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A B S T R A C T

Conventional drivetrains with gearbox failures are associated with major downtime in offshore wind turbines.
This impacts the maintenance cost and cost of energy. A hydraulic transmission eliminates the need for gearbox
and potentially improves the turbine reliability. This paper explores the application of a novel high-pressure
transmission machinery to a utility-scale spar floating wind turbine. We present a dynamic model of a hydraulic
system consisting of a hydraulic pump, pipelines, a hydraulic motor, and an induction generator. The motor
is placed inside the spar platform and operates at a fixed displacement. The hydraulic system is coupled with
the aero-hydro-elastic code HAWC2 through an external dynamic link library. The dynamic responses of a
5 MW spar floating wind turbine and a land-based reference wind turbine with this hydraulic system were
investigated under various wind and wave conditions. A comparison is made between the characteristics of the
two wind turbines under operational conditions and both turbines show decent behaviors, and the statistics
of power generation is at the same level compared to that of conventional wind turbines. Through simulation
studies, we verify the feasibility and the engineering practice of the proposed hydraulic drive solution to
floating wind turbines.
1. Introduction

Gearboxes are one of the most expensive components of a wind
turbine system. Operational experience reveals that the gearboxes of
modern megawatt (MW)-class electrical utility wind turbines are the
weakest link among their components [1]. To address the problems
and increase the reliability of gearboxes, efforts have been made to im-
prove load prediction, design, fabrication, and operation over the past
three decades [2]. In addition, the incremental development of new
transmission and conversion systems has been under way. For example,
the gearless, or direct-drive wind turbine concept was first proposed by
the Enercon Company of Germany. This concept couples the rotor di-
rectly to a low-speed generator and reduces the number of mechanical
components. It is expected to be competitive for power ratings of 4–6
MW [1]. Along with direct-drive generators, a medium-speed drivetrain
system with a two-stage gearbox has also appeared on the market.
This configuration may have a superior cost-of-energy performance
for power ratings of approximately 6 MW or above [3]. Despite the
development, the drivetrain technologies for multi-MW wind turbines
still remain unproven. For offshore wind turbines, the increased cost of
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access to offshore wind farms necessitates less maintenance and more
reliable drivetrains.

Hydraulics offers a promising drivetrain technology for wind power
applications and is identified as one of the future emerging technologies
in the wind power sector [4]. The main components of a hydraulic
transmission system include a hydraulic pump, hydraulic pipes, and a
hydraulic motor. The rotor drives the hydraulic pump, displacing fluid
and creating a flow. The hydraulic fluid flows through the pipes toward
the hydraulic motor. The motor converts the flow into rotation and
produces power through a generator.

Hydraulic fluid has been successfully applied in many branches of
engineering where large forces must be controlled in an intelligent
manner [5]. For wave energy devices such as the Edinburgh duck [6] or
heaving buoys [7], the wave-induced body motions are converted into
electricity through hydraulic systems. Salter and Rea [5] envisaged that
the components designed for wave energy converters could be used for
wind power without a considerable increase in complexity. However,
early testing of wind turbines with hydraulic transmission found poor
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efficiency, primarily because of a lack of specifically designed compo-
nents for hydraulic turbines in the 1980s [8]. Since then, there have
been several attempts to study hydraulic wind turbine concepts [9–15].
A 1 MW test bench of a hydrostatic drivetrain was completed at Aachen
University in 2010 [10]. It allows real-time simulation of different
combinations of pumps and motors. The Delft Offshore Turbine trans-
mission concept has been proposed at TU Delft. This concept utilizes
seawater as the power transmission medium and uses one hydro-power-
like generator station for multiple turbines [9]. Skaare et al. [13]
proposed a two-speed hydraulic system based on fixed-displacement
radial piston hydraulic machines. The transmission efficiency of this
concept is greatly improved compared with other hydraulic trans-
mission concepts. Mitsubishi Heavy Industries, Ltd succeeded in the
development of a hydraulic transmission system with a large capacity
(>7 MW) by applying digital control technology of Artemis Intelligent
Power, Ltd [14]. These hydraulic concepts differ in terms of com-
ponent location and functionality. The motor can be either placed
in the nacelle [14] or on the ground [13]. Some configurations use
variable-displacement pump and motor with synchronous generators
and free of power electronics [10,14], whereas others consider fixed-
displacement motors with asynchronous generators [13,16]. Today,
although hydraulic transmission in wind turbines is technically feasible,
it is possible to construct drivetrain prototypes with up to approxi-
mately 1 MW of nominal power output using available off-the-shelf
hydraulic components [9].

Some major advantages of a hydraulic transmission system are
summarized in the following [9]:

∙ The nacelle weight and the dimensions of support structures can
be reduced.

∙ The elimination of the gearbox and frequency converter lowers
the requirements for maintenance, and improves reliability.

∙ The loads are shared across many pumping modules, causing a
low risk of overload and overheating.

All these points can have special economic implications for offshore
wind turbines [17]. Yet, limited applications can be found to offshore
wind turbines, let alone floating wind turbines. According to a com-
prehensive review of the hydraulic technologies in wind turbines [18],
only one literature is related to floating wind turbines. Chen et al. [19]
proposed a hydraulic transmission system in an offshore wind turbine
with retractable blades mounted on a floating platform and tested the
efficiency of the energy conversion device on a test rig. However,
this study does not address any details of the floating platform or
the coupled dynamics of the hydraulic system with the platform. As
developments of the offshore wind industry moves from shallow to
deep water in the past decade, many floating wind turbine concepts
have been proposed. The spar floating wind turbine is among the most
technically mature concepts [20] suitable for rough offshore environ-
ments; see [21] for full-scale measurements from the floating wind
turbine Hywind Demo 1. Currently, the construction of spar floating
wind farm, Hywind Tampen, is underway in the North Sea [22].
Thus, it is interesting to consider the application of novel hydraulic
transmission systems to spar floating wind turbines.

