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Wave power absorption as a function of water level
and wave height: theory and experiment
Simon Tyrberg, Rafael Waters, Student Member, IEEE, and Mats Leijon, Member, IEEE

Abstract—This paper investigates the sensitivity of a wave
power system to variations in still water levels and significant
wave heights. The system consists of a floating point absorber
connected to a linear generator on the seabed. Changing still
water levels are expected to affect the power absorption, since
they will displace the equilibrium position for the generator
translator. Similarly, changing significant wave heights will affect
the rate at which the translator leaves the stator. Both these
effects will in some cases result in a smaller active area of the
stator. A theoretical expression to describe this effect is derived,
and compared to measured experimental values for the wave
energy converter L1 at the Lysekil research site. During the time
of measurements, the still water levels at the site were in the
range of [-0.70 m, +0.46 m], and the significant wave heights
in the range of [0 m, 2.7 m]. The experimental values exhibit
similar characteristics as the theoretical expression, especially
with changing significant wave heights.

I. INTRODUCTION

A number of projects around the world are currently investi-
gating the possibilities to extract electrical energy from ocean
waves, see for example [1]–[6]. Comparing the strategies of
these projects, there are very differing technical solutions put
forth. Each technology brings a unique set of questions to
be answered. The concept described in this paper consists
of a buoy at the surface, connected to a direct drive linear
permanent magnet generator on the seabed. An illustration of
the technology can be seen in Fig. 1.

In 2006 the first wave energy converter in this project, L1,
was deployed at the Lysekil research site on the Swedish
west coast. It was initially test run for three months. This
paper will investigate how the power absorption of L1 varies
with the changing water levels and wave heights at the site.
Earlier papers have described the project in general, and have
presented other results from the test run, see e. g. [7]–[9].

Since the buoy position will affect the translator position,
and the since the stator area will not be 100% active for
all translator positions, changing still water levels and wave
heights are expected to have some impact on the performance
of the generator. The scope of this impact is dependent on
many factors, such as the respective lengths of the translator
and the stator, and the stroke length of the translator. The
lengths of the translator and stator determine the fraction of
active area for a given translator position and the stroke length
of the translator sets a limit for the buoy motion.

In the following section, the experimental setup at the Ly-
sekil research site will be described. In section III a theoretical
expression for the expected performance of L1 will then be
derived. Section IV will describe the collection of experimental

data. The results will then be introduced and discussed in
sections V to VII.

Figure 1. Illustration of the technology studied.

II. EXPERIMENTAL SETUP

The Lysekil research site is located some miles southwest
of the town of Lysekil, on the Swedish west coast. Within the
site, L1 is positioned at 58◦ 11.7’ N, 11◦ 22.4’ E, at 25 meters
depth. Surrounding L1 are a number of “biology buoys” which
serve as a base for studies on environmental impact [10]. A
sea cable is drawn from L1 to a measuring station onshore.
Some 50 meters west of L1, a wave measuring buoy has been
in operation since 2004.

The absorbed power (defined in section IV-A) from L1 is
measured in the station on shore, where the converted electric
power is dissipated in a ∆-connected resistive load. The load
resistance is adjustable, and the test results have been achieved
with loads of 2.2 Ω, 4.9 Ω and 10 Ω respectively. Data
describing L1 can be found in table I, where “Max. stroke
of translator” describes the conditions for which the translator
will not hit the end stop (see Fig. 1). The linear generator is
a three-phase synchronous permanent magnet generator [7].

III. THEORY

When the buoy moves in the waves, so does the translator
inside the generator. When the waves reach a certain size, the
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Buoy diameter d 3 m
Buoy height h 0.8 m
Buoy mass m 1000 kg
Nominal draft of buoy D 0.4 m
Translator length lT 1.868 m
Stator length lS 1.264 m
Max. stroke of translator s ±0.90 m
Nominal power Pn 10 kW
Nominal speed vn 0.67 m/s

