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Peak Force Measurements on a Cylindrical Buoy With Limited Elastic Mooring
Olle Svensson and Mats Leijon, Member, IEEE

Abstract—This paper investigates the line force of a moored
floating buoy. The experiment was the first experiment made at
the Swedish wave energy research site located close to Lysekil on
the Swedish west coast. The Lysekil project is run by the Swedish
Centre for Renewable Electric Energy Conversion at Uppsala
University (Uppsala, Sweden). The experimental setup consists of
a cylindrical buoy, with a diameter of 3 m and a height of 0.8 m.
The buoy is moored with a line connected to a set of springs in par-
allel with a rope. The rope in parallel with the springs represents
the limited stroke length of a linear-generator-type wave energy
converter. The measurement system consists of a force transducer
between the buoy and the rope, a three-axis accelerometer inside
the buoy, and a remote data logger operated through the Global
System for Mobile Communications (GSM) network. The peak
forces related to the significant wave height showed a trend of 33
kN/m. Trends were also calculated in 10-kN bins. The data could
be used in fatigue simulations of similar devices. The result was
very important to set the mechanical design parameters of the first
wave energy converter that was deployed at the Lysekil Research
Site in March 2006.

Index Terms—Force measurement, ocean technology, offshore,
peak force, sea trial, wave energy.

I. INTRODUCTION

T HE problem with extracting energy from the waves is that
the average energy is much smaller than the peak energy.

Salter commented on this in 1974, stating that: “The essential
problem is finding a method to convert dispersed, random, al-
ternating forces into concentrated, direct force, using a mecha-
nism which is efficient at low levels and yet robust enough to
withstand the worst conditions” [1]. Many types of wave en-
ergy absorbers have been suggested and patented since World
War I. The basic theory of the energy in water wave, governing
equations, and overview of the early research was described by
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Evans [2]. One type of absorber is the point absorber. Budal
and Falnes described the point absorber in Nature in 1975: “A
point absorber of ocean-wave power is a system that has its hor-
izontal extent much smaller than one wavelength” [3]. When a
point absorber is connected to a wave energy converter (WEC)
with limited stroke length, an impulse force is created when the
WEC reaches its maximum stroke length. Many articles have
been published that describe the worst condition and mooring
forces on objects that are elastically moored or marine struc-
tures that are fixed or move with low speed [4]–[11]. Other ar-
ticles describe the opposing force from the WEC needed to ex-
tract energy from the wave [12]. However, papers that describe
the impulse peak forces on buoys are rare.
Force data from sea trials are presented in this paper. The pur-

pose of the experiment is to measure the maximum forces and,
from these results, design the WEC structure and the concrete
foundation placed on the ocean floor [13].
The outline of the Lysekil research site (LRS) was planned

by researchers and Ph.D. students at the Division of Electricity,
Uppsala University (Uppsala, Sweden) in spring 2002. The pur-
pose of the project is to evaluate a concept consisting of linear
generators placed on the ocean seabed and connected to point
absorbers on the surface. The project has permission to evaluate
ten full-scale generators with buoys and 30 buoys for marine bi-
ological studies.

II. MEASUREMENT SETUP

A. Positioning of the Experiment

LRS is located on the Swedish west coast north of Gothen-
burg and south of the Norwegian border. Measurements from
two measuring equipments have been performed: a wave cli-
mate measuring buoy and the force measuring setup. The wa-
verider wave height measuring buoy is positioned Lat N 58
11.740 , Long E 11 22.340 . The force measuring system is
positioned Lat N 58 11.7317 , 11 11.4479 . The distance be-
tween the measurements is roughly 100 m. Significant wave
height (Hs) and energy period (Te) are calculated from 30-min
time series. No obstacles are positioned between the Waverider
and the force measuring system. Information about the devel-
opment of the LRS and other experiments performed in the site
can be found in the department web page [14].

B. Mechanics

Fig. 1(a) shows a schematic illustration of the experimental
setup, and Fig. 2 shows the real implementation. The buoy is
connected to a force transducer HBMU2B 200 kN. A rope with
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Fig. 1. (a) The experimental setup. (b) Simple model of the generator.

Fig. 2. The buoy and the encapsulated force transducer to the left. The package
of springs and the end stop rope to the right.

TABLE I
DATA FOR EXPERIMENTAL SETUP

a length of 15 m is connected to the force transducer. The other
end of the rope is connected to six springs in parallel with one
2.65-m-long rope. The rope parallel to the springs limits the
stroke length to the stroke length of the translator in one of the
first simulated models of the linear generator. The set of springs
is moored with a chain connected to a 40-ton concrete founda-
tion. This setup is a model of how the WEC works when it is
disconnected from the grid. The data for the experimental setup
can be found in Table I.

