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Floating wind farms (FOWF) are one of the main forms of wind energy utilization in the deep-sea areas. This
study proposes a multi-objective reposition control approach for floating wind farms. Firstly, an imperial wake
model of floating wind turbines is constructed considering the effects of wind and wave conditions. A nonlinear
model of a catenary mooring line is subsequently constructed. Furthermore, a multi-objective location optimi-
zation method is proposed that allows for the tradeoff between the maximum power of the farm and the min-
imum drift distance of the turbines accounting for the time-varying wind speed and direction. The results of the
proposed approach are then compared with those of traditional methods. The findings indicate that time-varying
changes in wind have a significant influence on the optimal position of turbines. It can decrease the maximum
drift distance by approximately 7 % when considering temporal variations in wind. Furthermore, the proposed
reposition control maintains almost the same power output of the wind farm while reducing the total offset
distance from the equilibrium point of turbines by approximately 11 %. The impact of mooring orientation,

natural length, turbine spacing, and wave speed on the control performance are also elucidated.

1. Introduction

The development and utilization of wind energy contributes to the
sustainable development and serves as a key role in the transition to a
renewable energy future (Yin and Lei, 2023; Yin et al., 2023). At present,
the wind power industry is primarily classified into three categories:
onshore, offshore, and deep-sea. Among these, the deep-sea area has
become an inevitable trend of the wind engineering (Fox et al., 2022;
Edwards et al., 2024). In addition, the utilization of deep-sea wind en-
ergy also provides a profound foundation for the future development of
marine technologies (Mcmorland et al., 2022; Ojo et al., 2022). How-
ever, there are still many challenges in exploiting deep-sea wind energy.
Optimal reposition control of floating wind farm is one of them (Nash
et al., 2021). Reposition control leverages the coupling between the
wakes of wind turbines, thereby enhancing the power of wind farms
through the coordination of different turbines. Moreover, the fatigue of
turbines can be reduced through control, which has a significant impact
on the safe operation of wind farm (Liu et al., 2024).

For onshore wind farms, many scholars have carried out research on
wake control, which can mainly be divided into the axial induction
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factor and yaw control (Andersson et al., 2021). The objective of the
axial induction factor is to reduce the turbine power by limiting the
velocity or pitch angle (Andersson et al., 2021). Yaw control is the
process of adjusting the trajectory of the wake centerline of turbines and
coordinating the equivalent inflow wind speed between turbines
through wake offset, with the goal of improving the overall output of
wind farms (Kheirabadi and Nagamune, 2019a). For bottom-fixed wind
farms, the two types of control methods have been widely studied,
providing a valuable basis for the optimal control of floating wind farms
(Lopez-Queija et al., 2022). Contrast to bottom-fixed technologies,
floating wind turbines will drift away from their initial position, a
phenomenon that has been referred to as “turbine reposition” in the
literature (Fleming et al., 2015). Reposition is a critical attribute of
floating turbines that differs from the fixed ones (Nagamune et al.,
2023). In addition, there is a coupling between the reposition control
and the yaw or pitch control (Han and Nagamune, 2020). This is because
changes in the yaw or pitch of wind turbines result in modifications to
the aerodynamic force, which in turn affect the movement of turbine
and consequently lead to changes in the turbine’s position.

From the perspective of a turbine, several studies have analyzed the
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impact of drift on its performance (Han and Nagamune, 2020; Yin and
Jiang, 2023). The drift not only changes the power, but also greatly
affects the flow field within farm as well as the load distribution of
turbines. It is evident that, in contrast to onshore wind farms, the
regulation of floating wind farms is more complex due to their floating
characteristics (an et al., 2017; Rodrigues et al., 2015). Some pre-
liminary control studies therefore have been conducted for floating wind
farms. In these studies, the most straightforward approach is to adjust
the inflow wind speed by accounting for the impact of turbine motion,
for instance, the pitch and sway. Subsequently, the conventional wake
models utilized in the onshore wind farms can be employed (Ghigo et al.,
2020). The disadvantage is that the temporal and spatial evolution of the
wake of bottom-fixed turbines are markedly different from those of the
floating type. This inevitably results in a reduction in the accuracy of this
method. Therefore, studied about the wake model of floating wind
turbines based on CFD have been performed. However, the complexity
of actuation line models presents a significant challenge in the practical
application to wind farm wake control (Yao et al., 2023; Fernandez--
Rodriguez, 2023). For this reason, several scholars have adopted the
fast.farm to study the impact of wake on floating wind farms (Xue et al.,
2022; Rivera-Arreba et al., 2018). There are also works in developing
new wake models for floating wind turbines, for instance, WFsim
(Kheirabadi and Nagamune, 2021). The common routine is to comple-
ment the equivalent velocity to modify the traditional wake model.
However, the impact of wave on the wake model in existing tools is not
taken into consideration. Providing that empirical wake models play an
important role in wind farm control due to their rapid convergence, the
development of an empirical wake model for floating wind turbines is an
urgent necessity.