Table I
FEATURES OF L1

translator will partly leave the stator, either on one side or on
both. The active length, i.e. the length for which the translator
and stator overlap, will thus be reduced and the performance
of the generator will change. The position of the translator is
denoted x, where x = 0 means that the translator is centered
in the stator. The translator will leave the stator if

|x| > lT − lS
2

≡ ∆

2
, (1)

where lT and lS are the translator and stator lengths, as in table
I, and where the difference in length between translator and
stator is denoted ∆. For a sinusoidal motion of the translator,
the changes in active length of the generator will depend on
the amplitude of the motion and the offset of the equilibrium
from x = 0. For an amplitude of H/2 and an offset u, we can
set the following conditions for the motion:

Case 1: |u|+ H
2 ≤

∆
2 Translator remains inside

the stator.
Case 2: ∆

2 < |u|+ H
2 Translator leaves stator

−∆
2 ≤ |u| −

H
2 ≤

∆
2 on one side but comes

back in completely.
Case 3: ∆

2 < |u| − H
2 Translator leaves stator

on one side and does not
come back in completely.

Case 4: |u| − H
2 < −

∆
2 Translator leaves stator

on both sides

In Fig. 2 a sinusoidal translator motion x = H
2 sinωt + u

and the resulting active length y(t) of the generator are plotted
for Case 4, i.e. when the translator leaves the stator on both
sides. The translator partially leaves the stator at t1 and t3,
and fully comes back inside at t2 and t4. For this situation the
function y(t) over one period T can be described as

y(t) =


lS 0 < t ≤ t1

−H2 sinωt+ ls + ∆
2 − u t1 < t ≤ t2

lS t2 < t ≤ t3
H
2 sinωt+ ls + ∆

2 + u t3 < t ≤ t4
lS t4 < t ≤ T

(2)

where 
t1 = 1

ω arcsin
(

∆−2u
H

)
t2 = T

2 −
1
ω arcsin

(
∆−2u
H

)
t3 = T

2 + 1
ω arcsin

(
∆+2u
H

)
t4 = T − 1

ω arcsin
(

∆+2u
H

)
.

(3)

Figure 2. Translator position x(t) and generator active length y(t) for Case
4.

For Case 1 and 2 the function y becomes simpler. For Case 1
y(t) = lS for all times, and for Case 2 y(t) = lS for t2 < t ≤
T . For Case 3 the active length will vary as a sine at all times:
y(t) = H

2 sinωt + lS − (|u| − ∆
2 ). The equations above are

valid as long as the translator does not move completely out
of the stator, i.e. as long as H

2 + |u| ≤ lT +lS
2 . This is always

the case for L1.
We would expect that the generator performance decreases

when the active length decreases. From a generator geometry
perspective, over one period it can be assumed that the integral
of the function y(t) over the full active length lS describes
the expected deviation from optimal performance through the
factor Q:

Q = Q(H,u) =
1

T

∫ T

0

y(t)

lS
dt. (4)

Inserting the expressions for y(t) into Eq. 4 and evaluating
the integral gives

Case 1: Q= 1

Case 2: Q= 1 + H
2πlS

(
απ
2 − α arcsinα− cos(arcsinα)

)
Case 3: Q= 1 + Hα

2lS
= 1 + ∆−2|u|

2lS

Case 4: Q= 1 + H
2πlS

(
απ
2 − α arcsinα− cos(arcsinα)+

+βπ
2 − β arcsinβ − cos(arcsinβ)

)
where we have introduced α ≡ (∆− 2|u|)/H and β ≡ (∆ +
2|u|)/H . The surface Q(H,u) has been plotted for 0 m <
H < 3 m and −0.8 m ≥ u ≥ 0.8 m in Fig. 3. Although there
are details that are difficult to display in two dimensions, it can
be seen that Q decreases as |u| increases, for the part where
Q < 1. Q also decreases with increasing H if |u| is not too
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large, i.e. as long as we are not in the region covered by case
3, for which Q depends only on u.

Figure 3. The factor Q as a function of H and u. Color has been added to
enhance the readability of the figure.

In reality, neither ocean waves nor the translator motions are
sinusoidal. However, using the significant wave height Hm0 as
a characteristic wave height and using the still water level w as
a characteristic equilibrium offset, we expect that the measured
relative power absorption of L1 as a function of Hm0 and w
should exhibit similar characteristics as Q(Hm0, w).

