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Abstract: An improved numerical model is proposed to investigate the dynamics of an offshore
overhead power transmission system. The hydrodynamic performance of the TLP type tower is
evaluated by a potential flow theory method, and the aerodynamic performance of the electric wire
is analyzed by lumped parameter method. The numerical model has been validated by comparison
to water tank tests. The TLP type tower and the weight control system to reduce the body-wire
interaction are newly designed for better performance in the condition of wind and wave. We found
that the wire dynamics are significantly affected by the wave direction and wind direction through
the numerical simulation, so the wind-wave misalignment conditions should be considered in the
system safety assessment. Additionally, the safety situation of conductor wires under different
environments can be studied by time-domain simulations, which can be used in system designs and
feasibility discussions.

Keywords: Offshore overhead power transmission; Coupling analysis of TLP tower and electric
wire; Safety evaluation; Wind-wave misalignment.

power loss and simple installation/maintenance procedure.

Offshore wind power generation shows a potential
growth at the power market in recent 10 years V. Since
systemic research and engineering development started at
the beginning of this century, many countries have
scheduled offshore power plants as part of their national
decarbonization projects. For Japan, a country with an
urgent need to confirm energy security?¥, the government
carried out laws and budgets to speed up the deployment
of offshore wind power in emerging markets”, which
shows strong confidence in foresight of this industry.

Currently, submarine cables are the practical method
for long-distance offshore power transmission. Though
the cost of cables had been quite reduced with the
development of material technology, the maintenance cost
and electrical loss in transmission can reach a high level
under offshore work conditions because of the complex
seabed environment ®7. As an alternative power
transmission method, an offshore overhead power
transmission system is proposed by our research group®.
The overview of the proposed system is shown in Fig.1,
in which the tension leg platform (TLP) tower is used as
the electricity transmission tower in the sea. Compared
with the submarine cable method, the overhead
transmission method has advantages of reducing the
power transmission cost because of its relatively low

In this study, a hydrodynamic investigation of the
offshore overhead power transmission system is carried
out based on potential flow theory, and its accuracy is
verified by using the data of the previous experimental
study 2. Also, the TLP design is reconsidered to improve
the hydrodynamics of the triangle platform in [8].

To make a comprehensive hydrodynamic evaluation of
offshore structures such as floating wind turbines, we
consider the wind-wave misalignment which occurs in
real offshore environments '%'3 in this study. This
problem has also been studied in this paper for the
offshore overhead power transmission system.

This paper aims to deepen the previous research and
comprehensively investigate the offshore overhead power
transmission system. The conductor safety is mainly
considered in system evaluation for the need in practical
situations. In the time-domain simulation, environmental
conditions according to meteorological observations are
employed to study the effect of wind-wave misalignments.
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Fig.1: Overview of offshore overhead power transmission
system

2. Numerical method

2.1 TLP model

Regarding the floating TLP tower as an oscillating
system, the governing equation can be expressed as:

[M+A@)]E+ [[K(t—Dé(mdr=F (1)

where M is the mass of TLP, A(o0) is the added mass at
infinite frequency, K(t) is the retardation function of
hydro-damping. Term F is the forces including loads
from wind-wave excitation, restoring forces and damping
forces. The hydrodynamic force coefficients including
exciting and radiation force can be obtained by potential
flow programs, such as HydroSTAR' or other open-
sources'®, by integrating the pressure of water over the
wetted surface of structure obeying potential-flow theory.

The viscous damping of TLP structure should include
damping from vortex shedding in the expression of
equation (1). As the potential damping can be expressed
by the retardation function K mentioned above, vortex
shedding damping is expressed as'>:

f(§) = —0.5pCoAlulu 2)

where A and Cp are the projected cross-sectional area
and drag coefficient determined by Reynolds number,
respectively. p is the water density. These damping forces
and torque can also be calculated by surface integral.

