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In this study, an advanced numerical simulation tool has been developed for the rotor-floater-mooring coupled dynamic
analysis of a Multiple Unit Floating Offshore Wind Turbine (MUFOWT) in the time domain including aero-blade-multiple
tower dynamics and control, mooring dynamics, and platform motion. In particular, the developed numerical tool is extended
from the single turbine analysis tool FAST, which has been developed by the National Renewable Energy Laboratory (NREL)
for years. For the linear and nonlinear hydrodynamics of a floating platform and the generalized coordinate-based Finite
Element Method (FEM) mooring line dynamics, CHARM3D is used. Therefore, the entire dynamics of a floating offshore wind
turbine were obtained by coupling FAST-CHARM3D in the time domain, which has been further extended to include
additional coupled dynamics among multiple turbines. The global coefficient matrix, including one floating platform and a
number of turbines, is built at each time step of the simulation and is solved simultaneously to obtain the responses of the
entire degrees of freedom (DOFs) of the MUFOWT system. To investigate the dynamic coupling effects between the platform
and turbines, a five-turbine semisubmersible is modeled and simulated. Then 1P excitation from one turbine is intentionally
generated by the partial breaking of a blade, and the loads transferred to the platform and other turbines are investigated. The
analysis shows that the dynamic load imbalance of one turbine in the MUFOWT may induce appreciable changes in the
performance of the other turbines or the floating platform.

INTRODUCTION
It is widely accepted that the cost of a FOWT increases only
modestly with the floater size. In this regard, another interesting and
plausible FOWT concept called MUFOWT (Multiple Unit Floating
Offshore Wind Turbine) is proposed. This model includes multiple
wind turbines on a single floating platform rather than the typical
concept of one wind turbine on one floater. The possible advantages
and disadvantages of a MUFOWT compared to a single-unit floating
turbine were discussed (Barltrop, 1993; Jamieson and Branney,
2012), and an effort was made to develop simplified analytical
tools for evaluating the performance of the multiple-turbine floater
(Henderson et al., 1999).
Compared to the single-unit floating wind turbine, the MUFOWT
has several advantages. First, many turbines can share the floating
base and mooring lines to minimize respective costs. The entire
unit can be fabricated at the quay side and towed to connect to a
pre-installed mooring system. That way, the installation cost can be
minimized. From the point of view of stability, the MUFOWT
generally provides a more stable condition than a single-unit floater
since the platform size of the MUFOWT is much greater than that

*ISOPE Member.
Received December 3, 2014; updated and further revised manuscript
received by the editors March 3, 2015. The original version (prior to the
final updated and revised manuscript) was presented at the Twenty-fourth
International Ocean and Polar Engineering Conference (ISOPE-2014),
Busan, Korea, June 15–20, 2014.
KEY WORDS: Renewable wind energy, floating offshore wind turbine
(FOWT), multiple unit floating offshore wind turbine (MUFOWT),
multiple turbines, semisubmersible, aero-elastic-control, floater-mooring
coupled dynamics, partially broken blade, transient coupling effects.