The integrated analysis of the system behavior under dynamic
conditions is the key to developing good designs of wind turbines.
Offshore wind turbines operate under complex conditions. According to
the design standards [23,24], various design situations, such as extreme
environments [25] and fault scenarios [26], should be considered in
the dynamic analysis. Modeling and analysis of wind turbines can be
performed using aero-hydro-servo-elastic tools such as HAWC2 [27],
FAST [28], or GH Bladed [29]. In most of these tools, control actions
can be achieved through an externally compiled dynamic link library
(DLL) whereby user-defined subroutines are executed at each time
step without changing the main program. For a hydraulic turbine, the
hydraulic transmission itself can be modeled in a similar manner as
that used for wave energy facilities [30]. The hydraulic transmission
609
Fig. 1. Image of Hywind Demo, the world’s first megawatt-sized floating wind turbine,
located 10 km off the west coast of Norway.
Source: Equinor ASA.

subsystem, expressed as ordinary differential equations (ODEs), can
also be implemented in a DLL for an aeroelastic code. Laguna [12]
implemented a DLL in GH Bladed and performed a parametric study
on the dynamic behavior of a hydraulic 5 MW land-based wind turbine
below the rated wind speed. It was found that the amount of oil in
the transmission line plays an important role on the system dynamics.
Jiang et al. [31] demonstrated a numerical approach for time-domain
simulations of a land-based wind turbine coupled with a hydraulic
transmission system. The hydraulic ODEs were implemented in a DLL
and solved using the Runge–Kutta–Fehlberg method [32]. The HAWC2
main program uses time steps on the order of 10−2 s, whereas solving
the hydraulic ODEs requires time steps on the order of 10−6 s.

In this paper, we focus on the application of a hydraulic transmis-
sion system (with pumps, pipelines and motors) to a 5-MW spar floating
wind turbine, and fully coupled numerical simulations were conducted
under various environmental conditions of wind and waves. As the
purpose of the present study is to investigate the dynamics and show
feasibility of the spar hydraulic turbine under operational conditions,
we also carry out simulations for a land-based wind turbine with the
same hydraulic drivetrain.

2. System description

The hydraulic system and the land-based and floating wind turbine
(FWT) systems are described separately in this section.

2.1. Hydraulic system

Fig. 2 shows a simplified sketch of the hydraulic system in use.
The main components are a fixed-displacement radial piston hydraulic
pump, a fixed-displacement axial piston motor, a variable-speed induc-
tion generator, and control valves. The hydraulic pump is placed in the
nacelle, whereas the motor and generator are on the ground for the
land-based wind turbine (LWT) or at the sea water level for the FWT.
The configuration of the current system is similar to the one presented
by [13]. Therefore, only the most relevant equations are provided here.

2.1.1. Radial piston pump
Fig. 3 illustrates a radial piston pump from Bosch Rexroth AG. A

radial piston pump uses a drive shaft to drive pistons along cylinder
bores to pump fluid. The back and forth motion of pistons pumps fluid
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𝜌

Fig. 2. Schematic of a hydraulic transmission for wind turbine.

Fig. 3. Example of a radial piston pump [33].

through the pump. This type of piston pump has a high reliability and
a low noise level, making it well-suited for wind turbine applications.

The following mass balance law can be established for a volume 𝑉
of liquid under isothermic conditions [34]
𝑑
𝑑𝑡

(𝜌𝑉 ) = 𝑤𝑖𝑛 −𝑤𝑜𝑢𝑡 (1)

Here, 𝜌 is the density of the hydraulic fluid, and 𝑤𝑖𝑛 and 𝑤𝑜𝑢𝑡 are the
mass flows into and out of the volume.

Under isothermic conditions, such a relation exists between the
liquid pressure and density [34]

̇ =
𝜌
𝛽
�̇� (2)

where 𝑃 is the pressure and 𝛽 is the bulk modulus. Reformulating
Eq. (1) using Eq. (2), we obtain the dynamic model for the high-
pressure hydraulic volume of the pump
𝑉𝑝
𝛽
�̇�𝑝 + �̇�𝑝 = −𝑄𝑖𝑝(𝑃𝑝 − 𝑃𝑙𝑜𝑤) −𝑄𝑒𝑝𝑃𝑝 −𝑄𝑝 (3)

where 𝑉𝑝 is the volume at the high-pressure side of the pump, 𝑃𝑝
and 𝑃𝑙𝑜𝑤 are the pump pressures at the high-pressure and low-pressure
side, respectively. 𝑄𝑖𝑝 is the coefficient for internal leakage, and 𝑄𝑒𝑝
is the coefficient for external leakage. 𝑄𝑝 is the outlet flow rate from
the pump. The hydraulic fluid at the high-pressure side is compressed
because of the motion of the pistons. Therefore, �̇�𝑝, the time derivative
of 𝑉𝑝, can be expressed as

�̇�𝑝 = −𝐷𝑝𝜔𝑝 (4)

where 𝐷𝑝 is the pump displacement, and 𝜔𝑝 is the pump speed. Assum-
ing that the low-speed shaft is rigid, 𝜔 can be replaced by the rotor
610

𝑝

Fig. 4. Illustration of a fluid transmission line.

speed 𝜔𝑡. From Eq. (3), we obtain

�̇�𝑝 =
𝛽
𝑉𝑝

[𝜔𝑡𝐷𝑝 −𝑄𝑖𝑝(𝑃𝑝 − 𝑃𝑙𝑜𝑤) −𝑄𝑒𝑝𝑃𝑝 −𝑄𝑝] (5)

For the pump shaft, Newton’s second law holds, and the following
dynamic model is found

𝐽𝑝�̇�𝑡 = 𝜂𝑇𝑡 − 𝐶𝑝𝜔𝑝 −𝐷𝑝(𝑃𝑝 − 𝑃𝑙𝑜𝑤) (6)

where 𝐽𝑝 represents the moment of inertia of the hydraulic pump, 𝜂 is
the mechanical efficiency, 𝑇𝑡 is the shaft torque, and 𝐶𝑝 is the viscous
damping coefficient. We neglect the viscous damping (𝐶𝑝=0), assume
ideal efficiency (𝜂=1), and simplify the expression of the shaft torque
as

𝑇𝑡 = 𝐽𝑝�̇�𝑡 +𝐷𝑝(𝑃𝑝 − 𝑃𝑙𝑜𝑤) (7)

2.1.2. Transmission line
The dynamics of the hydraulic transmission line are important for

the analysis. The pipelines extend from the nacelle level to the tower
base. Because of the length, there is spatial variation in the pressure,
and because it takes time for the pressure to propagate, the time delay
between the aerodynamic power and the development of hydraulic
power may be relevant for the control system design [13].

