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Abstract
Logistical supply is costly for the deepwater oil and gas exploitation, thereby it is necessary to develop a novel power
supply solution to improve the offshore structure’s self-holding capacity.  The two-body point absorbers,  as a
renewable energy device, have achieved a rapid development. Heave plate is used to constrain the truss’s motion in
the two-body point absorber, and the floater moves along the truss up and down. This two-body point absorber can
be considered to be an essentially mass-spring-damper system. And it is well known that the heave plates have been
widely used in the Spar platform to suppress the heave motions. So if the two-body point absorber can be modified to
combine with offshore floating structures, this system can not only offer electric power to support operations or daily
lives for the platform, but also control the large motions in the vertical plane. Following this concept, a novel tuned
heave plate (THP) system is proposed for the conventional semi-submersible platform. In order to investigate the
dynamic performances of the single THP, two experiments are conducted in this paper. First, the hydrodynamic
coefficients of the heave plates are studied, and then the THP experiments are carried out to analyze its dynamic
performance. It can be concluded that this THP is feasible and achieves the design objective.
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1  Introduction
For the offshore oil and gas exploitation industry, it is

more urgent to have an efficient and reliable offshore equip-
ment to reduce the production cost. Top tensioned riser with
dry tree, allowing to drill, complete, and work over a well
directly from the same platform, is cost-effective for subsea
intervention. The dry tree system is widely utilized by the
tension leg platforms (TLPs) and Spars, due to their excel-
lent heave performance. However, the TLP will be cost pro-
hibitive in the ultra-deep water and Spar is limited by its
small variable deck load. Semi-submersible platform is an
economical solution for offshore drilling, production, pipe
laying and other deep-water applications. The shortcoming
of semi-submersible is that it is susceptible to large heave
motions under wave loading and therefore a dry-tree oil pro-
duction system is not feasible.

The deepwater offshore floating structures generally
work in remote ocean locations, and the logistics are costly.
If a novel power supply solution is provided for the opera-

tions, the self-holding capacities of the offshore structures
will be further enhanced. Wave energy convertor (WEC) is
one of the attractable solutions for the conventional floating
structure to supply power (Kathleen and Edwards, 2014).

WEC systems can be divided into several types accord-
ing to the energy conversion principles, such as point ab-
sorber, oscillating water column (OWC), and pitching. The
point absorber harvests the wave energy from the float
heave motions. In the OWC, a bidirectional turbine is driv-
en to convert wave power by the air which is compressed or
decompressed by the wave elevation. The floating-pitching
device converts wave energy from its pitching motion. By
Comparing the styles of these three devices, it can be found
that it is possible to convert the kinetic energy of the heave
DOF of the floating structures into the electrical power by
the point absorber.

PowerBuoy designed by Ocean Power Technologies
consists of a floater, a power take-off system (PTO), truss
and a heave plate as shown in Fig. 1 (OPT, 2016). The en-
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ergy is generated from the electro-hydraulic device due to
the relative wave excited motions between two bodies of the
draft floater and heave plate. Therefore, PowerBuoy is
known as a two-body point absorber. The electro-hydraulic
device can be considered to be a damping element and a
pneumatic spring element, which is equivalent to the mass-
spring-damper system in essence as shown in Fig. 2. The
operating mechanism of the PTO in PowerBuoy is the same
as the eddy current tuned mass damper (TMD) (Wang and
Chen, 2013) for the civil structures. And the heave plate
used to maintain the truss motion is similar to the mass-
block of the TMD (de Falcão, 2010; Olaya et al., 2013,
2014).

Heave plates also have been widely used for the Spar
platform to suppress the heave motions, and then the effi-
cient top tensioned risers (TTRs) with dry trees can be used
(Tao and Cai, 2004). However, the Spar designs require
costly and risky topsides installation offshore compared

with the semi-submersible platform. Although the natural
period of the semi-submersible platform in the heave is de-
signed beyond the range of wave periods, it is not sufficient
to support the dry tree riser system. A dry tree semi-sub-
mersible platform (Murray et al., 2007) is an alternative
solution. Chakrabarti et al. (2007) designed a truss pontoon
semi-submersible platform with eight heave plates to im-
prove dynamic performance. Halkyard et al. (2002) de-
signed a deep draft semi-submersible with a retractable
heave plate. In these designs, the heave plates offer the ad-
ded mass and the viscous damping to reduce heave motion
for the floater.

