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Abstract: This paper presents a study on how the power absorption and damping in a linear
generator for wave energy conversion are affected by partial overlap between stator and translator.
The theoretical study shows that the electrical power as well as the damping coefficient change
quadratically with partial stator overlap, if inductance, friction and iron losses are assumed
independent of partial stator overlap or can be neglected. Results from onshore experiments on a
linear generator for wave energy conversion cannot reject the quadratic relationship. Measurements
were done on the inductance of the linear generator and no dependence on partial stator overlap
could be found. Simulations of the wave energy converter’s operation in high waves show that
entirely neglecting partial stator overlap will overestimate the energy yield and underestimate the
peak forces in the line between the buoy and the generator. The difference between assuming a
linear relationship instead of a quadratic relationship is visible but small in the energy yield in the
simulation. Since the theoretical deduction suggests a quadratic relationship, this is advisable to use
during modeling. However, a linear assumption could be seen as an acceptable simplification when
modeling since other relationships can be computationally costly.
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1. Introduction

Many different concepts for wave power extraction are being studied and evaluated,
both regarding how to best capture power from the ocean waves, and how to transfer the capture
of power to electricity [1-3]. In this paper, a point absorbing buoy connected to a linear permanent
magnet generator is considered. The point absorbing buoy is small, relative to the wavelength, and can
capture power from any wave direction. Due to the high forces and the slow and highly variable
speed in alternating directions, the power captured by the point absorber cannot be connected to any
conventional rotating generator, without adding an intermediate conversion step, which will add to
system complexity and system loss. A linear generator can take advantage of the heave motion of
the wave and therefore linear generators are used in several different wave energy converters [4-7].
Drawbacks with linear generators for wave power is that they become very large due to the high forces
and low velocities [8,9] and that the induced voltage varies in both frequency and amplitude [10-13].
Another drawback with linear generators is the partial stator overlap that can occur depending on the
design [14].

Power transfer from the translator to the stator occurs where the translator and stator overlaps
(see Figure 1). The fraction of the stator that momentarily is covered by the translator is denoted
relative stator overlap or relative active area A, and is 1 when the stator has full overlap with
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the translator and is 0 when the translator is completely pulled out of the stator. A varying partial
stator overlap will affect the power take-off (PTO) damping of the generator, and thus the dynamical
behavior of the wave energy converter (WEC) during operation. This will have consequences on both
power production and forces acting on the WEC, one of the most important being the upper end-stop
force in high waves. The decreased power absorption is important to understand when designing the
generator, while the end-stop forces are important to know for the structural design of end-stop.
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Figure 1. Illustration of different translator positions and partial stator overlap. In the mid position the
stator is fully overlapped by the translator (A, = 1), whereas, when the translator is at its bottom or
top position, the stator is not completely overlapped by the translator (A, < 1). (a) Bottom Position;
(b) Mid Position; (c) Top Position.

There is no conclusive approach as to how to include partial stator overlap in the PTO modeling,
which is reviewed in the background section. To the authors” knowledge, partial stator overlap
in permanent magnet linear generators is a topic for the concept from Uppsala University [15,16],
the Archimedes Wave Swing [17,18], the Berkeley Wedge [5] and the linear generator developed at
Oregon State University [6].

This study aims to verify theory about power take-off (PTO) forces and power production for
partial stator overlap with data from onshore testing of a point absorber wave energy converter.
By evaluating how partial stator overlap, i.e., partial active area, influences the power transfer,
a relationship between electrical power and relative stator overlap is identified.

The paper begins with the Background, including how partial stator overlap has been modeled
and measured in previous studies, and a description of the generator used for this study. It then
continues, in the Method section, by describing the experimental setup, data processing and a case
study. The Results section contains experimental results from onshore tests and a simulation case-study
assessing what consequence different A ;. dependencies will have on the offshore behavior of the full
WEC. The results of the onshore tests include inductance measurements, some general results of the
onshore tests and results on which dependency the data suggests between relative stator overlap and
power production.

2. Background

This section provides the derivation of a simplified expression to predict how the damping force
should vary with partial stator overlap in theory. It also discusses how partial stator overlap has been
accounted for previously in linear generators for wave energy conversion. The section ends with a
description of the generator used in the onshore experiments.
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2.1. Theoretical Background

A linear force analysis of translator motion inside the generator gives:
miX = Fiine — Fpro — 111 )

where m; is the mass of the translator, ¥ is the acceleration of the translator, F;;,, is the force in the line
connected to the translator, Fprp is the power take-off force and g is earth’s gravitational acceleration.
Fpro includes electromagnetic forces and friction. Fpro is also referred to as a damping force since it
dampens the motion of the translator.