Fig. 4 shows a single transmission line with length 𝐿 and inner
radius 𝑟. The length coordinate along the pipe is denoted by 𝑥. 𝑃 and
𝑄 are the fluid pressure and flow rate, respectively; they are functions
of 𝑥 and 𝑡. The dynamic model of the pressure wave propagation in the
transmission line is found from the principle of mass and momentum
balance [34]. Assuming that the pipeline is rigid and that the flow
is laminar, the pressure wave propagation can be described by two
one-dimensional partial differential equations

𝜕𝑃 (𝑥, 𝑡)
𝜕𝑡

+
𝜌𝑎2

𝐴𝑝𝑖𝑝𝑒

𝜕𝑄(𝑥, 𝑡)
𝜕𝑥

=
𝜌𝑎2

𝐴𝑝𝑖𝑝𝑒
𝑆𝑄(𝑥, 𝑡) (8)

𝜕𝑄(𝑥, 𝑡)
𝜕𝑡

+
𝐴𝑝𝑖𝑝𝑒

𝜌
𝜕𝑃 (𝑥, 𝑡)

𝜕𝑥
=

𝐹 (𝑥, 𝑡)
𝜌

(9)

where 𝐴𝑝𝑖𝑝𝑒 is the cross sectional area of the pipe, 𝜌 is the fluid density,
𝑎 is the acoustic velocity, 𝐹 (𝑥, 𝑡) is any externally applied force per
length, and 𝑆𝑄(𝑥, 𝑡) represents the volume flow into the pipe per length.
To find time-domain solutions to Eqs. (8)–(9), different approaches can
be used, such as the rational transfer function (RTF) method and the
separation of variables technique [35].

In this work, the RTF method was used to construct the bond graph
representations for the pipelines, considering the two-dimensional
frequency-dependent friction [36]. By doing so, the hydraulic pipeline
models can be represented as a number of normal modes. Only the first-
and second-order modes are used here:
[

�̇�𝑝0

�̇�𝑚0

]

= 𝜔𝑐

[

𝑨𝟎

[

𝑄𝑝0

𝑄𝑚0

]

+ 𝑩𝟎

[

𝑃𝑝

𝑃𝑚

] ]

(10)

[

�̇�𝑝1
̇

]

= 𝜔𝑐

[

𝑨𝟏

[

𝑄𝑝1
]

+ 𝑩𝟏

[

𝑃𝑝
] ]

(11)

𝑄𝑚1 𝑄𝑚1 𝑃𝑚
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𝜔

Using the dissipative friction model, the coefficient matrices are
given by

𝑨𝟎 =
[

−8 0
0 −8

]

, 𝑩𝟎 =
1

𝑍0𝐷𝑛

[

1 −1
1 −1

]

, 𝑨𝟏 =
⎡

⎢

⎢

⎣

0
−𝜔2

1
𝐷2
𝑛

1 − 𝜖1
𝐷𝑛

⎤

⎥

⎥

⎦

, 𝑩𝟏 =
2

𝑍0𝐷𝑛

[

0 0
1 1

]

(12)

where the viscosity frequency 𝜔𝑐 , dissipation number 𝐷𝑛, line
impedance constant 𝑍0, modal natural frequency 𝜔1, and damping
coefficient 𝜖1, are defined, respectively, as follows:

𝜔𝑐 =
𝜈0
𝑟2

, 𝐷𝑛 =
𝐿𝑝𝑖𝑝𝑒𝜈0
𝑎𝑟2

, 𝑍0 =
𝜌𝑎

𝐴𝑝𝑖𝑝𝑒
, 𝜔1 = 𝜋 − 1

2
√

2𝜋𝐷𝑛 +
1
2
𝐷𝑛,

𝜖1 =
√

2𝜋𝐷𝑛 +
5
2
𝐷𝑛

(13)

where 𝜈0 is the fluid viscous coefficient, 𝑟𝑝𝑖𝑝𝑒 and 𝐿𝑝𝑖𝑝𝑒 are the radius
and length of the pipe, respectively.

Thus, the flow rates at the two ends of the pipeline can be found
using the two normal modes as follows:

𝑄𝑝 = 𝑄𝑝0 +𝑄𝑚1 (14)

𝑄𝑚 = 𝑄𝑚0 −𝑄𝑚1 (15)

2.1.3. Axial piston motor
In contrast to a pump, a hydraulic motor converts pressure into

torque. An axial piston motor is used in the current system. It has a
number of pistons arranged in a circular array within a housing that
is commonly referred to as a cylinder block. The pressure force from
the pistons is transferred to the angle swashed plate lubricated slippers
that are mounted onto the pistons with a ball coupling. The rotation of
the cylinder block causes the pistons to oscillate in their cylinders by
the action of the swash plate, which provides the conversion between
the piston pressure force and the shaft torque.

The dynamic model of the hydraulic motor can be derived based
on the volume balance form, similar to that of the hydraulic pump
model. The output shaft is connected to the generator. Thus, the time
derivative of the hydraulic volume can be represented as

�̇�𝑚 = 𝐷𝑚𝜔𝑚 = 𝐷𝑚𝜔𝑔 (16)

where 𝐷𝑚 is the motor displacement and 𝜔𝑚 and 𝜔𝑔 are the motor and
generator speeds. Therefore, the time derivative of the motor pressure
can be written as

�̇�𝑚 =
𝛽
𝑉𝑚

[𝑄𝑚 −𝑄𝑖𝑚(𝑃𝑚 − 𝑃𝑙𝑜𝑤) −𝑄𝑒𝑚𝑃𝑚 −𝐷𝑚𝜔𝑔] (17)

2.1.4. Check valves
Check valves are used to control the direction of the fluid flow. The

volume flow 𝑞𝑣 can be calculated using the orifice equation derived
from Bernoulli’s energy equation for an incompressible flow

𝑞𝑣 =

⎧

⎪

⎨

⎪

⎩

𝐶𝑑𝐴𝑣

√

2
𝜌 (𝑃𝑝 − 𝑃𝑚), if 𝑃𝑝 > 𝑃𝑚

0, if 𝑃𝑝 ≤ 𝑃𝑚

(18)

where 𝐶𝑑 is the discharged coefficient and 𝐴𝑣 is the cross sectional area
of the valves.

2.1.5. Variable-speed generator
The generator torque-versus-speed curve for the NREL 5 MW turbine

is used in the current paper. As shown in Fig. 5, the curve contains
five control regions: Region 1 is a control region before the cut-in
wind speed; Region 2 is a control region for optimizing power capture;
Region 3 has a constant generated power; Region 11∕2 is a linear tran-
sition between Regions 1 and 2; and Region 21∕2 is a linear transition
between Region 2 and 3 with a torque slope corresponding to the slope
611
Fig. 5. Torque–speed relation of the variable-speed generator controller [37].

of an induction machine. The generator-slip percentage in the transition
region 21∕2 is 10%. Additional details can be found in [37].

The shaft of the hydraulic motor is connected to the electric gener-
ator, and the state equation defining the coupling between the motor
and the generator can be expressed as

(𝐽𝑚 + 𝐽𝑔)�̇�𝑔 = 𝐷𝑚𝑃𝑚 − 𝐶𝑚𝜔𝑔 − 𝑇𝑔 (19)

where 𝐽𝑚 and 𝐽𝑔 are the moment of inertia of the motors and generator,
𝜔𝑔 is the generator speed, 𝐷𝑚 is the displacement of the motors, 𝐶𝑚
is the viscous damping of the motor-generator shaft, and 𝑇𝑔 is the
generator torque.

