context, this paper presents
an autonomous isolated microgrid system for generating and storing electrical energy, to be exclusively
used for feeding an electrolyzer hydrogen production plant, which has been retrofitted toward green
hydrogen production. The experimental verification was performed at Itaipu Parquetec, which consists
of an alkaline electrolysis unit directly integrated with a battery energy storage system and renewable
sources (e.g., photovoltaic and wind) by using an isolated DC microgrid concept based on DC-DC
and AC-DC converters. Experimental results revealed that the new electrolyzer DC-DC converter
increases the system’s overall efficiency in comparison to the legacy thyristor-based power supply
system, and autonomously control the energy supply to the electrolyzer under optimized conditions
with extremely low output current ripple. Another advantage of the proposed DC microgrid is its
ability to proper manage the startup and shutdown process of the electrolyzer plant under generation
outages. This paper is the result of activities carried out under the R&D project of the ANEEL program
No. PD-10381-0221/2021, entitled Multiport DC-DC Converter and IoT System for Intelligent Energy
Management, which was conducted in partnership with CTG-Brasil.

Keywords: green hydrogen; DC microgrid; renewable energy sources; power plant retrofit

1. Introduction

Sustainable development combined with the adoption of renewable energy sources (RES) has
been the goal to achieve net-zero emissions in the modern world. Given the severe climate changes
faced and their current effects, several countries have been proposing increasingly bold measures and
objectives for mass decarbonization in the coming years, with a focus on mitigating carbon emissions.
The global energy transition is an urgent challenge and a critical priority to address climate change and
achieve decarbonization. In this context, green hydrogen (GH2), produced through the electrolysis
of water utilizing electricity from RES, such as solar and wind, has emerged as a promising energy
vector and a fundamental solution for decarbonizing multiple sectors. Green hydrogen is particularly
considered essential for hard-to-abate sectors and long-term energy storage [1-6].
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Hydrogen has been safely used for over a century, primarily in industrial applications such as
oil refining, ammonia production, fertilizers, metallurgical applications, and the food industry [7].
Currently, over 99.9% of hydrogen demand is met by those traditional sectors, where hydrogen
plays a fundamental role [4]. Green hydrogen is now being promoted for a broader range of new
applications, aiming to decarbonize these and other sectors. These applications include heavy industry
(e.g., steel, cement, chemicals), mobility and transportation (e.g., fuel in electric vehicles, heavy-duty
transportation like trucks, trains, ships, and long-haul transport), and civil applications such as heating
and power generation in buildings [4]. Furthermore, green hydrogen is crucial for energy storage
and grid balancing, acting as a versatile energy carrier and storage medium for surplus renewable
energy [3,4].

However, the widespread implementation of green hydrogen faces significant drawbacks and
challenges. The intermittent and stochastic nature of renewable energy sources can reduce the efficiency
of hydrogen production and complicate its integration into energy systems. The water electrolysis
process, a key method for green hydrogen generation, is inherently energy-intensive [8]. The entire
hydrogen supply chain, from production to final use, is complex and can incur significant energy
losses, potentially reducing overall efficiency to below 30-40% [4]. High production costs, which
can be five to ten times more expensive than gray hydrogen and currently range from $10 to $15
per kilogram for GH2 [5] (though projected to decrease to around $1.5/kg by 2050 [5]), conversion
inefficiency, and dependence on specialized infrastructure are additional barriers to widespread adop-
tion [8]. Existing infrastructure often requires substantial and costly modifications to accommodate
hydrogen, presenting challenges related to storage (such as low density, significant compression energy
requirements of 10-15% of total energy input, and material degradation including embrittlement) and
transportation (limited dedicated pipelines, only about 5000 km globally compared to over 3 million
km for natural gas) [3-5,9,10]. Furthermore, many promising technological solutions are still far from
industrial readiness, operating at low Technology Readiness Levels (TRLs) [3-5]. Safety considerations
are paramount in hydrogen system design and deployment, given its highly flammable and explosive
nature, which necessitates rigorous measures for leakage detection, explosion risk mitigation, and
public perception management [7,10,11]. The current marginal presence of green hydrogen, making up
just 0.1% of global hydrogen production by the end of 2023, highlights these ongoing challenges [4,5].

Despite these challenges, green hydrogen presents significant opportunities for a sustainable energy
future. It offers a powerful tool for decarbonization, particularly in sectors where direct electrification
is difficult. One key advantage is its ability to mitigate the intermittency and stochasticity of renewable
energy sources by converting surplus electricity from wind and solar into hydrogen for storage and later
use, thereby optimizing energy utilization and preventing curtailment. The mixing advantages between
solar and wind, combined with storage, are particularly notable; these diverse renewable resources can
complement each other by providing consistent energy during periods of low availability from one source,
enhancing overall system reliability and supporting grid stability and resilience. This long-term energy
storage capability goes beyond the capacities of batteries and extends the application of renewables into
thermal energy systems and mobility [4,6,12-14]. Furthermore, green hydrogen offers potential economic
benefits, including a projected 20-28% reduction in climate mitigation costs [5]. These costs are expected to
decline further due to technological advancements and economies of scale. Targeted policies and bankable
investment models are crucial for fostering the development of hydrogen ecosystems and accelerating
their adoption [4]. Moreover, the development of approaches that allow for the retrofitting of already
installed facilities presents a significant opportunity for widespread implementation.