C. Comparison With WEC

There are two main differences between the experimental
setup and the no-load case of the WEC. First, the moving mass
of the experimental setup is significantly lower. Hence, the
main restoring force of the buoy in the experimental setup is
the springs. The WEC is modeled in Fig. 1(b). In the WEC, a
combination of the weight of the translator and springs attached
to the bottom plate of the WEC is used to restore the buoy’s

TABLE II
UNITS USED IN (1)

position in the wave trough [13]. The lower moving mass of the
experimental setup also results in a higher resonance frequency.
The behavior of the setup in the linear region is investigated by
Eriksson et al. by simulating a model of the setup based on the
following equation of motion [15]

(1)

The mathematical technique to compute the wave loads for a
vertical circular cylinder applied by Eriksson et al. is derived by
Bhatta and Rahman [16]. The abbreviations for (1) are found in
Table II. One important result by Eriksson et al. is that the setup
has a radiation resistance peak at roughly 0.4 Hz [15]. Second,
the experimental setup has a stiff stopper rope while the WEC
end stop is a spring [13].
To model the generator connected to the grid, a damper must

be added to the system. This was considered during the devel-
opmental process but calculations indicated that the simplest so-
lution, a plate in the water, would have a very large area. The
spring constant was chosen so that half of the buoy was beneath
the water when the spring was stretched to half of its maximum
length.

D. Data Acquisition

The measurement system consists of a force transducer, one
differential amplifier, one Global System for Mobile Communi-
cations (GSM) data logger, and three accelerometers. The data
from the accelerometers are not analyzed in this paper but ac-
celerometer data were very useful to clarify and understand the
measured forces. Because of them, the vertical position of the
buoy could be calculated [17]. The signal-conditioned measure-
ment signal was sampled with 8 Hz and transmitted through the
GSM network.
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Fig. 3. Example of peak forces during 60 s, measured April 6, 2005.

E. Calibration

The force transducer, the differential amplifier, and the data
logger were calibrated all together by applying 15 different
forces with an Instron 8516 servihydralic fatigue tester [18].
The test system has an accuracy of 0.5% of the indicated load.
The data logger has an accuracy of 0.1% of the measurement
range. The measurement range is 200 kN. The force transducer
has a linearity variation of 0.1% and an influence of tem-
perature on sensitivity that is 0.01%/ K. Force measurement
range is 200 kN. The calibrated measurement system was used
to obtain the package spring constant presented in Table I, by
measuring the force at different spring lengths.

III. DESCRIPTION OF THE WAVE CYCLE

When a wave passes the buoy, the force measured indicates
different states of the experimental setup. If the force is lower
than 4 kN, the force measured is only the weight of the set of
springs. The mooring chain is in this case slack and the buoy is
in a deep wave through. When the force is between 4 and 16 kN,
the setup is in its linear region, the end stop rope is slack, and the
chain is stretched. The length of the springs can be calculated
from the measured force.
When the rope connected in parallel with the springs is

stretched, the measured force is nonlinear. This is observed as
peaks above 16 kN in Fig. 3; during this part of the wave cycle
the measured force is the maximum force on the experimental
setup. This is also assumed to be the maximum force acting on
the WEC when it is disconnected from the grid.

IV. OVERVIEW OF THE EXPERIMENTAL PERIOD

The experiment was operational from March 16 to April 6,
2005, when one of the springs in the setup broke. The number
of springs can be determined by the force measured directly
before the peak that indicates the stretched end stop rope. The
wave height during the experimental period is shown in Fig. 4.
Data are missing March 21–24 due to computer failure. Force
data from that period indicate calm weather. Force data were
collected from the data logger every 30 min. The memory of
the data logger is limited. Data collection was sometimes post-
poned. This resulted in different number of force samples during
every half hour of wave data. Peaks per hour are calculated from
the available data points during one half hour.

Fig. 4. Significant wave height during the experimental period.

Fig. 5. Peak and average forces March 16 to April 6, 2005.

V. DATA PROCESSING

Data to be processed were chosen from time slots when booth
force data and wave climate data were available. Hs and Te
was retrieved from the raw wave data by calculating the wave
spectra by performing a fast Fourier transform (FFT) and then
using standard calculation methods and formulas. For each data
period, the wave climate was calculated and the associated force
data were organized in 10-kN bins. A data point is assumed to be
a peak if the three following and the three previous data points
are lower than the compared data point. Three data points are
0.375 s. Average force is the average of all forcemeasuring sam-
ples during one specific half hour.

VI. RESULTS

The peak and average forces are shown in Fig. 5. The linear
trend gives a proportionality constant of 33 kN/m for peak data
and 3.2 kN/m for average data. The highest measured force was
84.5 kN; it is 26% above the trend at Hs 1.94 (m).
In Table III and Figs. 6 and 7, the number of peaks per hour

are shown separately for forces sorted in 10-kN bins. Table III
shows the trendline calculations for different peak forces from
all available data. Fig. 6 shows selected wave climates roughly
spaced with delta Hs . The first two piles contain exclu-
sively peaks lower than 10 kN. The rope connected parallel to
the springs is not stretched if the force is lower than 16 kN.
Hence, all the peaks measured during the first two bins are peaks
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Fig. 6. Number of peaks at different wave climates.