2.1.6. State-space model of the hydraulic system
Incorporating the subsystem models presented in Sections 2.1.1–

2.1.5, we can develop a complete dynamic model for the hydraulic sys-
tem. The state variables are defined as 𝑦 = [�̇�𝑝, �̇�𝑚, �̇�𝑝0, �̇�𝑝1, �̇�𝑚0, �̇�𝑚1,
̇ 𝑔]𝑇 . A set of constant parameters used for the analysis is summa-

rized in Table 1. Values for the hydraulic pump and motor can be
found in [13]. The estimated leakage coefficients may be updated if
other case-specific data are available. For the hydraulic system and in
the coupled analysis, the input variable is 𝜔𝑡, and the output to the
aeroelastic code is 𝑇𝑡.

2.2. Land-based and floating wind turbines

This study selects the NREL 5 MW LWT [37] and the OC3 Hywind
spar FWT [38] as two representative examples. A schematic of the
FWT with hydraulic components is illustrated in Fig. 6. As shown, the
motor and generator are placed on the deck level. For the LWT, these
components are on the ground level.

According to the analysis with HAWC2, the first and second full-
system natural frequencies of the LWT are 0.32 Hz, corresponding to
the fore-aft and side-side bending mode of the tower. The spar FWT
is ballast stabilized and has three sets of catenary mooring lines for
station keeping purposes. The natural frequencies of the translational
motions in surge, sway, and heave are 0.050, 0.050, and 0.203 rad/s,
respectively. For the angular motions in pitch, roll, and yaw, the natural
frequencies are 0.209, 0.209, and 0.785 rad/s, respectively.

Both turbines are variable-speed machines with generator torque
control and collective blade pitch control. For the hydraulic wind
turbines, the effect of the generator torque control is transferred to
the main shaft (low-speed side) through the hydraulic system, and
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Fig. 6. Schematic of the floating wind turbine with the considered hydraulic system.
Fig. 7. Flowchart of the hydraulic module in DLL.
the computed main-shaft torque (𝑇𝑡) contains dynamic effects of the
hydraulic system. Assuming that the main-shaft speed can still be
measured, the blade-pitch control strategy remains unchanged. Com-
pared with the LWT, the spar wind turbine has a reduced controller-
response natural frequency of 0.2 rad/s to eliminate the potential for
an unstable feedback loop at the platform-pitch natural frequency [39].
Above the rated wind speed, the generator control of the floating
system adopts the constant-torque strategy instead of the constant-
power strategy, aiming to minimize the drivetrain loads and to reduce
blade-pitch activity.
612
The traditional gearbox is often simplified as a one degree-of-
freedom (DOF) system in aeroelastic models considering the torsional
DOF only. In this work, the structural models of the hydraulic turbines
resemble those of the geared turbines.

3. Numerical model

Numerical simulations were performed using the aeroelastic code
HAWC2 [27]. The structural model in HAWC2 is based on multibody
dynamics. Both the LWT and FWT were modeled using bodies con-
sisting of Timoshenko beam elements. A DLL provides an interface for
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Table 1
Parameters of the hydraulic transmission system.

Variable Description Value

𝐽𝑝 Moment of inertia of hydraulic pump 5140 kg m2

𝐽𝑚 Moment of inertia of hydraulic motor 138 kg m2

𝐷𝑝 Displacement of hydraulic pump 0.2 m3 rad−1

𝐷𝑚 Displacement of hydraulic motor 2.06 ⋅ 10−3 m3 rad−1

𝑉2𝑝 Pump volume on the high-pressure side 0.045 m3

𝑉1𝑚 Motor volume on the high-pressure side 0.01 m3

𝑃𝑙𝑜𝑤 Standard atmospheric pressure 1.0 ⋅ 105 Pa

𝑄𝑖𝑝 Coefficient for internal pump leakage 1.12 ⋅ 10−10 Pa s−1

𝑄𝑒𝑝 Coefficient for external pump leakage 5.6 ⋅ 10−11 Pa s−1

𝑄𝑖𝑚 Coefficient for internal motor leakage 9.1 ⋅ 10−11 Pa s−1

𝑄𝑒𝑚 Coefficient for external motor leakage 4.6 ⋅ 10−11 Pa s−1

𝑟𝑝𝑖𝑝𝑒 Radius of the transmission line 0.14 m

𝐿𝑝𝑖𝑝𝑒 Length of the transmission line 100 m

𝜌 Density of the fluid 865 kg m−3

𝜈 Kinematic viscosity coefficient of the fluid 6 ⋅ 10−5 m2∕s

𝛽 Bulk modulus of the fluid 1.0 ⋅ 109 Pa

𝑐𝑓𝑙𝑢𝑖𝑑 Acoustic velocity in the fluid 1075.2 m/s

𝐶𝑝 Viscous damping coefficient of pump shaft 0 N m s rad−1

𝐶𝑚 Viscous damping coefficient of motor shaft 0 N m s rad−1

specifying external loading or control actions. In addition to the blade
pitch control, we implemented the state-space model of the hydraulic
system in the DLL. For the FWT, the mooring and wave forces were
implemented as force elements using the DLL. Wave loads normal
to the spar floater were calculated using Morison’s equation [40],
while the buoyancy forces and heave excitation on the floater were
considered using a simplified pressure integration method including the
hydrostatic and hydrodynamic pressures, respectively [41].

We focus our discussion on the part of the DLL that addresses the
hydraulic system here. There is a data exchange between the hydraulic
module and the HAWC2 core during the time-domain simulation. As
shown in Fig. 7, each time the HAWC2 core calls the DLL, the rotor
speed, 𝜔𝑡, is passed to the DLL and an initial value problem must be
solved through the hydraulic ODEs (Eqs. (5), (7), (10), (11), and (19)).
The Runge–Kutta–Fehlberg (RKF45) method [32,42] is employed to
address the problem. Inside an inner loop, the RKF45 routine adjusts
its ‘‘locally optimal’’ step sizes on the order of 10−6 s and returns the
fifth-order solution approximation at 𝑡0 + 𝛿𝑡. Each inner loop finishes
when the user-specified step length 𝛿𝑡 is reached. Here, 𝑡𝑜𝑢𝑡 represents
the time interval in HAWC2 (0.02 s). When 𝑡𝑜𝑢𝑡 is reached, the DLL
transfers the main-shaft torque 𝑇𝑡 to the main program [31].

From the coupled dynamic simulations in the time domain, global
responses of the floater motions, structural deformations, sectional
forces and moments, and power performances are available. In ad-
dition, the DLL outputs response variables of the hydraulic system,
e.g., pipeline fluid pressure and motor displacements, at each time step.
This makes it possible to study the response dynamics of the whole
hydraulic wind turbine systems.

