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Abstract. This paper presents the development and analysis of a novel drivetrain concept for large-scale wind turbines. The

proposed concept builds on a predominantly mechanical transmission, with a small fraction of power transferred by a hydraulic

system. The hydraulic power path, an adjustable hydrostatic transmission with a pump and a motor, enables full rotational speed

variability while transmitting only a limited portion of the total power. As a result, a higher overall efficiency can be achieved

compared to fully hydrostatic drivetrains. Furthermore, it is possible to couple the generator directly to the grid thus omitting5

the frequency converter which contributes to system complexity, losses, and failure susceptibility.

A simulation model incorporating component-level loss representations is developed to evaluate different transmission layouts

and design variants. It is investigated whether a hydromechanical power-split drivetrain can achieve efficiency and energy

yield levels comparable to conventional geared drivetrains while referring to the characteristics of currently available hydraulic

components.10

The results show that the drivetrain efficiency strongly depends on the transmission layout and the site-specific wind conditions.

While lower efficiencies are observed for sites with low mean annual wind speeds, specific design configurations achieve high

efficiencies and energy yields comparable to those of a conventional geared reference drivetrain at sites with higher mean

annual wind speeds. Overall, this paper extends previous research by minimizing the rated power of the hydraulic power path,

estimating efficiencies for different drivetrain configurations, and looking into a mechanical design.15

1 Introduction

The share of wind energy in global electricity generation continues to grow, reaching double-digit percentages of the energy

mix in many countries (World Wind Energy Association, 2024). With further ambitious expansion targets and an increasing

need for repowering existing wind farms, increasing the energy yield and reducing the costs of wind turbine generators (WTG)

are required, while drivetrain technologies must also be adapted to new grid requirements. In addition to achieving high effi-20

ciencies, the provision of physical rotational inertia by decentralized generation units, compensating for the loss of inertia from

large centralized power plants, is becoming increasingly important in grids with a high share of renewable energy.

Conventional wind turbine drivetrains are commonly based on purely mechanical power transmission where the power is trans-

mitted by a mechanical multiple stage gearbox or directly fed into a generator and variable speed operation is enabled by a
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frequency converter. First attempts to decouple rotational speed of the rotor and the generator
::::
over

::
the

::::
full

:::::
range

::
of

::::
rotor

::::::
speeds25

were made by introducing fully hydrostatic drivetrains. They allow to omit the frequency converter and operate the generator

directly coupled to the grid. This is expected to reduce electrical component failure rates and wind turbine downtime. In those

drivetrains, the entire power is transmitted hydraulically via pumps and motors, offering high operational flexibility but typi-

cally at the expense of efficiency. In contrast, power-split drivetrains combine a direct mechanical power path with a continuous

variable transmission (CVT), which can be electrical, mechanical, hydrostatic or hydrodynamic. Comparable to a double fed30

asynchronous generator, only a small fraction of the power is transmitted by the CVT and the main share is transmitted by the

mechanical part. In comparison to a fully hydrostatic drivetrain, such a hydromechanical power-split drivetrain allows higher

efficiency while still enabling variable-speed operation and inertia-conscious grid integration.

Drivetrains based on hydraulic power transmission have been the subject of research for many years, leading to the development35

of a wide range of concepts. Table 1 presents an overview of fully hydraulic transmission concepts from recent years, including

only those that have been realized at least at laboratory test bench level. A detailed overview of more hydraulic concepts can be

found in Mahato and Ghoshal (2019), Chen et al. (2020) and Taherian-Fard et al. (2020). For all fully hydrostatic drivetrains

that have been realized at prototype scale, results indicate that the overall drivetrain efficiency from rotor to generator remains

below that of conventional wind turbines which ranges about 89 - 94 % (Hau and Siegfriedsen, 2025; Zhang et al., 2025; Song40

et al., 2023; Bak et al., 2013). To date, none of these concepts has advanced beyond the prototype stage.

In order to mitigate the issue of comparatively low efficiencies, power-split concepts have been developed. In these configura-

tions, the majority of the power is transmitted through a mechanical path, while only a small fraction is routed via a hydraulic

or electric continuously variable path, which is expected to result in a higher efficiency when compared to a fully hydrostatic

drivetrain.45

In the present work, a basic power-split drivetrain concept (HyDrive) is presented and different variations in the power ex-

traction side and gear ratios are being examined. A simulation model is developed in MATLAB/Simulink, enabling efficiency

assessments and comparisons with a conventional wind turbine configuration. Additional aspects of such a drivetrain are ex-

amined, including a mechanical design and the capability to provide physical rotational inertia for grid stability.50

2 State of the art of power-split drivetrains

Power-split drivetrains are well established in the commercial vehicle sector and have been used since the 1990’s as the

primary drivetrain in agricultural machinery (Yu et al., 2019). For example, Fendt introduced their Vario drivetrain in 1996

(Matthies and Renius, 2021; Dziuba and Honzek, 1997) as the first series-produced power-split tractor drivetrain. Power-split

drivetrains combine the advantages of both mechanical and hydrostatic power transmission. The power-split configuration55

enables predominantly mechanical power transfer with high efficiency, while still providing full variable-speed capability via

the secondary path. Such a drivetrain offers a fixed gear ratio when the variable component is not engaged. This results in an
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Table 1. Overview of fully hydrostatic drivetrain concepts for wind turbines with estimated Technology Readiness Levels (TRL).

SWT3 Wind

Turbine

Testbench

Drivetrain

Windsmart

System

Chapdrive Digital Displace-

ment System

Delft Offshore

Turbine

Status and

Development

Prototype WTG,

field test

Prototype,

test bench

Ready for

field operation

Prototype WTG,

field test

Prototype WTG,

field test

Prototype WTG,

field test

Technology

Readiness Level

7 4 8 7 7 6

Company /

Institution

The Bendix

Corporation

(1980 - 1982)

RWTH Aachen

(2008 - 2015)

WindSmart

(2008 - 2011)

ChapDrive,

NTNU

Trondheim

(2006 - 2013)

Artemis,

Mitsubishi

Heavy Industries

(2006 - 2015)

DOT, TU Delft

(2008 - present)

System

Realization

Several fixed

pumps (nacelle)

and variable

motors (tower

base), serial

power-split

Tandem radial

piston pump and

variable axial

piston motors,

individually

connectable

Fixed radial

piston pump,

variable axial

piston motor

Fixed radial

piston pump,

variable axial

piston motor

Radial piston

pump and motor

with digital

displacement

variation

Seawater pump,

spear valve

controlled

nozzles, pelton

turbine

Power Range 3 MW 1 MW 20 - 700 kW 50 kW - 5 MW 1.5 - 7.0 MW 500 kW

References Rybak (1982),

Schmitz (2015)

Schmitz (2015) K.E.Thomsen

et al. (2012)

K.E.Thomsen

et al. (2012),

Schmitz (2015),

Chen et al.

(2020)

Rampen (2007),

Lin et al. (2015),

Chen et al.

(2020)

Niels Diepeveen

et al. (2018)

operating point where the input speed equals the output speed multiplied by the fixed transmission ratio.

