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Vibration and power regulation control of a floating
wind turbine with hydrostatic transmission

Xin Tong, Xiaowei Zhao*
School of Engineering, University of Warwick, Coventry CV4 7AL, United Kingdom

Abstract

We design a blade pitch controller employing linear parameter-varying (LPV)
synthesis techniques for a floating hydrostatic wind turbine (HWT) with a
barge platform, which is based on the LIDAR (Light Detection and Ranging)
preview on the wind speed. The developed control system can simultaneously
reduce barge pitch motions and regulate the power in Region 3. These two
functions would normally disturb each other if designed separately. The state
space model is not affinely dependent on the wind speed thus the LPV con-
troller is obtained by satisfying multiple LMIs evaluated at a set of gridded
points within the wind speed range in Region 3. An anti-windup compensa-
tion scheme is then used to improve the LPV controller’s performance when
the pitch undergoes saturation around the rated wind speed. The simulations
based on a high-fidelity barge HWT model show that our pitch controller
significantly reduces barge pitch motions, loads on blade bearings & tower,
and generator power fluctuations, compared with a gain-scheduled PI pitch
controller.

Keywords: Hydrostatic wind turbine, floating barge, vibration reduction,
power regulation, linear parameter varying control, LIDAR preview

1. Introduction

There has been a significant surge in global energy demand due to pop-
ulation explosion and massive-scale industrialisation. A number of countries
have seen that energy is consumed much faster than being produced [1].
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High energy demand has driven extensive usage of fossil fuels which are the
main cause of air pollution and global warming [2]. To tackle these issues,
many countries have embraced renewable energy sources to replace fossil fu-
els. Wind is one of the most widely used renewable energy sources [3].

Worldwide wind installations have been significantly increasing. By the
end of 2019, the global installed wind power capacity had reached over 651
GW [4], surging from only 74 GW in 2006 [5]. The United Kingdom aims
to install 40 GW of offshore wind power by 2030 [6]. By the same year, the
EU is estimated to install 323 GW of wind power capacity which will meet
30% of the EU power demand. This will save Europe € 382 million total
CO, emissions in 2030 [7]. Wind power is predicted to make up more than
one-third of world electricity generation by 2050 [8].

The gearbox of a conventional offshore wind turbine is one of the largest
contributors to its overall operation & maintenance (O&M) costs [9, 10]. The
gearbox suffers a high failure rate which grows further as the offshore turbine
is being built increasingly large. The paper [10] showed that replacement of a
gearbox required an average of 17.2 technicians with an average replacement
cost of €230,000. Besides, the gearbox causes the longest downtime per
failure among all the turbine components [11]. Based on the calculation by
Ran et al. [12], the daily average revenue loss during the downtime of a
4-MW offshore turbine can be £6,720.

To address the above gearbox reliability issue, hydrostatic wind turbines
(HWTs) were proposed. It uses a more reliable hydrostatic transmission
(HST) drivetrain to replace the gearbox one. Figure 1 represents a typical
HST drivetrain [13, 14]. A hydraulic pump is connected to the turbine rotor
shaft, which transfers wind power into a high-pressure oil flow. A hydraulic
motor then converts the oil flow into mechanical power to drive an electric
generator. The required transmission ratio is achieved by the displacement
ratio between the pump and the motor. Thus a variable-displacement mo-
tor allows continuously varying transmission ratios so that a synchronous
generator can be used.

An HWT has 3 major regions of operation manipulated by torque and
pitch controls, which is the same as a conventional wind turbine. In the
present paper we consider Region 3 when the wind speed is above the rated
speed, where both controllers work together to maintain the rotor speed
& generator power around rated values. In this region, the platform of a
floating wind turbine often has large pitch motions due to high winds/waves.
It brings about large load fluctuations (especially on the tower base) and
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Figure 1: The main components and their connections of a typical HST drivetrain in the
HWT. This figure is taken from the literature [14]

significant variations in the rotor speed & generator power [15], which causes
damage and reduces fatigue life. Thus, control techniques are required to
suppress these platform motions.