IV. DATA GATHERING

A. Measurements on L1

Measurements of absorbed power were made from March
to May of 2006, with a sampling frequency of 50 Hz. By
absorbed power is meant power consumed in the windings of
the generator, the sea cable and the load on shore. Mechanical
losses and iron losses in the generator are not accounted for.
“Absorbed power” is thus somewhat less than what is actually
removed from the waves. The absorption in the generator and
sea cable are calculated via measurements of currents and
knowledge of generator and cable resistances. The data on
absorbed power used in this paper are half hour averages.

B. Wave Data

Data on the power of incoming waves are taken from the
wave measurement buoy. The buoy measures vertical position
with a sampling frequency of 2.56 Hz. For each half hour, the
wave spectrum is calculated, as well as the spectral moments
m0 and m−1. The energy period Tm0−1 and significant wave
height Hm0 are are then found through

Tm0−1 ≡
m−1

m0
, Hm0 ≡ 4

√
m0.

For the time period in question, Tm0−1 is in the range [2.2 s,
13.5 s] and Hm0 in the range [0 m, 2.7 m]. Finally, the
incoming power per meter wave front PW is calculated, using

the values of Tm0−1 and Hm0 (for a more detailed description
of these methods, see e.g. [11] or [12]):

PW =
ρg2

64π
Tm0−1H

2
m0. (5)

PW is in the range [0 kW/m, 22.5 kW/m].

C. Water Levels

SMHI (the Swedish Institute for Meteorology and Hydrol-
ogy) continuously measures water levels on the Swedish west
coast. Data for the months in question was acquired from the
station “Smögen”, located at 58◦ 21’ N, 11◦ 13’ E. Water
levels w are measured each hour and given in meters above
or below the average water level, w = 0. To match the wave
climate data and absorption data, a water level measured at a
certain time is assumed to be valid the half hour before and
after that time. The water levels from Smögen are in the range
[-0.70 m, +0.46 m]. The distribution of water levels during the
time of measurements can be seen in Fig. 4(a), and the relation
between significant wave height and water levels can be seen
in Fig. 4(b).

(a) Distribution of measured still water levels

(b) Significant wave height vs. measured still water levels

Figure 4. Statistics on the distribution of still water levels and significant
wave heights.
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V. RESULTS

From the data on absorbed power (section IV-A) and
incoming power (section IV-B), the relative absorption factor
σ has been calculated for each half hour in the time range:

σ =
absorbed power
incoming power

=
absorbed power

3PW
. (6)

Incoming power is here defined as the power coming in across
the physical width of the buoy, which is three meters. The
data set consists of 2324 absorption values. In Fig. 5 (a) and
(b) these have been plotted against corresponding still water
level values w and significant wave heights Hm0 for the three
different electrical loads. It can be seen that σmax = 0.25.
This value will be used to plot the theoretically expected
performance below.

(a) Relative absorption σ vs. water level w

(b) Relative absorption σ vs. significant wave height Hm0

Figure 5. Absorption values for different still water levels and significant
wave heights.

In the next step, we would like to compare the experimental
values with the theoretical factor Q that was derived in
section III. Since Q describes the expected deviation from
optimal performance, σmax ·Q(Hm0, w) will give the expected
performance in this case.

Fig. 6 is a three-dimensional plot of measured absorption
values versus significant wave height and water levels, together

with the surface σmax · Q(Hm0, w). Again, the difficulty of
displaying three-dimensional data in two dimensions puts a
limit on what can be displayed. Therefore in Figs. 7(a)–(d)
and 8(a)–(c), different sets of the data is displayed to enhance
the readability. In the Hm0-direction, the data has been divided
into four sections and in the w-direction into three sections.

Figure 6. Experimental absorption values (dots) and theoretical absorption
factor (surface). Color has been added to the surface to increase readability.

When looking at Figs. 6–8 it must be kept in mind that
plotting the surface σmax · Q(Hm0, w) as the theoretically
expected limit is not the only possible choice. To compare the
factor Q to the experimental values some scaling is necessary,
but it would be possible to use other factors than σmax. All
choices are arbitrary to some extent, but it was the feeling
here that σmax was the most straightforward choice.

VI. DISCUSSION

The experimental absorption values in Figs. 7 and 8 are
quite scattered for each value of Hm0 and w. However, all
values but two stay below the surface σmax ·Q(Hm0, w). The
two points can also be seen if Fig. 6. This is an indication that
that the surface σmax · Q(Hm0, w) could represent an upper
bound to the performance of L1.