If the hard connection between the floater and the heave
plates in the dry tree semi-submersible platform is replaced
by the PTO, the resonance damping can not only supply the
power for the operation, but also play an important role in
controlling the response heave motion. Following this
concept, a tuned heave plates system (THP) is proposed for
the semi-submersible platform in this paper. In order to in-
vestigate the dynamic performance of the semi-submersible
platform with the THP, the subsystem tests of the THP are
carried out. The key component in the THP is the heave
plate whose hydrodynamics have been studied by Chua et
al. (2005), Tao and Dray (2008), Molin (2001), An and Falt-
insen (2013). The main contribution of this paper is to ana-
lyze the dynamic performance of the THP which is sensit-
ive to the hydrodynamic parameters and tuning frequency.
Therefore, the hydrodynamics of the heave plate is studied
primarily.

This paper is organized as follows: Both mathematical
models of the conventional heave plate and the THP system
for the platform are depicted in Section 2. Section 3 de-
scribes the experimental setup, and the results are discussed
in Section 4. Finally, Section 5 concludes the study.

2  Mathematical model of the THP

2.1  Generic concept of the tuned heave plate
The conceptual design of the THP for the semi-submers-

ible platform equipped with the dynamic positioning sys-
tem is given in Fig. 3a, and four THPs are installed in the

 
Fig. 1.   Schematic of PowerBuoy.

 
Fig. 2.   Mechanism diagram of the mass-spring-damper system.

 
Fig. 3.   Concept design of the semi-submersible platform with the tuned heave plate.
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columns and below the platform’s pontoon. The details of
the THP are shown in Fig. 3b, and the PTO system includes
four stiffness elements and one damper which are all fixed
in the column. The damper represents the generators here.
Unlike the truss pontoon semi-submersible platform with a
large size heave plate, the smaller size plate for the THP is
convenient to be installed and this multi-THP system can
also achieve the anti-roll control objective as the multi-
TMD system (Li, 2000). The remarkable plate added mass
is beneficial for the THP to obtain an ideal mass ratio.
However, the plate drag viscous damping from the fluid is
very complex and makes the THP dynamic response uncer-
tain. Therefore, it is necessary to study the dynamic per-
formance of the single tuned heave plate.

2.2  Conventional heave plate mathematical model
The hydrodynamic force acting on the heave plate can

be described by the Morrison equation (Tao and Dray,
2008), as:

F (t) = ρ∇Ca ẍ+
1
2
ρACd ẋ |ẋ| , (1)

∇
∇ = AL

where Ca is the added mass coefficient, Cd is the drag coef-
ficient,  is the equivalent volume of water displaced,

, L and A are the plate width and project area, and ρ
is the density of water.

The plate hydrodynamic parameters Ca and Cd depend
on the Keulegan-Carpenter number (KC) and frequency
parameter β which are determined by the motion amplitude
a and frequency f as:

KC =
2πa
L
, β =

D2 f
μ
, (2)

where μ is the kinematic viscosity of the fluid. And then, the
Reynolds number can be obtained based on KC and β, as:

Re = (KC) ·β = aωD
μ
, (3)

where ω is the circular frequency, and ω=2πf. When the
time history of force F(t) is measured, the coefficients of the
damping and added mass can be calculated by using the
least square fitting method based on Eq. (1).

