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Abstract: Wind energy proves to be a highly favourable choice for electricity generation due to its
clean and renewable nature, and is playing a significant role in reducing global greenhouse gas
emissions. Offshore wind turbine systems have gained widespread popularity as they can capitalise
on elevated and consistent wind speeds surpassing those found in onshore locations, resulting in
increased energy efficiency. Furthermore, offshore wind power possesses the potential to emerge as a
significant electricity source for the production of green hydrogen. As water electrolysis technology
for hydrogen production continues to advance, utilizing offshore wind power for hydrogen genera-
tion is becoming more economically viable and practical. Offshore wind power with higher wind
speeds in combination with efficient control structures presents an attractive option for electricity
generation and hydrogen co-production. This paper aims to present and evaluate four different
production structures for combined H;/energy generation from offshore wind turbines. Previous
research studies in this area often overlook control structures and lack information on power con-
verter operations. In contrast, this article studies control structures that enable proper functionality
and ensure adequate interoperability, enhancing the reliability of renewable energy integration.
Each structure, including both wind turbines and electrolyser, is described in detail, along with
ﬁr;)edcgtfgsr the corresponding controllers. Simulation results are presented for each structure and controller to
Citation: Monroy Morales, . L demonstrate their effective operation.
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Wind power has increased significantly as a replacement for the systems using fossil
fuels, helping to achieve a decarbonised world [1-3]. The implementation of offshore wind
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onshore sites, with potential yields up to double that of a medium-sized onshore wind farm;
(c) offshore wind farms have minimal visual and acoustic impact, allowing for the utiliza-

tion of larger areas; (d) offshore wind farms typically have installed capacities in the range
of several hundred megawatts; and (e) offshore wind turbines are capable of achieving sig-
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As of 2020, a significant portion of hydrogen production (approximately 96%) is reliant
on natural gas, leading to substantial CO, emissions [10]. Therefore, in order to mitigate
climate change resulting from the worldwide rise in CO; emissions, it is imperative to
develop methods for producing carbon-neutral and sustainable fuels. A viable solution is
the production of green hydrogen, which involves utilising a renewable energy source to
generate electricity for the process of water electrolysis.

The production of green hydrogen through electrolysis using renewable sources
involves the decomposition of water molecules (H,O) into oxygen (O;) and hydrogen
(Hp) [11-15]. Green hydrogen generation offers several advantages:

e  Itis entirely sustainable, as it does not emit any polluting gases during combustion or
production, making it an environmentally friendly option.

*  Hydrogen is easily stored, allowing for its utilization at later times and for various
purposes beyond immediate production.

¢ Green hydrogen can be converted into electricity or synthetic gas, enabling its appli-
cation in diverse commercial, industrial, and mobility sectors, further enhancing its
versatility and usefulness.

Hence, green hydrogen stands out as a highly promising carrier for renewable en-
ergy [16,17].

In this paper, four control structures for offshore wind turbine hydrogen production
are presented. The first structure transports electricity generated by the offshore wind
turbine to onshore facilities through an AC line, where part of this electricity is transformed
into hydrogen onshore. The second structure transports electricity through an AC line
and hydrogen through a pipeline, with part of the produced electricity being transformed
into hydrogen offshore. In the third structure, all of the electricity generated by the wind
turbine is converted into hydrogen and transported through a pipeline. This hydrogen can
be stored onshore or transformed back into electricity. The last structure uses an AC-DC
converter to transport direct current from offshore to onshore; once onshore, the DC is
transformed into AC and hydrogen. Simulation results for each structure are presented to
corroborate the model’s proper operation.

2. Main Components for Hy/Electricity Production

This section describes the components employed in each of the hydrogen genera-
tion structures discussed in this article, including commonly utilized generators in wind
turbines, rectifiers, and buck converters.

2.1. Wind Turbine

Without loss of generality, the type of wind turbine selected for the simulations was
based on the Doubly-Fed Induction Generator (DFIG) exemplified in Figure 1. Selecting
Type 4 wind turbines based on full-rated converters using multiple synchronous machines
would not modify the outcomes of this manuscript. DFIGs prove to be a reliable option,
facilitating variable-speed operation within a limited range that enables efficient energy
capture across various wind speeds. Moreover, DFIGs contribute to enhanced grid stability
and control, offering the capability to provide both active and reactive power control. The
control of DFIG-based wind turbines is well known, and details can be found in [18-22]. In
this article, the DFIG is utilized in structures 1 and 2, while structures 3 and 4 utilise a wind
turbine based on synchronous machines using a full rated inverter connected to a DC link.
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Figure 1. Doubly-Fed Induction Generator (DFIG).