The literature [13, 16, 17] designed pitch controllers using a simple model
which only considered the angular rotation of the rotor/pump shaft. The pa-
pers [13, 17] adopted PI control on the error between the filtered rotor speed
and its rated value. The PI controller in [13] had constant gains and was
derived based on a single-DOF (degree of freedom) model linearised at an
operating point. Laguna [17] employed a PI controller with the proportional
and integral gains adjusted by the blade pitch angle. Skaare et al. [16] pro-
posed gain-scheduled integral control on the error between the aerodynamic
power and its command with the pitch angle as the scheduling parameter,
based on an aerodynamic power estimator. Dolan and Aschemann [18] de-
veloped a gain-scheduled linear quadratic regulator (LQR) which controlled
the motor displacement and blade pitch angle simultaneously, with the wind
speed as the scheduling parameter. Kersten and Aschemann [19] designed an
LQR to control the rotor speed through adjusting the motor displacement.
Blade pitch control was employed to damp HW'T tower vibrations, based
on the feedback of tower-top translational velocities. Two types of blade
pitch controllers were designed: an LQR with the feedback gain scheduled
by the wind speed and a Lyapunov-based controller with a constant feed-
back gain. Simplified HW'T models were used to test the above controllers,
which neglected blade flexibility, ignored tower dynamics or considered only
the first tower bending mode, and were not floating. In addition, none of the



67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

above controllers was designed by combining power generation control with
structural vibration reduction.

In our paper [20], we designed a loop-shaping torque controller and a
linear parameter varying (LPV) collective blade pitch controller for power
generation control of a monopile HWT. The LPV pitch controller was sched-
uled by the LIDAR (Light Detection and Ranging)-previewed steady rotor
effective wind speed (REWS). However, abnormal transients could occur dur-
ing the transition region (between Region 2 and 3) because of saturated blade
pitch angles. To avoid them, an anti-windup (AW) compensator was added
to the LPV controller. The simulations based on a detailed monopile HW'T
model validated satisfactory tracking capability of the torque controller and
significantly enhanced performances of the LPV pitch controller compared
with a gain-varied PI pitch controller.

In the present paper we are interested in extending our research results
in [20] to floating HWTs for which vibration control of the floating platform
is critical (as mentioned earlier). We consider a barge platform. Compared
with [20], turbine fore-aft (pitch) dynamics are taken into account for the
design of the torque and blade pitch controllers. Most importantly, the LPV
controller designed in the paper [20] had a single input and a single output,
and was used to regulate power only, while the LPV controller in the present
paper has multiple inputs and can regulate power and damp barge pitch
motions simultaneously. Besides, in [20] the state space model for the LPV
control design is affinely dependent on the wind speed, so the LPV controller
was obtained by only satisfying two LMIs at the vertices of the Region-3 wind
speed range while the state space model in the present paper is not affinely
dependent on the wind speed thus the LPV controller is obtained by satisfy-
ing multiple LMIs evaluated at a set of gridded points within the Region-3
wind speed range. We mention that if power regulation control and barge
vibration control are designed separately (both using blade pitch actuation),
they normally disturb each other. Hence here we aim at developing a blade
pitch control technique for floating HWTs to tackle power regulation and
large platform vibrations during Region-3 operation in a synthetic manner.
More specifically, we focus on turbine pitch (fore-aft) vibrations because the
fore-aft direction suffers the largest loading from winds and waves [15].

We assess the designed control system using a high-fidelity barge HW'T
simulation model taking into account aerodynamics, hydrodynamics, servo-
dynamics, and elastic dynamics. This model is constructed through replacing
the gearbox drivetrain of the widely-used NREL (National Renewable Energy
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Laboratory) 5-MW barge wind turbine model (built based on the FAST
(Fatigue, Aerodynamics, Structures, and Turbulence) code) with an HST
drivetrain. A similar transformation procedure was expatiated upon in our
paper [20] for a turbine with a monopile substructure, and therefore is not
iterated here. The simulation results demonstrate that the proposed pitch
controller regulates multiple responses (including the rotor speed, generator
power, loads on the tower and blade pitch bearings, and barge pitch motions)
considerably better than a gain-varied PI pitch controller.