4. Environmental conditions

The environmental conditions (ECs) used in this study are summa-
rized in Table 2. Because we consider the design situation of normal
operation, the wind speed in ECs 1–7 spans various control regions of
the wind turbines during power production. For the design and analysis
of FWTs, realistic combinations of wind and waves are recommended.
Li et al. [43] analyzed five European offshore sites and obtained the
long-term joint distributions of the 1-hour mean wind speed at the 10-
m level (𝑈𝑤), significant wave height (𝐻𝑠) and spectral peak period
𝑇 ) using the hindcast data.
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𝑝

Among the five sites, we select the one in the northern North Sea
(Table 3) for the FWT. This site has a water depth of over 200 m and can
be considered for the deployment of FWTs. The theoretical expected
values of 𝐻𝑠 and 𝑇𝑝 were calculated for a given hub-height wind speed
(𝑈ℎ𝑢𝑏), using the relations developed in [43]. A power law with an
exponent of 𝛼=0.14 was applied to scale the wind speed at the hub
height to the wind speed at the 10-m height. For the FWT, wind and
waves were assumed to be aligned in the 𝑦 direction (Fig. 6).

In Table 2, 𝑇 𝐼 stands for turbulence intensity. For the normal
turbulence model, 𝑇 𝐼 is given by

𝑇 𝐼 =
𝐼𝑟𝑒𝑓 (0.75𝑈ℎ𝑢𝑏 + 5.6)

𝑈ℎ𝑢𝑏
(20)

here 𝐼𝑟𝑒𝑓 equals 0.16, 0.14, and 0.12 for wind turbine class (WTC) A,
, and C, respectively [23]. WTC C has low turbulence characteristics
nd is dedicated to offshore wind turbines. As shown, three turbulence
evels are considered for both turbines: zero turbulence, higher turbu-
ence characteristics, and lower turbulence characteristics. The Mann
niform shear turbulence model was used to generate the turbulent
ind field.

Each simulation lasts 800 s, among which the first 200 s are
emoved in the analysis to avoid start-up transients. For the LWT in
he turbulent wind cases and for the FWT in all cases, 20 simulations
ith random seed numbers were conducted to reduce the statistical
ncertainties in the time-domain simulations.

. Results and discussion

In this section, the simulation results of the turbine models incor-
orating the hydraulic system are presented. The statistical data of the
urbulent cases are based on an average of 20 simulations. The results
o not include the mechanical efficiency of the pump or motor. Neither
he efficiency of the generator nor that of the power electronics was
ncluded when calculating the generator power.

.1. Land-based wind turbine

Figs. 8–9 show the time series of the hydraulic turbine at represen-
ative wind speeds under constant and turbulent wind conditions. The
urbulent-wind cases shown have high turbulence levels, corresponding
o WTC A. Therefore, the hub-height wind speed varies significantly
round the mean value. The numerical simulations are stable both
elow and above the rated wind speed. The hydraulic torque, 𝑇𝑡 is
onnected at 150 s in the simulations, but only the part from 200 s
s presented in the figures. Under constant wind conditions, all re-
ponse variables approach constant values soon after the connection
f the hydraulic torque, indicating that the current hydraulic system
s suitable for the turbine system. As shown in Fig. 9(a), the flow rate
hrough the hydraulic pump reaches approximately 0.25 m3∕s, and the
orresponding pump pressure is 209 bar. The ratios between the main-
haft torque and the generator torque are 95.1, 96.1, 96.4, 96.6, 96.6,
6.6 and 96.6 at constant wind speeds of 6, 8, 10, 11.4, 14, 18 and
2 m/s. Because the torque–speed relation of the generator remains the
ame as the one for the NREL 5 MW baseline turbine, these values are
lose to the original gear ratio of 97. If other generator characteristics
re applied, we may observe different ratios.

At 𝑈ℎ𝑢𝑏=8 m/s, the blade pitch angle is zero, and a constant rotor
peed is only reached by balancing 𝑇𝑡 with the external aerodynamic
orque. At 𝑈ℎ𝑢𝑏=18 m/s, the average blade pitch angle increases to
pproximately 13.7◦ to limit the power. The effective blade pitch
ontrol above the rated wind speed reduces the fluctuations in all
nvestigated variables except the main-shaft torque, which also has
arge fluctuations at 𝑈ℎ𝑢𝑏=18 m/s. Above the rated wind speed, the
xternal aerodynamic torque still experiences large variations because
f the turbulence, and the main-shaft torque provided by the hydraulic
ystem must vary accordingly to counteract the aerodynamic torque.
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Table 2
Environmental conditions for the wind turbines.
EC FWT LWT

𝑈ℎ𝑢𝑏 (m/s) 𝐻𝑠 (m) 𝑇𝑝 (s) 𝑇 𝐼 𝑈ℎ𝑢𝑏 (m/s) 𝑇 𝐼

1 6.0 1.91 11.74 0, 0.2, 0.27 6.0 0, 0.2, 0.27
2 8.0 2.11 11.45 0, 0.17, 0.23 8.0 0, 0.17, 0.23
3 10.0 2.36 11.23 0, 0.16, 0.21 10.0 0, 0.16, 0.21
4 11.4 2.57 11.12 0, 0.15, 0.2 11.4 0, 0.15, 0.2
5 14.0 3.00 10.99 0, 0.14, 0.18 14.0 0, 0.14, 0.18
6 18.0 3.80 10.97 0, 0.13, 0.17 18.0 0, 0.13, 0.17
7 22.0 4.77 11.10 0, 0.12, 0.16 22.0 0, 0.12, 0.16
Table 3
General information about the selected European offshore site [43].
Site No. Area name Geo-coordinates Water depth (m) Distance to shore (km)

14 North Sea Norway 5 61.85N, 4.23E 202 30
Fig. 8. Response time series of the land-based wind turbine under various wind conditions: (a) wind speed, (b) rotor speed, (c) shaft torque, and (d) generator torque.
The irregular variations in the responses (Figs. 8(c)–8(d)) of a hydraulic
wind turbine are expected under turbulent wind conditions, as ob-
served in [13]. Consequently, the rotor speed has limited accelerations,
and the generator power has comparatively small deviations from the
steady-state values.