Contrast to the numerous studies conducted on the control meth-
odologies of onshore wind farms, there are few studies on the control for
floating wind farms. The existing few studies on the control of floating
wind farms exclusively focus on maximizing power output. For example,
Han et al. conducted a study of the movable range of floating wind
turbines in two-dimensional space under static water conditions by
controlling the yaw and pitch angle (an et al., 2017). On this basis,
Kheirabadi et al. maximized the efficiency of the floating wind farm by
optimizing the axial induction factor and yaw angle (Kheirabadi and
Nagamune, 2019b), and further analyzed the influence of wind direction
and mooring characteristics on the power performance of the floating
wind farm in Ref. (Kheirabadi and Nagamune, 2020).

In fact, floating wind farms are in a complex environment, and the
time-varying changes in wind speed and direction cannot be avoided
(Elobeid et al., 2024; Wang et al., 2023). However, existing few studies
about floating wind farm control are limited to a specific wind speed and
direction without considering its variation (Kheirabadi and Nagamune,
2019b, 2020). Moreover, there are dynamic response characteristics of
floating wind turbines to drift (Zhang and Kim, 2018; Bashetty and
Ozcelik, 2021), leading to certain limitations of the drift rate. Without
considering the drift rate may cause the inaccessibility of the reposition
results for engineering application. In view of this, this paper proposes a
multi-objective reposition control approach for floating wind farms,
which accounts for not only the temporal changes of wind speed and
direction, but also the tradeoff between the maximum farm power and
the minimum drift distance, thereby improving the reliability and
accessibility of the optimization results.

The contributions are summarized as follows:

@® A computational multi-objective reposition control approach is
developed to tradeoff the maximum power of a farm and the mini-
mum drift distance of turbines.

@ The time-varying change of wind is constructed for solving the drift
rate constraint issue, which is first proposed in the reposition control
of floating wind farms to improve the reliability and accessibility.

The sections of this paper are as follows. The wake and mooring
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models of floating wind turbines are established in Section 2. In Section
3, the control model of floating wind farms is built, and a multi-objective
optimization method with maximum power and minimum drift distance
is proposed. The results are analyzed in Section 4 and the conclusions
are given in Section 5.

2. The simplified model of floating wind farms
2.1. Wake model of floating wind turbines

The freedom of the turbine motions should be clarified first before
developing the wake model. The inertial (X, Y, Z) frame is used to
measure translation displacements, i.e. surge, sway and heave, as shown
in Fig. 1. The rotation of the platform is represented by the Euler angle
[,6,y], which corresponds to the roll angle of rotation about the x-axis,
the pitch angle of rotation about the y-axis, and the yaw angle of rotation
about the z-axis, respectively. Turbine wake has an important impact on
the optimal control of wind farms, which not only reduces the power
output of the downstream turbines, but also intensifies the fatigue.
Unlike bottom-fixed turbines, floating units have multiple degrees of
freedom and are affected by waves, which makes the wake model more
intricate. Zhang et al. has proposed a wake model of floating wind tur-
bines in Ref (Huangiang et al., 2024), which considers the effects of
wind shear and wave as below.

a a (Y=Y +2ngp sin 02)%
2o + zhub) (Z + 24 — 20 + zhub) _ Ceiizﬁ?
Zref

u(xv.yvz):uref( 2 .
Te)

=Y +2hp sin 02)*

+ Upave 1—Ne 20?
(2-D
4ar? (z+24-20)
N= ary e 202 (2-2)
\V2mo, T,
4gr  _eraw)? @ I ( (Z”d;i;ﬂm) - 1) dz
=——0% e 2 4 (2-3)
vV 271'0'27'2 ry
X—X +2py coS Oz sin 0
Z= / Pdx (2-4)
0

where f is wind rotor deflection angle, z; is the offset of the wake center
in z direction, y is the offset of the wake center in y direction. Details of
other parameter definition can be found in Ref (Huangiang et al., 2024).

