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Abstract
Increasing energy generation from renewable energy sources results in a larger number of power electronic converters
and filters, which introduce additional cost, losses and downtimes due to failures. Furthermore, hydrogen is becoming
increasingly relevant as an energy carrier, both for storing energy and for decarbonizing industry production. Since wind
turbine converters and electrolyzers operate internally with dc voltage, dc collector grids have become a promising solution
with lesser conversion stages and simple integration of electrolyzer systems. First, this paper introduces three wind turbine
configurations for energy collection by dc grids: A full-scale converter concept, a partial-scale converter concept and
a novel concept based on the galvanically isolated three-phase dual active bridge. The wind turbine concepts are evaluated
for their feasibility in a wind energy system connected to an electrolysis plant based on dc technology. Each concept is
analyzed for its electrical characteristics, torque ripple, efficiency and investment cost. In contrast to a traditional ac system,
the number of conversion stages and filters is reduced while coupling with other dc-based technologies like photovoltaic
or batteries.

Bewertung von DC-Windturbinenkonzepten zur Kopplung vonWindenergie und Elektrolyse

Zusammenfassung
Die zunehmende Energieerzeugung aus erneuerbaren Energiequellen führt zu einer größeren Anzahl von leistungselektro-
nischen Umrichtern und Filtern, die zusätzliche Kosten, Verluste und Ausfallzeiten aufgrund von Ausfällen verursachen.
Darüber hinaus gewinnt Wasserstoff als Energieträger zunehmend an Bedeutung, sowohl für die Speicherung von Ener-
gie als auch für die Dekarbonisierung der Industrieproduktion. Da Windturbinenumrichter und Elektrolyseure intern mit
Gleichspannung arbeiten, sind Gleichstromnetze eine vielversprechende Lösung mit weniger Umwandlungsstufen und
einfacher Integration von Elektrolyseursystemen. In dieser Arbeit werden zunächst drei DC-Windturbinenkonzepte vorge-
stellt: Ein Vollumrichterkonzept, ein Teilumrichterkonzept und ein neuartiges Konzept, das auf einer galvanisch getrennten
dreiphasigen Dual-Active Bridge basiert. Die Windturbinenkonzepte werden hinsichtlich ihrer Eignung für eine Winden-
kraftanlage bewertet, die über ein Gleichstromnetzmit einer Elektrolyseanlage verbunden ist. Jedes Konzept wird auf
seine elektrischen Eigenschaften, die Drehmomentwelligkeit, den Wirkungsgrad und die Investitionskosten hin untersucht.
Im Gegensatz zu einem traditionellen Wechselstromsystem wird die Anzahl der Umwandlungsstufen und Filter bei der
Kopplung mit anderen gleichstrombasierten Technologien wie Photovoltaik oder Batterien reduziert.
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1 Introduction

Generating electrical energy from renewable energy sources
(RES) like wind and solar has become increasingly domi-
nant as the world’s energy supply shifts away from fossil fu-
els. Hydrogen, categorized as gray, blue, or green based on
its production method, varies significantly in carbon emis-
sions: gray hydrogen, produced from natural gas without
mitigation, releases substantial CO2; blue hydrogen incor-
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Fig. 1 Power generation in Germany by onshore wind and solar power in January 2024 and July 2024 [4]

porates carbon capture to reduce emissions; and green hy-
drogen, derived via electrolysis using renewable energy, is
carbon-free. Hence, green hydrogen has become an attrac-
tive energy carrier for decarbonization of energy-intensive
sectors as heavy industry and large-scale transportation [1].

The economic efficiency of electrolyzers heavily de-
pends on the annual operating time [2]. The higher the
full load hours of a system, the more worthwhile the in-
vestments become, as more hydrogen can be produced.
At the same time, electricity costs need to be low in or-
der to achieve a competitive hydrogen price. To decouple
from electricity prices and take advantage of the drastic
reductions in the levelized cost of electricity from wind
energy in recent years, the direct coupling of generation
plants and electrolyzers seems reasonable. The economic
feasibility then depends on the number of full load hours
that the renewable generation plants can produce annually
at the specific location. In Germany, onshore wind turbines
can achieve 1800h on the mainland, 2500h in northern
Germany and 3000h near the coast [3]. However, the an-
nual full load hours of the electrolyzer can be increased by
combining wind and solar energy. This becomes apparent
in Fig. 1, which shows the power generation in Germany
by onshore wind and solar power in January 2024 and July
2024: In the winter months, energy generation from wind
power typically dominates, while solar power is more rele-
vant in the summer months. Furthermore, storage systems

Fig. 2 Schematic of a DAB3

like batteries can reduce power fluctuations and provide
a more constant input power flow to the electrolyzer.