From the power take-off, a damping coefficient 7y for the generator can be defined:

Fer @)

X

where x is the velocity of the translator. 7 is often assumed to be independent of speed, but there are
studies showing that it is not independent of speed [19,20]. Both Refs. [19,20] show that v depends on
the speed and the impedance, making 7y less speed-dependent when the generator is connected to a
load with higher resistance. Friction and iron losses are also included in Fprp, which both depend on
the speed of the translator.

The power transfer between buoy and generator is

pahsorbed = ’)’xz (3)

where Ppsorbeq is the instantaneous power absorbed by the WEC-unit as both electrical power and
losses. Furthermore, all absorbed power will not be converted into electrical power:

P, = Kepﬂbsorbed (4)

where P, is electrical power and resistive losses while «, is a positive value less than one. x, is less
than one due to friction and iron losses. When 7 is calculated from P,, and therefore does not include
friction and iron losses, it can be called 7,;.

Pe, Papsorbed and <y will be assumed to depend on the partial stator overlap Af,,. If the position x
is defined such as x = 0 when the translator is in its mid position (see Figure 1b), A frac 18

0if x| > 5(It +1s)
Afrac =  Lif [x[ < 5(Ir = Is) ©)
%(%(lt +I5) — |x|) otherwise

NI—= NI

It and s is the length of the translator and the stator, respectively. This means that Af,. € [0,1].
When Afq € (0,1), Afyy is linearly proportional to the translator’s position relative the stator.
Faraday’s law is the starting point for finding the relation between P, and A ¢,:

dd
e(t) = _NE (6)

It is recognized that e(t) is the induced voltage in the generator, f is time, N is the number of turns
in the stator windings and @ is the magnetic flux. If ® is sinusoidal, the root mean square (RMS) of the
induced phase voltage for full stator overlap becomes:

1 .
Erms = —=PNw (7)

>
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w is the angular frequency, which is proportional to the speed of the translator and & is the maximum
value of the magnetic flux ®.

A voltage is induced in the stator windings when the stator and the translator are overlapping,
which means that the induced voltage depends on the stator overlap. The time derivative % comes
from the change in magnet polarity and from the speed of the translator. The number of turns in
the stator windings N is constant and current will flow in the whole winding. The magnetic flux ®
depends on the magnetic properties of the magnets and their alignment in the translator, but will only
induce voltage when overlapping the translator. Since the overlapping part is linearly changing with
changing relative stator overlap (see Equation (5)), ® is linearly dependent on A .

From the circuit equivalent of the generator in Figure 2, and by expressing the load as
Rioad + jXioad, the RMS of P, if there are three phases, can be expressed as

3E% Rg+R
P — RMS G load
e,RMS 2 (RG+R[M,1)2+(OJLS+XIOM)2 (8)
_ 3N2$22 RG+Rioad

2
o 4 (RG+RIuad)z+(WLS +Xlaad)z O< Afmc
where R is the internal resistance of the generator, R),,; is the resistance of the load, Xj,,; is the
reactance of the load and Lg is the inductance of the generator. The magnetic flux ® has been assumed
to be sinusoidal. Lg is here assumed independent of A ., which will be discussed later on.

L, R, ;
"M~
E; U | load

Figure 2. One-phase circuit model of the generator, connected to an external load. Here, a non-salient
generator is assumed.

In a complete system, active rectifiers can regulate the relationship between the current I and the
voltage U (see Figure 2), but, in this analysis, no active control system has been included. This means
that the load is independent of A.

A similar reasoning with the Lorentz’ force can also be used. The electromagnetic force,
Fem, exerted on a conductor in a magnetic field can be described as

Foy =11 x B ©)

where [ is the current, I is the conductor and B is the magnetic flux density. Here, the total
electromagnetic forces in the generator are investigated, and therefore | = I;, which is the total
length of all conductors in the generator and B = B, which is the magnetic flux density in the air gap.

The generator has nine sides and can be approximated as tubular, with /g mainly in the angular
direction and B mainly in the radial direction, giving F,,, = F;2. Using first Ohm’s law and then
Faraday’s law gives

Erms
2 7
) +(gLs+sz) (10)

= IgBg,ruMs WiV
’ V/2((RG+Ri00a)*+(wLs+X1004)%)

Fem,rms = lgBg,rmsIrms = IgBg,rms TR
oai
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Just as before, & is proportional to A frac- On top of that, the flux density Bg is negligible where
there is no stator overlap, which means that B also is proportional to A ¢,.. This gives that

wN®
2((Rg + Rypga)? + (wLs + Xioaa)?)