When an upstream wind turbine yaws, the aerodynamic force causes
a shift in the centerline of wind wake. However, the model proposed
above does not consider the impact of yaw motion, so this paper further
derives a wake model considering the influence of yaw based on the
aforementioned model. This yaw is analogous to the deflection effect of
conventional bottom-fixed turbines. For the spar turbine, it is assumed
that the degrees of freedom associated with different rotation motions
are independent of each other.

The offset of the wake centerline has a direct impact on the power
output of downstream wind turbines, so the challenge in modeling yaw
wake is to calculate the offset of the wake center under yaw conditions,
as illustrated in Fig. 2. The thrust on a yaw wind turbine is generated by
the cosine of the incident wind, and the equation is obtained by
decomposing the thrust in the x and y directions:
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Fig. 1. Schematic wake interface of spar floating turbines.

Uy

Fig. 2. Wake profile under yaw effect.

1
f = Cr5pA(Us cos y)*

1
fr=—fcosf= 7CT-§/)A(U0 cos y)* cos y (2-5)

1
fy=—fsind= *CT'Q[JA(UO cos y)’ siny

In the yaw control body, the sum of the input momentum m;, the mo-
mentum lost my by the turbine, and the ambient wind momentum ms are
equal to the wind wake momentum. By applying the principles of con-
servation of momentum and mass, the following equations are derived:

fx = mg(Uo — AU)COS a—m Uo — m2U0
fy = m;z,(Uo — AU)(—Sin a)
ms=m; +my = /uwdA

(2-6)

Due to the small a of the deflection angle, sina and tana can be

approximated to a, cos a approximate to 1, AU approximate to 0, and the
cross-sectional area A of the control body is also very small.

_Fy

fuwsz CT cos? y-sin y 2-7)
Finally, the value of the offset yd is obtained as:
Ya= /0 tan a-dx ~ / adx = 7CT cos? y-sin y ———— " + kyx (2-8)

Due to the rotation of the wind turbine in the x, y, and z directions,
the reference coordinate system undergoes changes, resulting in a cor-
responding variation in the coordinate positions. As shown in Fig. 3, the
coordinates (0,0,2) are transformed into (zcosgsindcosy, zsingcosy,
2C0S¢pcosd)

Xo =X — Zpup COS sind cos y (2-9)
Yo=Y — Znu Sin ¢ cos y (2-10)
20 =2 + Znup COS @ COS O (2-11)

7’ Z

)

X’
X

Fig. 3. Rotation angle of a floating turbine.
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finally, the wake model of the floating wind turbine considering yaw is
derived as below.

2
e ™ Zref Zref 270,71,
ar? (z+24—%0)° (y7yd7y°)2
+u -2 e 3
wave
V210,41,

2.2. Mooring model of floating wind turbines

The principal distinction between floating and bottom-fixed turbines
is the mooring system. The mooring force model is contingent upon the
determination of the anchor point and the connection point between the
line and the pontoon. For different anchor points of a turbine, this work
assumes that the mooring line is in a bisecting state. Once the projected
radius Ra is specified, the coordinates of the different anchor points of
the turbine can be calculated, as illustrated in Fig. 4. It should be noted
that, compared with the long mooring line, the rotation of the turbine
has a negligible impact on the change of the fairlead coordinates, so this
paper ignores the influence of the rotational motions on the fairlead
position. Under such simplification, the coordinates of the fairlead are
equal to the turbine position. Therefore, for a single-point three-line
mooring system, the coordinates of the anchors and fairlead can be
calculated in accordance with the coordinates x and y.

Since mooring lines have some symmetry, the model of a single
mooring line is the basis. As shown in Fig. 5, there are three zones of a
mooring line. When the corresponding mooring part rests on the seabed,
and its suspension part is vertical without a conduit profile, it is the
beginning of zone 1. There is only vertical force of fairlead of the
mooring when it is in zone 1. Contrast to zone 1, when any part of the

Fairlead

Mooring line

Anchor point

Projected / .
radius R,

Fig. 4. Schematic mooring configuration of floating wind turbines (Al-Solihat
et al., 2015).

aft, ((=oa=) < 1)ds] oy
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mooring line is not on the seabed and the slope of the mooring profile at
the anchors is greater than zero, it is in zone 3. The middle part is zone 2
where both horizontal and vertical forces exist on the fairlead. In this

202

e Y
Tz

(2-12)

paper, a centralized mass approach is used here and the cut-off points
between different zones can be calculated as below,

Xm.l :Lc —2Zm (2-13)
Hpo|WLe . . (WL
Xpo=—2 h 2-1
m2 == {ACEJF sinl i, (2-14)

where L. is the nature length of the mooring line, 2, is the vertical
distance of the fairlead relative to the anchor, Hy, > is the horizontal
tension when the fairlead is located at X, » that is calculated as:

o - (2] (22

m2T2 L. 2AE) |\L. 2AE
where w is the weight per unit mooring length, A.E is the mooring
tension per unit.