Researchers and industry have been working on different concepts with either an electrical, hydrodynamical or hydrostatic

secondary path. A selection of concepts is listed in Table 2. Further information about power-split concepts can be found in60

Chen et al. (2020), Mahato and Ghoshal (2019) and Liu et al. (2023).

The Voith WinDrive concept was the first commercial attempt to build a wind turbine generator (WTG) with a power-split

drivetrain in the 2000s. Instead of employing a hydrostatic pump-motor combination, as in most comparable concepts, a

hydrodynamic converter was used to enable speed variability. First prototype WTG were built; however, the reasons why the

concept did not achieve broader market adoption remain unclear (Basteck and Voith Turbo Wind GmbH & Co. KG, 2008).65
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Table 2. Overview of power-split drivetrain concepts for wind turbines with estimated Technology Readiness Levels (TRL).

Electrical Power-Split WinDrive Variable-Ratio-Speed Hydrostatic Power-Split

(e.g. HyDrive)

Status and

Development

Scaled model,

laboratory test bench

Ready for field operation Ready for field operation Research, model / proto-

type, laboratory test bench

Technology

Readiness Level

4 8 8 2 - 4

Institution University of Bologna

(2010), RWTH Aachen

(2013 - 2017)

Voith Turbo, Nordex,

DeWind, Bard, Lanzhou

Electric Corporation,

Guodian United Power

(2003 - 2011)

Wikov Industry

(2013 - present)

Zhejiang University

(2014 - 2019), Polytechnic

University of Bari (2018),

University Moulay Ismail

(2020), HAW Hamburg

(2023 - 2025)

System

Realization

Controllable servo motor,

grid-fed via frequency

converter (≈12% of WTG

rated power)

Hydrodynamic torque

converter and summation

gearbox, used as module

between generator and

main gearbox

Hydraulic variable

transmission with

pumps/motors, used as

module between generator

and main gearbox

Hydraulic variable

transmission with

pumps/motors and

summation gearbox, inte-

grated in main gearbox

Power Range 110 kW (test bench) 2 MW (DeWind 8.2 WTG)

6.5 MW (Bard Prototype)

3 - 10 MW+ - (test bench)

References Rossi et al. (2010),

Liu et al. (2013),

Liu et al. (2017)

Basteck and Voith Turbo

Wind GmbH & Co. KG

(2008)

Mantriota (2017),

Bottiglione et al. (2018),

Chen et al. (2019),

Ibrahim et al. (2020)

Several publications have already addressed power-split gearboxes with hydrostatic power splitting. Mantriota (2017) investi-

gated various arrangements of the split path and identified an optimal configuration among the variants studied. The focus was

on the power take-off side and the direction of power flow. The results indicated a configuration in which the maximum design

power of the split path could be minimized. For this configuration, referred to hereafter as the rotor-side power-split concept,

the maximum transmitted power through the split path was limited to 10 % of rated power. With 15 %, the generator-side power70

take-off is still in a relevant design range and was therefore also considered in the following.

Building on this, Bottiglione et al. (2018) compared the efficiency of such a system with that of a fully hydrostatic drivetrain

and reported an efficiency increase of up to 11 % in favour of the hydromechanical drivetrain. Chen et al. (2019) presented a
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hydromechanical power-split transmission for wind turbines that achieved high efficiency around rated wind speed, provided

variable speed control below rated conditions, and mitigated torque fluctuations above rated operation to protect the drivetrain.75

Their findings were supported by a MATLAB/Simulink-AMEsim cosimulation model and were validated with test bench

experiments on a 30 kW demonstrator.

3 Concept introduction

A basic drivetrain concept is proposed, building up on the variants discussed in Mantriota (2017) and the concept examined

in Chen et al. (2019). The concept features a rotor-side power split, which introduces challenges due to the low and variable80

rotational speeds of the hydraulic pump. To maintain the required rotor speed, the rotor speed must be controlled according

to the desired tip speed ratio (TSR). The synchronous generator is connected directly to the grid without using a frequency

converter. Consequently, the generator operates at a fixed rotational speed proportional to the grid frequency, depending on its

pole pair number (Hau and Siegfriedsen, 2025; Mantriota, 2017). In order to control the rotor speed, the gearbox transmission

ratio has to be adjustable.85

(I) (II)

(III)

(IV)

Trans-

mission

Grid

Generator

Power Flow

1

2

c

a) Rotor-side power-split.

(IV)

(III)

(II)

Trans-

mission

Grid

Generator

Power Flow

1

2

c
(I)

b) Generator-side power-split.

Figure 1. Schematic structure of the proposed drivetrain with a) rotor-side power split and b) generator-side power-split. The drivetrain

consists of a fixed ratio two-stage planetary transmission (I), a power splitting spur gear (II), a continuously variable hydraulic transmission

(III) and a third planetary stage as summation stage (IV). The planetary stage consists of a ring gear (dark blue, index 1), carrier with planets

(medium blue, index c) and sun gear(light blue, index 2). Power flow indicated in red.

For this purpose a conventional three stage wind turbine gearbox is modified. The ring gear of the third stage is changed in such

a way that it can freely rotate and can be driven by a hydraulic motor. Altering the rotational speed of this ring gear influences

the rotor shaft speed and therefore the transmission ratio of the gearbox. The drivetrain (Figure 1) consists of four main ele-

ments: (I) a mechanical transmission with a fixed gear ratio, (II) a spur gear serving as the power-split, (III) a hydraulic CVT,90

and (IV) a planetary gear is acting as a power-summing and speed-superposition stage. A fraction of the power is extracted by

5



a hydraulic pump with continuously variable displacement, transferred to a hydraulic motor, and reintroduced into the drive

shaft via the planetary gear. Within the planetary stage, the rotational speeds of the sun and ring gear are superimposed to result

in the carrier speed. Figure 1 shows rotor- and generator-side power-split. Rotor-side power-split will be used as the standard

case if not mentioned otherwise.95

If the hydraulic motor does not rotate, the ring gear is fixed, and the transmission ratio of the third stage corresponds to the

stationary gear ratio defined by the tooth numbers of ring gear (1) to sun gear (2) (Müller, 1998), a status which will further be

called direct transmission:

i12 =
n1

n2
=

z2
z1

(1)100

The stationary gear ratio describes the speed ratio from sun gear and ring gear with the carrier being fixed. For the examined

application, the more relevant ratio is the one between the carrier (rotor speed) and the sun gear (generator speed) when the

ring gear is locked. This can be derived from the stationary gear ratio:

i2c =
n2

nc
= 1− z1

z2
= 1− 1

i12
(2)

One of the key design challenges is to determine an optimal stationary gear ratio for the third planetary stage in order to max-105

imize the overall gearbox efficiency. This gear ratio directly affects the torque ratio and, consequently, the required hydraulic

power, which will be discussed in more detail later.

The ring gear can be driven in both positive and negative directions. The resulting rotational speeds can be obtained using

the fundamental speed equation of planetary gears (Willis-equation) (Müller, 1998).This equation can be used to calculate the

necessary rotational speeds of the ring gear:110

n1 − i12 ·n2 − (1− i12) ·nc = 0 (3)

All calculations and simulations in this paper are based on a modified version of the 10 MW DTU - Reference Wind Turbine

(RWT) (Bak et al., 2013). This turbine features a 2-stage transmission with an overall transmission ratio of 50. Rotor speeds

in standard configuration range from 6 to 9.6 rpm. The used speed curve is simplified as the 10 MW DTU RWT curve differs

significantly from an TSR-optimal speed curve (see Fig. 2). In addition, a slightly reduced nominal speed results when designed115

according to an optimal TSR. Rated generator speed and subsequently the transmission ratio were altered to feature a simpler

standardized 4-pole-pair permanent magnet synchronous generator. Table 3 shows an overview over the key parameters and

the modifications made.