Fig. 10 compares the mean values of the responses under vari-
ous wind conditions. Wind turbulence does not appear to affect the
mean values in most responses below or above the rated wind speed.
However, compared to constant wind conditions, the high and low
turbulence levels tend to increase the average blade pitch angle near
the rated wind speed of 𝑈 =11.4 m/s, reducing the generator power
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ℎ𝑢𝑏
by approximately 8% and 6% in WTC C and WTC A, respectively. As
shown in Fig. 10(b), the thrust also has an appreciable decrease near
the rated wind speed when the condition is changed from constant to
turbulent wind. WTC A causes the lowest peak in the thrust. In contrast,
the effect of the turbulent wind on the mean values of the generator
speed and the pump flow rate falls below 1% across the wind speeds.

Table 4 presents the response statistics under selected wind condi-
tions, each value calculated based on an average of twenty 600-second
simulations. As shown, at 𝑈ℎ𝑢𝑏=8 m/s, the standard deviations of
variables other than the blade pitch angle exceed those at 𝑈ℎ𝑢𝑏=18 m/s.
For the generator power, the standard deviation under the condition
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Fig. 9. Response time series of the land-based wind turbine under various wind conditions: (a) pump flow rate, (b) collective blade pitch, (c) generator speed, and (d) generator
power.
of WTC A and 𝑈ℎ𝑢𝑏=8 m/s amounts to approximately 35% of the
mean power. When 𝑈ℎ𝑢𝑏 is increased to 18 m/s, the standard deviation
is reduced to approximately 2% of the mean power. The standard
deviation of the pump flow rate is also limited when the wind speed
is above the rated speed, varying between 1%–3% of the mean value.
The pump pressure experiences relatively wider range of variation, and
the standard deviation can exceed 20% of the mean value. We find that
larger standard deviations are always associated with higher turbulence
intensities in the wind. When the wind turbulence rises from WTC
C to WTC A, the average increase in the standard deviation of the
thrust, rotor speed, pump flow rate and tower-bottom fore-aft bending
moment lies between 26%–29% across different mean wind speeds; for
the generator torque, generator speed, pump pressure and generator
power, the increase can exceed 30%. Stronger wind turbulence is also
connected to larger response maxima and to smaller minima. We focus
on the maxima here. When the wind condition is changed from WTC C
to WTC A, the maxima of the thrust and tower-bottom bending moment
increase by approximately 10%. These responses are directly affected
by aerodynamic excitation, and the increases have small differences
between the below-rated and above-rated wind speeds. The generator
power, rotor speed, generator speed, and pump flow rate are influenced
by the blade pitch control above the rated wind speed. The average
increase in the maxima of the rotor speed, generator speed, and pump
flow rate below the rated wind speed is between 3%–4%, but for the
generator power and pump pressure, the average increase ranges from
16%–19%.
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5.2. Floating wind turbine

With the identical hydraulic system but with a different control
strategy, the spar FWT displays interesting response characteristics dur-
ing operation. Figs. 11–12 demonstrate one realization of the response
time series at the rated wind speed. Here, we discuss the responses
under constant and turbulent wind conditions in sequence.

Under constant wind conditions, although the wind speed from the
field remains fixed, there is still a variation in the incoming wind
on the rotor because of the platform motions induced by irregular
waves. Therefore, unlike the LWT, the FWT does not have steady-state
responses, and the rotor speed and main-shaft torque appear to have
more fluctuations when the wave elevation is high. The generator speed
varies within an average range of +3.10% to −3.95% of the mean
generator speed in response to the constant wind speeds. This small
amount of variation propagates to the generator torque and causes
more fluctuation in the generator power. As shown in Fig. 12(a), the
pump flow rate is comparatively stable at 𝑈ℎ𝑢𝑏=11.4 m/s and 𝑇 𝐼=0,
the maximum and minimum being within 8% of the mean value.
The blade pitch angle fluctuates around a mean angle of 1.54◦, with
the maximum obtaining 3.8◦ in this simulation, indicating the minor
degree of velocity excursion caused by the platform motion. Because
the wave direction is aligned with the wind direction, the platform-roll
motion is very limited under constant wind conditions. The platform-
pitch motion varies around a positive mean, corresponding to the
clockwise rotation about the 𝑥-axis in Fig. 6. This positive mean arises
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Fig. 10. Statistical means of the land-based wind turbine in ECs 1–5 (each point is obtained by averaging 20 simulations): (a) generator power, (b) thrust, (c) generator speed,
and (d) flow rate.
Table 4
Response statistics under turbulent wind conditions, LWT (each value based on an average of 20 simulations).
Variable EC Std Max Min

WTC A WTC C WTC A WTC C WTC A WTC C

Generator power (kW) 2 694.2 499.4 4171.6 3250.9 915.4 1085.3
6 106.6 82.0 5474.7 5404.3 4851.9 4922.6

Generator torque (kN m) 2 5170.4 3769.8 36445.1 29799.0 10887.0 12743.4
6 871.6 668.3 45686.3 45055.2 40746.4 41262.8

Thrust (kN) 2 99.3 74.1 694.6 602.9 188.0 229.8
6 93.3 71.2 694.0 602.6 63.1 129.0

Rotor speed (rad/s) 2 0.09 0.07 1.23 1.16 0.84 0.86
6 0.03 0.02 1.35 1.33 1.18 1.20

Generator speed (rad/s) 2 8.55 6.57 114.95 109.56 81.97 83.70
6 3.73 2.87 129.52 127.30 110.27 112.44

Blade pitch angle (deg) 2 0.04 0 0.67 0 0 0
6 2.67 2.03 19.41 18.18 6.37 8.47

Pump flow rate (m3∕s) 2 0.018 0.014 0.242 0.229 0.168 0.172
6 0.005 0.004 0.267 0.263 0.233 0.237

Pump pressure (bar) 2 32.36 23.77 198.75 168.01 34.60 48.66
6 42.21 32.56 319.98 294.23 99.57 124.75

Tower-base 𝑀𝑥 (kN m) 2 10017.4 7465.2 65050.3 56094.0 6961.4 13416.46
6 9812.6 7478.6 69900.2 60139.7 997.6 8418.9
t
b

rimarily from the rotor thrust and reaches a maximum at approxi-
ately the rated wind speed. The platform-surge motion is subjected

o the combined effects of wave loads, mooring line tension, and rotor
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f