As can be seen that the two cut-off points can be calculated once the
vertical distance and properties of mooring lines are given. Fairlead
forces in different zones are different. When the projection distance
relative to the anchor points is less than X, ;, the horizontal force Hy, is
zero, while the vertical force equals to the weight of the mooring line
suspended.

When the fairlead is in zone 2, the horizontal and vertical force Hy,

and V;, are calculated by using the Newton-Raphson algorithm to solve
the following equations:

(2-15)

Hy (Vi | . 1V
Xm —Le= W (ACE+ sinh™? PTm) (2-16)
1] v V) ?
Zm w)2A.E Hy, |1 1+ <H—m (2-17)
A
H,
-
Vin
Zone 1 Zone 3
«—

v

Lrl Xon1 Xon 2
Portion of cable resting on the seabed, L,

Fig. 5. Different zones of a mooring line.
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where Ly is the length of the mooring line rested on the seabed, which is
calculated as follows:

3 2 3
m
Ly=Le—-"+ B

— X (2-18)

S

where x; is the projection distance from the beginning of the anchors to
the location with minimal horizontal mooring tension,  is the resis-
tance coefficient. This minimum mooring tension point corresponds
either to the position of the anchor or to some intermediate position
along the flat section. Therefore, the distance x; is calculated as follows:

x, =min| L, — Ym_Hm 1+ Hn
o Cowiw, 2A.E

The fairlead forces in zone 3 can be calculated as below also by using
the Newton-Raphson algorithm for solving Hy, and V;,;:

(2-19)

_Hm WLC . -1 Vm . -1 Vm - WLC
Xm = ” ( A E+ sinh H, sinh . (2-20)
L wL.\ Hp V)2 Vin — WL\ 2
= - Ll P[RR (s I IR (.
Fm=AE (V‘“ 2 >+ w \/ + (Hm> T,
(2-21)

It is clear that the mooring force model is strongly nonlinear.
Consequently, it is computationally intensive in the optimization pro-
cess if resolved every time. Therefore, the nonlinear model is solved
similar to offline, and then an interpolation table function hv; is con-
structed based on the results. The input to the interpolation function is
the projection distance x;,, and then the table function returns the hor-

izontal and vertical forces of the fairlead.
Hy, Vin = hve(xm) (2-22)

The expression depends on which zones the fairlead belongs to:

0 ) Xm < Xm,1
H]TU Vm = Hm.17 Vm,l Xm1 < Xm < Xm,2 (2'23)
Hm.27 Vm,Z ) Xm > Xm,z

Using the interpolation table function, after the distance between the
different mooring lines and anchoring positions is calculated, the
mooring force can be obtained directly by interpolation, which greatly
simplifies the calculation. Note that the table function only returns the
forces of a single mooring line. The total mooring force is derived based
on the symmetry of the mooring systems.

It should be noted that due to different anchor points of mooring

Yy A

=
=
Movable .
range

o— — 1

/F_\ x

-

Fig. 6. Schematic layout of floating wind farm.
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lines, the force of mooring lines is not the same. For the single-point
three-line mooring, the vector Fy;; €R2 x 1, represents a set of expo-
nents that identify three mooring lines on given floating platform.
Currently, the total mooring force of the turbine is obtained by adding
multiple mooring force vectors.

Frni= Z Frij
Jj

(2-24)

where m means the mooring lime, i = {1, 2, ..., N} is the turbine number,
j=A{1, 2, 3} is the number of mooring lines.

3. Muti-object wake control of floating wind farms
3.1. Layout of floating wind farm

As mentioned earlier, the purpose of reposition optimization is to
adjust the wind turbine position, thereby improving the power genera-
tion of farms. At the same time, considering the time-series change of
wind, the drift rate of turbines should be considered to improve the
reliability and safety of the optimization results.

Taking the layout of Hywind Scotland as the reference, there are five
turbines in the farm with turbine numbered as shown in Fig. 6. Due to
ignoring the movement in z direction, the wind turbines are distributed
on the two-dimensional sea surface. With the global coordinate system
shown in Fig. 6, turbine coordinates are as follows:

X=[x Xa xs]T (3-1)

Y=[x1 ¥ sl (3-2)

The actual wind speed and direction will change in time. Therefore,
the temporal variation characteristics of wind are considered in this
paper.