2.3  Tuned heave plate mathematical model
When the semi-submersible platform assembles the

THP, each THP force acting on the floater according to the
mechanism as the mass-spring-damper system in Fig. 2 is
given by
FPTO = −cżrel− kzrel, (4)

żrel zrel

cżrel

where  and  are the relative velocity and motion
between the platform and the heave plate, k is the stiffness
coefficient of stiffness element and c is the damping coeffi-
cient of the damper. The control performance of the THP is
determined by the reacting force FPTO, and the energy har-
vesting capability depends on the damping term . The

mathematical model of the semi-submersible platform with
the THP is built based on the Cummins equation (Cummins,
1962)(

mF +mF
a

)
ẍ(t)+

w t

−∞
ẋK(t− τ)dτ+CF ẋ(t)+KF x(t) =

FDis+H1FDP−H2FPTO, (5)
ẍ ẋ

mF mF
a

where ,  and x are the platform acceleration, velocity and
displacement vectors;  and  are the matrices of the
platform mass and added mass; K is the retardation func-
tion; CF is the linear viscous damping matrix; KF is the hy-
drodynamic stiffness matrix; FDis is the external disturb-
ance including wave, wind and current forces; FDP is the dy-
namic positioning control force; and H1 and H2 are the cor-
responding transfer matrices of FDP and FTHP.

H1 =

 1 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 0 1

T;

H2 =


0 0 1 ly,1 −lx,1 0
0 0 1 ly,2 −lx,2 0
0 0 1 ly,3 −lx,3 0
0 0 1 ly,4 −lx,4 0


T

,

where [lx, i ly, i] is the location coordinate of the i-th THP in
the horizontal plane. FPTO is
FPTO = −cẋTHP − kxTHP , (6)

ẋTHP xTHPwhere  and  are the relative velocity and displace-
ment vectors of the THP to the semi-submersible platform.
By further considering the Morison force of the heave plate
(Eq. (1)), the mathematical model of the i-th THP based on
the Newton second law is built as:(
ρ∇Ca+mp

)
ẍ′

THP,i
+

1
2
ρACd ẋ′

THP,i

∣∣∣∣ẋ′THP,i

∣∣∣∣ = FPTO,i,

i = 1, 2, ...,4 (7)
ẍ′

THP,i
ẋ′

THP,i
where mp is the dry mass of the plate;  and  are the
total velocity and acceleration of the heave plate in the
body-fixed frame. The plate is far away from the free sur-
face, and then the wave force acting on the plate is much
smaller than the Morison force such that it can be neglected.
In order to avoid the spring with a large initial tensile de-
formation by the THP’s deadweight, the plate is designed to
have small density or a suitable thickness to have enough
buoyancy to resist its own weight.

3  Experimental setup
The dynamic performance of the tuned heave plate is in-

vestigated through the forced oscillation experiment in this
section. The experiments were carried out in the nonlinear
wave flume at the State Key Laboratory of Coastal and Off-
shore Engineering of Dalian University of Technology. The
wave flume is 60.0 m in length, 4.0 m in width and 2.5 m in
depth.

The schematic of the experimental setup is shown in
Fig. 4. A servo drive system consisting of an AC servo mo-
tor and ball screw etc. is used to simulate the platform’s mo-
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tion. In order to make sure that the plate can oscillate in the
vertical direction, the guide rail is attached to the leadscrew
nut. The heave plate is assembled with the guide rail sliding
block through the rigid tube. Two spring mounting plates
are welded to each end of the guide rail, and then they are
connected to the guide rail sliding block by the tension springs.

A load cell is used to measure the hydrodynamic force
from the heave plate. In addition, the displacements of the
heave plate and the servo motor’s excitation are recorded by
two laser displacement sensors installed at the top of the
system. The experiments in this paper focus on the effects
of the heave plate hydrodynamics on the THP’s dynamic
performance, thus, the damper element is not taken into ac-
count in this stage. Fig. 5 is the photograph of the experi-
mental setup.

Two tests are carried out in this study, separately. First,
the hydrodynamic performance of the heave plate is studied.
The guide rail sliding block is locked, and the plate is forced

to oscillate under the given excitation. Two square plates
with different thicknesses shown in Fig. 6 are adopted, and
their dimensions are given in Table 1. Plate-A is used to
verify the feasibility of the experimental devices. Plate-B
made by small density rigid polyurethane foam is thicker
than Plate-A, thus, the buoyancy of Plate-B can resist the
upper structure’s deadweight and keep the spring deforma-
tion at a reasonable range. Plate-B’s hydrodynamics are also
investigated to analyze the effect of the plate thickness. The
second test is the tuned heave plate test which is carried out
to assess the system’s dynamic performance.