In addition to the speed ratios of the three shafts in the planetary gear, the torque distribution is also defined by the stationary

gear ratio i12. Accordingly, the following relation holds:120

T1 : T2 : Tc = const. (4)

The torque ratios remain constant. Consequently, any change in the rotor torque, which is transmitted to the planetary gear via

the carrier, results in a proportional change of the torques acting on the other two shafts. The hydraulic motor is connected to
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Table 3. Key attributes of the 10 MW DTU RWT and the HyDrive concept.

Parameter Variable 10 MW DTU HyDrive Unit

Rotor diameter D 178.3 m

Cut-in wind speed vcut-in 4 m/s

Cut-out wind speed vcut-out 25 m/s

Rated wind speed vrated 11.4 m/s

Cut-in rotor speed ncut-in 6.00 3.21 rpm

Rated rotor speed nrated 9.60 9.16 rpm

Rated generator speed ngen 480 750 rpm

Fixed transmission ratio itot 50 82 –

Mechanical/generator efficiency ηmech,gen 0.94 0.94 –
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Figure 2. Rotor speed comparison 10 MW DTU RWT (modified

and unmodified) and required ring gear speed. Direct transmission

at rated wind speed, see section 4.2. Sign indicates direction of rota-

tional speed.
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Figure 3. Hydraulic
::::::::
Demanded

:::::::
hydraulic

:
power and rotor

power over wind speeds (lossless). Direct transmission at

rated wind speed, see section 4.2.

the ring gear, while the generator is coupled to the sun gear, as suggested by Chen et al. (2019) and shown in Fig. 1.

Based on these assumptions and equations, the amount of power transmitted through the hydraulic path can be determined. For125

this, a simple calculation model in MATLAB is employed to generate power curves for different scenarios. The TSR-optimal

rotor speed curve (see Figure 2, ”Modified DTU 10 MW”) is applied as input at the rotor shaft, while a constant generator

speed of 750 rpm is imposed at the sun gear. The resulting speed difference between rotor and generator must then be balanced

by the ring gear, which is driven by the hydraulic motor. The required rotational speed of the ring gear is shown in Fig. 2. These

ring gear speeds are necessary to maintain the optimal rotor speed and enable speed variability.130

When assumed that the hydraulic system can follow the prescribed speed curve, the corresponding torque and power curves
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can be derived from the following relations between the rotor shaft torque and the torques at the ring and sun gears, respectively

(Müller, 1998):

T1 =
Tc

i12 − 1
(5)

135

T2 =
Tc

1
i12

− 1
(6)

The power curve of the rotor and the ring gear and therefore the hydraulic system is shown in Fig. 3. This calculation allows

a first insight on the magnitude and profile of the hydraulic power at different wind speeds. Notably, for the generator-side

power-split configuration, the hydraulic power exceeds the rotor power at wind speeds below 5.5 m
s which is further discussed

in section 5.1. To analyse this behaviour and to assess its implications for drivetrain design, a dynamic MATLAB/Simscape140

model is developed. The model is used to investigate different design variations, such as switching the power-split location to

the generator shaft and adjusting the overall transmission ratio. The results of this analysis, focusing on the optimization of the

maximum rated hydraulic power and the transmitted energy, are presented in the following sections.

3.1 Simulation model

The simulation model is implemented in MATLAB/Simscape, where the system dynamics are simulated in the time domain.145

This model is used to calculate and compare the drivetrain efficiency to a conventional gearbox drivetrain with a frequency

converter. The model is required to represent different design variants. This necessitates a precalculation of the required hy-

draulic power in order to size the hydraulic components, as the maximum hydraulic power depends on the specific drivetrain

concept (see Sect. 4.3). MATLAB/Simscape provides different basic components like gear stages, hydraulic components and

a turbine model. The turbine model retains some limitations, as it’s not possible to implement a fully resolved turbulent wind150

field as input parameter for the simulation, but only using the mean hub height wind speed instead. This model uses a qua-

sistatic cp/ct-table approach to calculate power and thrust force to feed the dynamic drivetrain. Both limitations affect the

aerodynamic simulation significantly. For this reason, a standard case turbine is also developed to resemble a simple model of

the 10 MW DTU turbine in MATLAB/Simscape to allow a direct comparison. The DNV Bladed aeroelastic wind turbine sim-

ulation software is used to validate the the simple standard turbine model and to assist with plausibility checks of the HyDrive155

model.

Both models use a basic pitch controller to limit aerodynamic power above rated wind speed. The standard case turbine model

uses a generator torque controller, whereas the HyDrive generator is fixed in speed. A speed controller is developed to control

the rotor speed through varying the hydraulic motor speed (see section 3.3).

Designing the hydraulic components requires initial estimates of the hydraulic power associated with the selected direct trans-160

mission. Using the Willis-equation (Eq. 3) and the hydraulic efficiency, the hydraulic components are scaled to the correspond-

ing power class according to scaling laws (see Sect. 3.2). Further information regarding the implemented efficiencies can be

found in section 5.

8



The resulting model is thus capable of simulating any direct transmission that is specified, and it is also possible to switch the

power-split side. Target of this model is to determine the optimum from many different model configurations, which requires165

this flexibility of the model to produce comparable results. This flexibility inevitably requires some simplifications in the design

of the hydraulic components, which is why efficiency values may be increased by specifically optimizing a single design case.

3.2 Mechanical design

A first draft of the HyDrive drivetrain was visualized as a simplified 3D CAD model with a coarse preliminary sizing of the

individual components to capture key design features and enable volume and mass estimates. The gearbox CAD model, shown170

in Fig. 4, represents a rotor-side power-split layout and forms part of a three-point mount drivetrain arrangement integrated in

a wind turbine based on the DTU 10 MW RWT design (Bak et al., 2013).

Beyond the general arrangement of the drivetrain components, particular attention was given to the gearbox. The key dimen-

Two-part machine carrier

Nacelle

Radiator

Generator
Rotor-sha�

Main bearing

Hydromechanical 
gearbox

a) Cross-section of the nacelle with the proposed drivetrain.

Planetary stage 1

Axial-piston pumps

Planetary stage 2 Hydraulic control unit

Input sha�

Planetary stage 3

Output sha� 
with brake

Spur gears

Motor pinionAxial-piston motors

b) Cross-section of the gearbox with two hydraulic pumps and

motors respectively.