Neglecting the kinetic mass of mooring lines, the hybrid
linear elastic spring model'® can express the mooring
forces as:

0 (Ln = dp)
o= | nSh)
"k = d) G zdg) O
where [, and d,, are the exact length and nominal
length of tendon, respectively. By frame transformation to
TLP tower, dynamic damping term ¢ from mooring lines
can be calculated as:

¢ = 20\ kim; “4)

Where k| is the eigen stiffness in each DOF and  is the

structural damping ratio of the mooring lines.

2.2 Wire-tower interaction model

The conductor wire is supported by TLP towers
can be regarded as a flexible line and modeled by lumped
parameter system, it can be divided by several mass units
connected by linear elastic units. Wire is divided into
lumps of equal mass which are connected by spring-
damper system to express its flexibility. A partial view of
lumped-mass system can be shown in Fig.2.

On the tower top, a sheave is applied as the intermediate
mechanism between the tower and conductor wires, which
is shown in Fig.3. The weights, which are restricted to
move along the vertical slideway, are used to strain the
conductor wires. As shown in Fig.3, the mass of weights
T can be adjustable by the offset [Hy,in, Hmaxl to its
balance position to response to external loads.

Spring-damper

k-c
Lump —/WWJ\ Lump
oo m | E’ m oo

Fig.2: Wire model by lumped parameter method

Wire

Weight

Fig.3: Sheave mechanism for conductor wires

2.3 Validation for numerical model

To verify the accuracy of the numerical model for the
tower-wire interaction, water tank experiments” on a
TLP-wire model under regular waves were performed.
The comparison of simulations and the experiment is
shown in Fig.4. It is worthy to notice that the vertical axis
is the ratio of wire sag D to regular wave height H. Good
agreements are found in the wire motion, as shown in
Fig.4. It indicates that the present numerical model is
reasonably accurate in the simulation of the wire-tower
interaction.
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Fig.4: Comparison of wire offset

2.4 Wave load modeling

The real sea environment is always characterized by
wave spectrums which includes various wave frequencies.
In this paper, the Pierson-Moskowitz spectrum'®, which
can be expressed as the following is applied to the
simulation:

s(w) = Co~%exp(—Dw™*) 5)

where the sea state parameters C and D are given by:

4 2 4
c=2uls p—u (6)

4T s

where Hy; and w,, represent the significant wave height
and modal wave frequency which can be summarized
from observation records, respectively. The wave
excitation force respect to the wave frequencies can be
calculated by:

F,(t) = [T(w)]| - a(w) - cos(wt + £T(w) + &,) (7)
a(w) =+/2s(w)Aw (8)

where ['(w) and 4I'(w) are the frequency-dependent
amplitude and phase of the force RAOs, respectively. Aw
is the constant difference between the successive
frequencies in wave spectrum s(w). To simulate the
irregular wave environments, a random phase &, is
generated by random function.

2.5 Wind load modeling

In the study for the interaction of wire and wind, the
drag force and lift force are required. Considering the
coupled motion of wire and tower can affect the
aerodynamic forces, the wake oscillation model'®!? is
applied to express the wind loads. Load coefficients C,,
C,, which are used to describe the acrodynamic loads on
conductor units, can be expressed as:

1-2©

Co = —CpoL 5y + Cuy 5 v — aC, (1 —5)

Cy=Cprs (u—%) = Cy ¥ (10)

a? d . A .
Stew@ - DT+ (Wi -0g=—y (1)

where u is the free wind speed along x-direction, v =
J (u —x)? 4+ y is the relative velocity, R is the radius of
conductor unit. A,k and € are the tuning parameters
determined by wire cross-sectional shape. Considering
wires of circular cross-section, dynamic lift coefficient
Cp; and mean drag coefficient C,, can be defined as:

CDL = O'BqCLO CM =11 (12)

Under irregular wind-wave conditions, the motion of
wire is determined by the effect from both wind and TLP
tower.