4  Result analyses

4.1  Hydrodynamics of the conventional heave plate
From the experimental schematic in Fig. 5, it can be

seen that the forces recorded by the load cell include the
Morrison force of the heave plate, the hydrostatic stiffness
force due to the free surface and the inertia force of the
structure, and all these forces are written as:

FLC =
(
M+ρVCa

)
ẍ+

1
2
ρACd |ẋ| ẋ+ kfrx, (8)

where M is the total dry mass of the plate and tube below
the load cell, kfr is the hydrostatic stiffness coefficient of the
tube. Therefore, compared with the heave plate Morison
equation Eq. (1), the inertia force of the devices and the hy-
drostatic stiffness force in Eq. (8) should be subtracted to
calculate the plate inertia and drag force. When the modi-
fied Morison force is obtained, the least squared method is
used to fit the added mass coefficient Ca and the drag coeffi-
cient Cd.

The immersed water depth is 500 mm, two oscillation
periods are adopted, at 5000 ms and 10000 ms, and the ex-
citation amplitudes are ranged from 20 mm to 100 mm in
Test-1. The KC number varied over the excitation amp-
litude rang. At least 15 cycle motions and forces sampled at
a frequency of 50 Hz are recorded in each test. One typical
period time history of Plate-A’s displacements is shown in
Fig. 7, and Fig. 8 shows the corresponding forces. The ex-
citation period is 5 s, and the amplitude is 100 mm. The ve-
locity and acceleration are determined by the numerical de-
rivation. It is inevitable that there will be noise in the recor-
ded signal. In order to make sure no phase lag is introduced,
the initial signal is filtered by using the Smooth function in
the Matlab toolbox.

The inertia forces, damping forces and hydrodynamic
force shown in Fig.9, are obtained by using the fitting coef-

 
Fig. 4.   Experimental setup schematic of the tuned heave plate system.

 
Fig. 5.   Experimental setup of the tuned heave plate system.

 
Fig. 6.   Heave plates used in the experiments.

Table 1   Material and dimensions of the heave plates

Plate-A Plate-B
Material Acrylic Rigid polyurethane foam

Length (mm) 400 400
Width (mm) 400 400

Thickness (mm) 10 30
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ficients Ca and Cd. The damping coefficient Cd and the ad-
ded mass coefficient Ca of Plate-A over the various KC
numbers under 0.2 Hz oscillation frequency are shown in
Figs. 10 and 11. It can be seen that the added mass coeffi-
cient Ca is consistent with the literature results of Liu et al.
(2012). The value of Ca rises with the increasing KC num-
ber. The drag coefficient Cd is much more sensitive to the
KC number, especially when the KC number is smaller than
0.5. The trend of Cd is to exponentially decline with KC.
And Cd tends to be constant for the KC number larger than
0.6. And this result is similar to the result of Liu et al.
(2012).

The effects of the oscillation frequency for Ca and Cd of
Plate-A are investigated in Figs. 12 and 13, respectively. It
can be seen that Cd decreases with the increasing frequency
for the same KC number. The reason is that Cd strongly de-
pends on the Reynolds number, but Cd tends to be constant
for the large Reynolds numbers, which is consistent with
results of Prislin et al. (1998). The overall trend of Ca in-
creases with the increasing frequency. From the results ana-

lysis, it can be seen that this experimental device is feasible.
As mentioned previously, the heave plate in THP should

be designed to have enough buoyance to resist its own
weight. Thus, the rigid polyurethane foam plate is used to
make the heave plate in THP. The experiment parameters of
Plate-B are given in Table 2. Five oscillation periods, ran-
ging from 3000 ms to 7500 ms, are used, and the amp-
litudes are from 20 mm to 100 mm. The time history of the
displacements with the amplitude of 60 mm at a period of 3
s is shown in Fig. 14, and the corresponding forces are
shown in Fig. 15.