Fig. 7. Number of peaks sorted in 10-kN bins as a function of wave height and energy period.

from the buoy following the wave. The following seven staples
are forces up to 20 kN. Forces between 70 and 80 kN can be
detected in the 1.94 staple. Occasional forces higher than 70 kN
exist in other staples but are not possible to detect in the graph.
Fig. 7 shows the distribution of the force series as a function
of energy period and wave height. The 70–80-kN forces in the
1.94 bin have an energy period of 5.89 s and are seen as the third
small dot from the right. Forces higher than 40 kN are concen-
trated between Te 4.78 and 6.52 m. Values lower than 40 kN
have a span of Te between 3.0 and 7.0 m. Information about Te
peak is presented for a few selected half hours in Table III.

VII. DISCUSSION

The scope of the paper and the scope of the experiment have
resulted in several full-scale WEC units. The result was very

important to set the mechanical design parameters of the first
WEC deployed at the LRS in March 2006. The results were of
especial importance for the design of the translator stroke length
and the endstop design.

A. Endstop

Based on the experimental results with a stiff stopper rope,
the WEC endstop was constructed less stiff to reduce the max-
imum force. A spring and a rubber plate were chosen as the
endstop. Dimensioning an endstop spring is a task that should
be done with some effort. The spring can be ordered with preten-
sion. Pretension results in a sudden change of the counter acting
force on the translator when it hits the spring. Then, the spring
will compress and the force will increase by Hook’s law. If a
low spring constant is chosen, the spring will sometimes fully
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TABLE III
TRENDS IN 10-kN BINS

TABLE IV
SELECTED PEAK ENERGY PERIOD DATA

compress and a second peak will appear at the end of the stop
cycle. If a stiffer spring is chosen, the translator will slow down
faster and result in a higher peak force every time the translator
reaches the endstop.

B. Swell- and Wind-Generated Waves

In Fig. 7, three regions can be clearly distinguished. In the
lower left, the wave height is low and the energy period is short.
Table IV shows that there exist wave climates in this area that
are mainly generated by local winds because Te is short and Te
peak is of the same magnitude. In the upper left, only forces
lower than 10 kN are detected. In this region, Te is longer and
Te peak is of the same magnitude, hence this region consists
mainly of swell waves. Between the two areas, there exist wave
climates with booth swell- and wind-generated waves; see the
third row in Table IV. Waves resulting in the maximum forces
have a high wave height and energy period between 5 and 6
m. Waves generated purely by local winds are probably dis-
tributed along a line connecting the lowest energy periods for
each measured wave height. Swell and combinations of swell-
and wind-generated waves are likely to be above this line.

C. Accuracy of Measurements

However, since this paper addresses the experimental verifi-
cation of peak force measurements, it is necessary to comment
on the accuracy of the measurements. The deviations of the ac-
curacy in measurements are mainly because of low sampling
frequency. The effect of low sampling frequency can be visual-
ized in Fig. 3. If the two neighboring samples in each peak are
about the same size, it is likely that there exists a stronger force
in-between them. If one of them is much stronger, this might
be very close to the peak. If samples before and after the peak
value are about the same size, they are likely to be the correct

peak force. There will be a deviation of the measured value of
peak forces of the same size. But if many waves of equal size are
measured, the correct maximum peak force will be found, but
the number of peaks of this range will be slightly lower than the
proper value. The accuracy of the force measurement is very
good for offshore full-scale experiments. The authors want to
notify the reader of the missing data as can be seen in Fig. 4.

D. Use of Data

The trends presented in Fig. 5 and Table III could be used in
the design of similar structures, e.g., fatigue simulations or fa-
tigue lab tests, even if a weibull plot would be more appropriate
for long-term fatigue decision making. A model that scales the
measured data to forces on other structures is not provided, but
together with known hydrodynamic and physics, the data in this
paper might be useful.

E. Peaks in Calm Weather

The largest number of peaks is found in calm weather. This
is expected with small waves, but Te is about the same as it is
when the maximum peak occurs at a much more intense wave
climate. The peak in radiation resistance indicates that there are
oscillations in the buoy-spring system. It may be that small os-
cillations are detected as peaks. In a real generator implemen-
tation, the damping will reduce the occurrence of such oscilla-
tions. If the peak detection algorithm was modified so that more
data points were compared, small oscillations would not count
as peaks. But then real adjacent peaks, as the peaks in Fig. 6,
would not count as two peaks.

F. Specific Waves Hitting the Experiment Buoy
Each individual wave will transform when it travels from the

Waverider to the point where force measuring experiment is
located. In spite of this, the calculated average wave climate
during the 30-min time interval is the same.
Maximum Hs during the experiment is 2 m; individual waves

are higher. The buoy will sometimes be submerged, but because
of the stiff stopper rope, this will probably happen after the peak
force. The second double peak seen in Fig. 3 might be a conse-
quence of a wave washing over it. To evaluate the interaction
between one specific wave hitting the buoy and the forces on
the system, optical measurements of the water surrounding the
buoy must be time synchronized with the force measurements.

VIII. CONCLUSION

The force on a buoy has been measured in real sea trial. The
force on the system has been measured and the number of force
peaks has been counted and sorted into bins at different wave
states. Data have been put together to present trends. The trends
could be used in simulations and fatigue tests.
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