& AfracAfrac = A}mc (11)

Fer,rMs = lgBg,rRMS 7

Since P, = F;;%, both P, and F,;, are quadratically dependent on A Frac-
If iron losses and friction losses are negligible,  can be calculated by dividing P, with %2, which is
equivalent to dividing F,;; with %, and it can be assumed that also

’y & A%HIC (12)

In the experimental study, it is investigated if the assumptions are acceptable and thereby if
the quadratic relationship between P, and A, is valid. On top of assuming constant inductance,
this derivation is ignoring possible effects partial stator overlap has on friction and iron losses.
Frictional losses and iron losses are likely dependent on A, but this would be difficult to study
experimentally since both frictional losses and iron losses are difficult to measure and separate from
each other. Iron losses only occur where the translator is overlapping the stator and are proportional
to the volume of the stator where the stator is overlapped by the translator. Iron losses can therefore be
assumed to be linearly dependent on Ay,,.. In a generator with negligible frictional losses and iron
losses, the relationship between P, and A, should be quadratic.

2.2. Previous Work

Several authors, studying different linear generator concepts, acknowledge the effect partial stator
overlap has on power absorption and damping force, e.g., [5,17,21], but without including the effect of
it in their studies. A linear generator for wave energy conversion can be constructed so that there is
full stator overlap during normal operation [17,18]. To achieve full stator overlap at all times, the stator
needs to be substantially shorter than the translator, which could lead to lower performance during
normal wave climates [9].

For the Uppsala University linear generator, P, was assumed to be linearly proportional to A
by Eriksson et al. [20], which has been reprinted by several other references, e.g., [22-25] and reused
by e.g., [26-28]. Tyrberg et al. [29] studies how the energy absorbed from the waves is affected by the
active length of the stator, where the active length is the length of the stator that is overlapped by the
translator. The theoretical maximum of relative absorbed power is assumed to be linearly proportional
to the active length divided by the stator length. The active length divided by the stator length is equal
to Afy4c, and thereby Tyrberg et al. also assume that P is linearly proportional to A .. The choice of
a linear relationship might have been an active choice to simplify the modeling.

Lejerskog et al. [30] derive a differential equation for the translator speed from a force analysis
of the translator when it moves downward, for a constant speed. The contribution from the
electromagnetic damping to the translator speed is then assumed to be proportional to the relative
stator overlap squared.

Danielsson [31] studied the generator design numerically, using finite element methods (FEM) as
well as through experimental studies. He concluded that longitudinal end effects were to be expected,
which has not yet been fully understood and needs more studies.

An experimental study of how the generator line force and the PTO damping depend on the
translator position has been presented in [32]. The onshore tests, similar to those presented in this
paper, were performed on a surface mounted Nd,Fe14B magnet generator after the generator was fully
assembled. Since fully assembled, the partial stator overlap was limited by end-stops to approximately
75% of full stator overlap. Despite the attempts to keep a constant speed throughout the full stroke,
the translator speed increased as the damping force decreased. For this reason, it was better to study the
damping coefficient ;. The partial stator overlap dependence was concluded as linear, even though a
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quadratic relationship could not be excluded due to the short range studied. It could also be seen that
the damping for a specific value of A, differs depending on if the translator is moving into or out
from the stator, with higher damping force when leaving full stator overlap.

The studies on longitudinal end effects as well as experimental results showing different behavior
when the translator moves into respectively out of full stator overlap motivate this study, as it indicates
that reality might differ from the expected theory [31,32].

2.3. Generator Description

The onshore experiments were done on a L12 generator, which is a three-phase ferrite magnet
generator developed at Uppsala University, described further in [33]. Parameters for the generator
can be found in Table 1. Inductance and internal resistance is measured during the experiments and
can be found in Section 4.1. The voltage given in Table 1 is given as a peak to peak value based on
measurement results. The voltage was measured at a lower speed and adjusted to the rated speed
since the speed dependency is linear at no load.

Table 1. Generator parameters for the L12 used during the onshore tests. Description of the first L12
can be found in [33].

Parameter Value Unit

Height of the hull 600 cm

Length of the translator 277 cm

Length of the stator 178 cm
Number of phases 3 -
Number of sides 9 -

Pole width 35 mm

Height of pole shoe 19 mm

Height of permanent magnet 15 mm
Remanence of permanent magnets 0.45 T

Air gap 3 mm

Rated Speed 0.7 m/s

Voltage peak-to-peak at rated speed, no load, L-L 663 Vv

The linear generators developed at Uppsala University consist of a translator with permanent
magnets moving vertically inside a three-phase stator, as illustrated in Figure 3. The translator is
guided by wheels and has a limited stroke length, after which it will hit the upper or lower end-stop.
As illustrated in Figure 1, the generator has a varying stator overlap.