of single-unit floaters. The increased stability also enables higher
towers and larger blades for higher energy capture. In random sea
environments, better response characteristics are expected because
larger floating units usually tend to have less response. A larger
floating platform may be equipped with a helicopter port for access
by air.
On the other hand, there are also several disadvantages of
the MUFOWT concept. One of the most serious problems is
the possible interference among turbines when one unit fails to
operate normally. Another anticipated problem is the possibility
of a performance drop caused by the blade shade effect due to
insufficient distance between the turbines. This disadvantage may
be overcome by adopting an ingenious floater design or turbine
arrangement. In the earlier research on the MUFOWT, such a
large floating structure with multiple turbines was not regarded as
cost-effective. However, recent technological developments and the
use of bigger turbines make this concept more viable.
In this regard, a fully coupled dynamic analysis computer
program, including multiple turbines on a single floater with
mooring lines, was developed by combining and expanding several
computer-aided engineering (CAE) tools. Initially, for the dynamic
analysis and control of a single wind turbine system, the primary
design code of wind turbines developed by NREL, called FAST,
was employed (Jonkman, 2003; Jonkman, 2007, 2008; Jonkman
and Buhl, 2004). The aero-rotor-tower program FAST was then
combined with the floater-mooring coupled dynamic analysis
program CHARM3D (Kim et al., 1999; Kim et al., 2001; Tahar
and Kim, 2003; Kang and Kim, 2012; Yang and Kim, 2010, 2011).
For years, the coupling between FAST and CHARM3D has been
successful, and the developed program has been used for the fully
coupled dynamic analysis of many floating platforms with a single
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turbine (Bae and Kim, 2011, 2013a, 2013b). In this study, the
FAST-CHARM3D has been significantly extended to analyze the
new system of multiple turbines on a single floater. The equation
of motion for the entire system, including multiple turbines with
a single floating platform, is simultaneously solved in the time
domain by a global combined matrix including all the relevant
coupling forces and degrees of freedom (DOFs) (Bae et al., 2014).
As a result, the dynamic responses of the MUFOWT system with
full couplings among the towers, blades, drive-trains, floater, and
mooring system can be obtained simultaneously in the time domain
by a single run. As far as the authors know, there is no numerical
tool with such capability in the open literature. The developed
computer program is applied to investigate the dynamic coupling
effects among multiple turbines on a single floater when one turbine
fails to operate normally.

on the platform, the generalized active forces can be obtained
independently from each other by using a correlated global wind
field, i.e., the aerodynamic, elastic, gravity, generator, and damping
forces for each turbine are summed up individually and arranged
one by one. (The wake effects are not considered in the present
study.) Then the total generalized active force on the MUFOWT
can be established, as shown in Eq. 1:
Fr = FrTotal Turbine + FrPlatform
= FrTurbine #1 + · · · + FrTurbine #N + FrPlatform
= Fr

Turbine #1
Aero

+ Fr
+ Fr

DYNAMICS OF A MULTIPLE UNIT FLOATING
OFFSHORE WIND TURBINE
The time-domain simulation tool for a fully coupled dynamic
analysis of multiple turbines on a single floater with mooring
lines was developed in this study. The current aero-rotor-tower
program FAST (hereinafter referred to as PROG1) was designed to
solve for one turbine on one floater. In order to solve for multiple
turbines on a single floating platform, PROG1 was considerably
modified and extended so that it can account for full coupling
among multiple turbines on a single floating platform. The dynamic
behavior of the MUFOWT can be derived from the full degrees
of freedom including 6 DOFs of the floater and additional DOFs
of the multi-wind turbine with proper platform-turbine coupling
terms. The equations of motion of the entire MUFOWT were
built by using one global coefficient matrix with forcing functions
on the right-hand side, and then the matrix equation was solved
simultaneously at each time step. On the assumption that every
degree of freedom of a three-bladed turbine in PROG1 is turned on,
the total DOFs of the MUFOWT can be expressed as 6 + 18 × N ,
where N is the total number of turbines. 6 represents the degrees of
freedom of the platform, and 18 represents the degrees of freedom
of a turbine, which include 4 DOFs of the tower modes, 1 DOF of
the nacelle yaw, 1 DOF of the rotor furl, 1 DOF of the generator
azimuth, 1 DOF of the drivetrain flexibility, 1 DOF of the tail furl,
and 9 DOFs of the bending modes of the 3 blades. The generalized
inertia and active forces from each turbine should be independently
fed to couple with the sharing floater. The coupling terms between
a floating platform and each turbine in the coefficient matrix can
be derived by accounting for every effect of the generalized inertia
and active forces from both bodies. In the case of the coupling
terms between one turbine and another turbine, the corresponding
coefficients are set to zero because their kinematic coupling is not
made directly but is made through the floater. The hydrodynamic
coefficients, including added mass, radiation damping, wave forces,
and second-order mean and slowly varying drift forces of the floater,
were obtained by the 3D diffraction-radiation preprocessor WAMIT
in the frequency domain (Lee and Newman, 1999; Lee et al., 1991).
The information is then transferred to the time-domain analysis
tool. The mooring dynamics are coupled with the hull motions, and
they are solved at each time step by a generalized coordinate-based
Finite Element Method (FEM) program using a high-order element
(Kim et al., 2001). In this study, the aerodynamic interferences
between adjacent turbines have not been considered, and the floating
platform is assumed to be rigid with six degrees of freedom even
though it is flexible in reality.
The generalized active forces on the entire MUFOWT system can
be divided into the turbine part and platform part. For the turbines

