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The experimental testing of a Tension Leg Platform (TLP) floating wind turbine at 1:60 scale in wind and
waves with a pitch-regulated 10 MW wind turbine is presented. The floating wind turbine was tested
with three different control configurations: two closed-loop controllers and one open-loop controller.
The experimental setup and program is described in this paper, and system identification and the re-
sponses of the floater to hydrodynamic loading are analysed and compared for the different control

strategies. It was observed that negative aerodynamic damping for the onshore controller resulted in
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high oscillations in blade pitch, yielding an increased response in surge for all wave types. It was also
observed that the surge motion governed the mooring line tensions, thus the onshore controller yielded
the highest tensions in the front mooring line. Further the shutdown cases of the offshore controller led
to larger surge displacement when the shutdown was initialized right before the wave impact.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

European Union (EU) made a plan to meet 20% energy con-
sumption from renewable energy source by 2020 in 2006 [1]. A
new target of at least 27% of EU’s energy consumption from
renewable energy by 2030 has been agreed in 2014. In order to
meet the target the share of renewable energy in the electricity
would increase from 21 persent to 45 persent by 2030 [2]. The
considered renewable sources are wind, solar, wave, tidal, hydro,
geothermal, biomass, etc. Among them wind energy has become
the most promising renewable energy source. The global wind
energy installed capacity reached 591 GW in 2018 and in total
51.3 GW of new wind farm capacity was installed in 2018, where
4.49 GW, which is approximately 20% of growth rate, was covered
by offshore wind energy. Especially in Europe in total 409 new
offshore wind turbines were connected to the grid in 2018 and has
approximately 18.5 GW installed capacity in the offshore sector [3].

* Corresponding author. DTU Wind Energy, Kgs. Lyngby, Denmark.
E-mail address: tkim@dtu.dk (T. Kim).
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The next step of offshore wind energy will be DEEP WATER, i.e.
water depths greater than 50 m, meaning that floating wind tur-
bine concepts must be developed. In response to this challenge the
first commercial floating wind farm, Hywind Scotland Pilot Park,
has been successfully installed and operated since 2017. Here the
Hywind type spar buoy floater is applied with a 6 MW SWT-6.0-154
wind turbine. However, the technology is still at early stage to
achieve commercial and large-scale deployment. It requires the
technological breakthroughs from wind turbines, control system,
foundations, mooring and anchors, electrical infrastructures, in-
stallations, O&M, design standard, design tools, etc. [4,5].

There are large efforts to reduce risks of technology challenges
and to identify innovations through the Floating Wind Joint In-
dustry Project which is a collaborative R&D project. From this
project, the knowledge of the key technology challenges and
innovation needs for electrical systems, mooring systems, infra-
structure and logistics are investigated [6]. Additionally, the second
phase of the project, which aims to build knowledge on wind tur-
bine requirements, foundation scaling, installation and mainte-
nance, monitoring and inspection, is on-going. Furthermore,
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research on developing floating wind turbine system design tools
has been conducted and the developed numerical design tools are
verified against other numerical results [7,8]. Since floating wind
turbine concepts are in the prototype stage there are not enough
experimental data to use for code validations. Recently, few
experimental studies with small scale floating wind turbine con-
cepts have been performed [9—11]. Only few experimental tests
considered matching the aerodynamic thrust and controlling blade
pitch on the rotor. From Ref. [9,11] it is clearly seen how different
controller settings affect the floating wind turbine responses. DTU
also demonstrated small scaled floating wind turbine basin tests
with different types of floater designs and blade pitch control
[12—15].

This paper extended the one of previous DTU experimental test
performed by Hansen and Laugesen [16] by including a newly
designed TLP floater and active blade pitch control. The small scale
experimental tests are challenging, because of contrasting physical
scaling laws for aerodynamic and hydrodynamic loads. In addition,
the reproduced environmental conditions will have an impact on
the relevant dynamics and loading captured in the laboratory tests.
In this paper a 1:60 scaled DTUIOMW Reference Wind Turbine
model, where the rotor was redesigned to deliver the right Froude
scaled thrust at the low Reynolds number [17], is applied with the
basic DTU Wind Energy controller [18]. The main purpose of this
test campaign is to understand dynamic responses governed by
wave, aerodynamics, and control system. Moreover, the test results
are able to be used to validate numerical tools for a floating wind
turbine system design. Therefore the tests are conducted to
establish a data set in a number of wave climates such as regular,
irregular, and focused wave groups, both with and without wind.
Additionally, emergency shutdown events with extreme wave
condition, focused wave, were tested to analyse large surge effects
condition driven by controller.

In the following the experimental setup during the test
campaign will be described followed by a section on how the DTU
Wind Energy controller was implemented. Next a validation of
wind and waves, together with test and corrections on the per-
formance of rotor thrust and decay tests are presented. Selected
results highlighting the difference in behaviour of the floating wind
turbine is shown based on three controller versions. This will be
treated in both regular, irregular and focused waves, where the
latter includes shutdown cases of the turbine.

2. Model concept

The TLP concept, developed by Korea Institute of Energy
Research (KIER), consists of a floater body with a slender transition
piece connecting the tower base to the floater body. Three outgoing
spokes are mounted on the floater body, where the taunt mooring
lines are attached. The stability of the concept is achieved through
the excess buoyancy of the platform, thus the tension in the
mooring lines. Fig. 1 shows the model-scaled floating wind turbine.