Given that wind turbine (WT) s, photovoltaic systems
and electrolyzers operate internally on direct-current (dc) or
use internal dc-links it is reasonable to utilize dc technology
for coupling power generation and hydrogen production.
Cost savings on investments and efficiency improvements,
compared with traditional alternating-current (ac) solutions,
are achieved due to a reduced number of conversion stages,
smaller filter size, and reduced cable losses, as shown in
a study on dc collector grids for offshore wind farms [5].

A key component for the application of dc technology in
WTs is a high-power dc-dc converter, which meets various
requirements such as stepping up/down dc voltages, gal-
vanic isolation and fault ride-through capability. Firstly in-
troduced in [6], the three-phase dual-active bridge (DAB3)
has proven to be a feasible solution because of its inherent
soft-switching capability, bidirectional powerflow, wide op-
eration range and reduced filter size [7, 8]. Figure 2 shows
the schematic of a DAB3 which consists of two three-phase
half-bridges coupled via a medium-frequency transformer.

This work is structured as follows: Sect. 2 compares
coupling of wind energy and electrolysis via ac-technol-
ogy to coupling via dc-technology. Then, section Sect. 3
introduces three different dc-WT configurations and out-
lines advantages and disadvantages. Finally, in Sect. 4 an
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Fig. 3 Coupling of wind energy
and electrolysis via ac

economic evaluation is done for all dc-WT configurations
in comparison to existing ac configurations.

2 Coupling wind energy and electrolysis

This section presents the two main concepts of coupling an
onshore WT to a hydrogen production plant. The necessary
components and converter stages to realize coupling via an
ac or dc connection are presented.

2.1 Coupling via AC

A typical grid connected WT, as shown in Fig. 3, con-
sists of a machine-side converter (MSC), which does maxi-
mum power-point tracking (MPPT). Subsequently, the line-
side converter (LSC) feeds active and reactive power into
the grid. A filter reduces harmonic components caused by
switching actions of the converter. Finally, a step-up trans-
former increases the voltage-level and a medium-voltage
cable transfers power to the point of common coupling
(PCC).

In this concept, the electrolyzer is connected to this inter-
nal medium-voltage grid at the PCC. Again, a transformer
steps down the voltage and a power electronic converter
rectifies the ac voltage and feeds the electrolyzer with the
required current. Additionally installed solar power plants
and a connection to the public grid enable generation of hy-

Fig. 4 Coupling of wind energy and electrolysis via dc

drogen in case of reduced power output from the WT and
increase the amount of annual full load hours. For ac grid
connection, the solar power plant requires an LSC, filter
and a step-up transformer. However, this increases the in-
vestment cost and energy losses which makes the hydrogen
production costs more dependent on volatile energy prices
because the energy losses have to be compensated from the
grid.

2.2 Coupling via DC

Coupling of wind energy and electrolysis via dc reduces the
number of conversion stages. The LSC, rectifier of the elec-
trolyzer and their grid filters are omitted, while the trans-
formers get replaced by a DAB3. Figure 4 shows the ex-
emplary configuration. A common dc bus with a nominal
voltage of Udc = 5 kV is considered and realized as a bipolar
dc bus, as it reduces line-to-ground insulation efforts.

The advantages of the dc concept become even more
visible when the integration of solar power is taken into
account. Here, LSC, filter and step-up transformer can be
omitted as well. Combined power generation from wind
and solar power and a higher efficiency due to lesser con-
version stages could increase annual full-time hours of the
electrolyzer. Consequently, the demand for electricity from
the grid is reduced.

Fig. 5 Full-scale converter concept for a dc-WT
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Fig. 6 Plecs simulation of DC-
SCIG showing stator currents
and torque

3 DC wind turbine concepts

A key component to maximize the full potential of the dc-
concept is a dc-WT that can be directly connected to a dc-
grid. There are several electrical drivetrain concepts which
enable the variable-speed operation of dc grid-connected
WTs. Similar to ac grid connected WTs and dependent on
the type of generator and the power electronic converter
topology, most of them can be divided into full-scale and
partial-scale concepts [5]. Additionally, a novel concept uti-
lizing a DAB3 is introduced. Basic control concepts were
developed to validate the functionality of the individual con-
cepts which will not be discussed in detail here.