Vs = [Vsl Vs2 Vsk ]T (3‘3)

va=[va Ve vae]" (3-4)
where v; is the change of wind speed, v, is the change of wind direction,
and k is the number of time instants. It should be emphasized that the
wind direction here is the angle along the positive x direction
counterclockwise.

Given the wind speed and wind direction, the inflow wind speed v; of
each turbine can be obtained by using the wake model of Section 2.1,
and then the power of the wind turbine can be calculated.

_1 2443
Pi 75401(1 — ai) pAVi (3_5)
where g; is the axial inducing factor of the ith turbine, A is the area of the
wind turbine, and p is the wind density. P; is the power of the ith turbine.
The power generation of the whole farm is

Py = ZP i
i
Floating turbines can deviate from the equilibrium position, causing

the mooring to stretch or shrink. Therefore, the drift distance of turbines
should also be considered in the control of floating wind farms.

Al:zz\; Z;:l Alij

Al = |xi; — Xo5] + ’}’ij —Yoij

(3-6)

B-7)

(3-8)

where Al; is the drift distance, N is the number of turbines, and x,, y, are
the turbine coordinate at the equilibrium positions, and x;;, y;; are the
turbine location after drift.

In addition to the overall optimization object, the physical con-
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straints of each turbine itself need to be considered. Among them, the
relationship between aerodynamic force and mooring force is the key to
the optimization problem. For aerodynamic forces, using the temporal
information of wind speed and direction, combined with the aero-
dynamic model in Section 2.1, the aerodynamic forces Fy; of a turbine
are shown below.

(3-9)

1 cos V,
F :Eai(l — a;)*pAv? { d}

sin Vg4

The mooring force, F,; is independent of the wind field and is
entirely a function of turbine position. After the coordinates of turbines
are given, the mooring force can be calculated by using the mooring
force model and the interpolation table function in Section 2.2.

The wave force, F,,; generated by ocean currents can be calculated
using the Morrison equation.

1
Fy;= ECDpAuW|uW| (3-10)
where Cp is the drag coefficient, p is the density of seawater, A is the
projected area of the unit column height perpendicular to the direction
of wave propagation, u, is the current velocity.

In existing research, given the wind speed and direction at a specific
time instant, a steady-state model is used where the dynamics are not
considered, in which the mooring force, the wave force and aero-
dynamic force are always in balance, as shown below

F;+Fn;+F,;=0 (3-11)
In fact, wind speed and direction change dynamically. Therefore, when
considering the dynamic characteristics of the wind sequence, the
aerodynamics and mooring forces do not have to be always balanced,
therefore a margin ¢ is required to accommodate this transition process.
In this case, the aerodynamic, wave and mooring constraints that
consider the dynamic change process are shown below

|Fei+Fni+Fuy| <€ (3-12)

The most important thing is that in the process of wind change, there
needs time for turbines to response. Therefore, the drift rate of turbines
between different moments should be considered as the following con-
straints. This is also the key difference between the optimization
considering time-varying and those without considering the dynamics of
wind.

[YE! —YE <&y (3-14)
where X5 is the coordinate in x axis of the ith turbine at the k+1 time,
and 6y is the distance difference between the x coordinate at different
times, and the meaning of other parameters is similar.

3.2. Optimization method of reposition control

The main purpose of traditional floating wind farms is to achieve the
maximum power of the whole farm, but there will be drift of floating
wind turbines. Excessive pursuit of maximum power may cause the unit
to deviate far from the equilibrium position, which may affect the safety
of the turbines. Therefore, the drift distance should also be considered in
the reposition control of floating wind farms. A tradeoff method for a
multi-object reposition control is performed. More importantly, time-
varying characteristics of wind are inevitable. Consequently, the aero-
dynamic thrust and mooring force were relaxed when considering the
change of time-series wind information, and the penalty is added in the
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Table 1
Parameters for reposition control for floating wind farms (Rivera-Arreba et al.,
2018; Al-Solihat et al., 2015).