+ Fr

+ Fr

Turbine #1
Damping
Turbine #N
Aero
Turbine #N
Damping

Turbine #1
Elastic

+ Fr

Turbine #1
Gravity

Turbine #1

+ Fr

Generator

+···
+ Fr
+ Fr

Turbine #N
Elastic

Hydro

+ Fr

+ Fr

Turbine #N
Gravity

+ Fr

Turbine #N
Generator

(1)

Mooring

Similarly, the generalized inertia forces on the entire MUFOWT
system can also be expressed. First, the generalized inertia forces
are obtained from each turbine. The inertial loadings of each
turbine, such as the tower, nacelle, hub, and blades, are calculated
based on the mass and inertia properties of each component and are
summarized with respect to the tower base origin for each turbine.
If we include the generalized inertia force of the floating platform
from the platform mass property, then the total generalized inertia
force on the MUFOWT can be expressed, as shown in Eq. 2:
Fr∗ = Fr∗ Total Turbine + Fr∗

Platform

= Fr∗ Turbine #1 + · · · + Fr∗ Turbine #N + Fr∗
Turbine #1
= Fr∗ Tower

Turbine #1
+ Fr∗ Nacelle

Platform

Turbine #1
+ Fr∗ Hub

+ Fr∗

Turbine #1
Blades

+···
+ Fr∗

Turbine #N
Tower

+ Fr∗

Turbine #N
Nacelle

+ Fr∗

Turbine #N
Hub

+ Fr∗ Platform

+ Fr∗

Turbine #N
Blades

(2)

Note that the inertia force from the platform is accounted for only
once in the construction of the total generalized inertia force matrix
of the MUFOWT system.
Once the equation of motion is set up, it can be solved by numerical integration. Kane’s method provides an elegant formulation of
the dynamic equations of motion; it simply states that the sum of
the generalized active forces in Eq. 1 and the generalized inertia
forces in Eq. 2 is zero, i.e.:
Fr + Fr∗ = 0

4r = 11 21 0 0 0 1 n5

(3)

Kane first published the above equation in 1961 (Kane, 1961).
Intuitively, Kane’s equations can be interpreted as follows: the
sum of the projections of the applied and inertia forces along the
directions of the partial velocity vectors is zero. By substituting the
kinematic expressions in the previous section into Eq. 3, we can
obtain a set of coupled dynamic equations of motion for the entire
floating wind turbine system, which can be written as:
n
X

Crs q̈s + fr 4q̇r 1 qr 5 = 0

4r = 11 21 0 0 0 1 n5

(4)

s=1

In the case of the MUFOWT, it is expected that the dynamic
coupling terms between one turbine and another turbine do not
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Fig. 3 (a) Platform geometry and (b) system configuration
Fig. 1 Coefficient matrix of multiple turbines and a platform

exist since the turbine response of one turbine can affect another
turbine only through the floating platform.
Figure 1 shows the coefficient matrix of the MUFOWT represented by Crs in Eq. 4. In this global coefficient matrix, the
off-diagonal terms (B) and (C) represent the dynamic coupling
between the floating platform and turbines #1 and #2, respectively.
As mentioned above, the off-diagonal terms (E) to (G), which
represent the dynamic coupling between one turbine and another
turbine, are zero. Multi-turbine interactions can occur only through
the floating platform. If there are connecting structural members
between two separated turbine towers, such as a brace or truss,
then the coupling terms between the two turbines (E) to (G) should
not be zero. The forcing vector fr 4q̇r 1 qr 5 in Eq. 4 can also be
generated in a similar way. Since the current PROG1 can deal with
the equations of motion for only a single turbine and the floater,
some repetitive runs of PROG1 to obtain the coefficient matrix and
forcing vector for each turbine with a different tower base origin
should be done first. The aerodynamic damping was considered as
part of the tower forcing term. This forcing vector was generated
based on the tower response of the previous time step. After that,
the global coefficient matrix and forcing vector can be generated
by combining and rearranging the terms.
The hydrodynamic loadings and mooring restoring forces are
obtained from the floater-mooring program CHARM3D (hereinafter
referred to as PROG2), which calculates all of the external forces
acting on the floating platform. They are fed into PROG1 at each
time step. The transferred external forces include the first-order and
second-order wave forces, radiation damping force in terms of a
convolution integral, nonlinear viscous drag forces from Morison
members, and mooring-induced restoring forces. In this study, the
complete second-order wave forces were not included for simplicity.
When necessary, the effects of the second-order wave forces can be
straightforwardly included, as in Bae and Kim (2013b, 2013c).
Then PROG1 fills out the forcing function of the platform DOFs
(the first six degrees of freedom) in Eq. 4 by using those transferred
forces and solves displacements, velocities, and accelerations of all
degrees of freedom including the elastic responses of the towers
and blades. The obtained platform kinematic data are then fed into
the PROG2 side to update the external forces. The procedure is
repeated for the next time step. The basic concept of rotor-floater
coupling is schematically shown in Fig. 2.