Figure 4. CAD Design of the proposed hydromechanical power-split transmission wind turbine a) and detailed view into the gearbox b).

sions for the CAD model were preliminarily determined through first-order sizing of the gears and the hydraulic machines,

based on anticipated static loads, which were derived from the nominal output power of the wind turbine and the required total175

transmission ratio (see Table 3). For the distribution of the mechanical and hydraulic power flows, a direct transmission at rated

wind speed is assumed (see Fig. 2 and 3). Total mechanical losses are estimated to 1 % for each planetary stage and 2 % for the

spur gear stage (Hau and Siegfriedsen, 2025). The calculations are performed using standard analytical formulas for involute

gears and hydraulic systems, while in line with the primary purpose of visualization, variable hydraulic losses, detailed load

analyses and microgeometry optimization are not included. Technical data and envelope dimensions from reference compo-180

nents were further adapted to the HyDrive power class by means of similarity scaling. While this approach is effective for

visualizing the HyDrive concept, it limits the accuracy of mass estimates. The mechanical design deviates from the conceptual
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design in some areas. To enable a compact integration of the hydraulic system into the drivetrain, the number of pumps and

motors is increased to two each. As a result of this configuration, the power load transmitted by each individual machine is

limited to a fraction of the total power output of the hydraulic system, thereby addressing the fact that hydraulic components in185

the 1 MW range are barely commercially available. In addition, a spur gear stage is inserted between planetary stages 2 and 3

(see Fig. 4 b)) to allow lateral displacement for cable entry into the hub. Since the selected transmission ratios of the individual

stages are deliberately conservative, the additional spur gear could potentially replace the second planetary gear
::::
third

::::::::
planetary

::::
stage

:
entirely, provided that the transmission ratios of the remaining stages are increased accordingly.

::
In

:::
this

::::::::::::
configuration,

:::
the

::::::
second

:::::::
planetary

:::::
stage

::::
must

:::
be

:::::::
designed

:::
as

:::
the

:::::::::
summation

:::::
stage.

:
With that, material and mass could be reduced.190

3.3 Controlling

The overall control concept of the HyDrive system differs from conventional converter-based systems because the generator is

directly coupled to the grid and consequently follows the grid frequency. The synchronous speed is set by the number of pole

pairs:

nsyn =
60f

p
(7)195

where f is the grid frequency and p the number of pole pairs. For the HyDrive drivetrain, a simple permanent-magnet syn-

chronous generator (PMSG) with few pole pairs is chosen to reduce costs, volume, and mass compared to lower speed gen-

erators. Accordingly, a 4-pole-pair machine was assumed, yielding a synchronous speed of nsyn = 750 rpm at the European

50 Hz grid.

The overall control strategy must be adapted to accommodate the generator’s direct grid coupling. Standard turbine operation200

is partitioned into partial load and full load, with a transition (blending) region in between (Hansen and Henriksen, 2013).

Separate main controllers are employed in the two regions. In partial load, a generator-torque controller enforces TSR-optimal

operation by setting the electrical counter-torque according to Hau and Siegfriedsen (2025) with rotor speed nrot and optimal

mode gain K:

Tgen =Kω2
rot with ωrot = nrot

2π

60
(8)205

In full load, a rotor-speed-based pitch controller maintains the rotor at rated speed, while the generator torque is held at its

rated set-point. With a grid-synchronized generator, the generator speed is locked to the grid frequency. As long as the torque

stays below the pull-out torque, synchronism is maintained, so no generator torque controller is required. Consequently, no

generator-torque controller is used to control speed in partial load. However, since the grid sets the generator speed, TSR-

optimal operation must be achieved by actuating the hydraulic path to adjust the rotor speed via the planetary kinematics.210

The speed controller adjusts the hydraulic speed by modulating the displacement volume of the pump so that the resulting

carrier speed tracks the TSR set-point. The demanded rotation speed at the ring gear to achieve TSR-optimal operation at the

carrier can be determined by using the Willis-equation (Eq. (3)) using the sun (generator) speed and the transmission ratio

i12. While the rotor speed is regulated through the hydraulic circuit, there is no possibility to control torque in the planetary
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gear, as the torque ratio is always fixed, see Eq. (4). For a given rotor power condition (at TSR-optimal speed) there is an215

associated rotor torque which demands specific torques at ring and sun gear. This means, in full load, there is no need for a

generator torque controller as well, as the generator torque follows the demanded torque from the last planetary stage. There is

a standard pitch controller needed to limit aerodynamic power and rotor speed. Both the pitch and the hydraulic controller aim

at the same set-point (rated rotor speed), which can lead to counteraction. To avoid interference, control authority is separated:

the pitch controller has priority and limits aerodynamic power input in the drivetrain system, while the hydraulic controller is220

subordinated and limited to minor corrections around the set-point.

3.4 Controlling challenges

As previously stated, ring- and sun gear torque is proportionally depending on the carrier torque of the rotor-shaft. When

taking power off the drivetrain before the last planetary stage, an interaction of carrier torque, ring gear torque and pump

torque develops and the following relation applies (based on Eq. (5)):225

Tmotor =
Tc

i12 − 1
=

Tmss −Tpump

i12 − 1
(9)

The hydraulic pump takes power (torque) off the medium-speed shaft (MSS), which lowers the input torque at the carrier of

the planetary stage. This reduces the ring gear (motor) torque, which influences the pump torque and creates a control loop.

Varying the pump’s displacement volume has also a direct influence on the speed of the hydraulic motor, as well as the torque

throughout the entire loop. When losses are considered, adjusting the pump additionally changes the system’s efficiency and230

therefore its torque behavior.

n2/HSS 

nmotor = npump · ihyd(Vdispl.) 

MSS

LSS HSS

i12n2 - n1   
1-i12 nMSS/c = 

n1 

a) Speed control direction and dependencies.

T1 ∝ TMSS  

T2/HSS ∝ TMSS 

Tpump = Tmotor · ihyd(Vdispl.)· ηhyd 

MSS

LSS HSS

Tmss = Trotor/LSS - Tpump    

b) Torque dependencies.

Figure 5. Control direction (not direction of action) of speeds a) and torque b) in the drivetrain. Tpump is negative in normal operation,

resulting in power takeoff. LSS: low-speed shaft, MSS: medium-speed shaft, HSS: high-speed shaft.

Figure 5 shows how rotational speed and torque is demanded throughout the system. The planetary stage allows controlling the

MSS-speed by varying ring-gear and generator speed (which is fixed here). Influencing MSS-speed also influences the pump
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input speed, but with TSR-optimal speed setpoint, the MSS-speed and with that pump speed are in a predefined range. Torque

is given by the quotient of rotor power and rotor speed according to the standard mechanical power equation:235

Trotor =
Protor · 60
nrotor · 2π

(10)

The drivetrain must counteract with a corresponding torque, otherwise the drivetrain speed would change. Figure 5 b) shows

how this torque demand is distributed through the planetary stage and fed back to the MSS-shaft via the hydraulic system,

reducing the input torque Tc corresponding to Eq. (10).

Therefore the hydraulic controller has to be able to manage this loop and additionally the strongly nonlinear behavior of the240

loss-prone hydraulic circuit which makes designing such a controller challenging. More information regarding control and

control challenges in power-split drivetrains can be found in Chen et al. (2019); Rossi et al. (2010); Ibrahim et al. (2020).

4 Concept variations

As shown in Fig. 3 and 9, the maximum hydraulic power depends on both the extraction side and on the choice of direct

transmission. In this work, two extraction sides are defined and analyzed, and the direct transmission ratio is varied for each245

configuration to assess its influence on the design power. Additionally, other arrangements and variations are also being dis-

cussed.