2.1. The 1:60 scale physical model

A full scale TLP was designed by KIER based on the Ultimate
Limit State (ULS) loads on the DTU 10 MW Reference Wind Turbine
(RWT) at the tower base. A 1:60 scaled model of the TLP concept
was then developed based on the full-scale design to support the
scaled DTU 10 MW Reference Wind Turbine (RWT) [19] for the
experimental campaign [20].

As in the previous test campaigns ([14,21]), the Froude scaling
law, with a geometric scaling ratio of 1:60, was applied to create the
physical scaled model, following the work of [10,22]. It is known
that the surface waves are primarily governed by the Froude

Surge

Fig. 1. The TLP floating wind turbine concept. (a): the full TLP floating wind turbine
model. (b): the global coordinate system and degrees of freedom of the floating wind
turbine.

number, Fr, and hence it is common practice to preserve this
number in model tests of offshore structures and floating bodies.

The key parameters of the DTU 10 MW RWT, as described in
Ref. [19], were Froude-scaled with the length scale ratio of Sr = 60.
It introduces a significant issue that a geometrical scaling of the
rotor will not give the correct aerodynamic performance of the
blades due to the large dissimilitude in Reynolds number, Re, since
the rotor aerodynamics are mainly governed by Re. This will lead to
a reduction in the aerodynamic thrust and mechanical power,
where especially the first is of great importance for the overall
dynamics of the floating wind turbine. Hence, the rotor was rede-
signed in model scale using a steady thrust-matched rotor design,
in order to deliver the right thrust at the low Re. Moreover effort
was put into matching the tip speed ratio correctly and scaling the
mass of the blades. The work of designing the thrust-matched
blades is described in Ref. [17] and is characterized by an increase
in chord length of 75% to achieve the needed lift at the low Re. This
scaled rotor is identical to the one applied in previous campaigns
([14,21]) and the manufacturing process is described in Ref. [16].

The hub and nacelle of the scaled wind turbine model is much
more simple in its composition compared to full scale, as the
number of components is reduced significantly. The main functions
of the hub and nacelle are to contain the motors, for control torque
and blade pitch, whilst limiting the model weight, since the Froude
scaling impose strong limitations on the allowable structural mass
in model scale. Two JVL MAC050 servomotors were used, one for
torque control and one for blade pitch control. More details about
the nacelle and hub system are described in Ref. [14].

Tables 1 and 2 provide the main properties of the model scaled
system. The corresponding full scale values of the model di-
mensions and masses can be obtained by multiplying the model
scale values with the scaling factors ;’iSr and %Sﬁ respectively,
driven by the Froude scaling method, where pp and p;, are the water
densities in full and model scale respectively. The details on the
scaling method are described in Refs. [22]. The mooring lines used
in this study were Dyneema® fiber ropes with diameter of 2.2 mm
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Table 1

The scaled TLP wind turbine masses.
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Element Symbol Model scale value
Nacelle + hub mass Mpacelle + Mpup 2.896 kg

Blade mass Mplade 0.200 kg

Tower mass Miower 2.250 kg
Transition piece mass Myrans,dry 2.400 kg

Floater mass Mpoat 9.900 kg

Spoke mass Mgpore 1.400 kg

Total model mass Mot 22.246 kg

and breaking load of around 990 kg, due to the high tensile strength
to weight ratio. The stiffness of the mooring lines was measured to
be EAmoor = 97.86-103 N,

3. Experimental setup

The experimental campaigns were carried out at DHI in a large
30 m x 20 m basin with a water depth of 3 m. Fig. 2 shows a top
view of the basin, which also illustrates the experimental setup. For
consistency the setup was chosen to follow the setup of previous
test campaigns ([14,21]). The wave basin consists of 60 individual
wave paddles, a, installed on the front side of the basin which
enable creation of unidirectional waves, misaligned waves and
directionally spread waves. In the opposite end of the wave paddles
a passive parabolic wave absorber, c, is placed which minimizes the
reflection of the waves. Furthermore a foam is placed along the
sides of the basin, in order to reduce the transversal reflection of the
waves. The floater, g, was installed 4 m from the wave paddles.

An open jet wind generator, b, with an outlet area of 4 mx 4 m
was placed on the front side above the wave makers. It consists of
six identical units with a fan in each that blows air laterally into a
chamber, then guide vanes turns the flow 90° into the main wave
direction. More details on the wind generator design can be found
in Ref. [14,21].

Multiple sensors were installed on the wind turbine and all the
signals were captured by a data acquisition device, d, which was
situated on the control bridge, f, from where the experiments were

Table 2
The scaled TLP wind turbine dimensions.
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Fig. 2. Top view of the wave basin and the experimental setup.

controlled and monitored. Wave gauges (WG) were placed in the
water to measure the wave elevation at eleven different locations in
the basin, as shown in Fig. 2.

The six degrees of freedom floater motion was measured with a
motion tracking system, Qualisys, which is a setup consisting of two
cameras, e, and tracking markers rigidly mounted at the tower
bottom point. The inline and lateral shear force were measured
using a shear force gauge installed between the nacelle and the
tower top. In addition the inline and transverse acceleration in the
nacelle were logged with two one degree of freedom accelerome-
ters. The torque of the shaft servo motor governing the rotational
speed was logged, together with the rotational speed of the shaft
and the collective blade pitch.

Lastly a foundation to anchor the mooring lines was fixed on the
basin bottom by the use of concrete blocks and lead bars which do
not affect the wave motions during the experiments since the deep-
water waves do not reach the basin bottom. Force gauges were
installed at the fairlead connection to measure the mooring line
tensions.