3.1 Full-scale converter concept

Full-scale converter concepts are characterized by a con-
verter which is designed to transfer the entire generated
power. In ac-connected WTs, a full-scale converter con-
sists typically of two back-to-back connected converters:
an MSC and an LSC. Hereby, the MSC controls torque
and flux in the generator; the LSC the internal dc-link volt-
age and reactive power which is fed into the grid. As can
be seen in Fig. 5, a dc grid-connected full-scale WT does
not require an LSC with a corresponding grid filter. The
MSC is realized depending on the rated line-to-line voltage
of the generator ULL;WT. A 2-level active front end (2L-
AFE) is suitable for ULL;WT = 690V and a 3-level neu-
tral-point clamped 3L-NPC converter [9] can be used for
medium-voltage generators in offshore applications with
ULL;WT = 3:3 kV and a rated power of more than 10MW. It
is possible to realize the generator using either an squirrel-
cage induction generator (SCIG) or a permanent-magnet
synchronous generator (PMSG).

Figure 6 shows the results of a PLECS simulation of
a DC-SCIG. Hereby, an SCIG with a nominal power of
PSCIG = 2:75MW and rated line-to-line voltage ULL;WT =
690V is turning at nominal speed. And the MSC operating
with a switching frequency of fsw = 2:5 kHz and dc link
voltage Udc = 1100V, controls the torque to a constant

Fig. 7 Partial-scale converter concept for a dc-WT

reference value T �
m . It can be seen that, the DC-SCIG is able

to produce almost sinusoidal currents resulting in constant
torque with low torque ripple.

On the one hand this concept requires a high power elec-
tronic effort, but on the other hand this approach offers
the most flexibility regarding the variability of wind speed,
well-known control methods can be adopted from ac grid
connected WTs and the low ripple minimizes possible ef-
fects on the mechanical drivetrain.

3.2 Partial-scale converter concept

In partial-scale concepts, the converter is rated for only
a fraction of the WT system. Similar to full-scale converter
concepts, the electrical drivetrain of the ac grid-connected
partial-scale converter concept consists of a doubly-fed in-
duction generator (DFIG) with an MSC and an LSC with
corresponding grid filter. The power electronic components
are typically rated to about 30% of the WT system which
leads to speed variability of the same amount around the
nominal speed [10]. Figure 7 shows a partial-scale WT sys-
tem which is connected to a dc grid. An LSC and filter
are not required. The MSC is connected to the rotor via
slip rings and controls stator frequency and torque of the
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Fig. 8 Plecs simulation of DC-
DFIG showing stator currents
and torque

generator. A passive three-phase diode rectifier enables con-
nection of the stator to the dc grid. The operation principle
of this concept has already been demonstrated on a small-
scale [11].

This concept offers lower investment cost of power elec-
tronic components because of reduced converter rating and
utilization of inexpensive and robust diodes for rectifica-
tion. The diode rectifier offers a higher efficiency because
of less switching actions in comparison to an active rec-
tifier. The losses in the MSC are reduced as well because
it only transfers a fraction of the WTs rated power. Con-
trol methods for the MSC can be adopted partly from ac-
connected WTs and there is an additional degree of free-
dom because the stator frequency is not fixed to the grid

Fig. 9 A dc-WT concept, con-
sisting of a PMSG, connected to
a DAB3 via a diode rectifier

Fig. 10 Plecs simulation of B6-
PMG showing stator currents
and torque

frequency anymore. However, it is possible that the non-
linear characteristics of the diode rectifier cause additional
stress to the mechanical drivetrain, due to increased torque
harmonics. This becomes visible in the PLECS simulation
results shown in Fig. 8. The simulation was done using the
same parameters for generator and MSC as in the previous
section. First, the stator currents contain a high amount of
harmonics. Especially the 5th multiple of the fundamental
frequency component causes a significant current distortion.
This results in a large amount of torque ripple at the 6th
multiple of the stator frequency because the torque is con-
trolled in a stator-flux oriented reference frame. Different
control approaches have been presented in order to mitigate
this problem [12, 13]. However, the effects on the mechan-
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ical drivetrain have to be investigated further and control
strategies for reducing torque ripple should be examined.