Hydrogen plants using alkaline electrolyzers are commercially mature for large-scale production, but
there is continuous efforts to keep their production efficiency increasing and reducing costs [2,4,5,8,9,12-15].
Alkaline electrolyzers are electrochemical systems composed of non-noble metallic electrodes (cathode
and anode) embedded in an alkaline electrolyte (potassium hydroxide, KOH). In sum, the electrochemical
reaction requires the supply of electrical energy in direct current (DC) between the electrodes, leading
to the electrochemical conversion of water molecules into hydrogen (H2) and oxygen (O2) [16,17]. The
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power supply is usually based on the Alternating Current (AC) systems, employing rectifiers (AC-DC
converters) to integrate the DC electrolyzers into the electrical utility AC grid, most of them mainly based
on transformers associated with thyristor rectifiers or transistor and diode rectifiers [18-20]. The alkaline
electrolyzers are recognized for their dynamic operation, efficiency, and rapid response times, making
them ideal for integration with intermittent energy sources. Thyristor-based converters are the most widely
used because of their cost, simplicity, and reliability. However, these AC-DC converters present technical
limitations related to the energy quality of power supplied and efficiency. The ripple factor of direct current,
frequency, and fluctuation of the current supplied by the rectifier to the electrolyzer can also impact the life
cycle of the electrodes, resulting in degradation and/or efficiency decrease [18-20]. To obtain GH2, the
Hydrogen plants must be powered by renewable energy sources, and their direct connection to DC power
systems can enhance overall system efficiency.

Considering the challenges of existing infrastructure and the need for coherent, scalable strategies
that connect technological development with practical implementation in specific sectors, this paper
presents a novel isolated DC microgrid concept for GH2 production to efficiently integrate RES into
industrial electrolyzers, which is an opportunity to retrofit already installed Hydrogen plants, as
shown in this work. Experimental results obtained from the isolated DC microgrid experimental
Hydrogen plant are presented to validate the operation of the different DC ports on energy processing
and storage, as well as to feed the legacy electrolyzer. The results show that the proposed DC microgrid
efficiently performs the energy processing and management of the power generated by RES (PV and
Wind emulated), and it is also capable of storing the excess energy in a sodium battery or feeding the
electrolyzer from the battery. It properly provides DC power to the electrolyzer for GH2 production,
showcasing the efficiency improvements with the DC power supply. The experimental validations
are crucial to confirm the practical feasibility and efficiency of new approaches in the field of green
hydrogen. This study contributes to advancing the integration of GH2 into energy systems, promoting
a more sustainable and decarbonized future.

2. Legacy Hydrogen Production Plant

The Itaipu Parquetec located in Brazil is focused on applied research and was established in 2012,
with the support of Itaipu Binational, the largest hydroelectric plant in the world in terms of annual
energy production and the second in generation capacity (14 GW) [21,22]. The center operates across
the entire hydrogen technology value chain, and innovation in hydrogen production is one of its core
expertise areas. Since its establishment in 2012, it has been developing new technologies and operating
an H; production plant, based on Alkaline Water Electrolysis (AEL) Figure 1.

-Igw'-n'r!-!llul_-!

i

Figure 1. Hydrogen facility dedicated to industrial-scale experimental stations for the entire hydrogen technology
value chain.
2.1. Standard Electrical Power System of the Electrolyzer

The industrial electrolyzer operating in Itaipu Parquetec was designed and manufactured by
the former Italian company H2 Nitidor. The electrolyzer technical parameters and electrical loads
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data are shown in Table 1. The legacy electrolyzer electrical power system overview, showing the

thyristor-based power supply and auxiliary electrical loads, can be seen in Figure 2.

Table 1. Legacy electrolyzer technical parameters and data

Technical Parameter Value
Hydrogen production rate (Nm3/h) 10
Nitrogen consumption (Nm3/op cycle) 2
Max operating pressure (bar) 20
Max operating temperature (°C) 80
Min/Max room temperature (°C) 5/40
Electrolyte and concentration (%) KOH, 25-30
Electrolyte volume (L) 150
Demineralized Water (L/h) 10
Thyristor Six-Pulse Bridge Output Current (A) 170
Thyristor Six-Pulse Bridge Output Voltage (V) 130
Optimum H, production power per stack - 70% power set (kW) 17.5
Maximum electrical power per stack (kW) 25
Total power of cell stacks A & B (kW) 50
DC loads (kW) 1.1
Light AC fan loads and Electrovalves (kW) 0.1
Heater loads (kW) 1.5
AC Pumps and Fans total load (kW) 2.1
Isolation Transformer Rated Power (kVA) 75.0

) Electrolyzer
Isolation Transformer —+ Stacks O O D O
Measurement A
& Protections || Electrolyte / Water
Gas H2 /02 /N2
AN Tanks
ATA-Y L=
i Thyristor-based Electrovalves
—M ---- Six-Pulse Bridges
. ; 2 Heaters DX
60 Hz VOO
Utility Grid Single-Phase | 220 V. _@ AC Loads ¥
Load Controllers| 60 Hz Pumps / Fans DC Loads
P ==y
. Y :
Thyristor-based
Six-Pulse Bridges
Tanks
Isolation
Transformer Electrolyzer| =
Stacks

Figure 2. Legacy electrical power system of the H2 Nitidor AEL electrolyzer plant. Two thyristor-based six-

pulse rectifiers provide the DC voltage for each cell stack. The auxiliary loads, such as Pumps, Fans, Heaters,
Electrovalves, Light AC fans, DC loads (with dedicated AC/DC rectifier), are fed with line-to-neutral voltages
employing their dedicated load controller (contactor or relay). The DC loads are comprised of sensors (H, leakage,