— Force Sensor
— Accelerometer

S - Stator
=
== |T - Translator L Voltage and Current Probes

Figure 3. Sketch of the fully assembled generator (to the left) and experimental setup for the onshore
tests (to the right).
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The L12 differs from earlier generator prototypes from Uppsala University mainly by the translator
design. The earlier generators, for example the L10, for which similar studies have been performed [32],
are built with surface mounted Nd;Fej4B-magnets, while the L12 uses ferrite magnets mounted in a
sandwich structure. Both concepts are illustrated schematically in Figure 4. By using the concept of
sandwich mounted magnets, the vertical magnetization of the ferrite magnets is concentrated by the
steel pole shoes. This way, the low remanence of the ferrite magnets, compared to the more expensive
Nd,Fe4B-magnets, can be compensated with a higher amount of magnets. The sandwich structure
of the translator will give the translator a small saliency. However, in this study, the generator is
considered to be non-salient.

air gap
I _— conductor
) magnetic
ole width

P flux path
pole-shoe ——

magnet | stator steel
magnet ——

[ N—
a) translator stator b) translator stator

Figure 4. Schematics of the surface mounted translator design used for the L10 (a) and the sandwich
mounted translator design used for the L12 (b). Red arrows show the direction of the magnetization of
the permanent magnets. The dashed lines show some of the magnetic flux paths, and it could be noted
that they are similar in the stator for both designs.

Another important design choice for the L12 generator is that the stator windings are separated
into three separate stator packages: one for each phase. For earlier prototypes from Uppsala University,
the phases have been spread out throughout the whole stator. With the phases separated in different
stator packages, the 120° phase shift is achieved by a physical shift in the vertical placement of the
stator packages. More detailed descriptions of the differences in design and the consequences for the
WEC behavior are found in [32,33].

The air gap can vary £17% just due to tolerances, which could lead to up to a 36% difference in
electrical power [33]. Tolerances and displacement in the generator will make the experimental results
deviate from the expected values and previously measured values in other linear generators.

In order to increase the power absorbed by a wave energy conversion unit, different control and
damping strategies can be used [4,34]. The L12 is designed to be installed together with a passive
resonance-rectifier, which is an electrical damping circuit. The passive resonance-rectifier is described
in detail in [35]. The passive resonance-rectifier creates resonance between the generator and the
rectifier. Resonance in electrical circuits occurs when the inductive reactance is equal to the capacitive
reactance and causes high currents and high voltages if the resistance is low. Previous experiments
as well as simulations show that the power absorption can be increased with the resonance rectifier
circuit compared to connecting the generator to a passive diode-rectifier [11,36]. Figure 5 shows a
single-phase electrical circuit model of the generator connected to the resonance rectifier as well as
how the generator was connected during the onshore experiment.
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Generator

Generator Load

(@) (b)

Figure 5. Single-phase electrical circuits for the generator connected to the resonance-rectifier [37]
(a) and the experimental setup (b). E; is induced voltage; i is current; R is the generator’s
internal resistance; Ls is the inductance of the generator; Ry,,; is the resistive dump load during
the measurements; A is the current meter; V is the voltage meter; V; is the voltage over the generator;
D; to Dy are diodes; C and C; are capacitors; V; is the voltage over capacitor 2; Vpc is the voltage
over the load, which is a direct current (DC) voltage.

3. Method

This section describes the process of collecting and analyzing experimental data for how the
generator damping correlates with stator overlap. It begins with describing the experimental setup
for the onshore measurements and a description of complementary measurements made to assess the
inductance of the generator. The section then continues with a description of the post-processing of the
data including the linear regression analysis performed in this study. Thereafter follows a description
of a case study on the potential impact of simulating different dependence of partial stator overlap.

3.1. Experimental Setup

The generator was tested onshore using a mobile crane to move the translator, while the generator
was connected to different resistive loads. The experiment is similar to those previously performed
on the L10 generator [32]. During the onshore evaluation of the L10, measurements were done of
line force, phase voltages and phase currents while the generator was connected to different resistive
loads. To improve the study further, compared to [32], accelerometer measurements were added in
the experiment presented in this paper. In addition, a stronger crane was used in order to obtain
higher translator speeds. To allow for a longer distance of partial stator overlap, the experiment was
performed with the upper part of the generator disassembled. Consequently, there was no upper
end-stop limiting the translator’s upward movement. In contrast to previous onshore measurement
done on the generator L10, where the upper end-stop limited the partial stator overlap range. Figure 3
shows a schematic of the WEC generator when fully assembled and in the state it was tested. Figure 5b
shows a one-phase equivalent circuit of the generator, load and some of the measurement equipment
during the onshore experiment.

The measurement equipment used during the onshore tests with a mobile crane is presented
in Table 2. All signals were logged on the same unit with a 1 kHz sampling frequency. The force
sensor was connected between the translator and the crane connection point. The accelerometer,
placed directly on the translator, was used to determine acceleration, speed as well as position of the
translator. The data was tuned against zero crossings in the voltage data in order to remove signal
drift. A draw wire position sensor was used to validate the position derived from the accelerometer.
Phase voltage and currents were measured at the external resistive loads.
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Table 2. Measurement equipment.