Dimension Symbol Model scale value
Foundation

Floater diameter Dpoar 500 mm
Floater height hfioat 200 mm
Floater thickness toat 5 mm
Transition piece diameter Dtrans 138 mm
Transition piece height Rtrans 300 mm
Transition piece thickness ttrans 5 mm

Spoke root area Wi spoke * P spoke 100 mm-133 mm
Spoke tip area W spoke "t spoke 50 mm-42 mm
Spoke length Lspoke 500 mm

Spoke thickness 5 mm

Mooring lines

Fairlead position from root of spoke Iy 450 mm
Mooring line diameter Dmoor 2.2 mm

Water depth h 3000 mm

Hub

Rotor diameter Drotor 2972 mm
Blade length Iplade 1440 mm

Hub height 0. MWL hhup 1870 mm
Tower

Tower diameter Drower 80 mm

Tower height heower 1682 mm

Tower thickness

trower 3 mm
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An overview of the sensors used in the test campaign is pro-
vided in Fig. 3. More information about the calibration process as
well as logging system and hardware setup can be found in
Ref. [20].

All the signals, except those of the wind turbine motors, were
analogue signals that were fed into a data acquisition system and
logged with a frequency of 160 Hz. The signals coming from the two
servo motors were digital signals and logged/controlled at 50 Hz.

Four different environmental conditions (ECs) were considered
for the experimental studies: one for below rated wind speed, one
for around rated wind speed, one for above the rated wind speed,
and one for extreme wind condition. The selected conditions are
shown in Table 3 and were a subset of the full environmental
conditions introduced by Ref. [21]. However, due to a limitation on
the maximum rotational speed of the wind generator fans, a
maximum mean wind speed of 2.2 m/s at the turbine position could
be achieved. Thus the scaled wind speed for EC6 and EC8 in Table 3
was reduced to 2.2 m/s.

4. Control

The implementation of control systems to the experimental
model required the development of an interface between the two
servo motors on the model turbine and the dynamic-link library
(DLL) of the controller itself. The control implementation is a
further development from the one utilized in Ref. [ 14]. The interface
consisted of (1) a PC, hosting the user-interface which allowed for
real time interaction with the controller, i.e. shutdown and logging
data, (2) a National Instruments (NI) MyRIO connected to the two

Shaft torque

Rotor speed )
Collective blade pitch

NWANWARWL

2x1DOF
accelerometers (x,y)

g

St

6 DOF floater motion

Mooring gauge 2 T

t

Fig. 3. The floating wind turbine instrumentation. DOF: degree of freedom.

servo motors, running the controller code in real-time, and (3) two
NI DAQs were used to simultaneously log signals from the equip-
ment shown in Fig. 3. The latter allowed for synchronisation of the
motion data with the operational parameters of the controller.

The implemented controller resembled the Basic DTU Wind
Energy controller [18], although it only included the option of start-
up and shutdowns along with control in the partial and full load
region. Detailed mathematical formulations about the controller
can be found in Ref. [18]. In addition, it should be noted that the
main point of the tuning process in this paper was to match the
scaled thrust curve rather than to match the scaled torque since the
dynamic behaviors of the scaled floating wind turbine with
different controllers were the most interesting phenomena to un-
derstand in this paper.

The objective for control in the partial load region is to maxi-
mize the generated power meaning that the turbine should operate
at maximum value of the power coefficient, Cp. This is achieved by
keeping the blade pitch setting and Tip Speed Ratio, TSR = Rw/v
where R is the blade radius, w is the rotational speed, and v is the
wind speed. The partial controller thus adjusts the generator torque
based on the rotational speed. This type of controller is well known
and is called a K — w controller where 0.0089 (Nm/(rad/s)?) of the
optimum K value is used both for on- and offshore controller. The
partial controller flowchart can be found in Fig. 4a.

The full load controller on the other hand has the objective to
keep the rotational speed and generated power at their respective
rated values. This is done by adjusting the collective pitch angle of
the blades in response to errors in rotational speed based on a PI
controller. The gains of the PI controller are scheduled based on
changes in the pitch angle to compensate for variations in the
operating point of the wind turbine. The flowchart of full load
controller is shown in Fig. 4b. Full details of the controller is given in
Ref. [18].

Two different closed-loop controllers were tested for the scaled
floating wind turbine. The first controller was for a typical onshore
turbine. It was tuned by pole-placement technique. The second one
is for a floating wind turbine. The onshore controller is tuned such
that control actions do not excite the natural frequencies of the
structure where the integral and proportional gains were 0.1 (Nm/
rad) and 0.28 (Nm/(rad/s)), respectively. For the floating wind tur-
bine controller, the task is more challenging than the onshore wind
turbine as the frequencies of the moving platform must be taken
into account. The natural frequencies of the platform motion are
very low therefore the tuning of the controller was adjusted in
order to avoid instability where the integral and proportional gains
were 0.02 (Nm/rad) and 0.07 (Nm/(rad/s)), respectively.

Instability for the platform motion, often referred to as ‘negative
damping’ [23], can occur when the blade pitch controller is acting
at one of the low frequency platform modes. As the platform moves
forward, the rotor experiences a stronger apparent wind speed and
increases the blade pitch. This reduces thrust and the forward
motion is slightly amplified. A similar interaction occurs at the
backward movement thus leading to resonant motion.