The paper is organised as below. A control-oriented model and an LPV
blade pitch controller with AW ability are developed in Section 2. Simulation
studies are carried out in Section 3 for the proposed control system, using
the NREL 5-MW HWT model (transformed) with a floating barge platform.
Discussion is given in Section 4 while Section 5 concludes this paper.

2. Pitch Control Design of A Barge HWT

This paper uses the HST mathematical model from Laguna [17], and the
parameters therein. The design of the (H, loop-shaping) torque controller
for the floating HWT is similar as in our paper [20] except that here the
control design model includes pitch dynamics of the barge platform. Thus
we omit it and refer [20] for details. In this paper we focus on the design of
pitch control which is very different from [20].

2.1. Modelling

The design of the HW'T pitch controller is based on the dynamics of the
rotor/pump shaft, turbine’s fore-aft (pitch) motions and blade pitch actuator.
Dynamics of the flexible blades and turbine’s side-to-side motions are not
considered because the blade pitch controller is designed to tackle fore-aft
vibrations of the floating HWT. Study on the reduction of blade and turbine’s
side-to-side loads is not covered in this research.

The rotor/pump shaft dynamics are

1

Wy = m(Ta - Tp)> (2-1>

where w, is the shaft speed of the coupled rotor & pump. 7, is the aero-
dynamic torque. The parameters J, and J, are the rotational inertia of the
pump and rotor, respectively. The pump torque 7, is

7, = D, P, + Byw, + Cy,D, P, (2.2)

5
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where the displacement, viscous damping coefficient, and Coulomb friction
coefficient are represented by D,, B, and C,, respectively. P, is the pressure
difference across the pump.

The turbine’s pitch motion, X, is assumed to be like the pitch motion of
an inverted pendulum fixed on a rigid platform. Then its kinetic energy Tp,
and potential energy V, are

T,p = 11,02 + 11,,0%,
Vip = Skip (01 — 0p)> + L (Chs + Cri) 0% + myg Ly cos O — my,gL, cos Op,
(2.3)

where 07 and 0p are the tower’s rotational pitch displacement and barge’s
pitch displacement, respectively. C}, is the hydrostatic restoring coefficient
for the pitch DOF while C),; is the linearised total mooring line restoring
coefficient for the pitch DOF. The pitch inertia of the tower-rotor-nacelle
assembly and barge are represented by Iy, and Ip,, respectively. They are
defined with respect to the pitch axis (denoted by ;) of the inertial turbine
coordinate system set by FAST [21]. m,, and m, are the barge mass and total
mass of the tower-rotor-nacelle assembly, respectively. ky, is the restoring
coefficient of the tower-rotor-nacelle assembly for the pitch DOF. L; and L,
are the distance from the centre of mass of the tower-rotor-nacelle assembly
to y;, and the distance from the centre of mass of the barge to y;, respectively.
g is the acceleration of gravity on Earth.

Then ¥, is derived by the Lagrange’s equation approach

d (a.cop) 0Ly

dt \ 90, 07

d (0L, OLopy (2.4)
a(aép) - 90p - Ir

Lop=Top— Vip,

where
fP = _A'r‘adéP - (Brad + Bvis) 9P + dtp <‘9T - 0P> + Mun ( )
S 2.5
fr = —dy <9T - 9P> + FyLpp.

Here A,.q and B,.q are the radiation-induced hydrodynamic added moment
of inertia and damping coefficient for the pitch DOF, respectively. B,;s is
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the viscous-drag-induced linearised hydrodynamic damping coefficient for the
pitch DOF. d;, is the damping coefficient of the tower-rotor-nacelle assembly
for the pitch DOF. M, is the total excitation moment exerted by waves about
yi- F, is the aerodynamic rotor thrust acting on the hub and the distance
from it to y; is approximately the hub height above the mean sea level denoted
by Lpy. The ways to derive the values of my, my,, Ly, Lip, Lop, Li, Ly, kip,
dip, Chs, Arad, Brad, Buis, and Cyy in (2.3) and (2.5) can be found in our
previous paper [22].