9o0f23

Equipment Unit
Force transducer DynaLink 7200

- Range 25 tonne

- Accuracy: 0.1 % ES.
Signal amplifier GSV-1A

- Output signal 4-20 mA

- Bandwidth (—3 dB) 10 kHz
Accelerometer Murata SCA620

- Range +1.7 g%

- Accuracy: +4 % E.S.
- Bandwidth (—3 dB) 50 Hz
Signal amplifier XTR115UA

- Output signal 4-20 mA

- Input CR filtering 775 Hz
Voltage probes TESTEC TT-SI 9001

- Range +700 \%

- Accuracy +2 % of ES.
Current probes Tektronix 622

- Range +100 A

- Accuracy +4 % of ES.
Data acquisition NI cRIO 9012

Module NI 9203

- Sampling frequency 1 kHz

- Range +10 mA

- Resolution 16 bit

- Accuracy 1.05 % of ES.

* Measured relative to earth’s gravitational acceleration of 9.8 m/ 2.

The measurements were done with seven different load cases: no load, 0.7 0),1.1(),2.2 0, 4.4 Q),
6.6 () and short circuit. For each load, the translator was moved upward and downward for twelve
different crane settings, resulting in a wide range of translator speeds. Resistive loads might not be the
best option for maximum power extraction, but offers a straightforward and transparent approach for
evaluation of the generator’s behavior.

The generator is designed to be connected to a resonance-rectifier during operation. Since it
is not connected to the resonance-rectifier during these tests, lower power is expected compared
to when using the resonance-rectifier. Electrical circuit models for the generator connected to the
resonance-rectifier and during the onshore measurements can be seen in Figure 5.

3.2. A Study of the Inductance at Partial Overlap

A separate experimental study was made for the generator impedance. As stated in connection
with Equation (8), the quadratic relationship between the P, and Ay, assumes that the impedance
Z is independent of A . For the circuit presented in Figure 5b, the circuit impedance is

Z= (RG =+ Rload) + jWLS (13)

To validate the assumption that Z is independent of Af,,, inductance measurements were made
for different values of A ..

The inductance was determined via impedance measurements by determining the phase shift
between voltage and current measurements over each stator phase when the generator was connected
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to an external AC current source. Tests were performed at frequencies f = [1,5,10] Hz, and with the
translator held still at different positions, from full stator overlap to 60% stator overlap. To avoid any
influence of generator saliency, the translator was adjusted to the same local position within each pole
pair width, matching stator teeth against the top pole shoe of the translator, at each position. It should
be noted that simpler instrumentation, such as an LCR-meter, will not provide a sufficient current to
magnetize the machine, which would lead to an underestimation of the inductance [38].

3.3. Post Processing of Data

The electrical power for each phase P, ; is calculated from the generated electricity and copper losses:
P,; = RgI? + Uj]; (14)

where i is the phase (1, 2 or 3). The total electrical power is also used:

P = Zpe,i (15)

The power produced in each phase, P,; is expected to oscillate sinusoidally, with a 120° shift
between the phases, which follows from a physical shift in the vertical position of each stator package.
Assuming a perfectly balanced generator, the total power output P, is constant when the speed
of the translator is constant. In reality, some fluctuations are to be expected due to irregularities.
When analyzing the relationship between stator overlap and produced power, studies were performed
on both the total power production P, and on the power production in each phase P, ;. For P, all data
was used, while, for P, ;, only the peak values were used.

The electromagnetic damping 1,; is calculated by taking the total electrical power P. divided by
the speed squared:

P,
Yel = 37; (16)

The speed has been calculated from the measured acceleration and from detecting zero-crossings
in the generated voltage in each phase. Any irregularities in P, will be visible in the experimental
values of 7,;. As can be seen in Section 2.1, < can also be calculated from the measured line force but
does then also include iron losses and friction. The subscript “el” is added to show that the damping
coefficient is calculated from the measured current and voltage.

3.4. Linear Regression Analysis

Linear regression analysis was performed on the experimental data to determine what
relationships the data shows between electrical power and relative stator overlap as well as between
damping and relative stator overlap. Each linear regression analysis is done with a least square fits of
the data in MATLAB R2016b (Mathworks, Natick, MA, USA) with the command fitlm. The linear
regressions are evaluated by using the coefficient of determination R2, which is a measurement of
how well the model predicts the data. R? € [0, 1] and when the linear regression predicts the data well
R? — 1.

The cases are divided depending on if the translator is moving upward or downward and
depending on which load is connected to the generator. The linear regression is applied to data for
all loads except for no load, giving 144 cases in total for the linear regressions and 12 cases per load
and direction.