4.1 Power extraction

Varying the side of power extraction (see Fig. 1) results in two distinct power flows and control strategies. Since most commer-250

cially available hydraulic machines are generally designed for higher rotational speeds, the last planetary stage of the drivetrain

is chosen as the summation stage, because the torque level there is comparatively low and the rotational speed is high. The

resulting power flow for both rotor- and generator-side power-split concepts are illustrated in Fig. 6.

For rotor-side power extraction, the pump speed is directly proportional to the rotor speed. As previously mentioned, this

presents challenges in terms of control, since the target variable is the rotor speed itself. This is directly influenced by the255

torque drawn from the rotor shaft by the pump and the control loop, as well as by the reduced torque at the planetary carrier

of the summation stage. This leads to reduced torque inputs for the summation stage under partial load, which could allow for

minor material savings. However, depending on direct transmission, the mechanical drivetrain must be capable of transmitting

the full power when the hydraulic path is inactive, rendering these savings insignificant.

In contrast, generator-side power extraction requires the full turbine power to be transmitted through the final planetary stage260

all the time, as there is no power take-off in the drivetrain before. The power drawn from the generator shaft is then superim-

posed at this stage, leading to significantly higher loads compared to a standard planetary stage in a conventional drivetrain.

However, control is simplified in this case, as the pump speed is fixed by the directly grid-coupled generator and thus does not

interfere with rotor speed regulation. When considering the hydraulic power in the partial load range near cut-in, it is noticeable
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that the required hydraulic power exceeds the available rotor power. This effect occurs because the full rotor torque is always265

applied at the summation stage, which is increased compared to the rotor-side power split. The significance of this increased

power becomes even more apparent with losses in the hydraulic path and is discussed later in section 5.1.

Generator
Gear-

box 

rotor-side

power-split 

generator-side

power-split 

Planetary-

Gear

Hydraulics

Figure 6. Power flow of rotor-side power-split and generator-side power-split.

4.2 Direct transmission

The power flow also depends on the direct transmission (DT), which has a significant impact on the power curve and the

maximum power of the hydraulic drivetrain. As described before, the direct transmission represents the design transmission270

ratio and defines an operating point at which the rotor speed is directly proportional to the fixed generator speed without any

hydraulic interaction. At this operating point, the hydraulic circuit does not transmit power and exhibits no rotational speed,

but it must withstand a torque that is carried by the hydraulic system.

iPS 1/2 ≈ 20.5 
vwind > rated

Grid

P|nhyd,mot ≈ 0 

ngen = 750 rpm 

iPS 3 = 4 

a) Direct transmission at 11.4 m
s

(rated wind speed).

iPS 1/2 ≈ 29 

Grid

P|nhyd,mot ≈ 0 

ngen = 750 rpm 

iPS 3 = 4 

vwind = 8 m
s

b) Direct transmission at 8 m
s

.

Figure 7. Schematic comparison of direct transmissions a) at rated wind speed with a transmission ratio of iges ≈ 20.5 ·4 and b) at 8 m
s

with

a transmission ratio of iges ≈ 29 · 4. The hydraulic circuit is shown faded to imply no power is transferred via this path.

Figure 7 illustrates two cases with different direct transmissions. Due to TSR control, each direct transmission can be associated275

with a corresponding wind speed, such that the direct transmission is directly linked to a proportional wind speed. For wind

speeds above the rated value, the rotor speed is regulated and kept constant by the pitch controller, so that the direct transmission

ratio cannot exceed the ideal transmission ratio at rated wind speed. In both cases, the hydraulic system does not need to
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transmit power at the direct transmission operating point, as illustrated in Fig. 8. The figure shows the rotational speed of the

hydraulic motor at the ring gear as a function of wind speed for two different direct transmissions. It can be observed that the280

zero crossing occurs at the respective direct transmission wind speed.

When the direct transmission is designed for rated conditions, the operating range in which the hydraulic power is zero extends

up to cut-out, which is advantageous. In this range, the entire power is transmitted mechanically, resulting in a maximum

drivetrain efficiency at the direct transmission wind speed. This highlights that the overall drivetrain efficiency depends on the

site conditions, as they determine how much energy must be transmitted hydraulically.285
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4.3 Minimizing the designed hydraulic power

The maximum required hydraulic power depends on both the extraction side and the direct transmission. This section aims

to identify an optimum that minimizes the hydraulic power demand. It is desirable to reduce the maximum design power of

the hydraulic drivetrain enabling the use of smaller and lighter hydraulic components or maybe even cost-effective standard

hydraulic units, which are currently only available for rather small power ratings, spoken in the context of wind turbine appli-290

cations.

Figure 9 presents a family of curves for the rotor-side power-split with varying direct transmissions. It can be observed that

the positive maximum power decreases with lower direct transmission ratios, as intended. However, the maximum power si-

multaneously increases sharply in the negative range, which is undesirable. Furthermore, a zero crossing occurs, indicating a

reversal of the rotational direction, as illustrated in Fig. 8. The hydraulic circuit is therefore designed as a closed-loop system,295

which enables such directional changes.
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Table 4. Minimum and maximum hydraulic power relative to rated power at optimal direct transmission on rotor-side (10.5 m
s

) and generator-

side (10.2 m
s

) power-split with resulting design power.

a) Direct Transmission at 10.5 m
s

(optimum

rotor-side).

rotor (%) generator (%)

max 8.3 11.6

min -8.4 -0.8

design 8.4 11.6

b) Direct Transmission at 10.2 m
s

(optimum

generator-side).

rotor (%) generator (%)

max 7.6 10.7

min -11.5 -10.4

design 11.5 10.7

c) Direct Transmission at rated wind speed

(>11.4 m
s

, reference).

rotor (%) generator (%)

max 10.6 14.5

min 0 0

design 10.6 14.5

An optimum can now be determined for both power extraction sides, in which the absolute maximum hydraulic power is

minimized. To do this, the transmission ratio is sought at which the positive and negative maxima have the same value. This

optimum occurs for a direct transmission corresponding to a wind speed of 10.5m/s, where the maximum hydraulic power

reaches 8.4 % of the rated power in both the negative and positive direction for the rotor-side power-split. A similar optimum300

can be identified for the generator-side power-split, as shown in Table 4.

4.4 Minimizing the hydraulic energy share

In addition to downsizing the hydraulic components, another key aspect in optimizing the drivetrain design is the influence of

the direct transmission on drivetrain efficiency. Once a direct transmission is set, the hydraulic power depends on the prevailing

wind speed. Since hydraulic efficiencies are generally lower than mechanical efficiencies, the overall drivetrain efficiency is305

largely governed by the hydraulic power curve. This results in reduced total efficiencies when hydraulic power is high and

improved efficiencies when it is low. Consequently, the selection of the direct transmission must also be guided by the objec-

tive of maximizing overall drivetrain efficiency. To achieve this, site-specific wind speed distributions need to be considered in

order to estimate the share of energy that must be transferred through the hydraulic system.