Pressure, Flow, Temperature, Voltage, Current, Hall effect, etc), Modem for communications, Displays (Human

Machine Interface), Protective devices, Emergency circuits, Programmable Logic Controller (PLC) for process

control, and Power Supplies (24V/+15V/-15V).
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One safety-related factor regarding hydrogen production systems is the plant’s earthing of the
metal parts to avoid the risk of electrical discharges and the danger of explosions. Since metal live parts
must be protective earthed, the electrical system must include a galvanic isolation stage to protect the
parts from the electric grid hazards [18]. As can be seen in Figure 2, the legacy electrolyzer electrical
power system features an isolation transformer to provide galvanic isolation between the electrical grid
and the electrolyzer’s thyristor-based six-pulse rectifier, which is connected to the cell stack. This was
one of the assessed requirements to define the new converter topology for feeding the GH; electrolyzer,
as will be shown in the next section (galvanic isolation was provided in high-frequency through an
isolated DC-DC converter).

2.2. Hydrogen Production Process Based on AEL

The Hydrogen production is based on alkaline electrolysis technology. The process consists
of the electrochemical conversion of water (H,0O) into Hydrogen (H;) and Oxygen (O,) molecules
through the electric field applied at the electrode interface by a DC power supply. The electrolysis
cell has a multi-layer structure of anode, diaphragm, cathode, and electrolyte flow channels. Once
the electrolysis cell is stacked up in a desired /designed number of cells, it forms a cell stack of the
electrolyzer, which can be seen in Figure 3. More details on the AEL cell stack arrangement, as well as
its physics phenomena, can be seen in [16,17].

Figure 3. Electrolyzer cell stack comprised of 80 AEL cells. The mechanical support/electric isolators can be seen
in red at the bottom of the cell stack, separating it from the metal frame.

The control process of Hydrogen production is based on several stages involving not only the
electrolysis itself, but also the separation, purification, compression, and storage processes. Each stage
is automatically controlled via a Programmable Logic Controller (PLC) integrated into a Supervisory
Control and Data Acquisition (SCADA) system, and then the plant’s operator supervises all production
steps using the SCADA software on computers. Among the main embedded functionality of the test
platform, precise control of pivotal process variables, such as electrolyte flow, pressure, temperature,
and direct current electrical power supply, is essential to guarantee the overall production process
quality. The experimental station has also integrated safety features, graphical supervision via human-
machine interface (HMI), automated execution of operational sequences through pre-configured
scripts, and functional expansion capacity via programmable interfaces. All operating data are
automatically collected and stored, enabling traceability, comparative performance analysis, and
support for calibration of physical-computational models. The whole process is represented in Figure 4
and a summary of each step in the Hydrogen production is discussed in the following subsections.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2.1. Startup/Shutdown Purge and Inertization Phases with Nitrogen

Nitrogen is often used to purge the electrolyzer system, playing a subtle but important role
in alkaline water electrolyzers keeping the system safe specially during startup, shutdown, and
maintenance phases (idle time), as well as to prevent system oxidation, since components inside the
electrolyzer can corrode if exposed to oxygen or moisture when idle (electrodes or internal piping).
Therefore, Nitrogen helps create an oxygen-free environment to protect these parts during inertization
phases.

After a whole cycle of the electrolysis process, the system contains a mixture of Hydrogen and
Oxygen gases. If those gases are not removed from the piping and equipment, the mixture can become
explosive. Thus, also for safety reasons, an inert gas is used to carry the potentially explosive gas
mixture out of the electrolyzer. Before restarting the system, Nitrogen is employed to dry the internal
components, ensuring no reactive gases are present, keeping Hydrogen production within the highest
purity levels.

} N, - Nitrogen H, dryer
Nev to analyzer t Hz sample
= i
v
NCV H. analyzer
PT cv HC
LCVE} OE[ Teat Feat
2 > = Q
. Buffer
ow, I I HW HF
LE
g PSV! PSV LE ;@ i
t::“ reathor @ - Horizontaly H, - Horizontal @ LSHH s
reathe ILC separator vessel| separator vessel B cv & LsH
- LE HDO LCV
. E] e sk Loy Breather 00 (o
LSL
LSH LT - E} & cv
LSL oS LSLL) e G
Lev] 8]
LCV
TCV cps o gs
Water [] & H, Purification Process
e g
Cooled (o} | H,
WU - Water Unit | - TCV
Demineralization Electrolyzer Joh 130 V E} @ @
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d 350Bar | 110Bar  Intermediate
H, Buffer
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KOH Electrolyte w . .
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Dump - Cell Stack A~ Supply System System
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E} - Solenoid valve ® - Flow sensor Control Valve - CV Level Sensor - LE Hydrogen Cooler - HC Oxygen Heat Exchanger - OE
Temperature Control Valve - TCV | Level Switch High - LSH Hydrogen Heat Exchanger - HE | Oxygen/Liquid separator - OS
@ - Pressure sensor €)- Compressor Nitrogen Control Valve - NCV Level Switch High High - LSHH | Hydrogen Filter - HF Oxygen Separating Vessel - OV
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Figure 4. Electrolyzer plant diagram showing sensors, vessels, tanks, equipment, employed in each stage of the
Hydrogen production.

2.2.2. Alkaline Water Electrolysis (AEL)

After the purge phase 2.2.1, all pipes are almost free of impurities, and Nitrogen is collected. The
automated process control starts the Hydrogen production.