The nonlinear terms 7, in (2.1) and F, in (2.5) depend on w, (shaft speed
of the coupled rotor & pump), V' (REWS), O (tower pitch velocity), and
(blade pitch angle). The small deviations of them from an operating point
op can be linearised as

. or,, . 0T, A A 01, ~

Ta = awT ’opr + W‘op (V — th‘gT) + %}0p67 (2 6)
A oF,, . 0F, A A oF,, - ’
Fo= Gl + 7 L (V = L) + 51,5

where & = £ —Z (the bar over the variable denotes its steady value at op). The

coefficients 87}1‘ 87@‘ aTa‘ GFa‘ 8Fa| and OF, are derived
— — — — — — V
8UJ7~ op’ Hy/ lop’ 86 op’ awr op’ 9/ lop’ aﬂ op
through FAST linearisation at op [21].
The blade pitch actuator dynamics are described by
. 1
B

where [ is the actual blade pitch angle while (3, is its reference signal from
the blade pitch controller. The time constant Tz of this 1st-order system is
0.1s.

2.2. LPV Pitch Controller with AW compensation
For Region-3 constant power generation, the relationship p, = 7,w, (where
the rated rotor power p, is 5.2966e6 W) is required. So (2.1) becomes

. 1 Pr
= P 2.8
N Jr+Jp <T Wv‘) (28)

By combining (2.3)—(2.8), we derive a nonlinear model, which leads to a
state-space model G, (through linearisation at an operating point op):

x, = Ayx, + BpBr + Byiug, y, = Cpx,. (2.9)

7
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. . 1T R
X, = [@T B 0r 6 0Op ép] is the state. [, is the input while y, =

. 1T
&, 6 P] is the output which are the deviations of the rotor speed and barge

pitch velocity from their respective steady values. A, has the parameter-
varying terms 7, and F, (see (2.6)) whose coefficients scheduled by V € © =:
[11.4, 25]m/s in Region3 are shown in Figure 2. Within the entire range of

7 (3
0><10 1><1O
o —_
f=] wn
21 > 0
o 3
~ S
=3 P—
.2 w51
SE =
-3 -2
15 20 25 15 20 25
(a)
6 4
2><10 g><‘10
0 £
5 g7
»t? ! Tge
o sk
0.5 5
15 20 25 15 20 25
(b)
7 6
0x10 _3><10
el —
z \21-4

(&)}
a3 lop
&

98 lop

o1y

-10 -6
15 20 25 15 20 25

V (m/s) V (m/s)
()
Figure 2: Coefficients in 7, and F, (see (2.6)) at V € © =: [11.4, 25m/s.
V, one value of V corresponds to one value of @, and one value of 3. So (2.9)

can be regarded as an LPV system scheduled only by V. B
The objective of the LPV control design is to find a controller K, (V') that

holds the inequality

][,
\Fll - = sup <y (2.10)
20wz Il
Vell11.4,25]m/s
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where [|x||, = 1/ [ xTxdt. w is the external signal, which contains the refer-

ence values for @, and Op. z = (21 ZQ]T is the performance output, [|F||,, is
the L5 norm from w to z, and v > 0 represents a performance level. The in-

terconnection for the synthesis of K, (V') is shown in Figure 3. The weighting
functions W, and W, are given by (2.11).

wo [T 0] [ D]
0 Wez 0 s+0.009
s+ 0.19

T 055403

(2.11)

W1 and W,y are selected to have low high-frequency gains to reduce over-
shoots in the time response and have high low-frequency gains (to penalise
the error e). W), is selected to limit high-frequency blade pitch control activ-
ities. In Figure 3, the controller output is 8, = 8, — 3 where (V) is shown

Yo

Figure 3: Interconnection for the synthesis of the LPV blade pitch controller Kp(V).

in Figure 4 and £, is the actual pitch angle command. As shown in Figure 4,
the pitch rate is high near the rated wind speed of 11.4 m/s. To avoid large
tower loads during the transition between Region 2 and 3 caused by this, 8

can be derived as the integral of B(V) = ‘L/%(V) where the upper limit of
dg/dV is set to be 2.5°/m [23].