310

These comparisons are made without an actual loss model of the drivetrain in order to prevent bias resulting from poor hy-

draulic design, since hydraulic efficiency is strongly influenced by various parameters such as working pressure, displacement

volume and the rotation speed of the hydraulic components. There are also many possible variations in the hydraulic design,

such as changing the number of pumps and motors, part-load deactivation and different power take-off points, among others,

which can improve hydraulic efficiency. It is impossible to create a hydraulic system capable of delivering high efficiencies315

in every direct transmission design. While this simplification allows for a comparison of different drivetrain designs, it does

not allow for a comparison to a standard turbine’s energy production. Therefore, the calculated hydraulic energy shares are the

theoretical minimum. An additional loss-model would require a higher hydaulic energy share which also is depending on wind

speed as described in the next section.

320
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When the direct transmission is designed for the rated wind speed, the hydraulic power reaches its maximum at 8.5 m
s , while

the minimum remains zero for all wind speeds exceeding rated wind speed. Since most sites have mean wind speeds well below

the rated value of 11.4m
s (DTU 10 MW) which is typically around 5-7 m

s for onshore sites (Hau and Siegfriedsen, 2025), the

turbine will predominantly operate in a region of comparatively high hydraulic power (see Fig. 9). This results in a higher

hydraulic share in the annual energy production. Positioning the direct transmission - corresponding to the zero-crossing of325

hydraulic power - closer to the site-specific mean wind speed therefore appears beneficial to maximize overall efficiency.

5 10 15 20 25
wind speed bin vwind (m s-1)

0

500

1000

1500

2000

bi
nn

ed
 A

EP
 E

bi
nn

ed
 (M

W
h)

0

100

200

300

400

500

w
in

d 
fr

eq
ue

nc
y 

 (h
 a

-1
)

Hydraulically transmitted energyMechanically transmitted energy

a) Direct transmission at 11.4 m
s

(rated wind speed).

5 10 15 20 25
wind speed bin vwind (m s-1)

0

500

1000

1500

2000

bi
nn

ed
 A

EP
 E

bi
nn

ed
 (M

W
h)

0

100

200

300

400

500

w
in

d 
fr

eq
ue

nc
y 

 (h
 a

-1
)

Hydraulically transmitted energyMechanically transmitted energy

b) Direct transmission at 10.5 m
s

.

Figure 10. Rayleigh cumulative distribution function and energy bins at mean wind speed 7 m
s

for a direct transmission at rated wind speed

a) and at 10.5 m
s

b) with a rotor-side power-split (lossless).

The annual energy production (AEP) is used to compare different direct transmissions and power extraction sides. It is es-

timated using the Rayleigh cumulative distribution function (CDF) according to DIN IEC 61400-12-1 (German Institute for

Standardization, 2025) for average annual wind speeds ranging from 4 to 11 m
s . Figure 10 illustrates the Rayleigh distribution330

for a mean wind speed of 7 m
s together with the annual energy production for each wind speed bin. Each bar is split into

the hydraulical and mechanical energy share, showcasing a local minimum of the hydraulic energy share around the direct

transmission wind speed. When the direct transmission is defined at rated wind speed, the hydraulic share becomes zero above

rated wind speed, whereas the hydraulic energy at a different direct transmission only gets zero at a specific wind speed. For

the comparison of different direct transmissions, the transmitted hydraulic energy is aggregated over all wind speed bins and335

subsequently evaluated, as shown in Fig. 11.

For a mean wind speed of 7 m
s , the hydraulic share reaches its minimum at a direct transmission corresponding to a wind speed

of 10.5 m
s , which coincides with the previously identified minimum hydraulic design power for this extraction side. A direct

transmission at rated conditions results in only 2 % higher values compared to 10.5 m
s and can therefore also be considered

a valid option. Examining different mean wind speeds shows that lower direct transmissions perform best under low-wind340

conditions but increase substantially with higher mean wind speeds. In contrast, a direct transmission at rated conditions
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Figure 11. Comparison of annual hydraulic transmitted energy for different average wind speeds at different direct transmissions - rotorside

(lossless).

performs slightly worse at very low wind speeds, similarly at medium wind speeds, and best under high-wind conditions,

making it a reasonable compromise to avoid site-specific drivetrain designs. Table 5 summarizes the three feasible options.

Table 5. Overview over possible design options (rotor-side / generator-side).

Rated Minimal design power Site specific

DT wind speed > 11.4 m
s

10.5 / 10.2 m
s

any

Optimal operating

conditions

best at high, acceptable in low and

medium wind speeds

good for low and medium wind

speeds

good for low and medium wind

speeds

Hydraulic power 10.6 % / 14.5 % 8.4 % / 10.7 % 8.4 % – 54.35 % (4 m
s

)

Direction change No Yes Yes

Transmission ratio 81.9 88.8 / 91.4 81.9 – 233 (4 m
s

)

5 Drivetrain efficiency

The MATLAB/Simscape model (see section 3.1) is used to calculate the power losses and efficiencies of the individual vari-345

ants. It is assumed that the gearbox, generator, frequency converter and hydraulic system dominate the drivetrain efficiency.

Consequently, only these components are considered loss-proned. It is assumed, that the mechanical part of the hydromechan-

ical drivetrain has the same constant efficiency of 0.94 as the 10 MW DTU RWT (Bak et al., 2013). This assumption allows
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for a better comparison and shows whether the added hydraulic losses can be lower than the losses from the missing frequency

converter.350

5.1 Hydraulic efficiencies

The efficiency of the hydraulic system depends on multiple factors, including the rotational speed of pump/motor, pressure,

temperature, and for adjustable units, the displacement setting (Watter, 2022; Will et al., 2007). Given the limited publicly

available data covering all dependencies and to keep the overall model tractable, the hydraulic efficiency is parametrized as a

function of rotational speed, pressure, and displacement setting only. As a basis for the efficiency map in Fig. 12, data repre-355

sentative of an adjustable standard swash-plate axial piston unit (Parker Gold Cup P14) are used to interpolate an efficiency

map at different pressure levels.

Simulating the hydraulic power curve with losses reveals a significant dependence of efficiency on wind speed (see Fig. 13).

Efficiency is low at low wind speeds because hydraulic pressure in the system is low due to small rotor torques. With rotor-side

power take-off in particular, efficiency drops significantly as the pump rotational speed follows the rotor speed. This starts with360

low pressure, low rotational speed and high displacement volume, leading to very low efficiencies (∼ 0.2) at low rotor speeds.

With generator-side power take-off, efficiencies are generally higher due to constant, high pump speeds at the generator shaft.

However, pump input power and demanded motor power rise above rotor power at low wind speeds, as described in section

4.1). This leads to unrealistic conditions and it is unclear how the drivetrain would behave in this area.

365

a) Efficiency map of hydraulic pump. b) Efficiency map of hydraulic motor.

Figure 12. Efficiency maps of the Parker P14 Gold Cup interpolated from efficiency curves at different pressure levels. The pump and motor

are designed for four-quadrant operation. For the pump, the quadrants are defined by the sign of pressure and displacement, whereas for the

motor they are defined by the sign of pressure and rotational speed.
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Looking at the fixed torque ratio at the planetary stage (Eq. (4)), the maximum torque at the pump is given by the transmission

ratio
::
of

:::
the

::::::::
planetary

:::::
stage and is significantly lower than the demanded torque at the ring gear. With this low torque and the

needed high rotation speeds at the generator it is not possible to achieve the necessary power at the pump without the generator

acting as a motor and adding power. This leads to the assumption, that generator-side power-split is unsuitable for low wind

speeds and therefore in general not practically applicable for the investigated arrangement. When there is not enough torque370

applied at the ring gear, the system will reach a state of equilibrium with the rotation speeds and the rotor speed will differ

significantly from the optimal TSR-speed.