The noise in the signal is unavoidable, especially near
the peaks and troughs, where there are impulse forces which
are produced due to the inertia of the structure below the
load cell. And the peak of these forces is much larger than
that of Plate-A. These impulse forces are filtered by the
Smooth function.

The results of the drag coefficients Cd and added mass

 
Fig. 10.   Drag coefficients of Plate-A.

 
Fig. 11.   Added mass coefficients of Plate-A.

 
Fig. 12.   Effects of the oscillation frequencies for the drag coefficients.

 
Fig. 7.   Time history of Plate-A’s displacements.

 
Fig. 8.   Time history of Plate-A’s forces.

 
Fig. 9.   Time history of Plate-A’s forces.
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coefficients Ca over KC for various excitation frequencies
are shown in Fig. 16 and Fig. 17, and the trends are the
same as Plate-A. It can be seen that Cd is exponentially de-
clining with KC for KC<1. For the same KC number, Cd de-
creases with the increasing oscillation frequency. Ca is lin-
ear with KC, and the added mass coefficient Ca is not sensit-
ive to the oscillation frequency.

The results of Cd and Ca for Plate-A and Plate-B at the
frequency of 0.2 Hz oscillation are shown in Fig. 18 and
Fig. 19 to analyze the effects of the plate thickness. It can be
found that Cd decreases with the increased thickness. These
are the same as the results of He et al. (2008), and the damp-

ing performance decreases obviously if the thickness to
length ratio is larger than 1/50. It also can be seen that Ca of
Plate-B is much smaller than that of Plate-A from Fig. 19.
This can be attributed to the increased thickness to length
ratio, and the motion of Plate-B will make a disturbance to
the fluid field and the radiation effect appears.

4.2  Tuned heave plate experiment
After the investigation of the plate hydrodynamics, the

dynamic performance of the tuned heave plate is studied
through the experiment in this section. The length of the
prototype plate for the semi-submersible platform is de-
signed to be 17 m. Plate-B is used for the tuned heave plate,
and hence the model scale factor is set to be 1:42.5 in the
test. The natural period of the semi-submersible platform
heave DOF is 19.8 s, and the experimental natural period of
the heave DOF is 3.04 s.

The considerable relative motions between the floater

 
Fig. 13.   Effects of the oscillation frequencies for the added mass coeffi-
cients.       

 
Fig. 14.   Time history of Plate-B’s displacements.

 
Fig. 15.   Time history of Plate-B’s forces.

 
Fig. 16.   Drag coefficients of Plate-B.

 
Fig. 17.   Added mass coefficients of Plate-B.

 
Fig. 18.   Effects of the plate thickness on the drag coefficients.

Table 2   Experimental parameters of Plate-B

Water depth (mm) Period (ms) Amplitude (mm) KC

500

3000 20 0.3118
3750 40 0.6236
5000 50 0.7796
6250 60 0.9355

7500
80 1.2473
100 1.5591
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and heave plate are critical for the wave energy harvest ca-
pacity and control performance. In this test, the external
damping element has not been considered up to now, and
there only exists small friction force generated from the rail
sliding block with the rail. The optimal tuning frequency ra-
tio of the THP to the platform’s heave DOF is 1 or close to
1. Based on this concept, the natural period of the tuned
heave plate system is set to be 3.04 s. The stiffness coeffi-
cient of the spring is calculated to be 190.9 N/m based on
the fitting added mass coefficient.

Fig. 20 shows the time histories of the actuator and plate
displacements. The amplitude and period of actuator are 40
mm and 3 s, respectively. In this case, the frequency ratio of
actuator period to the THP’s natural period is approxim-
ately equal to 1, which is considered that THP is in reson-
ance with the platform’s heave DOF motion. It can be found
that the motions of the THP are amplified via the tuned sys-
tem, and the amplitude of the THP is 1.9 times larger than
that of the actuator.