The water molecule H,O is broken down into Hydrogen H, and Oxygen O; applying DC voltage
in the cell stack electrodes, while the electrolyte flowing through the anode and cathode, contacting the
catalyst on both electrodes, facilitates ionic conduction of the H, (cathode) and O; (anode) molecules
out of the electrolyzer utilizing an aqueous solution of Potassium Hydroxide (KOH). Each H, and O,
molecules are properly routed to its horizontal separator vessels (H; vessel - HV and O; vessel - OV)
through the KOH electrolyte as shown in Figure 4.

The energy to start the electrolysis under constant temperature and pressure conditions is de-
termined by the enthalpy change (AH) of the process [17,23-25]. Ideally, one fraction of the enthalpy
energy AH is electricity employing the Gibbs energy (AG) and the other fraction is heat (Q), an en-
dothermic reaction, which leads to (1). Thus, the general electrolysis chemical reaction equation is
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shown in (2) including water H,O in its liquid phase (!), the necessary electrical (AG® = 237.153 k] /mol)
and thermal (QV = 48.687 k] /mol) energies to break down the water molecule at standard pressure and
temperature conditions (1 atm and 298.15K [26]), and the resulting gaseous phase (g) of the Hydrogen
and Oxygen separated molecules [17,25].

AH =AG+Q (1)

HyO(1) + AG® + Q° — Ha(g) +1/205(3) 2)

Based on (1), the equation can be written in terms of voltages, translating the chemical electrolysis
process to electricity physics. According to [17,25], dividing both sides of (1) by nF, where n is the
number of moles of electrons transferred in the reaction to produce a mole of Hydrogen (n = 2 mol)
and F is the Farad SI constant (96485 C/mol [25]), it leads to (3), translating the energy equation into
the necessary voltages to perform the electrolysis process.

AH® AGY QY

W_W_FE—)VAH:VAG_'—VQ (3)

When substituting the appropriate values for AG? and QU in (3), it is possible to derive the ideal
Gibbs voltage Vg = 1.23V, that is the reversible cell potential, the necessary energy related voltage to
start the electrolysis reaction. It also leads to the ideal thermoneutral voltage Vap = 1.48V, which is
the total reaction enthalpy that must be supplied in the form of electrical energy. The thermoneutral
voltage in each electrolyzer cell shouldn’t be greater then 1.48V to avoid heat generation, because
above this voltage level the electrolysis process turns to an exothermic reaction [17,25], something
unachievable in the real world since the electrolysis process has some inherent lossy mechanisms tough,
such as: ohmic phenomena, activation phenomena, and double-layer effect, all of them increasing the
cell voltage above the ideal thermoneutral voltage of 1.48V

The electrical equivalent model used in this work to model the AEL behaviour, considering the
mentioned lossy mechanisms, was based on the model presented in [17]. The ideal thermoneutral
voltage for the cell stack in this work is 118.4V (80 cells times 1.48V), the stack voltage reaches 130V in
average due to the loss mechanisms though.

2.2.3. Gas/Liquid Separation (HV and OV Vessels)

The gases produced during the electrolysis inside the cell stack, as previously described in 2.2.2,
are conducted through the KOH electrolyte to the separator tanks, where they are collected in two
separate buffers and taken to the horizontal separator tanks: the Hydrogen vessel (HV), and Oxygen
vessel (OV). The Hp and O, gases are then separated from the liquid KOH electrolyte, which is returned
to the electrolyzer via the recirculation pump. The electrolyte level in the horizontal separator tanks
must be at the midpoint to ensure good unit performance. The solution levels in the horizontal
Hydrogen and Oxygen separator tanks are monitored in the SCADA system to guarantee the process
performance. These separation stages are shown in Figure 4.

2.2.4. Heat Exchanger

A chiller is responsible for controlling the water temperature that circulates in the heat exchangers
inside the production unit and the compressor stage, which is also monitored.

2.2.5. Purification Process

During this stage, the impurities are removed from the gases produced during the electrolysis
process. The Hydrogen goes through an advanced purification and drying stage to remove most
impurities, while the Oxygen is released into the atmosphere. The purification unit includes:

¢  Heater Deoxidant Reactor (HDO): the O, present in the Hj line reacts with the Hydrogen forming
water, which is condensed and subsequently removed.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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®  Dryers: remove the moisture contained in the H,.

e  Gas analyzers: measure the amount of H, gas in the O; line and vice-versa. Gas concentrations
must be below safety limits. The ISO 22734-1 standard indicates stopping the process when the
concentrations reach values such as 2% H; in O, and 1.6% O, in H.

This entire process, represented in Figure 4, allows achieving a high degree of purity in the
produced H,. After purification, the Hydrogen passes to the low-pressure storage step, described
below.

2.2.6. Intermediate H, Buffer

The H, free of impurities is routed to an intermediate Hydrogen Buffer (HB) to stabilize the
system pressure. The HB has a capacity of 700L and operates up to 20 bar of pressure. It is located
after the Hydrogen Filter (HF) vertical tank, as shown in Figure 4, where the electrolyte fraction and
other impurities are removed from the final H, gas to be compressed and stored.

2.2.7. Hy Compressor & Storage

When the pressure in the HB reaches 17 bar, the compressor is activated, compressing the Hp
in two stages: from 17 bar to 110 bar and, subsequently, from 110 bar to 350 bar. The compressor is
deactivated when the pressure in the HB decreases to 14 bar.