hrust. In addition to the positive mean, the surge natural period can
e clearly observed in the cyclic variations. There are approximately
our surge cycles in the time series.
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Fig. 11. Response time series of the floating wind turbine at the rated wind speed and under an irregular wave condition (EC4): (a) wind speed, (b) wave elevation, (c) rotor
speed, (d) shaft torque, (e) generator speed, and (f) generator torque.
As presented in Fig. 11(a), under a turbulent wind condition with
𝑇 𝐼 corresponding to WTC A, the hub-height wind speed frequently
crosses the solid line during the simulation time, calling for active blade
pitch control. Motion of the spar platform increases the variation in the
wind loads on the rotor, and the response variables in turbulent wind
have considerable variations. In Fig. 11(c), the varying rotor speed
trend follows that of the hub-height wind speed. Because of the reduced
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controller frequency, the blade pitch controller of the FWT becomes
less respondent to the rotor overspeed. At approximately 680 s, the
maximum rotor speed reaches 1.4 rad/s, approximately 10% larger
than the rated rotor speed. Consequently, a large generator speed also
appears at this moment. The flow rate in the hydraulic pump has
an evident drop when the wind speed is in the below-rated region
from approximately 350 to 500 s (Fig. 12(a)). Because the hydraulic
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Fig. 12. Response time series of the floating wind turbine at the rated wind speed and under an irregular wave condition (EC4): (a) flow rate, (b) collective blade pitch, (c)
generator power, (d) platform-roll motion, (e) platform-pitch motion, and (f) platform-surge motion.
system acts as the medium that transfers energy from the rotor side
to the generator side, the dynamics of the pump pressure and flow
rate are easily affected by a change in external loads. The dash dotted
line in Fig. 12(b) illustrates the variation in the blade pitch angle
under turbulent wind conditions. Near 700 s, the maximum pitch angle
exceeds 8◦ in response to the rotor overspeed. Compared with the LWT,
the FWT has larger fluctuations and reduced power quality. There is
an evident increase in oscillations in platform-roll, -pitch, and -surge
motions under turbulent wind conditions compared to under constant
618
wind conditions, as shown in Figs. 12(d)–12(f). For roll motion, the
dominant roll natural period can be clearly observed. Comparing the
platform-pitch motion responses under the two wind conditions, we
find that under the turbulent wind condition, the platform pitch still
varies at approximately a positive mean value of 4◦, but the fluctuation
appears to be more significant between 620 and 780 s. This observation
is primarily due to the increase in blade pitch angle during this period.
The rotor thrust contributes considerably to the platform pitch, and a
large increase in blade pitch angle causes a reduction in the thrust at the
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Fig. 13. Statistical means of the floating wind turbine in ECs 1–5 (each point is obtained by averaging 20 simulations): (a) generator power, (b) thrust, (c) generator speed, (d)
pump flow rate, (e) platform-pitch motion, and (f) platform-surge motion.
tower top. This reduction changes the platform pitch. Similarly, in this
period, the platform surge experiences a decrease in magnitude because
of the blade pitch maneuver. Despite the increased oscillations in the
motion response, the surge natural period can still be found.

Mean values of selected responses of the FWT under various wind
and wave conditions are shown in Fig. 13. Here, we regard the mean
values under constant wind conditions as the reference. Among the
investigated response variables, the pump flow rate, rotor speed, and
generator speed are the least affected by the wind conditions. For
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any wind speed, the response differences between the reference and
WTC C or WTC A are below 2% and 4%, respectively. The thrust,
tower-bottom bending moment, platform-pitch motion, and platform-
surge motion are more affected by wind conditions, especially near the
rated wind speed: under WTC A, the reductions in these variables are
approximately 15%; under WTC C, the reductions are approximately
5%. At the rated wind speed, WTC A and WTC C tend to increase
the mean blade pitch angle. As a result, the mean generator power is
reduced by 6.5% and 4.7%, respectively.
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Fig. 14. Response spectra of platform motions, based on twenty 10-min simulations (EC6, 𝑈ℎ𝑢𝑏=18 m/s, 𝐻𝑠=3.6 m/s, 𝑇𝑝=11.0 s): (a) platform-surge motion, (b) platform-pitch
motion, (c) platform-roll motion, and (d) platform-heave motion.
Although turbulent wind appears to have limited impact on the
mean values of the responses of the FWT, the performance of the
hydraulic turbine should be further evaluated by investigating other
response statistics. We summarize the results of two representative
environmental conditions in Table 5. EC 2 and EC 6 correspond to
the hub-height wind speeds of 8 and 18 m/s, respectively. Despite the
blade-pitch control, the standard deviations of the thrust, generator
speed, tower-bottom fore-aft bending moment and platform motions
are larger in EC6 than in EC2. This observation may be explained by the
following reasons. First, the FWT has larger wave-induced motions in
EC6 than in EC2. Second, the control strategy of the spar wind turbine
above the rated wind speed leads to reduced blade-pitch activity and
relatively large rotor and generator speed excursions. It can be observed
that the minima of the thrust, tower-bottom bending moment, and
platform-pitch motion have negative values in WTC A. This observation
is expected for the spar FWT, especially in those cases with larger waves
and stronger turbulence. In such a case, a negative tower-bottom fore-
aft bending moment may be created if the rotor experiences a decrease
in thrust in the positive 𝑦 direction (Fig. 6).

Using Eqs. (21)–(22), Table 6 provides a comparison of the turbines
under two turbulence intensity levels. For the FWT, WTC A causes
an approximately 20% increase in the standard deviations of most
variables. For the LWT, the increases can exceed 30%. This reduced
effect on the FWT is due to the wave loads and platform motions. The
effect on most extreme responses is limited for both turbines because of
operational control. For both turbines, significant relative differences
in the minima of the thrust and tower-bottom bending moment exist
620
because of the negative response values under WTC A. The absolute
values of these minima are small compared to those of the maxima.

𝑅𝑒𝑙_𝑑𝑖𝑓𝑓 (𝐸𝐶𝑖) =
𝑉 𝑎𝑟(𝑊 𝑇𝐶 𝐴,𝐸𝐶𝑖) − 𝑉 𝑎𝑟(𝑊 𝑇𝐶 𝐶,𝐸𝐶𝑖)

𝑉 𝑎𝑟(𝑊 𝑇𝐶 𝐶,𝐸𝐶𝑖)
× 100% , 𝑖 = 1, 2..., 7

(21)

𝑅𝑒𝑙_𝑑𝑖𝑓𝑓 _𝑎𝑣𝑒𝑟𝑔 = 1∕7
7
∑

𝑖=1
𝑅𝑒𝑙_𝑑𝑖𝑓𝑓 (𝐸𝐶𝑖) (22)

Fig. 14 shows the response spectra of the hydraulic FWT for the
platform-surge, -pitch, -roll, and -heave motions under different wind
conditions. Under constant wind and irregular wave conditions, the
platform-pitch, -surge and -heave spectra are dominated by the wave-
frequency response. Because the wind and waves are codirectional
and normal to the rotor plane, the wave-induced contribution to the
spectrum of the roll response is negligible. When the constant wind
condition is changed to the turbulent wind condition, there are domi-
nant contributions from the platform resonant responses in the spectra.
Fig. 14(a) appears smoother than Figure 17 of [44]. This is because the
spectral density function has been calculated using a Parzen window
function on the estimated autocorrelation function. The effect of wind
turbulence is also included in the low-frequency part. As indicated by
Table 5, WTC A causes higher standard deviations than does WTC C in
all responses. Accordingly, larger motion resonant peaks are associated
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Table 5
Response statistics under turbulent wind and irregular wave conditions, FWT (each value based on an average of 20 simulations).
Variable EC Std Max Min

