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Abstract
Output power fluctuations from a wave energy converter (WEC) utilizing the principle of an oscillating body are unavoid-
able due to the reciprocating movement of the translator inside the generator. Moreover, the wave energy flux largely varies 
with time and propagates with the wave group velocity. Making use of the oscillating output power is a challenge for many 
wave energy conversion concepts. Therefore, estimation of the output power from a WEC solely by the mean power does not 
fully reflect the process of energy conversion, especially, by a direct drive linear generator. In the present paper, the output 
power from the WEC with a linear generator power take-off (PTO) is considered as a stochastic process, and the WEC per-
formance is evaluated from the statistical point of view and related to the linear generator’s (LG) stroke length. Statistics as 
mean, standard deviation, relative standard deviation, maximum, and mode are found for different sea states. All statistics 
have shown an expected overall tendency with a rising significant wave height of incoming waves. As the significant wave 
height increases, statistics of the power output such as mean, standard deviation, maximum, and quantile are increasing, and 
the mode is decreasing beside the mode for the sea state C. It has been noted that for a significant wave height equal to the 
LG’s stroke length, the mode is greater than the same values for sea states of other significant wave heights. The results are 
based on a full-scale offshore experiment and may be used for the design of energy conversion systems based on a linear 
generator PTO.
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1  Introduction

There are a number of wave energy conversion technolo-
gies around the world [1–4]. This paper deals with the wave 
energy converter (WEC) based on the principle of a point 
absorber with a direct drive linear generator PTO. This wave 
energy conversion concept has been developed at the Swed-
ish Center for Renewable Electric Energy Conversion, Ång-
ström Laboratory, Uppsala University. The first full-scale 

linear generator was launched offshore at the Lysekil wave 
energy research site outside the Swedish west coast in March 
2006 [5–7]. The present paper uses measurement data from 
a full-scale offshore experiment WESA (Wave Energy for 
a Sustainable Archipelago) conducted at the Hammarudda 
research site close to the town of Mariehamn, The Åland 
Islands [8], see Fig. 1.

Waves in a fully developed sea are stochastic [9, 10]. A 
point absorber has its natural resonance frequency lying 
at relatively high frequencies of ocean gravity waves’ fre-
quency range, thereby, it follows the wave elevation, and 
its motion is random by nature. For the considered WEC 
design, the buoy of toroidal shape is directly connected to 
the translator moving inside the generator. Therefore, the 
translator motion, currents, and voltages induced in the sta-
tor windings, and as a result, the output power are stochastic 
processes too. Thus, we consider the absorbed energy for 
a given time period as a random quantity and evaluate the 
WEC design from this point of view.
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Power absorbed and converted by a single WEC varies 
significantly within several seconds due to the variability of 
energy available in ocean waves [11]. Theoretical [12, 13] and 
experimental [14] studies on wave power farms demonstrated 
a reduced power fluctuation at the farm level compared to the 
output power of a single device. Recent research on WECs 
arrays was focused on interaction between devices and WECs 
array optimization (see, e.g., [15, 16]).

A direct-driven LG performance for wave energy conver-
sion application, the WEC power output for different sea states 
and its relation to the generator stroke length are studied in the 
paper. For a WEC with an LG PTO, the maximum instantane-
ous output power and mean power can differ greatly, which 
suggests that estimating power output from the WEC by the 
mean power does not fully reflect the process of energy con-
version by a direct drive linear generator. Comparison of sta-
tistical parameters of power output from a single heaving buoy 
WEC for different sea states is of importance in this case.

2 � Methodology

2.1 � WEC design

The WEC consists of a linear direct-driven generator 
placed on the sea floor as shown in Fig. 2. When the buoy 
moves with the waves, the translator will get a reciprocal 
vertical motion in the generator, and a voltage is induced 
in the stator windings.

The translator mounted with permanent neodym-
ium–iron–boron magnets (Nd2Fe14B) covers 100% of the 
stator in the middle of the structure. It has a tetragonal 
translator with a length and a width of 2132 mm and 400 
mm, respectively, for each face. Four stator packages have 
a length of 1199 mm for each package, see Fig. 2 and 
Table 1. The free stroke length, when the translator does 
not touch either of the end stop springs, is 1244 mm. The 

Fig. 1   Full-scale offshore experiment, The Åland Islands
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end stops springs begin to dampen translator motion with 
strong damping when the upper-end stop spring is com-
pressed by 90 mm and the lower end stop spring by 70 
mm. Therefore, the total stroke length of the generator is 
1404 mm.

The end stop springs used for this experiment consist of 
a series stack of disk springs: 36 springs are at an upper-
end stop and 29 springs are at lower end stop. Disk springs 
have a number of advantageous properties compared to 
other types of springs, namely, very large loads can be 
supported with a small installation space as well as a long 
service life under dynamic loads.