2.2. Active Rectifier for the Electroliser

An active rectifier based on a full-bridge converter is used to convert alternating
current (ac) into direct current (dc) for use by the electrolyser. An active rectifier such as the
one shown in Figure 2 allows for obtaining sinusoidal currents with unity power factor. Its
control is also well known, with details available in [23-27].
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Figure 2. Three-phase active rectifier based on IGBTs.

2.3. Synchronous Buck Converter and Electrolyser

A synchronous buck converter is employed to achieve accurate control of the DC
current provided to the electrolyser, allowing for regulation of the H, production flow
rate [28,29]. The synchronous buck converter shown in Figure 3 replaces the conventional
lower diode with a power MOSFET, which features a lower on-voltage drop compared to
the forward drop of the rectifier, resulting in improved efficiency [30,31]. A synchronous
buck converter uses nested controllers for current and voltage. It can use peak current mode
or average control; details can be found in [32,33]. The most economically appropriate type
for use in energy storage systems are alkaline water electrolysers. The decomposition of
water into hydrogen and oxygen is achieved by passing a DC electricity current between
two electrodes separated by an aqueous potassium hydroxide (KOH) electrolyte with good
ionic conductivity [34]. This type of electrolyser is used in the proposed system because it
is a mature and proven technology with high durability and relatively low cost. However,
the utilisation of other electrolyser technologies such as Proton Exchange Membrane (PEM)
would not change the outcomes of this study.
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Figure 3. Synchronous Buck converter used as the electrolyser.

3. Models of the Structures for Production of Hy/Electricity

This section describes the various configurations selected for the joint production of
electricity and H; using offshore wind turbines.

3.1. Structure 1

In the first structure, the offshore wind turbine produces only electricity, which is
transmitted to the coast through an AC line. Upon arrival onshore, a significant portion
of this electrical power is converted into hydrogen using an electrolyser, while a smaller
fraction is retained in its original electrical state to feed local loads. The produced hydrogen
is stored for subsequent utilisation. Figure 4 shows the components forming the structure.
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Figure 4. Structure 1: The offshore wind turbine produces only electricity, which is transmitted to the
coast through an AC line.

The fundamental purpose of implementing this structure is to maximize the produc-
tion of hydrogen from the marine environment using conventional AC. This hydrogen is
classified as “green hydrogen” due to its originating from environmentally friendly and
pollution-free renewable energy source.

As shown in Figure 4, the wind turbine is connected to a DFIG, which is responsible for
producing the AC electrical energy that is transmitted to the coastline. This configuration
requires converting AC into DC onshore through a three-phase bridge rectifier. Subsequent
to the rectification process, a DC-DC converter is employed to efficiently regulate the DC
current, and thereby the production of H; in the electrolyser.
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3.2. Structure 2

The second structure still uses AC for the transmission of electrical energy; what
distinguishes this structure is its added ability to facilitate the transportation of hydrogen
generated from offshore locations through a pipeline, as shown in Figure 5.
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Figure 5. Structure 2: The offshore wind turbine produces electricity and Hp, which are transported
to the coast through an AC line and pipeline, respectively.

This approach combines the versatility of electricity transmission with the conve-
nience of hydrogen transport via pipeline. The compression system used for hydrogen
transportation, which includes hydraulic and mechanical elements such as centrifugal
pumps, pipelines, and tank stations, is modelled using MATLAB’s Simscape library.

If a Type-4 wind turbine is used for the structure instead, the DC-DC converter of the
electrolyser can use the DC-link present in the full-rated converter. The active rectifier of
the electrolyser is not needed, reducing the cost, encumbrances, and losses.

3.3. Structure 3

In Structure 3, as shown in Figure 6, all of the power produced by the offshore wind
turbine is converted and transported as hydrogen. Therefore, this configuration employs
a wind turbine with a full-rated converter driving a Permanent Magnet Synchronous
Generator (PMSG) for electricity generation. The DC-DC converter of the electrolyser is
connected to the DC link, and regulates H, production.

Off-Shore

I Pipeline H,

A0 E |]

Rectifier CD-CD  Electrolyser | : Fuel Cell
Converter | L a
Figure 6. Structure 3: All of the power produced by the offshore wind turbine is converted and
transported as Hj.