The whole produced Hydrogen is then compressed and stored in high-pressure cylinders (350
bar) outside the Hydrogen production building for safety reasons. The energy balance of the plant is
also measured in terms of the amount of Hydrogen produced and stored.

2.3. Operating and Maintenance Aspects

One important aspect when operating the Hydrogen production plant is the purge time to
complete the startup and shutdown processes to avoid system contamination and safety issues, as
already shown in the previous H, production process sections (especially in section 2.2.1).

The startup and shutdown purge time usually takes 15 minutes to complete a cleaning cycle over
all systems of the production plant and ramp-up (startup) or ramp-down (shutdown) the production
power sets, usually between 70% to 100%. If the purge is interrupted in the middle or the electrolyzer
suffers a sudden loss of electrical power while generating Hydrogen, safety and/or maintenance issues
may arise, affecting the plant’s production time availability and/or damaging important components,
which could lead to additional costs and affect the overall system performance/ efficiency.

The Hydrogen plant is equipped with a 24V Uninterruptible Power System (UPS) based on
lead-acid battery technology with 12Ah of capacity to keep running some of the auxiliaries presented
in Figure 2 in case of electrical power loss, such as the emergency circuits (sensors and control valves),
auxiliary power supplies, and PLC devices.

Suppose the electrical power from the utility grid is suddenly lost when Hydrogen is being
generated. In that case, the system is not able to properly run the shutdown purge process (all
auxiliary AC loads are shut down, including the electrolyte circulating pumps, heaters, and fans). As
a consequence, the system is contaminated, which leads to maintenance actions. In this case, since
the system has a UPS to keep the emergency circuit running, the system is safely shut down, without
concerns on overpressure or any other safety-related issue, driving maintenance and longer production
stop time though.

3. Isolated Microgrid Architecture for GH, Production

Considering the legacy electrolyzer operating aspects presented in the previous section, and
especially the subsection 2.3, the Figure 5 shows the block diagram of the proposed isolated DC micro-
grid dedicated to feeding the GH2 plant, with RES and BESS, in substitution to the former/standard
thyristor-based rectifier tied to the utility grid (non GH2 production) as shown in Figure 2. This
power structure is composed of seven input/output ports, as follows: four current-controlled DC-DC
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converters fed by RES, three with PV and one with a wind generator; a voltage-controlled DC-DC
converter connected to the BESS (main DC bus voltage former); three dedicated current-controlled
converters, in interleaving mode, supplying the electrolyzer of the GH2 plant (DC power supply in
Figure 4); and one DC-AC converter to supply all the AC and DC auxiliary loads (the DC ones have an
input AC/DC conversion stage) presented in Figure 2 and in Figure 4.

 MAINDCEUS SopiuM
De= (nominal) BATTERY
PV DC-DC BESS DC-DC s
CONVERTER 1 CONVERTER B e
Veyr . — . DC . p— . VBAT
{ lpyp | === Lo-pyi { lo-BAT | === Igar i
Py ARRAY T
—— === T Chus ===
PV DC-DC "~ H2DC-DC
CONVERTER 2 CONVERTER 1 GH2 HIDROGEN
Veyz . p— . . J— . ELECTROLYZER
[ vz |--- lopy2 | lH2-1 | === lo-ELI
PV DC-DC H2 DC-DC
. CONVERTER 3 CONVERTER 2
PV3 . — . . J— .
{ tews|==- lo-pys | lH2-2 |==~ lo-EL2
WIND TURBINE
EMULATOR --- kel Electrolyzer :
- Powerset "Current :
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CONVERTER 3 90% 135A
wepene L [ i
RECTIFIER . 70% 105A
=== lo-wr -— 60% 90A i
' — 50%  75A
= system 40% 60A
~C| |auxiliary loads 30% 45A

Figure 5. Block diagram of the proposed DC microgrid.

One of the key advantages of the proposed microgrid architecture is its ability to maintain power
supply to critical loads in the event of an abrupt interruption in energy generation. In such scenarios,
the BESS can temporarily supply the electrolyzer and its auxiliary systems, ensuring that they remain
powered for the necessary duration to execute a controlled and safe shutdown procedure, as discussed
in section 2.3. This represents a significant improvement over the legacy system, which relied solely on
an Uninterruptible Power Supply (UPS) dedicated to the Programmable Logic Controller (PLC). In
the previous setup, a utility grid outage would result in the immediate loss of power to all auxiliary
loads, often leading to improper shutdown sequences and potential equipment damage or process
instability. By contrast, the microgrid’s integrated storage and control enable a more reliable operation,
particularly under fault or emergency conditions.

3.1. Microgrid Control Strategy

The objectives behind implementing control in microgrids typically include:

*  Power sharing: Ensuring that multiple distributed generation units proportionally share the load.

*  Regulation: Maintaining a stable voltage level on the DC bus or managing current from different
sources.

*  Energy management: Optimizing the use of energy resources and storage.

Control strategies for microgrids are typically divided into local and coordinated levels [27]. Local
control, which relies on local measurements, manages individual converters and includes functions
such as current, voltage, and droop control; source-dependent functions like Maximum Power Point
Tracking (MPPT) for photovoltaic (PV) modules; and decentralized coordination functions like virtual
resistance (VR), Distributed Bus Signaling (DBS), or Power Line Signaling (PLS). Coordinated control,
which manages the overall operation of the microgrid, requires communication between units and
includes decentralized, centralized, and distributed strategies. Decentralized control is an extension of
local control using only local measurements, and it includes methods such as droop control and DBS.
Centralized control uses a central controller (CC) that gathers data from distributed units, processes it,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2149.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.2149.v1

10 of 23

and sends commands, with master-slave control being a typical example. This approach is useful for
optimizing power exchange with the main grid and between microgrids, managing local Distributed
Generation (DG), optimizing energy storage, and minimizing operational costs. Distributed control
involves communication between neighboring units through digital communication links (DCLs).
Consensus and agent-based algorithms are frequently used in distributed control.