2.2 � Sample time history records

Six sample records have been used for power fluctuation 
estimation corresponding to different sea states, as presented 
in Table 2 and original and smoothed wave power density 
spectra are plotted in Fig. 3, where the smoothed wave power 
density spectra are obtained using moving average with a 
window of 20 samples. Each sample record has a duration of 
one hour with a sampling frequency of 100 Hz; the records 
were made during the period from October 29 to November 
2, 2012. The significant wave height of the considered sea 
states varies between 0.8 and 2.4 m, whereas the energy 

Fig. 2   WEC inner structure and 
dimensions

Table 1   Parameters for the generator

Generator length with foundation 10,400 mm
Stator length 1199 mm
Translator length 2132 mm
Translator width 400 mm
Nominal power at 0.7 m/s 17.1 kW
Number of electrical phases 3
Number of stator sides 4
Translator weight 5000 kg

Table 2   Sample time records of sea states

Sea state Time period Hs (m) Te (s) Energy 
flux 
(kW/m)

A Nov. 2, 21:41-22:41 0.8 4.8 1.5
B Oct. 31, 20:40-21:40 1.2 4.4 3.1
C Nov. 2, 07:41-08:41 1.4 5.6 5.3
D Nov. 1, 07:40-08:40 1.6 5.1 6.4
E Oct. 29, 16:41-17:41 2.2 5.6 13.3
F Oct. 29, 18:41-19:41 2.4 5.9 16.7
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Fig. 3   Original and smoothed wave power density spectra for considered sea states



107Marine Systems & Ocean Technology (2018) 13:103–110	

1 3

period remains close to 5 s, namely, it varies between 4.4 
and 5.9 s. A large variation of the significant wave height 
leads to very large variation in the wave energy flux per 
meter of the wave crest. In particular, the wave energy flux 
of the sea state with the lowest energy content is more than 
ten times less than the energy flux of the sea state with the 
highest energy content.

Voltages and currents are measured at the output termi-
nals of the WEC in the measurement station located on the 
shore over 1 km from the WEC. For any time instant t, the 
instantaneous active output power P(t) is evaluated by the 
following formula:

where R
Y
 is the Y-connected resistive load, and I1(t) , I2(t) , 

and I3(t) represent the measured three phase output AC 
current.

2.3 � Statistics

For each sea state, the (empirical) probability distribution 
function (PDF) and the exceedance probability function 
(EPF) are obtained from a time series of the instantaneous 
power output P(t). These functions and the samples of P(t) 
are used to estimate different statistics such as the mean, 
standard deviation, relative standard deviation, mode, maxi-
mum and 99%-quantile as well as the ratios of the maxi-
mum-to-mean power and the 99%-quantile-to-mean power.

3 � Results

Estimated statistics of the WEC power output for different 
sea states are presented in Table 3 and illustrated in Fig. 4.

With increasing wave energy flux, the mean electric 
power output from the WEC increases as well as the stand-
ard deviation, 99%-quantile, and maximum output power. A 
small decrease in maximum power for the sea state F com-
pared to the sea state E can be attributed to differences in 
individual waves hitting the buoy. A relatively high incident 

(1)P(t) = R
Y
⋅

(

I
2

1
(t) + I

2

2
(t) + I

2

3
(t)
)

[W],

wave can hit the buoy, although the significant wave height 
remains low. The relative standard deviation and 99%-quan-
tile-to-mean ratio are approximately the same for all pre-
sented sea states, and the deviations have, perhaps, occurred 

Table 3   Evaluated statistical 
parameters

Sea state A B C D E F

Wave energy flux (kW/m) 1.5 3.1 5.3 6.4 13.3 16.7
Mean (kW) 0.91 1.96 2.36 2.97 4.91 5.04
Standard deviation (kW) 1.39 2.82 3.55 4.44 7.67 8.05
Maximum power (kW) 15.24 31.92 64.26 65.29 80.45 77.98
99% quantile (kW) 6.55 13.04 16.23 20.68 38.4 40.73
Mode (W) 1.25 1.14 1.35 1.15 1.01 0.81
Relative standard deviation 1.53 1.44 1.50 1.49 1.56 1.59
99%-quantile-to-mean 7 7 7 7 7 8
Maximum-to-mean 16.8 16.4 27.2 21.9 16.4 15.5
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Fig. 4   Statistical parameters and wave energy flux for different sea 
states (apart from the maximum power and mode due to scaling 
issues)
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due to variations in incident waves. The largest maximum-
to-mean ratio corresponds to the sea state with a significant 
wave height of 1.4 m and decreases for other sea states with 
both higher and lower energy content.