Turning to Fig. 7, a general decrease in absorption for
increasing |w| can be seen, although not as clearly in all four
cases. For the lowest significant wave heights, displayed in
Fig. 7(a), most of the measured values lie significantly lower
than predicted by the theory. For such small waves other fac-
tors than total active generator area become dominant, and the
performance of the generator tends to zero as the significant
wave height decreases. This is expected, since less and less of
the maximum generator stroke is utilized. The measurements
of wave heights and periods from the wave measurement
buoy are also less accurate for small waves. This means that
the error in describing the incoming energy becomes larger,
which further means that the values of relative absorbed energy
become less accurate. The discrepancy between theory and
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(a) Absorption values for 0 m ≤ Hm0 < 0.5 m (b) Absorption values for 0.5 m ≤ Hm0 < 1.0 m

(c) Absorption values for 1.0 m ≤ Hm0 < 1.5 m (d) Absorption values for Hm0 ≥ 1.5 m

Figure 7. Absorption values for four sets of significant wave heights

experiment for low significant wave heights can also be seen
in Fig. 8.

In Figs. 7(b)–(d), the fit between experiment and theory is
better than in Fig. 7(a). However, as the significant wave height
increases, the measured values tend to be grouped closer to
w = 0 which makes it hard to draw conclusions on the validity
of the theory for large |w|. Arguably, Fig. 7(b) displays the
best fit between theory and experiment. The measured values
are scattered but are bound by the theoretical values on the
upper side.

Looking instead at how absorption and significant wave
height are related, the correlation is somewhat clearer. In Figs.
8(b) and (c) it can be seen that the absorption values decrease
as Hm0 increases, as long as Hm0 > 0.5 m. The rate at which
the decrease takes place is similar to the one predicted by the
theory, although at a lower level. This level is also dependent
on the chosen load (this issue is studied in more detail in [9]).
For absorption values where w ≤ −0.15 m (Fig. 8(a)), there is
not enough data with high significant wave height to draw any
clear conclusion. For small waves (Hs < 0.5) the theoretical
values do not match the experimental data at all, as was noted
above.

It can be seen that for w > 0 m, there are fewer and
fewer low values of absorption when w grows (Fig. 5(a)).
Conversely, for w < −0.40 m there are no values of absorption
above 0.05, and the remaining values tend to zero as w
decreases. This can be explained when looking at Fig. 4(b),
where it can be seen that for low still water levels the waves
are always small, and for high water levels, there are fewer
and fewer small waves. This corresponds likely to periods of
high and low air pressure, where the former will create lower
still water levels and calm weather and the latter will produce
higher still water levels and more harsh weather.

Both theory and experimental data suggest that the sensitiv-
ity of the system to changes in still water levels is fairly low as
long as we are in the region of approximately ±0.20 m from
the mean level. Such sea states represent 72.3% of the data set,
implying that a decrease of performance due to changing still
water levels is a quite small problem at the Lysekil research
site.

The experimental data from L1 will always exhibit large
spreads, regardless of what parameters are studied, due to the
many factors that cannot be controlled. One example of such
a factor is that there are many possible actual series of sea
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(a) Absorption values for w ≤ −0.15 m

(b) Absorption values for −0.15 m < w < 0.15 m

(c) Absorption values for w ≥ 0.15 m

Figure 8. Absorption values for three sets of still water levels

surface elevations that could produce the same significant wave
height. Thus, there are different energy periods associated
with one significant wave height. To study the influence of
varying energy periods, three-dimensional plots were made
both for wave height/energy period/absorption and still water
level/energy period/absorption. However, no patterns could be

found, and these plots have not been included.

VII. CONCLUSIONS

A theoretical expression was derived to describe the ex-
pected change in relative power absorption for changing still
water levels w and significant wave heights Hm0 for a wave
energy converter with a linear generator. The theory predicted
decreasing power absorption as Hm0+|w| increases. The mea-
sured experimental values for relative absorption of the wave
energy converter L1 were analyzed. The experimental values
exhibit similar characteristics as the theoretical expression,
although at a lower level for the most part. The similarities
were clearer in the Hm0-direction than in the w-direction,
possibly due to a lack of experimental data for small and large
w.
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