Steady pitch angle
&
4

10 15 2 25
Steady rotor effective wind speed V' (m/s)

Figure 4: Relationship between the steady pitch angle 5 and the steady REWS V.
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XA(V) 4 BgCy(V) + (%) * * *

AL +A(V) . AVY +Bo(V)Cr + (»)  « *
XBl(V) + BKDgl(V)] Bl(V)T —’)/I * <0
Cl(‘_/) Cl(‘_/)Y + Dlz(V)éK D11<‘7) —’}/I
(2.16)

The interconnection illustrated in Figure 3 is used to synthesise the LPV

controller K, (V). Figure 3 gives an open-loop LPV system

x = A(V)x +By(V)w + By(V)5,, (2.12)
z = C(V)x+ Dy (V)w+ Dip(V)5,, (2.13)
Yp = CQ(V)X + D21 (V)W (214)

Now we determine the stabilising LPV controller K, (V) to satisfy (2.10).
According to [24], first we solve an optimisation problem offline: minimising

¥ (X,Y, Ak (\_/) . Bx (V) .Ck (\7)) subject to the LMI (linear matrix in-
equality) constraints (2.15) and (2.16) with % induced by symmetry.

X I
1Y

}>O,X=XT>0,Y:YT>O. (2.15)

Due to an infinite number of V' € [11.4, 25] m/s, an infinite number of LMIs
need to be solved, which is infeasible for practical computation. So instead
we solve a limited number of LMIs by first gridding the scheduling range of V'
and then deriving LMIs corresponding to the grid points respectively. This
sacrifices a certain degree of the nonlinear behaviour of the control-oriented
turbine model G, (2.9) by assuming that G, is affinely dependent on V
between two adjacent grid points. The density of the grid points should be
carefully determined to achieve an acceptable trade-off between satisfaction
of this piecewise affine assumption and computational complexity. For G,
with the dependency on V shown in Figure 2, we select the grid points
such that V € ©, =: {‘7 =V,j=12,.. .,15} where V; = 11.4 m/s and
V; =7+ 10 m/s (j > 1). Then we derive the controller K,(V;) with the

10
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215

state-space realisation (Ax(V;), Bk (V;), Ck(V;),0):
AK(‘/J) = N;IX
(Ax (V) = XA(V))Y = Bue (V) Co(V;)Y —XBa(V))Cx (V7)) M, "

Bx(V;) = N,'Bk (V) ,Cx(V;) = Ck (V;) M, 7 (2.18)

where N, and M, are the solutions of the factorisation problem I — XY =
NPMZ. Assuming that A, is affinely dependent on V' between two adja-

cent grid points, the LPV pitch controller K, (V') thus has the state-space
realisation (A g, By, Cg,0) where

e KR Pt B R e A

(2.19)

in which V' € [V}, Vj11] (j < 14) [25]. o and ay can be any continuous
functions of V satisfying oy > 0, ap > 0, and oy + ap = 1. Here we set
Vign =V V-V — . -
=2 _ and ay = ——. When V fall tside [V4, Vis], K, (V
oy VoV and ap T en V falls outside [Vi, Vis), f)( )
chooses the state-space data at either V; or V5 whichever is closer to V.

= N N
a o O

-V < 101

-V
1%

Wind speed (m/s)

10 ‘ ‘ ‘ |4 1 S 50 ‘ ‘ ‘ ‘ 1
50 100 150 200 250 300 50 100 150 200 250 300
Time (seconds) Time (seconds)
(a) (b)

Figure 5: Real and LIDAR-previewed REWS’s (V and V) under the two turbulent wind

profiles (with an average speed of 18 m/s) generated using the NTM (upper) and ETM
(lower) respectively.