Firstly, the logarithmic values are used and linear regressions are done on

lnPe,,' ~ Ch‘lAfmC (17)
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and
Iny, ~ ClnAfmc (18)

where c is a constant. If c = 1, which is equivalent to a linear relationship between P, ; respectively,
Yer and Afyqc; ¢ = 2 is equivalent to a quadratic relationship etc. See also Equations (19) and (20).

For Equations (17) and (18), ¢ is found from the linear regression and not assumed, and the values
of P, ; and Ay, are derived from the collected data. If the assumptions in Section 2.1 are valid, ¢ should
be approximately 2. The linear regression with Equation (17) is done on the data for all three phases as
well as on the total electrical power. When the analysis is done for the total electrical power F,, all data
points are used. When the analysis is done for each phase P, ;Vi, only the peak values are used since
the electrical power per phase oscillates heavily due to the nature of alternating current.

After the linear regression analysis on Equations (17) and (18), linear regression analysis is
performed on

Poi ~ Ay (19)

and
,YEI ~ A;rgc (20)

for a range of assumed values of c. Based on the theory and previous studies, several values of ¢
between 0 and 5 are tested in the linear regression analysis. The linear regressions of Equations (19)
and (20) are performed with the intercept forced to be zero. In [39], linear regression analysis was
performed on (19) for P, but not per phase.

The advantage of doing the linear regression analysis on the logarithmic values, as in
Equations (17) and (18), is that the best fit of c is part of the result from the regression analysis,
whereas the linear regression analysis of Equations (19) and (20) requires running the algorithm over
several different values of c. The advantage of using Equations (17) and (18) is that the data is less
manipulated and that no issues due to the data manipulation will arise, e.g., negative values on P, ;.

The linear regressions are done exclusively on positions above the stator’s midpoint since it is
the change in overlapping area that is studied and the forces on the translator from the spring at the
bottom may interfere with the analysis the influence of the relative stator overlap on P.. The values
are chosen so that A, € [0.57,1) for all linear regression analysis. The lower limit for A frac 1S chosen
so that an even the number of magnets has passed without the range being too narrow. For lower
values on A, the crane begins to decelerate the translator for safety reasons, which could affect the
data analysis.

3.5. Case Study: Impact Analysis

A case study was performed to analyze how a decrease in damping due to partial stator overlap
may affect the dynamical behavior of the WEC. Simulations were done in the open source software
OpenFOAM v.2.4.0, with a fully nonlinear Reynolds-averaged Navier-Stokes model in the time domain.
The WEC is modeled as a cylindrical buoy moving with six degrees of freedom, restrained by a force
in the connection line, directed towards an anchoring point on the seabed. The translator position and
speed is calculated as a function of the buoy position and connection line force. Regular incident waves
with a wave height of 5.9 m and a period of 10 s were used, which corresponds to a high storm wave at
the Lysekil test site. The numerical wave tank is 300 m long, 75 m high and 60 m wide, and the water
depth is 26 m. A more detailed description of the case study method and the modeling of buoy and
generator is given in [19], where a similar case-study was made to study the generator’s dynamical
behavior with different assumptions of the speed dependence of ,;. The model has been verified with
physical wave tank experiments and the complete model description is found in [40].

Five different cases were studied, with values of c = [0,1,1.5,2,2.5, 3], where ¢ = 0 assumes full
stator overlap at all translator positions and ¢ = 3 assumes a cubic relationship between Ay, and
Fpro. There are less studied values of c than in the linear regression analysis, but a sufficient amount
to show possible trends on how the chosen value of c affects the simulated power and forces.
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A constant damping of v = 28 kNs/m was used for all cases. As pointed out in Section 2.1, 7y is
not always constant, but it is considered out of the scope of this study to have a speed-dependent +.
The value 28 kNs/m was chosen because it has been observed for this generator [19] and the same
value or approximately the same value has been used in other studies [20,21,24,27].

The objective of the case study was to determine what influence the exponent of Ay, can have
on the end-stop forces. An accurate estimation of the highest expected end-stop force is crucial when
designing the mechanical strength of the WEC. For the simulations performed, waves corresponding
to high storms at the Lysekil research site, where the WEC is designed to operate, were chosen.
More information about the Lysekil research site can be found in e.g., [15].

By integration of the resulting PTO force, the simulations can also be used to calculate the relative
difference in power production for the different cases. Although such results are only valid for the
specific waves studied, they give an indication of how big an impact the damping at partial stator
overlap could have on power production in general. This case study focuses, however, only on one
type of waves and not a full spectrum of waves.

4. Results

This section begins by presenting the results from the inductance measurements, after which some
general results from the experiments are shown before going into the results of the linear regression
analysis and finishing with the case study.