Current speed 0.5m/s Turbine radius 63 m

Current direction 0° Turbine power 5 MW

Water depth 186 m Mooring Single-point three-

configuration line

Natural mooring 900 m Tension per meter, 753.6 x 10° N
length AcE

Radius of anchor 837 m Offset in X, dx 15m

Weight per unit 1065.7 Offset in y, 5, 15m
length, w N/m

Xmax Y max 200 m Xmin,Ymin —200 m

object to prevent excessive relaxation.
Finally, the optimization object in this work is as follows

min f =1/P; + o |[All, + o2l (3-15)

where Py in total power generated, Al is drift distance vector of turbines,
¢ is the relaxation in Eq (3-12), || ||; is the L1 norm, w; and w, are the
tradeoff coefficient.

The specific constraints are as follows

Xmin; Ymin < X, Y < Xmax; Ymax
Egs (2—-1)—(2—24)
Egs (3—1)—-(3-10)

|Fii+ Fni+ Fui| <e
X XY < 5
Y- <8y

(3-16)

where x, y are the optimization variables, namely the turbine co-
ordinates the constraints Xmin,Ymin < X,¥ < Xmax,Ymax represent the
moveable range from the equilibrium position of the turbine; subscript i
means the ith turbine; Eqs (2-1)-(2-24) are the wake and mooring
models, while Egs (3-1)—(3-10) are the farm model. |Ft_i +Fmi +Fw_i| <e
means the relation of force constraint. |X1»‘+1 7Xﬂ < 6x means the dis-
tance in x direction should be within safe range.

It is obvious that the optimization problem is a strong nonlinear
problem. To solve the problem, this paper employs the sequential
quadratic programming method. The overall process of the optimization
process is shown in Table 2. Firstly, the environmental parameters, such
as time-series change of wind, wave conditions, the mooring system
parameters including the orientation, line length, and anchor points are
given, as shown in Table 1. The mooring force function is then calculated
offline. Given the equilibrium position of the floating turbines and the
range of optimization variables, the empirical wake model was used to
calculate the wind velocity, and the wind speed was used to calculate the
aerodynamic thrust. Subsequently, the forces exerted on the mooring
lines are interpolated based on the distance between the equilibrium
position of the turbine and the mooring anchor point. The wave force
can also be calculated. Then, the power of the wind farm and the total
drift distance of turbines can be derived. In accordance with the objec-
tive function and constraints, the fmincon function in MATLAB is
invoked to solve the problem. The use of interpolation for mooring
forces (Eq (2-23)) and empirical wake models (Section 2.1) greatly
simplifies the process, making it more computational efficiency.
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Table 2
Pseudocode of the multi-object reposition optimization.
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Algorithm: Multi-object reposition control with maximizing power and minimum drift distance considering time-varying change of wind

Input: Time-varying wind in Egs (3-3), (3-4), parameters of wave, mooring and farm configuration

Obtain mooring force function based on Eqs (2-13)-(2-21)
Give initial turbine positions

Uj«Calculate aerodynamic wake velocity based on Egs (2-1)-(2-12)

F¢; «<Calculate aerodynamic force based on Eq (3-9)

Fm; <Interpolation of mooring force table based on Eqs (2-23), (2-24)

Fyi <Calculate wave force based on Eq (3-10)
for each turbine
Summarize power based on Egs (3-5), (3-6)
Summarize drift distance based on Eqs (3-7), (3-8)
Obtain the constraints based on Eqs (3-12)—(3-14)
End
Construct the objection Eq (3-15)
Construct the constraint Eq (3-16)
Call fmincon in MATLAB for solution

Output: Coordinate position of floating wind turbines Egs (3-1), (3-2)

4. Results and analysis
4.1. Comparison of turbine location under different methods

To prove the effectiveness of the proposed method, this paper com-
pares the results of two methods, assuming that the time-varying wind

speed and wind direction are shown in Fig. 7:

Method 1: A multi-objective optimization method without consid-
ering the characteristics of time-varying wind.

Method 2: A multi-objective optimization method considering the
characteristics of time-varying wind.

Fig. 8 shows the comparison of drift distance of turbines at different
time instants by the two methods. As can be seen that the overall drift
trend of wind turbines is very similar, which is mainly due to the fact
that the external environmental parameters are the same. However,
there are also differences between different methods. For the first
method, the mooring and aerodynamic force are equal at each instant
without considering the relationship between different moments. This
leads to larger drift distance of turbines because turbines can move
freely. As demonstrated in Fig. 8 that the largest drift distance in x di-
rection is about 57 in method 1, while it is about 53 in method 2. The
maximum offset was reduced by about 7 %. The difference is due to the

Table 3
Comparison of total power and drift distance of wind farm under different
methods.
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consideration of time-varying change of wind speed and direction. In
fact, the drift distance of the first and fourth turbines is significantly
reduced. The main reason for the reduction is that the dynamic response
of the turbine at different times requires a certain transition process
instead of reaching the equilibrium immediately. The transition process
is also in line with the actual situation after considering the constraints.
The optimization results demonstrate the effectiveness of the method
proposed in this paper.