An important aspect of offshore control design is to ensure that
the excitation frequencies do not coincide with the natural fre-
quencies of the structure. Moreover, the wind turbine is also
effected by the 1P and 3P frequencies from the rotating blades. All
these factors have to be considered in the design phase of the
offshore controller. If, however, the excitation forces coincide with
the natural frequencies of the structure, resonance may occur with
consequent increase in fatigue loads. The overview of frequencies is
illustrated in Fig. 5 where an operational range of
Q = (53.02,74.37) rpm, a wave climate with frequencies ranging
between fwae = (0.63,1.19) Hz and the natural frequencies deter-
mined in section 5.4 are shown.
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Table 3
Table of target Environmental conditions (EC), taken from Ref. [21]. *: A wind speed of 2.2 m/s was used for sea state 6 & 8 due to wind generator limitations.
Environmental condition EC3 EC5 EC6 EC8
H, [m] Full scale 3.30 416 6.18 10.0
Model scale 0.055 0.069 0.103 0.167
Tp [s] Full scale 6.50 7.30 8.90 12.20
Model scale 0.84 0.94 1.15 1.58
Upup [m/s] Full scale 8.5 114 18.0 33
Model scale 1.1 1.5 23" 43"
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Fig. 4. Flowchart of the controller.

5. Climate validation

In this section we investigate to what extent the environmental
conditions produced by the experimental setups such as wind
generator, wave maker, wind turbine etc. resemble the target
climates.

5.1. Wind climate

Prior to the production tests, the wind field generated from the
six individual units was measured by sweeping four single

Frequency [Hz]

Fig. 5. Natural frequencies of the six degrees of freedom and the excitation frequencies
from the rotational speed of the rotor and the waves.

component hot-wire air velocity probes across the frontal plane at
the turbine equilibrium position, in which the rotor plane is a
subset. A single probe was mounted on the wind generator to be
present throughout the production tests.

A wooden frame with a steel rail on top was constructed, which
would allow a cart with a pole to sweep across the wind field. The
probes were then mounted on the pole and the cart was moved
between five different positions across the plane for three different
vertical positions of the probes. The wind speed was sampled for
approximately 120 s in each position, corresponding to 15 min in
full scale time.

The measurements were used for calibrating the commanded
rotational speed of the wind generators and obtaining a correlation
between the wind speed measured by the probe at the wind
generator and the wind speed measured at the wind turbine
position.

The sweep measurements were used to estimate the mean
wind speed V and turbulence intensity TI in the rotor plane. The
results for the three wind speeds of V = (1.10,1.47,2.20) m/s are
shown in Fig. 6. The rotor area is marked by a black circle and as it
is evident that the measurements do not cover the entire rotor
area, due to the cart having a certain height above the water,
which is approximately 11% of the total rotor area. This means that
in the azimuthal range 135 — 225 deg the outer region of the
blades will experience a drop in wind speed and an increased
turbulence intensity. The results show that the wind field is
relatively uniform and has low turbulence for the majority of the
rotor area, with an overall mean turbulence intensity across wind
speeds of about 3.5%. This means that the performance of the wind
generators is overall satisfying. However it can be observed that
the wind field in the lower left corner of the swept area is exposed
to high turbulence and a significant low wind speed. This is likely
due to a slight nonuniformity of the guiding vanes in the lower left
wind generator, as stated in Refs. [16], resulting in the flow being
directed to the center of the domain instead of making the flow
uniform.
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Fig. 6. Wind velocity fields and turbulence intensity field based on point measurements of wind speed averaged over 60 s.

5.2. Wave climate

Prior to mounting the floating wind turbine in the wave basin
the wave fields were measured for the most severe sea state,
namely EC8. A comparison was done based on wave gauge 8 and 9
shown in Fig. 2 and the measured wave elevation and period have
been compared to the target Pierson-Moskowitz spectrum. Fig. 7
shows the measured spectrum of 5 realisations of each sea state
compared with the target spectrum. A moving average filter was
applied to the data. It is observed that the raw power spectral
density (PSD) spectra compares well with the shape of the corre-
sponding target spectrum. A comparison of Hs and T}, is shown in
Table 4. EC8 shows a large difference in T, of 17.7% between target
and measured. However, Fig. 7 reveals a rather flat crest for the
measured power-spectra, which introduce uncertainty in the
determination of the measured T}, for EC8. In general, the match for
the shape of the spectrum is good. The wave generation builds on
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Fig. 7. Validation of irregular waves for the four environmental conditions (EC).
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Table 4
Validation of irregular waves, H wave height and T wave period.
EC3 EC5 EC6 EC8
Hs Target 0.055 0.069 0.103 0.167
Measured 0.057 0.072 0.102 0.165
Difference [%] 3.6 43 0.97 1.2
Tp Target 0.84 0.94 1.15 1.58
Measured 0.83 0.90 1.12 1.30
Difference [%] 1.2 4.2 2.6 17.7

linear wave theory and a clean Pierson Moskowitz spectrum. The
observed local peaks other than the peak spectra period might be
related to generation of second-order effects from the paddles of
the wave maker. Since the theoretical spectra are based on linear
theory it does not capture second-order effects.

5.3. Rotor thrust

In the downscaled test of offshore platforms, priority is tradi-
tionally given to the preservation of the Froude number, Fr. This
means that the Reynolds number, Re, is not preserved, which rep-
resents a challenge when aerodynamics are involved. In our case,
this means that for a given mean wind speed, V, a direct geomet-
rically downscaled rotor will generally produce a different mean
thrust force, T, than the reference DTUI0OMW wind turbine for the
same rotor speed and blade pitch angle. The aerodynamic thrust is
the most important aerodynamic element in the overall dynamics
of a floating wind turbine, therefore it is desired to match the scaled
thrust of the reference wind turbine for each wind speed. In the
experimental setup, the rotor speed was always set to the down-
scaled reference value, and the match of the reference steady thrust
curve was carried out by modifying the blade pitch settings for each
wind speed until the mean thrust was equal to the target, see Fig. 8.
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Since the rotor was designed with special low Re airfoils and a 75%
increased chord, the steady thrust match was achieved with only
minor adjustment of the blade pitch angle.