Fig. 2 Basic concept of PROG1-PROG2 coupling

CONFIGURATION OF FIVE-TURBINE
SEMISUBMERSIBLE
The selected MUFOWT platform had five cylindrical columns
on which each turbine was mounted. It also had seven submerged
pontoons, as can be seen in Fig. 3. The column spacing was
selected to avoid the physical overlap between the turbines. The
horizontal distance from the fore three turbines to the rear two
turbines was set to 140 m, and the maximum distance from the
left-side and right-side turbines was 280 m. The column depth
was 20 m and the diameter was 10 m so that the 5 MW tower
bases were mounted on the columns with proper margins. The
dimensions of the platform are shown in Fig. 4. The present turbine
is based on the NREL offshore 5 MW baseline wind turbine, which
has been widely adopted as the reference model for a number of
research projects (Jonkman et al., 2009). For the rear turbines, we
anticipate a loss of efficiency due to downstream wake effects;
however, this is not considered in the present study.
The platform hull weight was calculated based on the given
geometry with a plate thickness of 15 mm. The mass properties of
the platform, including the mass moment of inertia, were calculated
by the hull with ballast water. The details of the platform properties
are tabulated in Table 1. The considered water depth was 300 m.
The overall hydrostatic equilibrium was met by using different
ballast heights. In this case, the ballast water height at the rear tank
was higher than that at the front tanks because the rear side had only
two turbines. This five-turbine MUFOWT platform was moored
by four catenary mooring lines. Each mooring line consisted of a
chain-wire-chain combination. The mooring line arrangements are
depicted in Fig. 5.

NUMERICAL MODEL
Wave forces and hydrodynamic coefficients for the submerged
portion of the hull were calculated by the use of the potential-based
3D diffraction-radiation panel program WAMIT. The submerged

Fig. 4 Platform dimensions (unit: m) from (a) top and (b) side
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Item
Depth to platform base below sea
water level (SWL)
Column diameter
Length between columns (vertical)
Length between columns (lateral)
Pontoon width
Pontoon height
Platform weight including ballast
Platform buoyancy
Platform center of mass (CM)
location below SWL
Platform roll inertia about CM
Platform pitch inertia about CM
Platform yaw inertia about platform
centerline
Table 1