4.1. Inductance Measurements

The inductance measurements at full and partial stator overlap are presented in Figure 6. The DC
resistance was measured to 0.9 (). The measured inductance shows no strong declining trend as the
translator leaves full stator overlap. This justifies the assumption that Z = Rg + jwLg is independent
of A frac Since Rg does not depend on translator position.
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Figure 6. Inductance measurements on the three stator phases of the generator at 1 Hz, 5 Hz and
10 Hz, during full and partial stator overlap.
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4.2. Data Collected during Onshore Experiments

The top speed during the onshore tests within full stator overlap was 0.61 m/s. The top speed for
each load and direction can be seen in Table 3. For all loads except short-circuited, the top speed for
when the translator goes down exceeds the top speed for when it moves up.

Table 3. Top speed in m/s during full stator overlap for different loads. The labels are used in Figures 7,
12,13 and 14.

Load NoLoad 660 440 220 110 0.73Q Short Circuit

Label NL R6 R4 R2 R1 RO7 SC
Up: 0.53 0.38 0.49 0.56 0.56 0.53 0.54
Down: 0.59 0.58 0.59 0.59 0.60 0.61 0.53

Electrical power, PTO force, speed and damping coefficient for 14 out of 168 measured cases
can be seen in Figure 7a,b. Figure 7a shows seven cases for one crane setting when the translator
moves up and Figure 7b shows seven cases for another crane setting when the translator moves down.
All cases are not displayed due to clarity and space. For some of the cases that are not displayed,
the translator speed varies a lot, making figures such as Figure 7a,b difficult to interpret. Figure 7a
shows some of the cases with the highest speeds for when the translator moves up, while Figure 7b
shows more representative cases. The electrical power and PTO force oscillate heavily during the
strokes. Some oscillations are visible for the speed as well.

—NL
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R4
—R2
—R1
RO7
—SC
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——RS6
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—R2
——R1
RO7
—
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~—R6
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~—R6

R4 R4
—R2 —R2
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—s¢ 05 0 05 1 —s¢
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Position [m] Position [m]

(a) (b)

Figure 7. Electrical power and damping force as well as speed and damping coefficient for seven
cases when the translator is moving upward (a) and for seven cases when the translator is moving
downward (b). Dotted black lines mark beginning and end of full stator overlap, i.e., A, = 1 inside
the dotted black lines. In the legends, NL stands for No Load; R6 stands for load 6.6 (3; R4 stands for
load 4.4 (; R2 stands for load 2.2 (3; R1 stands for load 1.1 Q); R07 stands for load 0.73 (); SC stands for
Short Circuit.
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The electrical power clearly decreases with decreasing A, since A, is linearly proportional to
the position outside the dotted black lines. This is seen most clearly in the upper half of the translator
stroke, where there is no end-stop spring (see Figure 7a,b).

4.3. Linear Regression Analysis

The coefficient of determination R? is sufficiently high in most cases for the linear fit for logarithmic
values of Equations (17) and (18) (see Figures 8 and 9). Especially for the linear regression analysis for
each phase, R? is above 0.9 in most cases.

Histogram R? for linear fit of In Pe i~|n A

70 w :
BWPhase 1
60 [MPhase 2

[ |Phase 3
n 50+
O

frac

Qleana as I cmmm ksl a0 dh0 oW .ertlwiﬂﬂﬂﬂ”"
0 0.2 04 0.6 0.8 1

R2

Figure 8. Histogram of the coefficient of determination R for the linear regression of / 1P ~ 1A
for phases 1, 2 and 3.
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35 T T

lln P ~InA
300 e frac i
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0 0.2 0.4 0.6 0.8 1
R2

Figure 9. Histogram of the coefficient of determination R? for the linear regression of InP, ~ InA frac
aswell as Iny, ~ InAgye .

For the linear regression analysis for total electrical power, the coefficient of determination R?
is lower (see Figure 9) compared to the linear regression for only one phase (see Figure 8). Figure 9
shows that the distribution of R? is narrower for [nP, than for In+,;, but the average value on R?is
slightly higher for Iny,;.

The linear regression analysis of logarithmic values of Equations (17) and (18) gives c as the slope
or coefficient in the result. When InP, ; is fitted against [n A f,,., according to Equation (17), it is a nearly
Gaussian distribution around ¢ = 1.8 (see Figure 10), especially for phases 1 and 3. When the total
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electrical power is fitted instead of per phase, the value of c becomes lower, closer to 1.4 (see Figure 11).
When Invy,, is fitted against [nA ., according to Equation (18), c is around 1.7.

Coefficient for linear fit of In Pe i

’

fromiIn A
frac

30

207

107

Occurrences

Figure 10. Histogram of the coefficients from the linear regression of InP,; ~ [nAf, for phases 1, 2
and 3. The coefficients correspond to c.