In Fig. 8 the initial blade pitch setting 6 (bottom, red line)
necessary to obtain the target thrust (blue line) is shown for the
model and used as input to the controllers. In order to understand
the sensitivity of the change of thrust over change of blade pitch, a
sensitivity analysis was conducted for each determined blade pitch
setting (red line) and the thrust curves for the sensitivity analysis
correspond to deviations of + 1 and 2 deg from 0 (top, black and
green lines: 1 and —2 deg and bottom, black and green lines: +1
and + 2 deg). However, for wind speed 1.7 m/s, the case where the
blade pitch is § — 2 produced aerodynamic torque beyond the limits
of the wind turbine motor. Therefore, the sensitivity analysis for
wind speeds 2.0 and 2.2 m/s was only carried out with for § — 1, 0+
1 and 6 + 2 deg.

5.4. System free decay tests

Free decay tests of the entire floating wind turbine system
including all structural properties were carried out by imposing an
initial displacement to the structure in each of the degrees of
freedom. By then releasing the structure the system characteristics
can be determined, such as natural frequencies and the system
damping. A line was attached to the structure, in order to impose a
displacement in each of the degrees of freedom. In surge and sway,
the line was attached to the floater at the waterline level. In roll and
pitch, the line was attached some distance along the wind turbine
tower. In yaw, the line was attached to the fairlead on the front
spoke. Due to the high stiffness of the system in heave and the risk
of slack tendons, it was not possible to get out satisfactory results
for heave. The heave frequency is thus marked with brackets in
Table 5 and the corresponding damping ratio could not be esti-
mated. The measured natural frequencies and damping ratio are
listed in Table 5, which are obtained based on the power spectra of
the decay test. For each degree of freedom, three free decay tests
were done in succession. Thus the values in Table 5 represent the
average across these three decay tests. Initial displacements of
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Table 5
Measured natural frequencies and damping ratios from experiments.
Surge Sway Heave Roll Pitch Yaw
EXPERIMENTS
Frequency [Hz] 0.24 0.23 (9.83) 2.05 2.00 0.57
Damping ratio ¢ [ ] 0.08 0.08 - 0.06 0.06 0.09

varying amplitudes were imposed in an attempt to capture both
linear and nonlinear behaviour. However, due to the limitations of
the method in applying the initial displacement for each degree of
freedom as well as the expected nature of the system, it was not
possible to completely isolate an initial displacement in the desired
degree of freedom without inducing an initial displacement in
other degrees of freedom. This was particularly seen for surge and
pitch, and sway and roll, due to the strong couplings between these
degrees of freedom.

5.5. Environmental conditions and turbine operational parameters

Based on the obtained validation results a complete table
describing the environmental conditions (EC) and turbine opera-
tional parameters are provided in Table 6. It shows the wave height,
H;, period, Ts, the wind speed at hub height, V,,;, and the corre-
sponding operational conditions; rotor speed, Q, and blade pitch,
6p, for the open loop controller (also noted “fixed”). EC8 is meant to
represent storm conditions with a parked turbine. However it was
decided to have the turbine active in EC8, as the wind speed could
not exceed 2.2 m/s due to the limitations of the wind generators.

6. Experimental results
6.1. Effect of wind and wave misalignment

The irregular sea states consist of several wave groups with
different heights and lengths. Hence they are best suited to repre-
sent real sea states. However, due to the random nature of irregular
waves, the comparison of responses in time series becomes
impractical. Therefore the exceedance probability P is introduced.

For each signal and for each environmental state, the peaks were
identified and stored based on a wave elevation zero down-
crossing [24]. The time series of the incident wave elevation is
divided into individual waves, where each wave is defined between
two zero down-crossings of the free surface elevation. The
maximum values of the specific signal are then determined within
each time range defined by the individual waves and stored. The
peaks X are sorted from minimum to maximum and assigned with
an index i to compute the exceedance probability based on the
index and the total number of peaks N. This approach ensures that
only one independent response peak per wave is registered [21]
and the exceedance probability P can be defined as:

Table 6

Environmental conditions and turbine operational parameters for the experiments.
A wind speed of 2.2 m/s was used for sea state 6 & 8 due to wind generator
limitations.

Environmental conditions Turbine operational

Fig. 8. Rotor thrust tests for the wind turbine. Note that §,. corresponds to a 1 or 2 deg
deviation from the desired pitch angle setting.

parameters
Hs [m] Ts [s] Viup [Ms] Op [deg] Q [rpm]
EC3 0.055 0.84 1.1 150 53.02
EC5 0.069 0.94 15 417 72.11
EC6 0.103 115 22 12.50 74.37
EC8 0.167 158 22 12.50 74.37




FJ. Madsen et al. / Renewable Energy 155 (2020) 330—346 337

1

ﬁ 3

Wind & wave direction

Fig. 9. Wave coordinate system and global floater coordinate system.
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All the misaligned irregular wave tests were conducted with a
wave heading of § = 30° as defined in Fig. 9. When dealing with
misaligned waves, the response is typically projected into the wave
coordinate system, see Fig. 9. This allows for a more appropriate
comparison of the effect of misalignment on the different degrees
of freedom, hence the surge, sway, roll, and pitch (&1, &5, &4, §5) in
cases with misalignment were projected into the direction of the

P=pX=xj)=1- (1)

x1073 Surf. elev.

Nac. accel. x-dir.