2.6 Environmental parameter

To determine the wind and wave loads used in
simulations, wind-wave misalignment is important since
it is common in natural sea environments. According to
the histograms of misalignments of wave-wind
conditions??, the wind-wave misalignment depends on the
stability of atmospheric boundary layers. The wind speed
and significant wave height (SWH) in various sea states®”-
2D can be defined in Table 1.

gwind | (13)

Omis = [Owave —

Table 1. Atmospheric conditions for different sea states

Sea Wind speed Average Atmostnerlc
state range SWH condition
(most probable)
0~5 0~16m/s 0~5m stable
5~8 16~30m/s 5~10m conditional stable
8~ > 30m/s > 10m unstable

As shown in Tablel, under the stable condition
corresponding to sea level 0-5, the probability of wind-
wave misalignment is almost equally distributed due to
decoupled wind layers. Accordingly, the misalignment
under unstable conditions highly depends on wave
directions because of the turbulence in the air.

According to these facts, environmental conditions
considering situations of wind farms on Japan sea?*2% are
employed in numerical simulation as shown in Table 2.

As shown in Table 2, Conditions 1 and 2 correspond to
a moderate situation that may happen monthly. Since the
wind farm gets maximum power generation efficiency
under this wind speed, both power transmission efficiency
and navigation safety should be discussed in the
investigation.

Condition 3 corresponds to harsh ocean environments,
the sea swell reaches a high level, and the wind farm is
turned to offline. Under these conditions, the safety of
conductor wires should be mainly considered in the study.
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Table 2. Environmental conditions in simulation

Condition description
Working
No. i
0 SWH/Period Wind Sea situation of
speed state .
wind farm
N 1
1 3m/8s 12m/s | 4—5 ormal (near
max output)
2 8m/11s 25m/s 7 Cut-out
3 14m/16s 50m/s > 8 Locked

3. Improvement of TLP design

In this study, the design of TLP tower is improved to be
able to survive in severe environmental conditions. Since
the hydrodynamic performance of a TLP is mainly
determined by its mooring stiffness and buoyancy, a new
type TLP has been designed for easy installation in
complex seabed conditions and reducing the
hydrodynamics in the yaw-DOF. Three corner columns
are connected to tendons, and this configuration can have
less motion in yaw by dispersing the wave loads.

<
>_N
—
\
|

Tendonl endon2

Tendon3

Fig.5: Overview of semi-submersible TLP

In order to avoid resonance, we improved the design by
using the frequency domain analysis in practical working
conditions. The natural frequency of the platform in heave,
roll, and pitch should be designed in a high-frequency
region, while the natural frequencies of the floating tower
in the surge, sway, and yaw should be designed in a low-
frequency level. The natural frequencies of TLP should
satisfy:

(wy, Wy, Wy) < Wy,
(14)
(W7, Wy, W) = Wy

where x,y,1Y represent the motion in surge, sway and
yaw, z, @, 8 represent the motion in heave, roll and pitch,
respectively.  [w;, wy] is the expected range of
environmental wave frequencies.

Design parameters of the TLP are determined by
frequency analysis under extreme environmental
conditions. Since the effect of wire on TLP tower is
relatively small, the pretension of wire T, should be
satisfied as below according to the TLP properties >:

f0=%2wH (15)

Se

_ nJTE/agme
fou =

5. < min(w,, wy, wg) (16)

for = =y Tmin/ e = 2wy (17

Se

where Tp and ap represent the tensile strength and
preset safety ratio of the wire, term my and w,, are the
wire’s equivalent unit load in extreme wind condition and
modal wave frequency in extreme condition, respectively.
The stational frequency f;, of the overhead conductor can
be determined by the frequency domain shown in Fig.6,
The low range fp; is set as 2 times the modal frequency
wy ,and the high range fpy is set as w, which is the
minimum value of ((uz, Wy, (1)9).

i
i
i
L R
Wy 0y
|
o .
Y1 [Wave « Frequency range of conductor - | Dy
spectr !
[ ! -
Wy i fof ‘wg
extreme h
condition !
W wp (2wy) wpy(wy)