In this project, a hierarchical control strategy was implemented, combining local and coordinated
control levels. At the local level, each power converter operates with a dedicated control loop based
on its function. The electrolyzer port is controlled through an output current control loop to regulate
hydrogen production. The BESS port employs dual-loop control: output current control and output
voltage control to regulate the common 400 V DC bus, to which all converters are connected. For the
PV and wind ports, two operating modes are implemented: output current control mode for direct
power regulation, and Maximum Power Point Tracking mode using the Perturb and Observe (P&O)
method to maximize energy extraction under varying conditions. In addition to the local control loops,
a centralized coordinated control strategy oversees the overall energy balance of the microgrid. This
centralized controller monitors the power demand of the electrolyzer and dynamically manages the
energy generation from the PV and wind sources, as well as the charge and discharge cycles of the
BESS.

3.2. Power Interface for the Electrolyzer Port

The selection of the power converter for feeding the electrolyzer was based on the analysis
of various technical criteria. First, the converter must operate with a gain in the range of 0.25 to
step down the 400 V input voltage to approximately 100 V. Since the metal parts of the hydrogen
production plant are earthed, isolation is required [18]. Modularity and current sharing are desirable
characteristics that increase reliability and enable scalability to higher power ratings. Finally, low
output current ripple and high conversion efficiency are required to improve the overall hydrogen
production efficiency [18,28-30]. The basic specifications for the power converter to interface the DC
microgrid to the hydrogen electrolyzer are summarized in Table 2.

Table 2. Specifications of the power converter for the GH2 port.

Parameter Value
Input voltage 400
Maximum electrolyzer voltage 130
Minimum electrolyzer voltage 90
Maximum output power 19.5 kW
Maximum output current 150 A

Among high-frequency isolated DC-DC topologies, the literature highlights Half-Bridge and
Full-Bridge topologies [31-33]. The Half-Bridge, although simple, presents excessive current stress
and lacks redundancy, which may compromise its efficiency and reliability. Between the Full-Bridge
topologies, the Phase-Shifted Full-Bridge Zero Voltage Switching (PSFB-ZVS) and the LLC converters
arise as the most prominent converters, and were chosen for a more detailed comparison.

The LLC resonant converter, while efficient at its optimal point, operates with variable switching
frequency. Although possible [34], this characteristic makes it more difficult to achieve synchronization
and current sharing between parallel modules. The converter exhibits ZVS on the primary side and
Zero Current Switching (ZCS) on secondary side. However, its efficiency is highly dependent on
operating with a specific gain, while the conversion ratio is reported to change considerably during the
electrolyzer’s lifetime [33]. Its rectified sinusoidal output current is also a drawback for this application,
since it requires a strong filtering effort to achieve a low ripple output current, resulting in large output
capacitance [35]. Due to the ZCS on the secondary, this topology doesn’t require any additional circuit
to protect the rectifier’s diodes against overvoltages.

On the other hand, the Phase-Shifted Full-Bridge ZVS (PSFB-ZVS) converter with center-tapped
transformer was found to be more suitable for the project requirements. This topology operates with
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fixed switching frequency, facilitating synchronization between parallel modules and the implemen-
tation of interleaving. Interleaved operation benefits from reduced output current ripple and higher
frequency ripple, both advantageous to increase the hydrogen production efficiency [18,28-30] and
to reduce the filtering effort of the output stage, making it possible to even eliminate the output
capacitor. The center-tapped topology reduce the number of semiconductor devices in the current
path on the secondary side, thus reducing the power dissipation. The PSFB is designed to operate
with soft switching (ZVS) for a certain load range, reducing switching losses and increasing converter
efficiency [35,36]. As a drawback, this topology can suffer from high voltage stresses in the secondary
diodes due to the hard switching.

Another important advantage of the PSFB topology is the possibility of employing synchronous
rectification on the secondary side of the center-tapped transformer, replacing diodes with MOSFETs
or GaNFET, for reduced conduction losses and enhanced efficiency. This technique is considered for
future work.

The adopted configuration, presented in Figure 6, includes three PSFB modules operating in
interleaving, with an output inductance (L) that provides the current-source characteristic. The
capacitance (C;) is included to prevent the circulation of an average current component through the
transformer’s primary winding, avoiding core saturation. This solution is often called in the literature
as the Phase-Shifted Full-Bridge Series Resonant Converter [37,38]. In a well-executed project, the
resonance frequency of the Lr and Cr circuit must be much lower than the switching frequency; thus,
the influence of Cr on the converter operation is minimal, and its operating characteristics follow those
of a classic PSFB-ZVS converter [37-39].
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Figure 6. Three interleaved PSFB converter modules employing active clamp circuits at the secondary stage.

It was chosen to build three identical 6.5 kW PSFB modules, achieving interleaved operation
through a trigger signal between the modules.