WTC A WTC C WTC A WTC C WTC A WTC C

Generator power (kW) 2 774.87 595.92 4644.81 3909.40 388.26 464.76
6 215.22 188.23 5794.37 5737.32 4395.82 4570.33

Generator torque (kN m) 2 6.51 5.31 41.73 37.44 4.39 5.19
6 2.97 2.52 47.40 47.40 35.05 36.77

Thrust (kN) 2 103.61 82.31 735.46 663.10 172.59 204.62
6 123.10 95.95 810.99 702.73 −13.85 63.59

Rotor speed (rad/s) 2 0.11 0.09 1.30 1.25 0.76 0.77
6 0.10 0.08 1.55 1.50 1.00 1.05

Generator speed (rad/s) 2 8.53 6.69 115.45 110.60 79.36 81.00
6 10.26 7.98 145.97 139.77 97.71 102.07

Blade pitch angle (deg) 2 0.08 0.01 1.04 0.22 0 0
6 2.49 1.88 18.13 17.27 6.53 8.69

Pump flow rate (m3∕s) 2 0.021 0.018 0.257 0.246 0.150 0.152
6 0.020 0.016 0.307 0.296 0.196 0.206

Pump pressure (bar) 2 68.02 63.85 288.71 272.78 14.06 19.40
6 66.12 54.67 414.20 377.25 40.51 68.23

Tower-base 𝑀𝑥 (kN m) 2 18969.4 15433.3 113086.8 100989.3 −4306.6 2836.2
6 26789.7 22761.1 138274.3 124418.9 −38428.0 −27999.6

Platform-pitch motion (deg) 2 0.71 0.54 4.55 4.12 1.20 1.47
6 1.21 0.94 5.66 4.97 −0.89 −0.13

Platform-surge motion (m) 2 5.01 3.87 30.01 27.12 9.38 10.83
6 5.03 4.03 29.60 26.87 4.30 6.61
Table 6
Average relative difference (Eq. (22)) of the response statistics of the turbines between conditions WTC A and WTC C (each value based on an
average of all ECs).
Variable LWT FWT

Std (%) Max (%) Min (%) Std (%) Max (%) Min (%)

Generator power 38.26 7.54 −9.45 20.62 5.21 −9.69
Generator torque 36.06 5.94 −8.20 17.06 3.17 −7.54
Thrust 26.49 9.82 −39.03 23.46 10.03 −93.94
Rotor speed 28.36 2.17 −2.26 19.73 3.10 −3.09
Generator speed 31.35 2.30 −2.31 27.72 3.63 −3.33
Pump flow rate 27.94 2.13 −2.23 19.84 3.12 −3.23
Pump pressure 27.92 10.58 −23.41 12.88 7.28 −43.23
Tower-bottom fore-aft moment 26.73 11.25 −291.53 18.31 10.36 −37.19
with WTC A. It should be noted that, in the response spectra, the wave-
induced part is not affected by wind conditions. A similar observation
has been reported on a parked spar FWT [45].

For both the spar FWT and the LWT with the hydraulic transmis-
sion, statistical quantities of the power production are similar to those
of the corresponding wind turbines with gear transmission. Fig. 15
demonstrates a comparison of hydraulic transmission versus gear trans-
mission wind turbines under varying wind speeds with WTC A. Under
the turbulent wind conditions, the percentage differences in the average
generator power between the hydraulic and the gear transmissions is
less than 2.5% for the LWT and less than 4% for the FWT. A possible
cause for such differences is the time delay from aerodynamic torque to
the development of pressure in the hydraulic system [13]. To improve
the power generation quality of the hydraulic wind turbines, advanced
blade pitch control and safety valve control can be considered.

6. Conclusions

We address the dynamic response of wind turbines with a hydraulic
transmission system in this study. A utility-scale spar floating wind
turbine and a land-based wind turbine are considered. The hydraulic
system, expressed as ordinary differential equations, is coupled to the
HAWC2 main program through an external dynamic link library. The
parameters of the hydraulic pump, motor, and generator are adopted
from publicly available literature. Integrated analysis of the system
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behavior has been performed under various wind and wave conditions.
Based on the study, the following conclusions can be made:

∙ With the current hydraulic system, both the spar floating wind
turbine and the land-based wind turbine have decent perfor-
mances under various environmental conditions. The dynamic
response results show that the power performance of the hy-
draulic turbines is similar to that of conventional wind turbines
with gear transmission.

∙ For the land-based wind turbine, the hydraulic system provides
a torque that balances the external aerodynamic torque under
constant wind conditions, and all response variables reach a
steady state. Turbulent wind conditions have small effects on the
response mean values: the generator power and thrust are most
affected near the rated wind speed, whereas the generator speed
and pump flow rate are not. Stronger turbulence is associated
with larger response standard deviations, which may exceed 30%
in Wind Turbine Class A. Because of the blade pitch control, the
response standard deviations are reduced above the rated wind
speed compared to below the rated wind speed.

∙ For the spar floating wind turbine and under constant wind
conditions, wave forces create platform motions and affect the
incoming wind on the rotor. Consequently, the floating wind tur-
bine does not exhibit steady-state responses, and the fluctuations
in the responses tend to increase in larger waves. Turbulence has

limited impact on the response mean values of the floating wind
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Fig. 15. Comparison of generator power between hydraulic and gear transmissions under WTC A: (a) land-based wind turbine (b) spar floating wind turbine; each mean and
standard deviation is obtained based on an average of 20 simulations.
turbine, but a higher turbulence level causes greater standard
deviations in the responses. These observations correspond well
with the land-based wind turbine, although a reduced effect of
turbulence on the response standard deviations exists for the
floating wind turbine. In contrast to the land-based wind turbine,
the spar floating wind turbine could have higher standard de-
viations above the rated wind speed. The resonant parts in the
motion response spectra of the floating platform are also sensitive
to wind conditions.

7. Future work

The present study focuses on the feasibility of simulating wind
turbines with hydraulic systems under operational conditions. Further
work is needed to optimize the wind turbine structure and to assess the
lifecycle costs of the hydraulic wind energy systems. The assumptions of
laminar flow and rigid pipelines are made when the pipeline dynamics
is modeled. In reality, the pipelines can have flexibility and more
complicated structural dynamics and reliability issues can arise during
motions of a floating wind turbine. These issues can be addressed in
future.
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