Unit

Value

Mode

Rad/s

Mode

Rad/s

m

20.0

m
m
m
m
m
N
N
m

10.0
140.0
156.52
4.0
4.0
164,515,390
202,426,451
15.1

Surge
Heave
Pitch

0.09
0.35
0.37

Sway
Roll
Yaw

0.04
0.40
0.09

kg · m2
kg · m2
kg · m2

1.14479E11
56,616,813,871
1.63311E11

Specification of platform

Fig. 5 (a) Isometric and (b) top view of the mooring system
body had one plane of symmetry, and each side had 3,849 panels. The calculated hydrodynamic forces were converted to the
corresponding time-domain forms. The viscous drag forces of
the hull and mooring lines were calculated at each time step at
the instantaneous body and free-surface positions by the use of
Morison’s equation. The drag coefficients Cd for the three vertical
columns and the rectangular pontoon were taken to be 0.6 and 1.28,
respectively. For the calculation of the loadings on the mooring
lines, the inertia coefficient Ci was taken to be 2 and the drag
coefficients were set to 1.3 for the wire and 2.4 for the chain. The
wave particle kinematics above the mean water level (MWL) were
generated by the use of the uniform extrapolation technique. The
nonlinear viscous drag forces also contributed to the nonlinear
slowly varying motions.
The applied mean wind speed at the hub height was 15 m/s, and
the International Electrotechnical Commission (IEC) wind spectrum
with a normal turbulence type was used. The full-field (FF) wind
data were used in this study, which considered random variation
along both horizontal and vertical directions inside the blade swept
area. It was assumed that there was no current. The JONSWAP
wave spectrum with the significant wave height Hs = 5 m, peak
period Tp = 807 s, and enhancement parameter = 204 was used. The
minimum and maximum cut-off frequencies of the wave spectrum
were 0.15 rad/s and 1.2 rad/s, respectively. The highest cut-off
frequency was intentionally selected to be slightly smaller than the
1P frequency of turbine #1 to clearly see its effect. 1P represents
the once-per-revolution frequency of the rotor (1.27 rad/s), and it
can be obtained from the rated rpm (12.1 rpm here).
The natural frequencies of the semisubmersible platform are
given in Table 2. The natural frequencies of the platform were
obtained on the assumption that the entire system, including five
wind turbines, was rigid without any elasticity. It was seen that

Table 2

Natural frequencies of platform motions (with mooring)

Mode

Rad/s

Mode

Rad/s

Tower 1st fore-aft
Tower 1st side-to-side

2.178
2.132

Blade 1st flapwise
Blade 1st edgewise

4.464
6.811

Table 3

Natural frequencies of tower and blades

all the natural frequencies were located below the lowest wave
frequency of appreciable energy. Heave, roll, and pitch natural
frequencies were relatively close to the wave frequency range, but
still had enough margins close to the peak wave frequency. Thus,
the current design of the floating system, including five turbines,
initially seems acceptable in an offshore wind-wave environment.
The natural frequencies of the tower and blades are also tabulated
in Table 3. Those natural frequencies are obtained from the
free vibration responses with initial deflections. To eliminate
the uncertainty from the aerodynamic interference, the natural
frequencies are measured without aerodynamic loadings. In the
simulation, 1% of the tower structural damping was included.
For the NREL 5 MW turbine, two control systems are designed
to work. A generator-torque controller and a blade-pitch controller
are applied in the below-rated and above-rated wind speed ranges,
respectively. The generator-torque controller is designed to maximize the power capture, and the blade-pitch controller is designed to
regulate the generator speed by gain-scheduled proportional-integral
(PI) control. The control gains used in this study are adopted from
the gains of the OC3-Hywind spar platform (Jonkman, 2008) to
avoid the negative damping of the platform.

MULTIPLE TURBINE INTERACTION
The developed time-domain tool for a multiple turbine-floatermooring coupled dynamic analysis was used in this study to assess
the dynamic coupling effects between multiple turbines and the
platform through the generation of additional excitation from one
of the turbines. This analysis typically illustrates how the turbines
can dynamically influence one another.
To generate the artificial excitation, one blade of turbine #4
in Fig. 6 was assumed to be damaged during the simulation and
the other turbines remained intact. The damaged condition was

Fig. 6 Turbine location
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Fig. 7 (a) Platform surge motions and (b) spectra

Fig. 11 (a) Platform pitch motions and (b) spectra

Fig. 8 (a) Platform sway motions and (b) spectra

Fig. 12 (a) Platform yaw motions and (b) spectra

simulated by the partial breaking of one of the blades, which
generated more pronounced 1P excitation along the blade circumferential direction. The broken length was assumed to be 21.18 m
from the tip of the blade. The total simulation time was set to be
1,000 seconds, and the breaking event occurred at 100 seconds.
When the broken part was eliminated, the aerodynamic loadings on
it should also have been removed. That way, the mass imbalance of
the blade could be a significant source of 1P excitation, and the
aerodynamic load imbalance could also be a source of additional
2P and 3P excitations (Borg and Kirchhoff, 1998). In this section,
we focus our attention on the changes in the tower base loadings