The AW compensator for the LPV blade pitch controller is designed in
the same way as that in our paper [20]. However, the open-loop plant therein
is affinely dependent on the wind speed, which is not the case here. So like
what is detailed above for the calculation of the LPV pitch controller, the AW
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Table 1: Comparison of the PI, PI AW, and LPV AW blade pitch controllers under a
wind (see Figure 5a) and wave profile. The values in the brackets indicate the differences
compared with the PI control case.

PI PI AW LPV AW

Average power

(kW)

4310.08 4306.58 (-0.08%) 4461.25 (3.51%)

Standard deviation

of power (kW)

907.19 904.77 (-0.27%) 666.57 (-26.52%)

Standard deviation

10.80 10.80 (0%) 3.43 (-68.24%)

of pitch rate (deg)
Fore-aft DEQL

(kN-m)

73769.87 || 73562.77 (-0.28%) || 58358.45 (-20.89%)

Standard deviation

of barge pitch 3.61 3.62 (0.28%) 3.04 (-15.79%)

displacements (deg)

compensator needs to satisfy multiple LMIs evaluated at the gridded points
within the Region-3 wind speed range. Both the LPV pitch controller and
its anti-windup system are scheduled by V previewed by a LIDAR simulator
whose development was detailed in our paper [20].

3. Simulation Study

Our LPV AW pitch controller is tested using the transformed barge HWT
model and compared with the PI pitch controller designed by us in the paper
[22] for the same barge HWT, through simulations in the MATLAB/Simulink
environment. The back-calculation anti-windup method is selected for the
PI controller with the back-calculation gain specified to be 0.5. For the
simulations, we choose the ode4 solver (a fixed-step solver using the fourth-
order Runge-Kutta formula for time integration) with the sampling frequency
set to be 40 Hz.

The simulations employ two types of IEC full-field turbulent wind inputs
with a same irregular wave input. The wind inputs are generated by Turb-
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Table 2: Comparison of the PI, PI AW, and LPV AW blade pitch controllers under a
wind (see Figure. 5b) and wave profile. The values in the brackets indicate the differences
compared with the PI control case.

PI PI AW LPV AW
Average
3983.39 4056.24 (1.83%) 4501.30 (13.00%)
power (kW)
Standard deviation
1224.10 1215.28 (-0.72%) 617.46 (-49.56%)
of power (kW)
Standard deviation
10.85 10.92 (0.65%) 5.23 (-51.80%)
of pitch rate (deg)
Fore-aft
84367.64 || 81363.111 (-3.56%) || 59419.991 (-29.57%)
DEQL (kN-m)

Standard deviation

of barge pitch 4.33 4.14 (-4.39%) 2.98 (-31.18%)

displacements (deg)

Sim [26] using the IEC Kaimal spectral model. They use the NTM (Normal
Turbulence Model) with category A as the turbulence intensity and the Class
1 ETM (Extreme Turbulence Model), respectively. The longitudinal compo-
nents of both wind velocity inputs have a same mean value of 18 m/s at
the hub height. FAST HydroDyn [27] is employed to generate the waves
using the JONSWAP spectrum. The irregular waves are characterised by
the significant wave height (set to be 6 m) and peak period (set to be 10
seconds).

The real REWS V' (from FAST AeroDyn) and its LIDAR-previewed value
V are illustrated in Figure 5. It is clear that their low-frequency correlation
is good while low-frequency components affect a wind turbine most [28].

The comparisons of the PI, PI AW, and LPV AW blade pitch controllers
under the 2 different wind inputs are given in Tables 1 and 2, respectively.
These cases use a same torque controller synthesised in a similar way as in our
paper [20]. Here the damage to the blade bearings caused by pitch activities
is assessed by the standard deviation of collective pitch rates [29]. The time-
series of the tower base fore-aft bending moment is used to compute the fore-

aft damage equivalent load (DEQL) at the tower base by the NREL MLife

13
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Figure 6: Responses under a wind (see Figure 5a) and wave profile. Figures 6a, 6b, 6c,
6d, and 6e show the rotor speed, collective blade pitch angle, generator power, tower base
fore-aft moment, and barge pitch displacement, respectively.