3.3 B6-PMG concept

As proposed in [14], a dc-dc boost converter with a three-
phase diode rectifier can replace the MSC and thereby re-
duce switching losses caused by pulse-width modulation
(PWM). As the diode rectifier is uncontrolled and therefore
cannot excite the generators rotor flux, a PMSG is required.
Figure 9 shows the schematic of the novel concept with
a DAB3 used as dc-dc boost converter.

The rotor induces a back electromotive force:

OUemf = p � ˝m � �f

in the stator with number of pole pairs p, mechanical ro-
tor speed ˝m and rotor flux �f. When the diode rectifier
operates in continuous conduction mode, the fundamental
component of the stator voltage j OU sj is given by:

j OU sj =
2

�
� Udc:

The resulting voltage drop across the stator reactance Xs

generates a current in the stator windings and a resulting
torque:

Tm =
3

2
� j OU sj � OUemf

˝m � Xs
� sin ı:

Hereby, ı is the angle between Uemf and U s. Conse-
quently, the dc-dc converter can control the torque by con-
trolling its input voltage Udc. Figure 10 presents results
of a PLECS simulation. A PMSG with a rated power of
PPMSG = 3:3MW and rated line-to-line voltage ULL;WT =
690V is turning at nominal speed. The DAB3 operates with
a switching frequency of fsw = 1 kHz steps up its input volt-
age Udc to the cable voltage Udc;MV = 5 kV. Similar to the
DC-DFIG, the diode rectifer causes additional harmonics in
the stator currents and accordingly in the resulting torque.
As the dc link voltage must decrease with increasing torque
and the dc link current increases at the same time, it should
be investigated how a DAB3 needs to be designed for this
application.

4 Analysis

This section evaluates a WT coupled to an electrolyzer and
compares each of the presented dc concepts with existing
ac concepts. At first, the calculation of investment cost and
loss energy is presented.

4.1 Investment cost and operating cost

The cost for power electronic converters decrease since
decades because of mass production and increasing amount
of RES [15]. Therefore, investment cost are assumed to be
20 C/kVA for a 2L-AFE [5]. For a diode rectifier, invest-
ment cost are estimated to be 5 C/kVA based on the market
price of an Infineon DN4201 diode [16]. Investment cost
for a filter are estimated to be 5 C/kVA based on market
prices for a Schaffner FN5060HV output filter. This filter
component is suitable for this application because it has
a nominal voltage of 690V and rated current of 1200A
[17]. Investment cost of a 50Hz transformer are estimated
according to [15] under consideration of current prices for
copper (pCu = 8000 C=t) and steel (pFe = 600 C=t) as
approximately 30 C/kVA. Although the manufacturing of
a medium-frequency transformer requires significantly less
material, it has not yet been produced in large quantities.
Based on estimates from the Institute for Power Genera-
tion and Storage Systems, the cost of an medium-frequency
transformer is therefore 20 C/kVA. Since a DAB3 consists
of two 2L-AFE and a medium-frequency transformer, its
investment cost are assumed as 60 C/kVA. For the cable
cost, the required conduction material, copper, is consid-
ered here. With the previously mentioned copper price pCu

and a peak current density of 1:6A=mm2, cable cost are
calculated as:

Ccable;ac = 3 � �Cu � pCu � Acable;ac � lcable

for an ac cable with cross-section area Acable;ac and:

Ccable;dc = 2 � �Cu � pCu � Acable;dc � lcable

for a dc cable with cross-section area Acable;dc. Hereby, the
specific copper mass is given by �Cu and the cable length
by lcable.

For determining the annual operation cost due to energy
loss, the efficiency of power electronic converters, trans-
formers and cables are considered as constant over all op-
eration points. Other costs, for example maintenance cost,
are neglected. For a 2L-AFE an efficiency of 98% is as-
sumed [18]. According to data sheet values of an Infineon
DN4201 diode, the efficiency of a diode rectifier is esti-
mated as 99.5%. Based on the typical losses provided in
the data sheet of the Schaffner FN5060HV output filter
[17], efficiency of the filter is assumed to be 99.8%. As the
DAB3 is a highly efficient converter, its efficiency reaches
values even beyond 99% [19]. Here, efficiency of a DAB3
is assumed to be 99%. The efficiency of a 50Hz transformer

K



Forschung im Ingenieurwesen           (2025) 89:35    35 Page 7 of 9 0123456789

Fig. 11 CAPEX comparison of
different ac and dc configura-
tions

is also assumed to be 99%. Then, the annual operating cost
for each component is given by:

Closs = penergy � Eloss:

It is assumed that the Eloss could have been compensated
with penergy = 8:4 ct=kWh [20].