3.3. Power Interface for the BESS Port

The selection of the power topology for the BESS port is initiated from the specifications it must
meet. The battery employed in this project is a second-life Z37-620-38 battery from FZSoNick [40].
The battery voltage ranges from 414 V to 696 V, and its maximum allowed discharge current is 112 A.
Since it’s a second-life battery, it was chosen to limit the current considerably below the original limit,
and operate with a minimum voltage of 450 V. Despite that, the battery can comfortably handle the
maximum limit of 15 kW defined for this port. The output of the converter is the grid’s common DC
bus to which all converters are connected. This DC bus should be regulated by the BESS converter at
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400 V with a small deviation during load /source transients. Table 3 summarizes the main specifications
for the BESS converter.

Table 3. Specifications of the interleaved Buck for BESS.

Parameter Value
Battery storage capacity 38 Ah
Output power 15 kW

Maximum input voltage 696 V
Minimum input voltage 450V
Maximum input current ~ 33.3 A
Output voltage 400V
Maximum output current 37.5 A

Due to its balanced characteristics, the interleaved bidirectional Buck converter arises as one of
the main topologies for bidirectional battery chargers in the range of cents of volts and a few tens of
kilowatts. It counts with a reduced number of passive and active components, presents lower current
efforts than three-level topologies [41-43], presents low voltage efforts [44], it is efficient, modular, and
does not require the design of complex magnetic components [45-51]. Figure 7 presents the schematic
of the interleaved bidirectional Buck converter. In addition to the main topology, an input filter was
added to reduce the battery’s current ripple, and a common-mode filter was added to the output,
between the converter and the microgrid common 400V DC bus connection point.

(0601

BT I

400V bus
—~N—

w8} T o T

Battery Input filter Bidirectional interleaved Buck Output filter

Figure 7. Two-phase interleaved bidirectional Buck converter with input and output filters.

3.4. Power Interface for the PV Port

The specifications for the PV converter are based on the photovoltaic power plant installed at the
laboratory facilities where the system will be tested. The PV installation is composed of three individual
strings, each connected to a power converter module. Table 4 presents the electrical specifications for
the PV power converter, which form the basis for the design of the device.

Table 4. Specifications of the PV converter.

Parameter Value
PV panels per string 16
Maximum input voltage 731V
Input voltage in the MPP 6144V
Input current in the MPP  8.86 A
Output voltage 400V
Output power 5.44 kKW

The review of power topologies for the BESS port shown the advantages of the Buck converter for
the power ratings of this project. Unlike the BESS port, the PV input port required a converter with
the capacity to step up and step down the input voltage. The two-switch non-inverter Buck-Boost
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with two-carrier modulation is presented as a high-efficiency converter capable of meeting the project
requirements [52]. This converter, presented in Figure 8, employs 2 active switches and 2 diodes. This
modulation has significant advantages over a conventional Buck-Boost converter, since it reduces the
current and voltage efforts in all components.
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Input filter Two-switch Buck-Boost Output filter

Figure 8. Schematic of the non-inverter Buck-Boost for the PV input port.
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3.5. Power Interface for the Wind Port

The wind port of the microgrid is designed to interface with small wind turbines, which are
commonly used in distributed renewable energy systems. The specifications of a commercial small
wind turbine were the basis for defining the input specifications of the wind power converter. To
enable laboratory testing under controlled and repeatable conditions, a wind turbine emulator was
constructed. This emulator consists of an electric motor mechanically coupled to a generator, allowing
the emulation of the dynamic behavior of a real wind turbine during various operating scenarios.
Table 5 summarizes the specifications of the PV power converter.

Table 5. Specifications of the wind converter.

Parameter Value
Maximum input voltage 380 Vac
Maximum input frequency 50 Hz
Output voltage 400V
Rated output current 26.5 A
Rated output power 10.6 kW
Peak output power 12.4 kW

The wind port requires processing the variable-frequency AC power generated by the wind
turbine, based on a permanent magnet generator, and delivering a regulated DC output current to the
microgrid. Although the literature presents a variety of power conversion topologies for wind energy
systems [53,54], these are predominantly boost-type converters, which do not apply to this project,
since the input voltage can be higher than the output voltage. A two-stage topology was adopted.
The first stage consists of a three-phase Graetz rectifier followed by a capacitive filter, responsible
for converting the generator’s AC output into an unregulated DC voltage. The second stage is a
two-phase interleaved two-switch non-inverter Buck-Boost converter [52]- same topology used in the
PV port—selected for its capacity to both step up and step down the input voltage, depending on wind
conditions. Figure 9 presents the schematic of the power topologies employed for the wind port.
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Figure 9. Schematic of the rectifier and non-inverter Buck-Boost for the wind input port.

4. Experimental Results

This section presents the main experimental results obtained from the tests with both hydrogen
plants, one powered by the thyristor-based six-pulse rectifier (Figure 2) and the other by the proposed
DC microgrid (Figure 5).

Figure 10 shows the output voltage and current waveforms of the legacy electrolyzer thyristor-
based rectifier, to feed the electrolyzer cell stack. The electrical grid frequency is 60 Hz, while the output
voltage/current ripple frequency is 360 Hz due to the six-pulse thyristor-based rectifier. When the grid
voltage is higher than the load voltage, there is a transfer of energy from the grid to the electrolyzer, so
there is a current flow and the voltage follows the current behavior. However, when the grid voltage
is lower than the load, there is no current and the voltage is floating. This test was conducted in
70% of powerset, with total active power of 15.89 kW and apparent power of 19.62 kVA, resulting
in a power factor of approximately 0.8. The active power is the energy actually used for hydrogen
generation. As can be seen, there is a significant ripple factor in the current and AC oscillations.
These characteristics affect the system operation and degrade the electrolytic cells, resulting in a low
efficiency of the electrolyzer and consequently a decrease in hydrogen production.