PSD [m?/s*/He]

/s /He]

2

PSD [m

0 0.5 1

wave propagation, while heave and yaw (¢3 and £g) remained un-
changed. It should also be noted that the nacelle accelerations were
also projected into the wave coordinate system.

Since the impact from the aerodynamic force is largest at rated
conditions (EC5), it is chosen for the misalignment analysis.
Furthermore the closed-loop controller tuned for the offshore
floating configuration was used for the cases with wind. The
response in the six degrees of freedom for tests with and without
wind had their corresponding mean subtracted from the signals in
order to highlight the differences in the dynamics.

This means that four cases will be presented in each figure;
aligned and misaligned waves with and without wind. Furthermore
the power density spectra of the responses will be presented
together with the exceedance probability curves.

The effect of misalignment and wind on surge motion and na-
celle fore-aft and side-side accelerations for EC5 are shown in
Fig. 10. The surge motion in aligned waves and without wind (blue)
shows as expected the largest response and the effect of the
aerodynamic damping can be seen on the exceedance probability
plot, as the response with wind included (red), is smaller. However,
the damping effect is minor for the misaligned waves case (yellow
and purple), as only a component of the wind will affect the surge.
Thus the aerodynamic damping is strongest on the surge motion for
unidirectional conditions. If the signals did not have their mean
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Fig. 10. The comparison of floater surge response and nacelle accelerations in irregular waves with wave heading 8 = 0° and § = 30° with and without wind for EC5. Mean values
have been subtracted and the signals have been projected into the direction of the wave propagation. The x, y-directions refer to fore-aft and side-side accelerations in the wave
coordinate system, see Fig. 9.
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value subtracted, a permanent offset for the wind and wave mis-
aligned case would be expected, since the wind will induce a
component in the negative y’-direction, see Fig. 9.

The same can be observed for the nacelle accelerations ex-
ceedance probability plots in the x-direction, which were also
transformed into the wave coordinate system. Here the cases
without wind also lie above the cases with wind. It can also
observed that introducing wind to the system will increase the out-
of-plane acceleration (y-direction).

Fig. 11 presents the normalised tension in the three mooring
lines at rated wind speed. It can be observed that, for the tension in
mooring line 3 (see Fig. 9), the wind-induced mean moment adds a
permanent positive increase in the mean value for both aligned and
misaligned conditions. The opposite picture is present for mooring
line 1 and 2.

Further, the tension in mooring line 1 appears to be unaffected
by misaligned waves or wind, which could be due to the wave di-
rection in X’ achieving only an offset of 30° offset with spoke
number 1. Furthermore the overall magnitude of the loads in the
two other mooring lines decrease slightly when misaligned waves
are applied.

6.2. Controller performance

6.2.1. Regular waves

The three controllers are compared with respect to their impact
on the system response and they will in following be referred to as
offshore, onshore and fixed which refer to the closed-loop controller
tuned for offshore floating configuration, the closed-loop controller
tuned for onshore and the open-loop controller with fixed rota-
tional speed and fixed blade pitch, respectively.

In Fig. 12 the surge motion, nacelle fore-aft acceleration and
front mooring line tension are presented together with their cor-
responding power spectra for environmental conditions. The
analysis is done for environmental conditions above rated wind
speed conditions, in this case EC6, to better isolate the effects from
the full-load controller. It is observed that the surge motion, nacelle
fore-aft acceleration and front mooring line tension are dominated
by response at the wave frequency at 0.87 Hz. Furthermore minor
low-frequency response is visible for particularly the onshore
controller in the time series, oscillating with the natural frequency
of surge, 0.24 Hz. However this contribution, compared to the wave
excitation, is significantly lower, and thus not visible in the PSD
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Fig. 15. Surge response of the floater platform, nacelle fore-aft acceleration and normalised front mooring line tension in irregular waves with three different controllers for EC6.

plot. Only by observing the PSD in logarithmic scale, a minor
contribution can be seen. The higher surge motion for the onshore
controller compared to the offshore and open loop controller, will
result in higher mooring line tensions. The front mooring line
tension can be observed to be up to 3% higher for the onshore
controller compared to the offshore controller and 6% higher than
the open loop controller. It is observed that all three controllers
achieve approximately the same nacelle accelerations and with
dominating response at the wave frequency. However the onshore
controller is also excited slightly at the second wave peak fre-
quency, i.e. Tp/2, and tend to have higher extreme values.

Fig. 13 shows the operational data of the turbine, blade pitch and
rotational speed with corresponding power spectra, for the same
environmental conditions above rated wind speed (EC6). As ex-
pected, rapid and large-amplitude blade pitch response is seen for
the onshore controller for rated conditions, whereas the offshore
controller is more slow, thus much less aggressive. This emphasizes
that the offshore controller is tuned to handle motion due to waves
rather than control due to wind. The extreme blade pitching of the
onshore controller also affects the rotational speed and causes

higher magnitude of oscillations. Further it is seen, that the rota-
tional speed of the fixed controller configuration is not constant.
This is due to the servomotor on the shaft not being able to supply
the needed torque to stay at the desired rotational speed value.

In addition in Fig. 14 the mean and standard deviation for the
regular wave cases are presented with respect to surge motion,
nacelle fore-aft acceleration and front mooring line tension. The
reader should recall that the wind is the same for EC6 and EC8 due
to limitations of the wind generators and only the waves are larger
for EC8.