Statistics for all sea states normalized by the correspond-
ing parameters of the sea state A are presented in Fig. 5. 
Comparing the normalized quantities, it can be noted that 
the increase of the normalized statistics does not occur at 
the same rate as the increase of the normalized wave energy 
flux. The difference becomes noticeable for sea states with 
a significant wave height greater than 1.6 m.

In Figs. 6 and 7, the empirical PDF for different sea states 
is plotted on the interval from 0 W to 2 W. Filled circles are 
used to denote the modes for each sea state. The empirical 
PDFs have been obtained by means of the normal (Gaussian) 
kernel smoothing function estimate (ksdensity, Matlab) 
with the bandwidth of 0.05 that has been chosen to make the 
PDF closer to the initial data sample. The estimated EPFs 
are plotted in Fig. 8. The EPFs for sea states B, C, and D are 
very close to each other, and the EPFs for sea states E and 
F nearly overlap.

4 � Discussion

For a sea state given by significant wave height Hs and 
energy period Te , the wave energy flux is proportional to 
H

2
s
Te . Therefore, an increasing significant wave height has 

a greater impact on wave energy available in incident waves, 
which in turn, impacts performance of a WEC, especially 
with a direct drive PTO. For the sea states considered in 
the paper, energy periods vary about 5 s by less than 20%, 
whereas the significant wave height of sea state F is three 
times greater than the one of sea state A. Thus, the authors 
discuss results in terms of significant wave heights rather 
than energy periods.

The sea state C with a significant wave height of 1.4 m 
is the closest to the generator stroke length. When the 

significant wave height is noticeably greater than this value 
(sea states E and F in Fig. 5), the WEC’s power absorption is 
reduced to a large extent. The modes tend to decrease for all 
presented sea states besides the one with a significant wave 
height of 1.4 m that is the closest quantity to the generator 
stroke length. It could arise, because the time period when 
the translator velocity is close to zero is very short.

As the significant wave height increases, statistics of the 
power output such as mean, standard deviation, maximum, 
and quantile are increasing, and the mode is decreasing 
beside the mode for Hs = 1.4 m . It has been noted that the 
relative standard deviation is approximately the same for 
different sea states which can be seen as a property of the 
linear generator output power.

Regarding the mean output power, the largest value is 
obtained for Hs = 2.4 m . Nonetheless, this value is reached 
rather due to very large maximum values and, in turn, larger 
variation in the output power than due to better performance 
of the generator. This is illustrated by a very low mode 
which can be caused by longer time period, while the trans-
lator stays still at either end stop. It can be observed from 
the data that directly driven linear generators face very high 
maximum-to-mean ratios.
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The mode of the distribution corresponding to the sea 
state of Hs = 1.4 m is out of the descending tendency. Drop-
ping of the output power to zero is unavoidable due to an 
inherent property of an LG [17], i.e., reciprocal motion and 
varying velocity of the translator and varying magnetic flux 
through the stator coils. However, if the motion amplitude 
is constrained by the stroke length, then the stand-still time 
when the translator motion direction changes to the opposite 
one increase.

In a series stack of disk springs, the deflection is not 
exactly proportional to the number of springs. This is 
because of a bottoming out effect when the springs are com-
pressed as the contact surface area increases once the spring 
is deflected beyond 95%. Hysteresis (load losses) occurs due 
to friction between the springs, that is advantageous for the 
considered system because of the added damping and energy 
dissipation lead to inertia reduction of the translator but, 
on the other hand, result in a higher standard deviation of 
output power.

5 � Conclusions

In the present paper, we have considered the power output 
from the WEC with an LG PTO as a stochastic process and 
evaluated its performance from a statistical point of view.

Statistics as mean, standard deviation, relative standard 
deviation, maximum, and mode have been evaluated for 
different sea states. All statistics have shown an expected 
overall tendency with a rising significant wave height of 
incoming waves.

It was observed that the relative standard deviation and 
the ratio of 99%-quantile to the mean are almost the same for 
this type of the WEC regardless of the sea state. We assume 
that it is a general property of this WEC type.

It has been noted that for a significant wave height of 
1.4 m, the mode is greater than the same parameters for the 
other sea states. It can be explained by the fact that the stroke 
length of the generator is approximately equal to 1.4 m, and 
almost no stand-still periods arose when the translator was 
at its upper and lower turning positions. However, the rea-
sonableness of making a longer linear generator needs to 
be studied further regarding installed costs, reliability, and 
feasibility.

As it was mentioned before, dissipation of energy by 
a series stack of disk springs means inertia reduction of 
the translator, and as a result, a higher standard devia-
tion of output power. The authors propose to minimize 
the standard deviation of output power by a longer stroke 
length of the linear generator as well as using compression 
springs instead of a series stack of disk springs. Compres-
sion springs will mainly accumulate the kinetic energy of 
the translator as potential energy instead of dissipating it 

as heat which will increase the inertia of the translator and, 
as a result, electricity production.
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