Fig.6: Frequency range considered in design

For the sheave mechanism in tower, the mass of
weights  [Trnin, Tmax] 1S symmetric about pretension
Ty ,and the value can be obtained by:

2
Tonax = To (1 +ag /%RMHTM“’M) <2T, (18)

RyHywj
Tonin = To(1 = g |ZER220) > 0 (19)

Tmax T
g+ RyHywiy) <% (20)
E

where wy,, and Hy is the modal wave frequency and
significant wave height of extreme condition considered
in the parametric design, respectively.T is the tensile
strength of conductor.ayis the safety factor. Ry, is the
response amplitude operator (RAO) of TLP and can be
given as equation (21):

Ry = M (wpm)l 1)
JeoimiorHous@w?

where B is the added hydro damping respected to
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retardation function K(w).

Based on the extreme condition with an average wind
speed of 60m/s and a significant wave height of 14m, the
design properties of the overhead transmission system can

be derived from the above assumptions and shown in
Table 3.

Table 3. Design properties for the overhead power transmission

system.
Property | Value
TLP (tower& platform)
Total mass (no water injected) 2.12 x 10%kg
Ballast mass (fluid) 1.60 x 105kg
Displacement 620m3
Center of gravity (COG) [0,0,—16.5](m)
Inertia radius [7.06,7.06,9.36](m)
Side-length 20.8m
Tower height/ height above water 40m/25m
0.18,0.18,3.50
Natural frequencies for 6-Dofs 4.10,4.10,0.24 rad/s
Water depth 120m
Mooring line
Initial strain/yield strain | 0.2/0.55(%)
Overhead conductors
Wire type ACSR410mm?
Rated tensile strength (RTS) 136KN
Stational strength 25%RTS
Span 300m
Stationary sag 4.9m
Wind

Direction | B =10°,90"]

Noticeably, columns of the platform have ballast tanks,
and the TLP weight can be adjusted by ballast water. The
TLP properties, such as mooring pretension and natural

frequencies, could be modified by the change of TLP
weight.

Tinax o
34
/ .....
Ty et J
_______ Normal Cut-out state
______ state
-“-
il N
A Stational
min| g
—H a0y 0 Hiax

Fig.7: Fit curve of control laws in simulations, where weight
mass T is mapped to its offset H
(H = 0: position when system is in stationary,
Reference state corresponds to H = RgH w?)

Control laws for the weight T in sheave mechanism is
shown in Fig.7. The weight can be changed according to
the offset H which is caused by the interaction of tower
and wire. To make a contrast, control laws employed in
the numerical study are set as the same limits
[Tmin' Tmax] .

4. Simulation and Evaluation under multi-
directional wind-wave condition

In this section, a system including three TLP towers is
employed in simulations, which can be shown in Fig.8.
The towers are connected by conductor wires, and the end
of conductors are connected to the substation which is
regarded as a rigid point to reduce computation loads. All
the results are obtained from time-domain simulations.

. TLP tower
SUbS:Iatwn Substation
onshore igi
(regard as rigld) / \ (regard as rigid)
[ 1 i

(8=0°/30°)

Seabed | | |

Fig.8: TLP for dynamic analysis
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Fig.9: TLP motion in extreme waves (wave direction=0",30°,60°,90°,wind direction=90")

0°

30°

- Max mean tension
_A_Max STD tension
—o—Max tension
_o-Min tension

Pretension

60°

6 3 (x 10 °N)
N
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Fig.10: Tendon tension under harsh waves (wave direction=0°,30°, 60°, 90°,wind direction=90")

4.1 Hydrodynamic performance of platform

The wave of a typhoon environment (condition3 in
Table 2), and wind of 50 m/s speed in the direction of 90°,
are employed in the simulations to evaluate the TLP
response. The motion response of the TLP can be shown
in Fig.9.

As shown in Fig.9, motions of wave direction 0° and
30° have a close value of max surge offset, and yaw of
TLP shows the greatest value around wave direction 30°.
This may be caused by the rapid change of hydrodynamic
load by the yaw motion of TLP.