of the other intact turbines induced by the damaged turbine. The
transient effects at the moment of damage are also of great interest.
This kind of simulation will be very useful for detecting damage to
the unmanned platform and monitoring its health.
Figures 7 to 12 show the 6 DOFs of the platform motions. The
dotted blue line represents the case of the normal operation with the
intact condition, and the solid red line shows the response with the
broken blade. The response statistics in Table 4 are calculated from
100 seconds to 1,000 seconds. It can be seen that the 6 DOFs of
the platform motions do not significantly change after the breaking
event because the excitation frequency from the broken blade is
very high and far away from the resonance frequencies of the
platform motions.
The effect of the partially broken blade of turbine #4 can be
observed more clearly if we check the platform loadings. In Figs. 13
and 14, two clear spikes near the 1P frequency (1.27 rad/s) and the
lowest tower S-S bending mode (2.13 rad/s) can be observed. Those
loadings are from the partially broken turbine #4 and are transferred
to the floating platform. Table 4 shows that the maximum sway
and roll are increased by 2.4% and 10.0%, respectively.

Max.

Fig. 9 (a) Platform heave motions and (b) spectra

Fig. 10 (a) Platform roll motions and (b) spectra

Surge (m) N
B
Sway (m) N
B
Heave (m) N
B
Roll (deg) N
B
Pitch (deg) N
B
Yaw (deg) N
B

Table 4

1.014E+01
1.014E+01
2.006E+00
2.054E+00
1.074E+00
1.104E+00
8.661E−02
9.525E−02
7.216E−01
7.265E−01
9.138E−01
9.016E−01

Min.

Mean

Standard
deviation

4.634E+00 7.283E+00 8.155E−01
4.613E+00 7.311E+00 8.349E−01
−2.439E+00 −4.869E−01 9.170E−01
−2.372E+00 −4.190E−01 9.221E−01
3.360E−03 5.940E−01 1.219E−01
−9.711E−03 5.988E−01 1.240E−01
−9.835E−03
3.602E-02 2.021E−02
−1.124E−02
3.595E-02 2.056E−02
5.551E−02 3.558E−01 1.106E−01
5.155E−02 3.630E−01 1.117E−01
−7.339E−01 1.471E−01 3.537E−01
−7.468E−01 1.328E−01 3.537E−01

Platform motion statistics (N: Normal, B: Broken)

94

The Dynamic Coupling Effects of a MUFOWT (Multiple Unit Floating Offshore Wind Turbine) with Partially Broken Blade

Fig. 13 (a) Platform sway loadings and (b) spectra

Fig. 14 (a) Platform roll loadings and (b) spectra

Fig. 16 (a) Turbine #1 tower base S-S shear forces and (b) spectra

Fig. 17 (a) Turbine #2 tower base S-S shear forces and (b) spectra
to the lowest tower-bending mode significantly affect the other
turbines. The statistics in Table 5 show the considerable increase in
the shear forces after damage. The maximum shear forces of the
intact turbines are also greatly increased more than twofold after
the failure of turbine #4.
In real situations, these considerable changes in the tower
loadings might result in the progressive failure of or fatigue
damage to the damaged turbine and the other adjacent turbines.
The estimation of the loads transferred from the damaged turbine to
the other intact turbines can be assessed only by this kind of fullycoupled MUFOWT analysis tool. In this regard, the comprehensive

Fig. 15 (a) Platform yaw loadings and (b) spectra
Since the tower base is not necessarily positioned at the platform
origin, the shear excitation from the tower base can induce platform
yaw. The additional small peak of yaw loading at 1.98 rad/s is
particularly related to that shear excitation. By comparing Figs. 13
to 15 with Figs. 7 to 12, we see that there are no significant differences in the platform motions even though there can be significant
differences in the platform loads. The high-frequency loads transferred through the platform may cause additional excitations to the
other intact turbines. Figures 16 to 20 present the tower base S-S
shear forces and their spectra for each turbine. As expected, the
tower base S-S shear forces are greatly increased after the breaking
event at 100 seconds, and their patterns resemble those of the
transferred loads (Figs. 13 to 15). The tower base S-S shear-force
spectra of the broken 5 MW turbine have three peaks, i.e., the first
by the rotor’s own 1P excitation (1.27 rad/s), the second by the
platform yaw-tower bending combination (1.98 rad/s), and the third
by the tower S-S bending mode itself (2.13 rad/s). The S-S shear
forces at 1P frequency and the lowest tower bending mode also
show up in turbines #1, #2, #3, and #5 due to the coupled dynamic
interaction through the platform. This way, the five turbines are
mutually and dynamically coupled to one another. The shear force
of the broken turbine is greatly increased mainly due to 1P excitation. However, the influence of 1P excitation on the other intact
turbines is relatively small. Instead, the other excitations close