The mean surge response has a local maximum at rated wind
speed (EC5) due to the trend of the thrust curve, but then as the
environmental conditions become more severe (EC8), the mean is
increased. This is due to the increased non-linear effects, which are
more severe for larger wave amplitudes, imposing a mean drift
force, a trend that can be seen in both the surge response and the
mooring tensions. Similar tendencies are observed for the tensions
in the front mooring line. Furthermore it is observed that the
standard deviation of the tensions for the onshore controller are
increasing rapidly for higher environmental states compared to the
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Fig. 16. Turbine operational data (blade pitch and rotational speed) in irregular waves with three different controllers for EC6.

two other controllers. This is due to the negative aerodynamic
damping for this controller.

It can be observed that the means of the nacelle fore-aft acceler-
ation are close to zero for all environmental states, which is to be
expected. The slight offset from zero is due to the small wind-induced
mean pitch moment that introduces a gravitational component. Since
a horizontal gravity component will be captured by the accelerometer
and the fact that the center of mass for the Rotor Nacelle Assembly
(RNA) is located slightly upwind, there is an offset in the negative
direction. Further the standard deviation shows, an increase with
increasing sea state, but more rapidly for the onshore controller.

6.2.2. Irregular waves

The three different control systems are now analysed in aligned
irregular waves. Comparison of the controllers will be carried out
based on the response above rated conditions, EC6.

Fig. 15 shows the influence of the three controllers on the surge
motion, nacelle fore-aft acceleration and front mooring line tension
(normalised). In general, the offshore controller performs best as it
keeps the dynamic surge response and the front mooring line
tension low. Overall the performance of the onshore controller
results in larger surge response than the offshore controller, thus
leading to larger front mooring line tensions. It is seen that the
surge motion for the three controllers are dominated by a combi-
nation of excitations of the surge natural frequency and at the wave
frequency range. The nacelle acceleration and front mooring line
tension are on the other hand only dominated by the waves.

Corresponding blade pitch and rotational speed are presented in
Fig. 16. Note that for the closed-loop fixed control, a specific blade
pitch angle is kept constant at 12.50°, hence a constant vertical line is
seen in the exceedance probability plot. The aggressiveness of the
onshore controller can be seen easily, as it pitches the blades more
than the offshore controller. Looking at 90% percentiles of the blade
pitch angle, the offshore controller is 12.9°, whereas the onshore is at
14.6° . Further itis seen from the PSD that the blade pitch is dominated
by the waves for the onshore controller, whereas excitations at the
surge natural frequency dominates the offshore controller. The effect

of the aggressive pitching of the blades for the onshore controller
causes likewise the rotational speed to achieve the highest values of
all the three controllers. From the PSD it is clear that the rotational
speed of the onshore controller is purely dominated by the waves,
whereas it is combination of the waves and excitations of the surge
natural frequency for the two other controllers.

6.2.3. Extreme focused wave groups

Extreme wave episodes can be represented by the use of focused
wave groups, which have similarities to the irregular wave type, as
they are composed of a sum of individual waves over a range of
frequencies. However, the focused wave groups have a chosen phase
between the individual waves, resulting in a constructive merge at a
single location xg and time ¢y, namely the focus point. The surface
elevation 7(x,t) for a group of focused waves can be described by:

n(x,t) = XN:aiCOS(wi(f*fo) —ki(x—xo)) (2)
i1

where a; = S (f;) Af is the amplitude, w; = 27f; is the frequency and
k; is the wave number of the individual waves. The maximum wave
height, Hnax, for the focused wave signals is chosen as the 3-h value
according to a Rayleigh distribution for linear waves, Hpgx = 1.86H;
[25].

The analysis presents the impact of a single large wave group on
the structure giving insight into the extreme wave effects. The
extreme response of the structure is investigated for the three
controllers. In order to analyse the contributions from the wave
frequency range and system natural frequencies, all measurements
are presented with a time series in the left column and with cor-
responding power spectrum in the right column in Figs. 17 and 18.
Since only a single wave group is analysed, the probability of ex-
ceedance is not relevant here, and for this reason only the time
series and corresponding PSD are shown. As in the previous control
sections, the comparison of the controllers is carried out based on
the response above rated conditions, EC6.

Fig. 17 presents the wave elevation corresponding to the
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Fig. 17. Surge response, nacelle fore-aft acceleration and normalised front mooring line tension for three different controllers in EC6 focused waves.

environmental state EC6 focused wave climate together with the
surge motion, nacelle fore-aft acceleration and normalised front
mooring tension.

As it can be seen, the impulsive excitation force from the focused
wave group imposes a surge response of 0.12 m after the wave crest.
It can be observed that the impact of the focused wave group causes
a short sudden offset in the mean displacement of the surge mo-
tion, which is a nonlinear effect. After the focused wave group has
passed, the structure decays back to equilibrium. This is why the
surge motion is dominated by its own natural frequency of 0.24 Hz

and with only minor energy at the wave frequency range. This is
observed for all three controller configurations, but the damping
(and thus energy level) of the decays are different. The fixed
controller shows the strongest damping of the three configuration,
which is due to the blade pitch is kept constant according to the
mean wind speed, resulting in the largest positive damping. The
onshore controller is less damped compared to the offshore
controller, due to the fact that the natural frequency of offshore
controller is reduced and thus less excitations at the surge natural
frequency occur. This agrees well with onshore controller being
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Fig. 19. Wave elevation 0, blade pitch angle , and rotational speed Q for the shut-
down cases of the offshore controller in EC5 focused wave climate.

able to excite instabilities when the controller is acting on one of
the low frequency platform modes, as described in Section 4,
leading to high surge response.

The nacelle acceleration responses for all three controllers are
similar. From the corresponding power spectra it can be observed,
that they are all dominated by the waves and have approximately
the same level of energy at the wave frequency range. However, it is
also clear that the motion of the onshore controller is further
excited by the super harmonics at twice the wave peak frequency.
Furthermore the 3P excitations at 3.89 Hz are significantly larger for
the onshore compared to the other two and as for the surge motion
lowest for the fixed configuration. This can be linked to the low
level of damping for this controller.