Fig. 21 gives the time histories of the measured and
filtered force from the plate. The forces of the fixed and
tuned heave plate are compared under the same excitation
condition in Fig. 22. The force amplitude of THP is 2.3
times larger than that of the fixed plate. It can be concluded
that the control performance of THP is much better than that
of the traditional fixed plate, which is helpful to suppress
the platform’s heave motions. Amplification coefficient for
the movement amplitude of THP is defined to assess the
control performance of the THP, as:

β′=
Aplate

Ahull
, (9)

where Aplate and Ahull are the movement amplitude of the
plate and actuator, respectively.

Fig. 23 shows the amplification coefficients via the ex-
citation periods corresponding to various excitation amp-
litudes. The peak of the amplification coefficients varied
near the platform heave natural period of about 20 s. The
reason is that the added mass coefficients of the plates de-
pend on the KC number which is related with the oscilla-
tion amplitudes. Therefore, for the fixed stiffness coeffi-
cient of the spring, the optimal frequency ratio in Fig. 23 is
changed with the non-stationary added mass. Meanwhile,
the peak values are affected by the viscous damping forces.
When the oscillation frequency is smaller than 13 s, the tun-
ing mechanism of the THP is ineffectual anymore.
However, there still exists relative motions between the
platform and heave plate, and these motions are beneficial

 
Fig. 19.   Effects of the plate thickness on the added mass coefficients.

 
Fig. 20.   Time history of the heave plate and actuator displacements.

 
Fig. 21.   Time history of the forces acting on the heave plate.

 
Fig. 22.   Time history of the forces acting on the fixed and tuned heave
plate.           

 
Fig. 23.   Displacement amplification coefficients of THP for the heave
DOF.       
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to the energy harvest system. If the oscillation frequency is
larger than 28 s, the THP is equivalent with the convention-
al heave plate.

Based on Eq. (6), the control force acting on the plat-
form is the spring restoring force in this experiment. The
restoring force amplitudes under 40 mm oscillation are giv-
en in Fig. 24. Compared with the results in Fig. 23, it can be
concluded that the considerable restoring force can be ob-
tained from the relative motions. The differences are that
when the platform response frequency is smaller than the
natural frequency, the heave plate keeps stationary and the
platform moves up and down, which is similar to the Power-
Buoy. And if the platform response frequencies are larger
than 30 s, the platform goes with the large amplitude drift
motion, and then the spring effect can be neglected. This
situation can be neglected, because it is far away from the
wave frequency range and the wave frequency response is
very small.

5  Conclusions
The tuned heave plate (THP) system is designed for the

semi-submersible platform to convert the platform kinetic
energy originated from wave to electric power and improve
the platform’s dynamic performance in the meanwhile. The
hydrodynamic performances of the heave plates are invest-
igated through the experiment. And then, the control per-
formances of THP are certified by using the forced oscilla-
tion experiment. From the results, the following conclu-
sions can be obtained.

(1) The drag damping coefficient Cd strongly depends
on the KC number and shows exponential decline with KC
number. The value of Ca rises with the increased KC num-
ber, and it is not very sensitive to the oscillation frequencies
compared with Cd.

(2) Cd may decrease with the increased thickness to
length ratio. By contrast, Ca is dramatically increased, and
the radiation effect should be taken into account.

(3) The feasibility of the THP for the semi-submersible
platform is verified through the experimental results. The
motions of the heave plate are obviously amplified through
the tuned system near the platform’s natural period, which
is beneficial to improve the platform’s dynamic perform-

ance. The dry tree riser system becomes a viable option.
(4) The relative motions exist in a wide response fre-

quency range. When the response frequency of the platform
is near the natural period, the power is converted from the
plate’s kinetic energy. And if the response frequency is
smaller than 13 s, the platform’s kinetic energy is harvested
by PTO as PowerBuoy.

The effects of the generator’s damping for the THP dy-
namic performance need to be investigated further, and the
control performance should be verified by the platform
model experiment in the future.
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