Transporting hydrogen instead of electricity is particularly advantageous for long
distances, as it results in lower losses and fewer technical challenges compared to AC or
DC transmission. However, all the H, infrastructure is offshore, which incurs additional
costs and maintenance difficulties. The overall system also requires a desalination plant to
obtain the purified H,O needed by the electrolyser.
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3.4. Structure 4

In Structure 4, the electrical power generated by the wind turbine is conveyed using
direct current, as shown in Figure 7 in a simplified manner. Similar to Structure 3, a wind
turbine with a synchronous machine controlled through a full-rated converter is employed.
Transporting DC from offshore for hydrogen production eliminates the need for AC-DC
conversion, thereby reducing energy losses associated with multiple conversion steps.
There is no need for a rectifier for the electrolyser, which can be connected directly to the
DC line for H; production.
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Figure 7. Structure 4: The electrical power generated by the wind turbine is conveyed using DC.

4. Control for Offshore Wind Turbines

This section outlines the control mechanisms utilized in the hydrogen generation
structures discussed in the preceding section.

In the cases of Structure 1, 2, and 4 (the first case study), it is assumed that 80% of the
power generated by the wind turbine undergoes conversion into hydrogen at the coastal
site and that the remaining 20% is retained as electricity to meet the demand of electrical
loads, as shown in Figure 8.

20% |
Electrical Load J

Power
Wind Turbine

)( 80% )

L Electrolyser J

Figure 8. Power distribution.

This initiative aims to maximize the utilization of offshore wind power by converting
the majority of the power produced by the wind turbine into green hydrogen.

The control diagram for the rectifier shown in Figure 2 is illustrated in Figure 9. The
controller uses a voltage-oriented control (VOC) synchronised to the grid by a phase-locked
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loop (PLL), with inner d-q current loops and an outer DC-voltage loop. Active rectifiers
connected through long AC lines can also be controlled as grid-forming converters to
enhance stability. Hence, the active rectifier maintains the DC-voltage supply constant at
the input of the DC-DC converter of the electrolyser.
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Figure 9. Voltage-oriented control of the three-phase active rectifier.

There are two approaches for ensuring that the electrical load requirements are fulfilled.
In the first approach, the controller considers 80% of the wind power production estimated
from onshore measurements for hydrogen production, denoted as (Pyr) in Figure 10.
The controller regulates the output power at the DC-DC converter of the electrolyser. A
slow integral controller produces the current reference for the DC-DC converter of the
electrolyser; Pyt is divided by the electrolyser voltage, which is used as a feed-forward
component to enhance dynamics in the synchronous buck-boost converter. The second
approach consists of providing a fixed amount of power for the local load, with the excess
energy being used for hydrogen production. The control mechanisms to prioritize hydrogen
production and prioritize electrical load are shown in Figures 10 and 11, respectively.
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Figure 10. Control mechanism to prioritize hydrogen production.
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Figure 11. Control mechanism to prioritize electrical load.
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5. Simulations Results

The four structures described in Section 3 were verified through software simulation using
MATLAB/Simulink to validate the proposed features and assess their proper functioning.

For Structures 1, 2, and 4, the simulations involved varying the wind speed and
considering two distinct case studies. In the first case study, the primary focus was on
converting the electrical energy produced by the wind turbine into hydrogen, with the
remaining energy supplied to the grid. In the second case study, the first priority was
to supply electrical loads, with any surplus wind turbine power then directed towards
hydrogen conversion. For Structure 3, a single test was conducted considering wind speed
variations, as Structure 3 exclusively focuses on the offshore conversion of electrical energy
into hydrogen.

The simulations aimed to ensure the proper operation and effectiveness of the pro-
posed features in different operational scenarios.

5.1. Simulation Results for Structure 1

The simulation results for Structure 1 are shown in Figure 12. For the first case study,
the wind speed was initially 11 m/s and increased to 13 m/s at t = 30 s. Figure 12 shows the
power output of the wind turbine, the electrolyser power devoted to hydrogen production,
and the electrical power consumption by the local load. As can be seen in Figure 12, 80%
of the power produced by the offshore wind turbine is used for hydrogen production in
the electrolyser and 20% is used to supply the grid, as proposed in the controller shown in
Figure 10. As mentioned above, at t = 30 s the wind turbine power increases from 725 kW
to 1200 kW, the power in the electrolyser increases from 580 kW to 960 kW, and the power
supplied to the grid increases from 145 kW to 240 kW due to a change in wind speed from
11m/sto13m/s.