::::
This

::::
leads

:::
to

:::
the

::::::::::
assumption,

::::
that

::::::::::::
generator-side

:::::::::
power-split

::
is
:::::::::
unsuitable

:::
for

::::
low

::::
wind

::::::
speeds

::::
and

::::::::
therefore

::
in

:::::::
general

:::
not

::::::::
practically

:::::::::
applicable

:::
for

:::
the

::::::::::
investigated

:::::::::::
arrangement.

::::
Thus

::
it
::::
will

::
be

::::::::
excluded

::::
from

::::::
further

::::::::::::
investigations

::
in

:::
this

:::::
work.

In Fig. 13 b) the intersection point of pump power and rotor power mark
:::::
marks

:
the start of the permissable

:::::::::
permissible375

operating range. Increasing partial load efficiencies would shift the intersection point of pump and rotor power towards lower

wind speeds and therefore allow operation in that range of wind speeds. A possible solutions
:::::::
solution could be lowering the

generator speed and the transmission ratio of the last stage or interchange the positions of the motor and generator to get a

different power flow.

This problem does not arise with rotor-side power-split, because the input torque of the summation stage is reduced by the380

pump torque, which is extracted before, leading to a reduced ring gear torque. When the pump torque rises, the available rotor

torque falls and with that the demanded torque of the ring gear to the motor. The worst case scenario would be 100 % loss

when hydraulic torque approaches zero. Operating the turbine in this scenario would make no sense, which is why the specific

operational zone must be excluded.
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Figure 13. Power curve of hydraulic components as well as rotor and hydraulic efficiency curve in partial load for rotor-side a) and generator

side b) power-split for direct transmission at rated wind speed.
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5.2 Overall efficiency385

A steady-state power curve is generated using three different models. For reference, a power curve of the 10 MW DTU turbine

is generated using DNV Bladed, and will be used to verify the simple 10 MW standard drivetrain model, which was created

to be as similar as possible in MATLAB/Simscape. This will serve as the baseline for comparison with the hydromechanical

drivetrain, precluding any MATLAB-specific effects.

The most interesting aspect for evaluating drivetrain efficiency is the combination of the mechanical and hydraulic paths. While390

most of the power is transferred by the mechanical path with good efficiency, some of it has to be transferred by the less efficient

hydraulic path. The ratio of hydraulic to mechanical power changes depending on wind speed and hydraulic efficiency. This

results in a noticeable efficiency profile, with low efficiency at lower wind speeds that quickly rises above 80 % up from 7.5 m
s

upwards. Peak efficiency is reached at the rated wind speed because the hydraulic power approaches zero, meaning that the

overall efficiency is dominated by mechanical efficiency (see Fig. 14).395
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Figure 14. Steady power curve of the HyDrive drivetrain and overall

efficiency in partial load with direct transmission at rated wind speed

(11.4 m
s

) and rotor-side power-split.
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Figure 15. Comparison of AEP estimation between standard DTU

10 MW turbine and HyDrive drivetrain. Energetic efficiency of Hy-

Drive drivetrain (red) and relative energy ratio (red-dashed) between

HyDrive and DTU turbine. Direct transmission at rated wind speed

and rotor-side power-split.

The efficiency of standard drivetrains also varies slightly with power and, therefore, wind speed. However, as the varying

efficiencies are determined by the generator and transmission, which are assumed to be identical in the hydromechanical

drivetrain, the variation can be neglected. With this setup, a mean partial load efficiency of 71 %, a full load efficiency of

94 % and a mean overall efficiency of 86 % is achieved. However, the low partial load efficiency in particular must be put into

perspective, as the absolute losses at low wind speeds are also low. For this reason, the expected AEP is calculated for different400

average annual wind speeds, which can be used to calculate and compare energetic efficiency. As expected, the energetic

efficiency increases with higher average annual wind speeds and approaches the maximum efficiency of 0.94 which would be

the efficiency without hydraulic share. Compared to the standard DTU system, the efficiency is significantly lower despite the
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frequency converter efficiency included in the calculation and only reaches a similar level at an average annual wind speed of

10 m
s (see Fig. 15). Such high wind speeds are very atypical for onshore locations, where wind speeds in the range of 5-7 m

s405

are more common for onshore sites. If the average annual wind speed is significantly higher than the rated wind speed, the

hydromechanical drivetrain can even outperform the standard drivetrain, as little or no power needs to be transmitted by the

hydraulics in many operating ranges.

6 Grid stability, failure Rates and maintenance

6.1 Grid stability410

A possible advantage of directly grid-coupled drivetrains is the ability to support the grid with rotational inertia. In the event

of a short-term grid disturbance or brief loss of grid connection, the wind turbine can contribute to grid support (as long as

electrical coupling is maintained). At present, wind turbines are often disconnected from the grid when the frequency deviates

too far from the nominal frequency. Typically, modern wind turbines employ frequency converters with grid-supporting capa-

bilities, which will need to be further improved in the future as the share of renewable energy sources in the grid continues415

to increase. Current research shows that this could also be achieved with new control algorithms, without actually bringing

physical rotational inertia to the grid. A black start, i.e., restarting and re-energizing the grid after a total blackout, is also

intended to become possible in this way (Fernández-Bustamante et al., 2021; Jain et al., 2020). Thus, the provision of physical

rotational inertia is not an absolute unique selling point of hydrostatic and power-split drivetrains, but it can be implemented

with less control effort. However, the power supply of the hydraulic control system must also be considered, since otherwise420

the wind turbine can no longer be correctly speed-controlled in the event of a grid outage. Further investigations are necessary

to determine the actual grid support potential of hydromechanical power-split drivetrains.

6.2 Failure rates

One of the main motivations for switching to (partially) hydraulic drivetrains is the potentially increased reliability of such

a system compared to a drive train with a full converter. Frequency converters would no longer be needed in the HyDrive425

drivetrain, thereby eliminating their susceptibility to faults. Frequency converters are among the most fault-prone components

of a wind turbine, with 0.45-1 faults per turbine per year (Anderson et al., 2023; Pelka and Fischer, 2023). Hydraulic pitch

systems are slightly less prone to failure, with 0.54 faults per turbine per year. They also doesn’t require as much downtime and

less repair work than replacing a converter (Walgern et al., 2023). However, due to their relatively low dynamics compared to

drivetrain hydraulics, they are not easily comparable. Due to the lack of turbines with this technology, failure probabilities for430

hydraulic drivetrains cannot be found. However, hydraulic drivetrains are used in many commercial vehicles as drive systems

with similar dynamic requirements, albeit with significantly lower rated power. In these applications, reliability depends pri-

marily on good system design but also on extensive maintenance, to achieve very low failure rates (Jocanović et al., 2012). This

demonstrates the relevance of detailed and comprehensive design and conceptualization of such a partially hydraulic drivetrain.
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6.3 Hydraulic fluids435

Mineral oil-based hydraulic fluids are particularly suitable for transmitting high power in stationary systems, operating condi-

tions that are also present in the HyDrive drivetrain. Despite the steady growth in biologically rapidly degradable alternatives,

these fluids are still used in the vast majority of hydraulic applications and most manufacturers develop their products primar-

ily for using them. With an annual wind turbine operating time of approximately 6500 hours at an average 7 m
s site and a

recommended oil change interval of approximately 5000 operating hours, a complete replacement of the hydraulic fluid would440

be necessary at least once a year. This period can be significantly extended with appropriate condition monitoring (Bauer and

Niebergall, 2020). For a wind turbine in the 10 MW power class, the volume of hydraulic fluid to be replaced can be estimated

to be approximately of the same order of magnitude as the gearbox oil volume of a conventional drivetrain, exceeding an

amount of 2000 l (MHI Vestas Offshore Wind A/S).