The economic feasibility of different WT concepts is
evaluated by calculating the net present value (NPV) ac-
cording to Eq. 1. This allows to compare total expenditures
over lifetime a in years.

NP V = Cinv +
aX

t=1

Closs

.1 + i/t
(1)

with interest rate i.
It is important to mention that the introduced calculations

do not include all investment cost which have to be covered.
Investment cost for generator, tower, nacelle, rotor blades
and also the electrolyzer are not considered because they
are similar for ac and dc concepts. Consequently, the results
cannot be used for general investment decisions regarding
onshore wind parks. However, this analysis can be used to

Fig. 12 Loss comparison of dif-
ferent ac and dc configurations

assess the costs of coupling wind energy and electrolysis
either via ac technology or dc technology.

4.2 Economic evaluation

Within this analysis, an exemplary WT is considered for
5 different concepts: ac full-scale (AC-SCIG), ac partial-
scale (AC-DFIG), dc full-scale (DC-SCIG), dc partial-scale
(DC-DFIG) and B6-PMG. In each configuration, the WT
is coupled to an electrolyzer via a cable with length lcable =
1 km. Figure 11 depicts the estimated investment cost for
each concept in a bar chart. The individual segments of
each bar correspond to the contributions of the respective
components, as required according to Figs. 3 and 4.

It can be seen that the initial investment cost is lower
for both ac concepts. Although two grid side inverters are
omitted in the dc concept, replacing a 50Hz transformer
with a DAB3 increases initial investment cost. This is due
to the fact that each DAB3 consists of two 2L-AFE and
a medium-frequency transformer. In addition to that, the
cable costs are higher in the dc concept as the nominal
voltage is reduced. The partial-scale concept is less cost-
intensive compared to the full-scale concept for ac and dc,
because the MSC is only rated for 30% of the nominal
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Fig. 13 NPV comparison of dif-
ferent ac and dc configurations

system power. The B6-PMG utilizes a diode rectifier as an
MSC and therefore requires the smallest initial investment
of the dc concepts.

To evaluate the efficiency, Fig. 12 shows the contribu-
tion of every component to the total losses in each concept
during nominal operation in a bar chart.

Compared to the ac concepts, the total losses of the
dc concepts are lower, whereby the partial-power concepts
each have lower losses than the full-power concepts. The
former can be explained by the fact that a large part of
the power loss is accounted for by the 2L-AFE, of which
there are fewer in the ac concepts. The power loss is also
lower for inverters of the partial-power concepts. The low-
est power loss occurs with the B6-PMG concept, as no 2L-
AFE is used as an MSC here. However, the cable losses
are higher within the dc concepts because they are operated
with a nominal voltage of 5kV, while the ac cables have
a nominal voltage of 20kV.

As previously observed, the initial investment cost of the
ac concepts are lower while the dc concepts cause lower en-
ergy losses during operation. In order to put these different
trends in relation to each other, Fig. 13 visualizes the NPV
for each concept dependent on the system’s lifetime.

Calculation of the NPV was done using Eq. 1 assum-
ing annual full-load hours of 2500h and an interest rate
of 4%. Under the given parameters, the initially increased
investment cost of the dc concepts are compensated due to
a higher overall system efficiency after 1–16 years. Full-
scale (ac) requires the highest NPV of investment due to
both relatively high initial investment and energy loss. In

contrast, partial-scale (dc) and B6-PMG are able to com-
pensate a higher initial investment compared to partial-scale
(ac) after approximately 11 and 16 years and require the
lowest NPV of investment. Moreover, the full-scale (dc)
concept is not able to fall below partial-scale (ac) under the
given parameters.

5 Conclusion

In this work, three different dc wind turbine concepts
for coupling a WT with an electrolysis system are pre-
sented and evaluated in comparison with existing solutions.
A full-scale concept and a partial-scale concept are de-
rived from existing ac concepts and a new concept based
on a high power dc-dc converter is introduced. Although
the dc concepts require higher initial investment cost, the
higher system efficiency compensates for this over life-
time. The higher efficiency of the dc systems is achieved
through a lower number of conversion stages as the grid-
tied converters are no longer required. With the partial-
scale concept and the new B6-PMG concept, it is important
to examine the effects on the WTs mechanical drivetrain
more closely. The diode rectifier connected to the stator
introduces additional current harmonics. These harmonics,
in turn, lead to increased torque ripple.
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