‘Wind Turbine, Electrolyzer and Electrical Powers

1500 -
Pwt 1200 kW

1000 - Pelectrolyzer 960 kW
B Pelectrical 725 kW
= 580 kW

20017 240 kW

145 kW D
0 | I | | | | | J
0 10 20 30 40 50 60 70 80

t

Figure 12. Power distribution for Structure 1 with priority on the electrolyser.

In the second case study, the same change in wind speed is considered at the same
time as in the previous case. However, the focus now shifts to prioritising the electrical
load. A reference power of 400 kW is established for electrical consumption, with any
surplus power being channelled into hydrogen conversion. The power distributions for
this case study are illustrated in Figure 13. This figure shows that both the wind turbine
and electrolyser exhibit an increase in power from 725 kW to 1200 kW and from 325 kW to
800 kW, respectively, when the wind speed rises. The power assigned to the electrical load
remains constant at 400 kW, notwithstanding the increase in the wind speed. Therefore, the
controller maintains a steady electrical power supply to the electrical load while diverting
any excess power towards hydrogen conversion.
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Figure 13. Power distribution for Structure 1 with priority on supplying electrical load.

5.2. Simulation Results for Structure 2

In Structure 2, hydrogen conversion takes place offshore and is subsequently trans-
ported onshore through a pipeline. The simulation results for this structure are shown in
Figure 5 and the associated power distributions are illustrated in Figures 14 and 15. For the
initial case study involving this structure, a change in wind speed was applied that ranged
from 12 m/s to 14 m/s. As shown in Figure 14, similar to Structure 1, 80% of the wind
turbine power (equivalent to 756 kW) is directed to the electrolyser, with the remaining
20% (amounting to 189 kW) supplied to the grid.

Wind Turbine, Electrolyzer and Electrical Powers

2000
ot 1500 kW
O e e
L 945 kW
= 1000 756 KW
2007 189 kW 300 kW
0 | | | | | | ‘ ‘
0 10 20 30 40 50 60 70 80

{

Figure 14. Power distribution for Structure 2 with priority on the electrolyser.
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Figure 15. Power distribution for Structure 2 with priority on supplying electrical load.

The power levels for the second case study are shown in Figure 15. Similar to Structure
1, the aim of this case study was to ensure a specified power supply to the local loads, in
this case 400 kW, with the surplus power being converted into hydrogen.

As depicted in Figure 15, the reference power for supplying the local power load was
set at 400 kW and remained constant despite variations in the turbine power resulting from
changes in the wind speed. In contrast, the power used by the electrolyser for hydrogen
production increased from 545 kW to 1100 kW as the wind turbine power increased from
945 kW to 1500 kW.

5.3. Simulation Results for Structure 3

As shown in Figure 6, Structure 3 was simulated under the assumption that all power
generated by the wind turbine is converted and transported into hydrogen. The results for
this configuration are presented in Figure 16. As can be seen, the power generated by the
wind turbine matches the power consumed by the electrolyser for hydrogen production.
This configuration minimises the number of power conversion stages, and consequently
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the related cost and losses, though at the expense of losing the flexibility of electrical
transmission.

Wind Turbine and Electrolyzer Powers

2000
I‘j Vjt ol 1450 kW
electrolyzer 1248 kKW
= 1000 845 kW
843 kW
0 | | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

t

Figure 16. Power distribution for Structure 3 when dedicating the entire power output to the
electrolyser.

An increase in wind speed from 10 m/s to 12 m/s occurs at t = 50 s, leading to an
increase in the wind power production from 845 kW to 1450 kW. This power is solely
utilised by the electrolyser, starting at 843 kW and increasing to 1448 kW following the
wind speed increase.

5.4. Simulation Results for Structure 4

Structure 4 utilises DC power transmission for hydrogen production, with the cor-
responding simulation results presented in Figure 7. In the first case study, similar to
the preceding structures, there is an increase in the wind speed, with 80% of the turbine
power allocated for hydrogen production and the remaining 20% supplied to the grid. The
power outputs corresponding to the wind turbine, electrolyser, and grid are illustrated in
Figure 17.

Wind Turbine, Electrolyzer and Electrical Powers

2000 -
Pwt
Pelectrolyzer 1450 kW
N 1000 Pelectrical 845 kW T
=
676 kY 169 kW 290 kW
0 =
! ! ! ! ! \ ! ‘ ‘ |
0 10 20 30 40 50 60 70 80 90 100

t

Figure 17. Power distribution for Structure 4 with priority on the electrolyser.