4.2. Comparison of total power and drift distance

The differences in turbine position led to the change of the total drift
distance of turbines. The total offset distance was reduced by about 11
%, as demonstrated in Table 3. This change in drift distance is mainly
from the relaxation of the balance of aerodynamic and mooring force. In
addition, the drift rate also contributes to the change in drift distance.
The interesting thing is that the total power of wind farms is almost the
same. This phenomenon is attributed to the “overall drift” of the whole
farm. Such overall drift arises from the relaxation force in Eq (3-11) in
Section 3. The relaxation can be regarded as the inertial force. As a
result, the turbines in Method 2 all shift a corresponding distance about
4 m. However, the relative turbine distance within the farm is almost the
same in the two methods, leading to a similar wake filed of floating wind
farms, thereby producing almost the same farm power.

4.3. Comparison of drift rate of turbines

It is important to note that there are distinctions between the drift
distance and the drift rate. It might be helpful to think of the drift rate of
turbines as showing the relationship between different time instants,
while the drift distance is the movable range of turbines within certain
time. Figs. 9 and 10 shows the comparison of the drift rate of turbines in
x and y direction under different methods. It can be clearly seen that the
drift rate of turbines in Method 1 varies according to the change of
inflow wind speed without the drift rate constraints. Especially for the
last time instant, the drift rates of the five turbines are all larger than the
rated drift rate. However, this is infeasible in real engineering condi-
tions, which makes it difficult to access the optimization results. In
contrast, the second proposed method considers the constraints of drift
rate. The drift rate of turbines in the last time instant in x direction is all
equal the rated value, without any apparent violation of the constraints.
Regarding the drift rate in y direction, the two methods yield similar
results, as they both satisfy the constraints in this direction. The com-
parison fully demonstrates the necessity to consider the constraint of
drift rates in optimization and proves the reliability of the proposed
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method in this work.

4.4. Influence of mooring natural length

Fig. 11 shows the influence of mooring natural length on the overall
power and the total drift distance of the wind farm. It can be seen that as
the mooring natural length increases, the total drift distance increases.
This is because when the natural length increases, the movable range of
the turbines also increases. However, the drift distance is not that
remarkable at first, because of the nonlinear mooring force. The less the
mooring length is, the larger force it creates. When natural mooring
length is small, the marring force is very large, resulting in the shorter
drift distance. As the natural length of the mooring system increases, the
mobility of the turbine also increases, which allows for larger reposi-
tioning. This enhanced mobility is beneficial for optimizing the layout of
the wind farm, as it provides more flexibility in adjusting the positions of
the turbines to maximize power output.

In contrast, the wind farm power decreases as the natural mooring
length increases. This is because when the yaw optimization is not
carried out, the upstream turbines have larger moving distance in the
horizontal direction, which leads to the shortening of the relative dis-
tance between the upstream and the downstream units, leading to the
increase of the wake interference effect and thereby resulting in the
reduction of the farm power. This also proves the necessity for yaw
control. Moreover, it can be seen that the longer the mooring line length,
the greater the benefit through yaw control, which is consistent with the
conclusions of existing studies (Kheirabadi and Nagamune, 2020).

4.5. Influence of mooring orientation

The mooring orientation is defined as Fig. 12 where 6yo0; is the angle
between the mooring line 1 and x direction counterclockwise. Fig. 13
shows the horizontal distance of the five turbines from the equilibrium
position with different mooring orientations, and it can be clearly seen
that with the increasing mooring orientation angle, the horizontal drift
distance of the five turbines from the equilibrium position gradually
decreases and then increases, showing a symmetrical feature. This is
reasonable as the mooring orientation is a single-point three lines system
where the wake filed is the same for 0 and 120. When 8p00r is 60, the
force of line 1 and line 3 together resist the aerodynamic and wave force,
leading to the shortest drift in x direction. As for the drift in y direction,
it is because of the projection of nonlinear mooring force. This illustrates
the important influence of mooring orientation on the reposition control
of the floating turbines.

In addition to the offsets in the x and y directions, the orientation of
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Fig. 9. Total drift rate in x direction of turbines at different time instants under different methods.