code [30]. Tables 1 & 2 show that our LPV AW blade pitch controller attains
much better overall performances than the PI and PI AW controllers in terms
of much suppressed barge pitch motions, considerably reduced damage on the
blade bearings & tower, less fluctuating rotor speed & generator power, and
more power delivered. Figures 6 and 7 show the simulation results for the
cases using the three types of pitch controllers, which verify the results in
Tables 1 and 2 respectively. Additionally, Table 2 shows that significant rotor
speed, generator power and tower fore-aft loading variations occur due to the
pitch saturation during the transition at about 135s (see Figure 5b) for the
case using the PI (without AW) blade pitch controller, while the PI AW and
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Figure 7: Responses under a wind (see Figure 5b) and wave profile. Figures 7a, 7h, 7c,
7d, and 7e show the rotor speed, collective blade pitch angle, generator power, tower base
fore-aft moment, and barge pitch displacement, respectively.

LPV AW controllers achieve much smoother responses.

4. Discussion

The results indicate that the LPV AW collective blade pitch controller
achieved appreciable reductions in power fluctuations, blade pitch actuator
usage, fore-aft tower fatigue loads, and barge-pitch vibrations. We did not
investigate how to control other dynamics like blade in-plane & out-of-plane
motions and side-to-side turbine dynamics because we aim to specifically
tackle fore-aft turbine vibrations (recall that the fore-aft direction suffers the
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largest loading from winds and waves). Some unconsidered dynamics could
deteriorate due to their coupling with blade pitch motions. We mention
that our control strategy is quite flexible to be upgraded to deal with addi-
tional dynamics. For example, to take into account side-to-side vibrations,
the barge roll mode coupled with the first tower side-to-side bending mode,
and generator torque dynamics can be added to the current control-oriented
model. Then the procedure given in Section 2.2 can be followed to design
the LPV AW controller based on the augmented control-oriented model with
additional states, input (associated with generator torque in this example),
and outputs (associated with tower side-to-side and barge roll motions in this
example). By reasonably selecting weighting functions, power regulation and
reduction of both fore-aft & side-to-side vibrations could be achieved through
cooperative control of generator torque & blade pitch. Besides, individual
blade pitch control can be a complement to the collective blade pitch con-
trol to enable the reduction of asymmetric or periodic blade loads while the
collective control only deals with symmetric dynamics [31, 32, 33].

Another approach to damp turbine vibrations is through applying pas-
sive vibration damping devices whose design is generally independent of the
design of other typical turbine controllers. A drawback of this type of meth-
ods is that it needs extra components, e.g. a large mass, which is often not
feasible except some existing components can be used. For the floating barge
HWT considered here, its hydraulic reservoir can be shaped into a bidirec-
tional tuned liquid column damper (BTLCD) and fixed onto the barge to
damp pitch & roll motions of the barge without adding much extra costs
[22]. Furthermore, the BTLCD can be connected to the tower base through
springs and dampers, which allows it to move freely like a tuned mass damper
(TMD). In this way, the advantages of the BTLCD and TMD are integrated
to further suppress barge motions [14].

The proposed LPV AW controller has not been implemented on a real
wind turbine. Before practical application, it is worthwhile to investigate how
the selection of the resolution of grid points could affect control performances.
We selected the grid points in a relatively conservative way. However, it is
possible that good performance can still be achieved even with a smaller
resolution.
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5. Conclusions

We developed a LIDAR-based LPV AW pitch controller for a floating
barge hydrostatic wind turbine (HWT). It can simultaneously reduce the
barge pitch motions and regulate the power in Region 3, which would nor-
mally disturb each other if addressed separately. We tested its performances
using a transformed high-fidelity barge HW'T simulation model taking into
account aerodynamics, hydrodynamics, servo-dynamics, and elastic dynam-
ics. The results showed much improved overall performances attained by our
controller in comparison with a gain-varied PI controller, in terms of barge
pitch suppression, load reductions of blade bearings & tower, rotor speed
regulation, and power quality.
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