Waveform View s S ——————
¥

NN NN NN

18 Aug 20221
18:47:06

Figure 10. Legacy electrolyzer thyristor-based rectifier voltage and current waveforms for an operating point with
70% of the full powerset. Yellow waveform: rectifier output voltage (maximum peak value is 139.9 V, mean value
is 116.7 V, RMS value is 117.6 V); Blue waveform: rectifier output current (maximum peak value is 260.4 A, mean
value is 93.36 A, RMS value is 135.2 A).

On the other hand, in the Figure 11 are shown the voltage and current waveforms of the elec-
trolyzer (v,_g1, and i,_g1), when powered by the DC microgrid. This test was performed at 80% of
the powerset, resulting in total active power (P,_g1) close to 15.77 kW. As expected, the electrolyzer
is powered by a DC current with low ripple, and free from AC oscillations. This figure also shows
the currents i,_wr and i,_pr, injected by the wind and BESS DC-DC converters, respectively, into
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the main DC bus. Complementarily, the Figures 12 and 13 show other electrical quantities of the DC
microgrid for 70% and 60% of full powerset, respectively.

Table 6 summarizes the values of voltage, current and active power consumed by the electrolyzer,
for the results shown in the Figures 10-13. As expected, there is a significant reduction in the active
power consumed by the electrolyzer when powered by the DC microgrid, for example, reduction of
approximately 18% for operation in 70% of full powerset.

Table 6. Electrolyzer power consumption comparison.

Power Source Powerset Uo—EL lo—FL P,_rL
Thyristor-based rectifier 70% 117.6 V(RMS) 1352 A(RMS) 15.89 kW
60% 122V 89.2 A 10.88 kW
DC microgrid 70% 126 V 104 A 13.05 kW
80% 134V 117 A 15.77 kW

Figure 11. Voltage and currents waveforms of DC microgrid for 80% of the full power set (v,_gr, = 134 V and
ip—pr =117 A, approximately).

VoeL = 126 V

60 Vidiv
1m0
200

Figure 12. Voltage and currents waveforms of DC microgrid for 70% of the full power set (v,_gr, = 126 V and
i,—pr = 104 A, approximately).
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Figure 13. Voltage and currents waveforms of DC microgrid for 60% of the full power set (v,_gr, = 122 V and
io—gL = 89 A, approximately).

The experimental results for the DC microgrid initialization are shown in the Figures 14 to 17.
Initially, the battery converter start with a soft ramp until reaching the nominal voltage of the central
DC bus (Vpc = 400V), as shown in the Figure 14. After initializing the BESS converter, the wind
converter was started in constant current mode (i,_ror = 5A) and, in the sequence, the three PV
converters was started also in constant current mode (i,_py1 23 = 1.2A) as shown in the Figure 15.
Once the electrolyzer is turned off, all the energy produced by the RES sources is absorbed by the
BESS (negative ig47 indicates battery energy consumption). With the microgrid supply converters
connected (wind and photovoltaic sources), the three GH2 converters were simultaneously activated,
as shown in Figure 16, with control in constant current mode, and with an increase of 5 A in the
value of the DC output current of each converter. It can be seen that when i,_r; exceeds 30 A, the
direction of the ig 41 current is reversed. In this case, the SAE supplies energy to the microgrid, together
with wind and photovoltaic sources, to power the electrolyzer. With all converters turned-on, the
current i,_ g, was increased up to 90% of the power set (135 A). Simultaneously, as shown in Figure 17.
Simultaneously with these tests, increases were made to the powers extracted from the wind and
photovoltaic sources, according to the values of i,_gor and i,_py1 23 indicated in the figures. The
results presented prove that the converters of the proposed DC microgrid adequately extract energy
from wind and photovoltaic sources, regulate the voltage of the central DC bus, process the energy
globally and store/supply the energy in/by the SAE. In addition, the system simultaneously supplies
appropriate DC current to the electrolyzer of the GH2 plant.
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Figure 15. Start-up of the wind and three PV converters.
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Figure 17. Nominal operation of the electrolyzer.

Figure 18 shows the case in which there is power generation from both RES (PV and Wind), the
battery bank is partially charged, and the GH2 plant turned off. Thus, all the energy produced is
stored in the battery bank. For this test, PV generation were configured with i,_py1 = i,_py2 = i,—py3
=1.2 A, close to 3.6A of current injected by the PV converters (P,_py = 1.4 kW), and wind generation
with i,_ror = 5.3 A (P,—por = 2.1 kW). It can be observed that the BESS converter imposes the DC
voltage on the main bus (Vpc = 400 V) even with the energy injection by the RES. Moreover, since
the GH2 plant is turned off, all the produced energy is absorbed by the BESS converter (i,_par =9 A)
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and sent to the battery bank. This test shows the system capability to manage all energy produced by
RES. It is worth noting that the maximum power levels to be extracted from PV and Wind sources are
directly linked to the consumption of the GH2 plant, as well as to the momentary storage capacity of
the battery bank. Therefore, if there is a momentary surplus of energy, a deviation from the maximum
power point of these sources must be made.

[
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1m0 1M 1mMQ 1m0 3125kss 32 pslpt
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Figure 18. Experimental tests of the DC microgrid with GH2 plant off.
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