S. Wei et al.

Ocean Engineering 327 (2025) 120974

0.4 - method 2

[ W

e
S}
1

2]
Q
2
g
g 0.0
2
E 02
° [ turbine No.1
§ [ turbine No.2
=-0.4 |:| turbine No.3
S [ Jturbine No.4
[ |turbine No.5
-0.6
-0.8 T T T T T T
1 2 3 4 5

time instant

Fig. 10. Total drift rate in y direction of turbines at different time instants under different methods.

0.6
method 1
0.4 1
£ W H—H_H
2
g
= 0.0
g
2
-0.2 1
E :] turbine No.1
‘3 04 [ ] turbine No.2
n; [ ]turbine No.3
'% 06 [ turbine No.4
- [ turbine No.5
-0.8 Iy
-1.0 T T T T T T T T T
1 2 3 4 5
time instant
3000 -
- 93.583
u —_—
2500 =
- 93.554
£
3 x
=< 2000 - 93.525§
S <
2 8
N L 93.4963
5 1500 - ;
= <
3 drift distance farm power | 934678,
1000 =
- 93.438
500 - \- - 93.400

T T T
0.7 0.8 0.9
natural length coefficient

Fig. 11. Influence of mooring natural length on power and drift distance.

mooring also has great influence on the total power of wind farm as
shown in Fig. 14. It can be seen that the mooring orientation has an
overall symmetrical impact on the total drift distance. The symmetry
characteristic of the total drift distance can be explained by Fig. 13.
However, the symmetry is not observed in the total power output. This
discrepancy may arise from the combined effects of the y-direction offset
and the x-direction drift distance. As the orientation increases from 0 to
60°, the drift in the y direction of the turbines increases, while orien-
tations between 60 and 120° exhibit a decreasing trend. Conversely, the
displacement in the x direction follows an opposing pattern. Conse-
quently, the total power of the wind farm is not maximized at an
orientation of 60°, reflecting a comprehensive consideration of both x
and y factors.

4.6. Influence of turbine spacing

Fig. 15 illustrates the influence of the turbine spacing on the control
performance of the wind farm. It can be seen that as the turbine spacing

Wind direction
—

Mooring Line 1 gmow 4

X

Fig. 12. Schematic of mooring orientation.

in the wind farm increases, the power of the whole wind farm increases
first, and then tends to flatten. The reason for the increase is that the
wake effect between the turbines is reduced as the spacing increases.
However, as the spacing further increases, its influence tensity on the
wind farm power decreases, because the environmental parameters and
the turbine itself have not changed significantly, the impact of wake
velocity change tends to be in saturation.

4.7. Influence of wave speed

Fig. 16 shows the effect of wave speed on the characteristics of
floating wind farms. It can be seen that as the wave speed increases, the
power of the floating wind farm decreases, whereas the drift distance
increases. This is mainly due to the fact that, the horizontal force of
turbines will be increased with the increment of wave speed. This will
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reduce the relative turbine distance, resulting in the enhancement of the

wake effect and affecting the power generation. Moreover, waves will
also affect the distribution of the aerodynamic wake field, and it can be

Fig. 16. Power and drift distance of wind farm under different wave speed.

seen from Eq (2-12) that the increase of wave velocity will lead to the
increment of the wake velocity loss of the turbines. The dual influence of
turbine position and aerodynamic wake leads to the decrease of wind
farm power and the increase of drift distance.

5. Conclusions

In order to balance the efficiency and safety of floating wind farms,
this paper proposes a multi-objective optimization method to achieve
the maximum farm power and the minimum drift distance. Then the
proposed muti-object optimization approach considering drift rate
constraints is compared with a traditional method. The results show that
the proposed method may be capable of producing a comparable level of
power to the traditional approach. Additionally, it has the potential to
reduce the overall drift distance of the turbine by approximately 11 %,
which greatly improves the reliability and accessibility of the results.

Moreover, it is found that the time-varying wind is the biggest factor
affecting the position of floating turbines. The augmentation of the
natural length of mooring lines leads to an increase in the aggregate
displacement of the turbines and a decrease in overall power output.
Additionally, enlarging the inter-turbine spacing results in an escalation
of both the aggregate power and the total displacement. Furthermore, an
increment in wave velocity is associated with a reduction in wind farm
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power and an augmentation of the drift distance. It would be beneficial
to consider these parameters when performing reposition optimization
of floating wind farms.

Future research endeavors should focus on resolving optimization
challenges by expanding the investigation into dynamic wave models
and integrating the effects of yaw control. Potential limitations to real
floating wind farms include position measurement, drift rate sensors
etc., which are also our further consideration.
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