Looking at the front mooring line tension, the onshore controller
experiences the largest loads compared to the other two configu-
rations. The maximum tension amplitude is increased with 3%
compared to the offshore controller and 9% to the fixed configu-
ration. It should also be pointed out that the mooring line tensions
are dominated by the wave forcing and no significant excitations of
the response natural frequencies are seen.

In Fig. 18 the corresponding blade pitch and rotational speed of
the turbine are presented. From the blade pitch the source of the
increased mooring line tensions for the onshore can easily be seen,
i.e. the severe reaction to the wind and waves. The blade pitch
response for the onshore controller is dominated by the waves and
the wind (shown by the peak furthest to the left), whereas the
offshore controller is dominated by the surge natural frequency
(0.24 Hz) and only very slightly excited by the waves.

Controlwise the results are very similar to the irregular wave
case, only with enhanced excitations at the surge natural frequency,
due to the decay after the impact of the focused wave group.

6.2.4. Turbine shutdown

The impact of shutdown on the motion of the structure is inves-
tigated and the best way to see the impact is by using the extreme
events, ie. the focused wave groups. The analysis is conducted with
the offshore controller configuration, and in the environmental case
where the effect of wind is at maximum, hence rated wind speed, EC5.
The shutdown of the controller was done manually and the aim was to
have a shutdown at three different moments: i) before the highest
crest of the focused wave group hit the structure, ii) at the very instant
the wave crest breaks at the turbine position and iii) right after. In the
following figures the labels Before, At and After refer to where the
shutdown was executed relative to the wave peak. The procedure of
the shutdown was so that the pitch was ramped from the instanta-
neous value to maximum pitch of 50 deg with a rate of 15 deg/s
(compared to the normal operation rate of 10 deg/s) and the gener-
ator torque set to zero.

Fig. 19 presents the blade pitch angle 6, and rotational speed Q
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Fig. 20. Surge response, nacelle fore-aft acceleration and normalised front mooring line tension for the shutdown cases of the offshore controller in EC5 focused wave climate.

of the turbine for the shutdown cases. Due to the manual shutdown
procedure it was very challenging to shutdown the turbine at the
exact point of wave impact on the structure. It is evident from the
blade pitch angle signal that the shutdown case at the point where
the wave hit the turbine is actually a bit before. However, the test is
still considered in the analysis. It is seen from the rotational speed
that the rotor does not reach 0 rpm after a shutdown. This is due to
the maximum pitch angle being 50 deg and the fact that the
generator torgue is zero, causing an idle state of the turbine with a
rotational speed of about 12 rpm in EC5.

The corresponding motion response, in terms of surge motion,
nacelle fore-aft acceleration and normalised front mooring line
tension, can be seen for the three shutdown cases in Fig. 20.
Furthermore, the black dashed lines in the plots represent the
focused wave test where no shutdown was executed, but with the
same controller. The highest surge response of nearly — 0.1 m is
achieved in the case where the turbine is shutdown before the wave
impact. This can be explained by the incoming trough forcing the
turbine upwind and in the moment the shutdown appears, the loss

of the thrust force acting on the rotor will cause the structure to
experience a restoring force in the negative x-direction, resulting in
an even greater surge displacement. The opposite effect is seen when
the turbine is shutdown right after the break of the crest, where the
surge displacement is damped. Releasing the thrust force will
generate a high pitching moment and for the shutdowns before the
wave impact, two major negative peaks can be observed, hence one
from the shutdown and one from the wave peak. Only a slight in-
crease in nacelle fore-aft acceleration can be observed, but the front
mooring line, that is governed by the pitching motion, experiences
very low tension when shutdown occur close to 73/79 = 0.5.
Approximately 33% decrease of the tension can be observed for
shutdown before the wave impact compared to the case, where no
shutdown is executed.

7. Conclusion

The present work detailed the experimental testing of a Tension
Leg Platform (TLP) substructure designed by the Korea Institute of



FJ. Madsen et al. / Renewable Energy 155 (2020) 330—346 345

Energy Research (KIER) and the pitch-regulated scaled 1/60 DTU
10 MW reference wind turbine. The investigation included the
response in regular waves, irregular waves, focused waves and a
low turbulent wind field tested with different turbine controllers.

Before the wave tests, the aerodynamic performance of the fixed
model scaled turbine was successfully tuned to match the down-
scaled steady thrust curve of the 10 MW reference turbine. The
turbine was then mounted on the floater and free decay tests in still
water provided insight of the structural natural frequencies and
damping ratios.

Detailed analyses of the dynamic response of the three control
configurations were carried out and it was observed that sensitivity
of the onshore controller resulted in high oscillations in blade pitch,
yielding an increased response in surge for all wave types. It was
also observed that the surge motion governed the mooring line
tensions, thus the onshore controller yielded the highest tensions
in the front mooring line. Further the shutdown cases of the
offshore controller led to larger surge displacement when the
shutdown was initialized right before the wave impact. This was
explained in terms of aerodynamic damping.

The present analysis demonstrates the potential of physical
model testing, as part of the development of a new concepts.
However physical model testing are also a crucial part of validating
numerical models, which will be investigated as future work. This
plays an important role in the design phase of floating support
structures, both adding reliability to the design tools and confi-
dence to the sector of floating wind turbines, and further ultimately
pushing the offshore industry forward, thus bringing down the cost
of offshore wind energy.
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