Prior to the change in wind speed, the wind turbine produces 845 kW, the electrolyser
consumes 676 kW, and 169 kW is designated for supplying the grid. When the wind
speed increases at t = 50, the power outputs change as follows: the wind turbine power
production increases to 1450 kW, the electrolyser power consumption rises to 1160 kW, and
the power for feeding the grid becomes 290 kW.

In the second case study for Structure 4, the approach prioritises supplying a 400 kW
local load, with any remaining power directed to the electrolyser. As shown in Figure 18,
the power supply to local loads is maintained at its reference value of 400 kW, with all
surplus power used for green hydrogen production. Before the wind speed increase, the
wind turbine power production is 845 kW and the electrolyser’s power consumption is
445 kW. Following the wind speed step, the wind turbine power production increases to
1450 kW and the electrolyser’s power consumption rises to 1050 kW.
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Figure 18. Power distribution for Structure 4 with priority on supplying electrical load.

6. Conclusions

Hydrogen is an energy carrier with great potential for the decarbonisation of the
economy. There is significant potential for green hydrogen production from offshore wind
farms, which have abundant renewable resources. When hydrogen is produced using
wind power, it can be transported via pipelines alongside electricity through either AC
or DC lines. This manuscript presents various architectures for energy transport taking
into account the currently available technologies. Structure 1 utilises conventional AC lines
with the electrolyser located onshore. In this configuration, a rectifier is required at the
coast. Structure 2 employs AC lines with the electrolyser situated offshore, transporting the
hydrogen to the coast via pipelines alongside electricity. Structure 3 bypasses electricity
transmission entirely, directing all wind power towards hydrogen production, which is
then transported to the coast through pipelines. Structure 4 considers DC lines with the
electrolyser located onshore, minimising the number of power conversion stages.

The most significant outcome of this article is the development and evaluation of four
different control structures for combined electricity and hydrogen production from offshore
wind turbines. These structures regulate both electricity and hydrogen generation, utilising
offshore wind power to its full potential.

The advantages of these structures are apparent in their customised approaches, with
some designed for transmitting electricity and producing hydrogen onshore and others
for optimising the entire conversion process offshore. For example, Structure 3 highlights
energy transportation, as all the power generated by the wind turbine is converted into hy-
drogen, eliminating the need for electricity transmission. Transporting hydrogen over long
distances using pipelines can incur fewer technical challenges compared to AC or DC trans-
mission. Structure 4 also minimises energy losses by using direct current (DC) transmission,
which reduces the need for AC-DC conversions and the associated energy losses.

Structures 1 and 2 use a more complex control mechanism that is applied to manage
both AC and hydrogen transport. Our simulations show that these structures efficiently
prioritise either hydrogen production or electricity distribution, ensuring reliable power
management even as wind speeds change. In particular, Structure 1 demonstrates stable
power distribution, with 80% of the generated power being used for hydrogen production,
indicating that this structure is a reliable choice for consistent hydrogen production.

Structure 3 avoids the infrastructure and operational costs related to electricity trans-
mission at the expense of moving the hydrogen production site offshore. This structure
eliminates multiple conversion steps, as it focuses solely on offshore hydrogen production.

Unlike Structures 1 and 2, Structure 4 only considers DC transmission infrastructure
and does not consider AC or hydrogen transport, which simplifies the power conversion
process. Conversely, Structures 1 and 2 offer more flexibility by balancing hydrogen
production with electricity generation.

Our simulation results highlight the performance differences between the four struc-
tures and support the case for using these control structures based on their specific oper-
ational applications. Each structure offers unique advantages depending on the specific
offshore and onshore requirements, providing flexibility, interoperability, and enhanced
integration of renewable energy sources.

Our comparative analysis of control strategies shows that Structures 1 and 2 have
higher control complexity due to the need to manage both the rectifier and dc—dc converter.
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This increases the number of components to be controlled, making overall system coordi-
nation more challenging. In contrast, Structure 4 reduces complexity by requiring fewer
converters when considering PMSM. Structure 3 features the simplest control strategy, with
only two controllers.

Our simulation results demonstrate the effective operation of the different structures
following two strategies, namely, power sharing between electricity and hydrogen pro-
duction and prioritising local load supply while delivering excess wind power to the grid.
Future work could explore the use of grid-forming converters and high-power three-phase
dual active bridges.
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