Fig. 18 (a) Turbine #3 tower base S-S shear forces and (b) spectra

Fig. 19 (a) Turbine #4 tower base S-S shear force and (b) spectra

95

Journal of Ocean and Wind Energy, Vol. 2, No. 2, May 2015, pp. 89–97

Fig. 20 (a) Turbine #5 tower base S-S shear force and (b) spectra

Turbine
#1 (kN)
Turbine
#2 (kN)
Turbine
#3 (kN)
Turbine
#4 (kN)
Turbine
#5 (kN)

N
B
N
B
N
B
N
B
N
B

Max.

Min.

Mean

Standard
deviation

6.126E+01
1.321E+02
5.936E+01
1.315E+02
7.252E+01
2.050E+02
5.631E+01
7.863E+02
5.843E+01
1.792E+02

−7.862E+01
−1.621E+02
−8.421E+01
−1.586E+02
−8.677E+01
−2.249E+02
−7.127E+01
−8.190E+02
−8.283E+01
−2.155E+02

−1.061E+01
−1.058E+01
−1.107E+01
−1.103E+01
−1.051E+01
−1.046E+01
−1.080E+01
−5.816E+00
−1.081E+01
−1.076E+01

2.041E+01
4.189E+01
2.110E+01
4.167E+01
2.239E+01
6.461E+01
2.155E+01
3.141E+02
2.072E+01
6.505E+01

Fig. 23 (a) Line #2 (lee-side) top tension and (b) spectra

Fig. 24 (a) Line #3 (weather-side) top tension and (b) spectra

Table 5 Tower base side-to-side shear force statistics (N: Normal,
B: Broken)
analysis of the dynamic interaction among multiple turbines is very
important. Any possible serious negative interference effects need
to be avoided in advance.
The mooring line top tensions in this case study were also
investigated and are presented in Figs. 22 to 25. The arrangement
and numbering of the mooring lines are depicted in Fig. 21. As for
the lee-side lines #1 and #2, there is no significant difference in the
Fig. 25 (a) Line #4 (weather-side) top tension and (b) spectra
mooring tension between the normal and broken cases since the
mooring dynamics are mainly related to the platform motions, for
which the difference is also very small. We may have different
situations in the case of the Tension Leg Platform (TLP) type
of platform since the high-frequency excitation from the broken
blade may significantly influence the dynamics of the vertical
tendons. In the case of the weather-side lines such as lines #3 and
#4 in Figs. 24 and 25, the wave frequency responses in tension are
relatively less important than in the case of the lee-side lines. The
Fig. 21 Top view of mooring line arrangement

Line #1 (kN) N
B
Line #2 (kN) N
B
Line #3 (kN) N
B
Line #4 (kN) N
B

Fig. 22 (a) Line #1 (lee-side) top tension and (b) spectra

Table 6

Max.

Min.

Mean

Standard
deviation

1.330E+03
1.330E+03
1.375E+03
1.372E+03
3.224E+03
3.224E+03
3.274E+03
3.308E+03

1.047E+03
1.039E+03
1.077E+03
1.079E+03
1.919E+03
1.925E+03
1.979E+03
1.975E+03

1.177E+03
1.178E+03
1.201E+03
1.199E+03
2.539E+03
2.543E+03
2.518E+03
2.528E+03

4.524E+01
4.599E+01
4.987E+01
5.019E+01
2.097E+02
2.119E+02
2.042E+02
2.086E+02

Mooring line top tension statistics (N: Normal, B: Broken)
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Max.
Turbine
#4 (kN)
Turbine
#5 (kN)

N
B
N
B

Min.