Since wind turbines are located directly in rural areas in the case of onshore sites and directly above aquatic ecosystems in the445

case of offshore sites, there is a particularly high risk of environmental damage in the event of a leak, especially when mineral

oil-based hydraulic fluids are used. However, this risk can be countered with appropriate technical measures. Hydraulic assem-

blies are typically designed as sealed units and are furthermore isolated by surrounding wind turbine structures, such as the

nacelle (drivetrain) or the rotor hub and blades (pitch systems). This ensures that an unintended release of hydraulic fluid into

the environment can be largely prevented. The fire risk associated with leakages can be reduced by using hydraulic oils with450

the highest possible flash point.

7 Conclusions

Hydromechanical drivetrains can be designed in different configurations, each with different characteristics. To keep the num-

ber of variations manageable, two different output sides (rotor- and generator-side power-split) and different direct transmis-

sions were compared. The design has two objectives: Firstly, the design power of the hydraulic part should be kept as small and455

straightforward as possible so that the system can be lightweight and inexpensive. Secondly, the amount of energy transmitted

hydraulically should be minimized in order to maximize the efficiency of the overall drivetrain.

High design power of the hydraulic path results in high weight and costs due to multiple or larger hydraulic components.

However, a small design power does not guarantee a minimized hydraulically transmitted energy. High absolute hydraulic460

power in frequently occurring wind speed ranges should be avoided, which leads to a dependency of the turbine design on

the site conditions of the wind turbine. By designing different direct transmissions, both the maximum hydraulic power and

minimized hydraulically transmitted energy can be varied. The direct transmission structurally determines one operating point

at which the hydraulic share becomes zero. Direct transmissions at low wind speeds prove to be fundamentally unsuitable in

this context, as the design power becomes too high (in some cases higher than the rated power of the wind turbine). This results465

in one optimal direct transmission for both the rotor-side and generator-side power-split, in which the design power is minimal.

Depending on the average annual wind speed and considering its frequency distribution over the year, an energy analysis shows
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that direct transmissions close to rated power perform well for most realistic wind conditions, while a site-specific design has

only a minor benefit, which is likely to be offset by the additional costs for site-specific designs. In addition, the overall gear

ratio of the transmission increases with direct transmissions at lower wind speeds. It has been shown that a higher hydraulic470

power is generally required when power is split from the generator-side, and that this power exceeds the input power close to

cut-in wind speed, which makes drawing power from the generator-side unattractive.

When using an efficiency map for the hydraulic components, the hydraulics show an efficiency that is highly dependent on

wind speed. The design of the hydraulic system is complex and many parameters must be taken into account, which means that475

the efficiency assumed here, which is rather conservative, can be increased even further by specifically optimizing a specific

direct transmission. Operation at the outer limits of the operating range of the hydraulic components (low speed, torque, or

displacement volume) causes the efficiency to drop rapidly. This can possibly be improved by better scaling of the components

to the required operating range. The use of an adjustable motor could reduce the relatively large operational range of the pump

and therefore usage in the peripheral zones. When using multiple hydraulic machines, there is an additional option to deactivate480

whole units in partial load to further improve efficiency in this area as suggested in Schmitz (2015). Another option is using

hydraulic machines with higher individual efficiency, such as bent-axis axial piston pumps.

Despite the partially low hydraulic efficiency, the overall drivetrain efficiency remains competitive, particularly when wind

speeds close to the cut-in threshold are infrequent. Additionally, the relatively low efficiency close to cut-in wind speed is485

not significant due to the low absolute power in this range, which is offset by the increased efficiency in the full load range

compared to the standard system. For sites with an average annual wind speed of about 10 m
s , the energy production of the

hydromechanical drivetrain in direct transmission can match that of the standard drivetrain, and from about 12 m
s it can even

exceed it. At lower average wind speeds, the hydromechanical drivetrain is a few percent less efficient than the standard system.

However, it is questionable whether the hydromechanical drivetrain provides sufficient additional benefits to justify a reduction490

in yield. For low wind speeds and the generator-side power-split it was shown that the rotor power is insufficient to operate

the turbine in a desired manner. To circumvent this problem, lowering the generator speed or raising the cut-in speed can be

considered. The cut-in speed is typically increased in many systems, including the 10 MW DTU turbine, in order to avoid

vibration problems which was neglected in this work to incorporate TSR-control across the entire partial load range.

495

In order to further increase the efficiency of the system, additional design variants of the drivetrain and hydraulics must be

investigated and simulated. Possible options include power take-off at the rotor shaft with a slow-rotating radial piston pump,

reduction of the generator speed, variation of the fixed gear ratio, or variation of the pump/motor types, number, and arrange-

ment. A large number of design parameters influence the efficiency and control strategies of the drivetrain, requiring a more

extensive investigation in order to identify the best possible variant. In addition, dynamic load cases must be investigated and500

simulated, paying attention to issues such as grid compatibility and behavior in the event of a grid failure. The hypothesis that

such a system, which is directly connected to the grid exhibits grid-supporting behavior must be verified. It is also difficult to
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estimate the extent to which hydraulics can increase the reliability of the system. Although frequency converters are sensitive

to failure, hydraulic systems are maintenance-intensive and require large quantities of hydraulic oil, which must be contained

and protected against leakage in the nacelle under high pressures.505

The concept of the hydromechanical power-split drivetrain shows some potential strengths that require further research, but

also many challenges that do not arise with conventional systems and therefore do not represent sufficient competition at the

current stage of development. For many issues, it would be useful to develop a test bench model, as Chen et al. (2019) had

already begun to do to get a better understanding how the power flow and efficiency behave in peripheral areas. In addition,510

an aeroelastic simulation tool must be used to simulate the hydromechanical drivetrain for dynamic load cases and behavior in

the event of grid failures.
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Table A1. List of abbreviations used in this paper.

Abbreviation Description

AEP Annual Energy Production

CDF Cumulative Distribution Function

CVT Continuously Variable Transmission

DT Direct Transmission

DTU Technical University of Denmark

HSS High-Speed Shaft

LSS Low-Speed Shaft

MSS Medium-Speed Shaft

RWT Reference Wind Turbine

TRL Technology Readiness Level

TSR Tip-Speed Ratio

WTG Wind Turbine Generator
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