The statistic characteristics of tendon tensions under
extreme wave conditions are plotted in Fig.10. It can be
found that the tendons will work under 200% pretension
under all of wave conditions, which indicates that the
design will meet the safety demand for harsh sea
conditions. However, when the wave is in the direction of
30°, tension can reach a minimum value of 20%
pretension. It should be noticed in practical situations
since a low tension may cause destabilization (Mathieu
instability) in tendons.

Since the tension of conductor wires is mainly affected
by axial accelerations mainly caused by the TLP surge
motion, wave directions 0° should be primarily
discussed in section 4.2. The cases around sway motion

are found to have less effect on the wire.

4.2 Investigation for different environmental
conditions

Performances of conductor wire under different
environmental conditions are plotted in this section. To
evaluate the power transmission efficiency and safety of
ship navigation, we track the wire sag during power
transmission because of its effect on the electric field
distribution®®. As the suggestion of safety clearances®” for
high voltage power transmission, the reference height
shown in Table 4 is applied in evaluating the conductor
sag in simulations. Considering the conditions of the
offshore environment, we set the safety clearance as two
times the reference value in Table 4 (about 15m) in the
present study.

Table 4. Permissible clearance according to different voltage
level in power line

Voltage level Vertical clearance to ground
< 66KV 6.1m

66 — 110KV 6.4m

110 — 165KV 6.7m
> 165KV 7.0m
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Fig.11: Comparison of wire sag under working/cut-out condition in different tension-control laws (wave direction=0")
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Fig.12: Comparison of tension under normal/cut-out condition in different weight-control laws (wave direction=0")
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Fig.13: Comparison of tension in different weight-control laws under typhoon condition (wave direction=0")

The situations of conductor wire under normal/harsh

conditions (condition 1 and 2 in Table 2) are shown

in Y

Fig.11 and Fig.12, and baselines of reference value are
used to indicate the safety situations under environmental
conditions. The sag and tension of wire are significantly
affected by the weight control laws. When the system
employs a nonlinear law for the sheave mechanism, the
upper bound of the wire sag under cut-off conditions could
be limited under 11m (a height of 15m to the mean sea
level), and the wire force would not exceed a value 0of45%
RTS. This might be caused by the more rapid weight
change in the nonlinear law when the axial speed of wire 1)

reaches a maximum value around the balance position.

In addition, the tension of the conductor wire under an

2)

extreme sea environment (condition 3 in Table 2) is shown
in Fig.13. The upper bound of the stress is under 60% RTS
and has little difference in the two laws. The results show 3)

that the nonlinear law can improve the performance
conductor wire under cut-out conditions

of

without

significant change under other conditions, which indicates
more acceptable in practical situations compared to linear

law.

6. Conclusion

4)

In this paper an improved numerical model is proposed 5)
to investigate the dynamics of an offshore overhead power

transmission system. The hydrodynamic performance

of

the TLP type tower is evaluated by a potential flow theory 6)
method, and the aerodynamic performance of the
overhead electric wire is analyzed by lumped parameter

method. The effect of wind-wave misalignment

is

numerically studied. The safety factors of conductor wires 7)
are discussed through time-domain simulations, which are
made under conditions based on the real sea environments.
Major findings of the present study can be summarized as

follows:

8
® [umped parameter method can model the interaction )
of tower and wire dynamic in an acceptable simulate
accuracy through the validation.
®  The improved TLP system design has been evaluated 9)

for various sea environments, including wind-wave
conditions. The results show that the most dangerous
situation of mooring lines may occur at the wave

- 643 -

direction 30° because of a minimum tension.

The employment of weight control scheme may
significantly influence the conductor wire in sea
environments. Compared to the linear control, the
use of nonlinear weight control can significantly
reduce the wire motion under a cut-out condition,
which can improve the stability of overhead power
transmission system in harsh sea environments.
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