Mean

Standard
deviation

3.123E+02
6.422E+01 1.934E+02 3.838E+01
2.854E+02 −6.282E+01 1.180E+02 2.026E+01
2.925E+02
7.020E+01 1.936E+02 3.658E+01
2.946E+02
7.135E+01 1.934E+02 3.651E+01

Table 7 Blade root flapwise shear force statistics (N: Normal,
B: Broken)
Fig. 26 (a) Blade pitch angle of turbine #4 and (b) spectra

Fig. 27 (a) Generated power of turbine #4 and (b) spectra
standard deviations of the weather-side lines are increased by 1.0%
to 2.1% after the breaking event. The statistics on the mooring line
tensions are obtained after the breaking event at 100 seconds and
are tabulated in Table 6.
Due to the influence of the partially broken blade, the tendency
of the blade pitch angles after 100 seconds differs from that in the
normal case. In Fig. 26, the blade pitch angles after the breaking
event become lower to gain more lift forces from the remaining

Fig. 28 (a) Blade root shear force (flapwise) of broken blade of
turbine #4 and (b) spectra

Fig. 29 (a) Blade root shear force (flapwise) of normal blade of
turbine #5 and (b) spectra

blade. The changes in the blade pitch angle are necessary to generate
the target power output, as can be seen in Fig. 27. Despite the
adjustment, the fluctuation of the produced power becomes worse.
It is also confirmed that the blade root shear forces are reduced
after the breaking event. In Fig. 28, it is seen that the mean flapwise
shear force of the broken blade of turbine #4 is reduced by 39%.
Its dynamic part is also reduced. We can see a very noticeable
transient effect in this case at the moment of the breaking event
at 100 seconds. In the case of the blade root shear force of the
neighboring intact turbine such as turbine #5, the differences
between before and after the breaking event are negligible, as can
be seen in Fig. 29. This is because the natural frequencies of the
blades are much higher than the frequencies of the transferred loads.
The statistics on the blade root shear forces are tabulated in Table 7.

CONCLUSIONS
In this study, the fully coupled dynamic responses of the five
turbines mounted on a large single floater have been simulated and
investigated. To obtain the dynamic responses of the MUFOWT in
the time domain, the current FAST (PROG1) was further developed
to handle multiple turbines on a single floater, and the developed
module was incorporated with the floater-mooring coupled module
CHARM3D (PROG2). The hydrodynamic coefficients of the rigid
floater were obtained by WAMIT, and the ensuing time-domain
analysis was carried out through the use of the PROG1-PROG2
coupled dynamic analysis tool including mooring lines, which is
specifically designed for multiple turbine platforms.
From this study, it is seen that the partial loss of one blade can
affect the responses of the entire system. Specifically, the tower
base forces and moments experienced the most serious changes
due to the high-frequency loads in the sway and roll directions
that were transferred through the platform. For the present system,
however, the effects of the transferred high-frequency loads on the
platform motions and mooring dynamics are minimal. The tower
base forces with the broken blade are significantly increased at the
1P frequency, but those of the other intact turbines are significantly
increased at the lowest bending mode natural frequency. It is
also seen that the blade pitch angle changes due to the loss of
the blade’s partial mass to make up for the reduced aerodynamic
torque. If the blade pitch controller does not work properly, the
orientation of the floating platform can be slightly changed due to
the aerodynamic imbalance between the turbines.
To avoid more serious damage to the system due to the broken
blade, the overall performance and structural integrity of the system
should be carefully checked. Particularly for the MUFOWT system
with identical turbines, various interference effects among the
natural frequencies of the tower or rotational frequency of the rotor
should be carefully checked.
In this study, the aerodynamic interferences between the turbines
have not been considered for simplicity. In the future, the aerodynamic interference effect and turbine shade effects are to be
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considered through the use of computational fluid dynamics (CFD)
or experimental and field data.
In the test case analyzed in this study, the damaged turbine
is located at the center of the floater. It is anticipated that the
influence of the damaged unit on the behavior of the entire platform
is increased if turbines #3 or #5 are damaged, which causes more
loss of symmetry.
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