Coefficient for linear fit of
InP fromin A
e frac

.In P ~InA
e frac
_ Dln y~InA

(o))
o

o
o

Occurrences
N
(a»]

L mfhm |1

0 2 3
C

Figure 11. Histogram of the coefficients for the linear regression of InP, ~ InAg,. as well as
[n7ye ~ InA gy The coefficients correspond to c.

The results for linear regression of Equation (19) can be seen in Figure 12 for phases 1, 2 and 3.
The results for each phase are very similar, with the highest value on R? for ¢ between 1.7 and 2.7.
The results for the total electrical power can be seen in Figure 13, which has the highest value of R? when
c is between 2.4 and 2.7. No major difference was expected between each phase since the difference
between them should only be the phase shift, which does not affect the linear regression analysis.
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Mean of R for different loads and directions
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Figure 12. Mean of the coefficient of determination R? for different values of c for different loads and
directions for the linear regression of P, ; ~ A;r 4 for phase 1 (a), phase 2 (b) and phase 3 (c) ,when the
intercept is set to zero. In the legends, NL stands for No Load; R6 stands for load 6.6 (); R4 stands for
load 4.4 (); R2 stands for load 2.2 (); R1 stands for load 1.1 (); R07 stands for load 0.73 (3; SC stands for
Short Circuit.
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Mean of R? for different loads and directions
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Figure 13. Mean of the coefficient of determination R? for different values of c¢ for different loads
and directions for the linear regression of P, ~ A}r . When the intercept is set to zero. In the legend,
NL stands for No Load; R6 stands for load 6.6 (); R4 stands for load 4.4 (); R2 stands for load 2.2 ();
R1 stands for load 1.1 (3; R07 stands for load 0.73 Q); SC stands for Short Circuit

The results for linear regression of Equation (20) can be seen in Figure 14. The highest value of
R? is for ¢ between 2.3 and 3.3. When doing a linear regression analysis for total electrical power
according to Equation (19) or for v,; according to Equation (20), the optimal values of c are higher than
for the linear regression analysis for each phase according to Equation (19). It could be noted that the
R2-values generally are higher when doing linear regression analysis per phase than for total electrical
power, which, in turn, generally are higher than when the linear regression analysis is done on 7,;.

Mean of R? for different loads and directions

c
v Afrac

—Up for load R6
Up for load R4
—Up for load R2
= |~ Up for load R1
Up for load R07
—Up for load SC
~+Down for load R6
Down for load R4
—~Down for load R2
—~Down for load R1
Down for load RO7
~Down for load SC

Figure 14. Mean of the coefficient of determination R? for different values of ¢ for different loads
and directions for the linear regression of 7y, ~ A;r .c When the intercept is set to zero. In the legend,
NL stands for No Load; R6 stands for load 6.6 (); R4 stands for load 4.4 (3; R2 stands for load 2.2 ();
R1 stands for load 1.1 (3; R07 stands for load 0.73 ); SC stands for Short Circuit

For all of the linear regression analysis, the general behavior of R? for each direction and load are
similar. A summary of the approximate optimal values of ¢ can be found in Table 4.

Table 4. Approximate optimal value of ¢ according to different analysis and parts of the data.

Logarithmic Values Range of ¢

Iny, InP, Yel P,
Phase 1 - 1.4-2.6 - 1.7-2.7
Per phase:  Phase 2 - 1.3-2.7 - 1.7-2.8
Phase 3 - 1.5-2.6 - 1.9-2.7

Total power: 1.1-1.7 1.1-2.1 2.3-33 24-32




J. Mar. Sci. Eng. 2017, 4,53 18 of 23

4.4. Case Study

The forces are simulated for ¢ = [0,1,1.5,2.0,2.5,3.0], considering the theoretical background,
previous studies and the results from the data analysis. The line force depending on which value of
c is used can be seen in Figure 15.
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Figure 15. The simulated force in the line of the wave power unit as well as translator position for
different values of ¢ used in the simulation; for the whole simulation, which goes from 0 to 80 s of
simulated waves (a) and zoomed in from 60 to 80 s (b) in order to visualize the differences for different
values on c better.

The highest value on the (peak) force is found for the highest tested value on c; ¢ = 3 (see Table 5).
However, for ¢ = 0, the forces are much smoother and have lower peaks than all other tested values
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on c. The timing of the line force peaks varies for different values on c, but, for ¢ = 0, the peak force is
significantly lower than for the other simulated cases. The differences in the translator position are
minor. Assuming ¢ = 0 instead of ¢ = 2 or ¢ = 1 gives an underestimation of the peak force by 24%
and 14%, respectively.

Table 5. Simulated energy yield and maximum force in connection line during 80 s for different c.

c 0 1.0 1.5 2.0 2.5 3

Energy yield (Wh) 384.1 369.7 3652 363.7 3524 3524
Maximum end-stop force (kN) 240.0 2795 2938 3174 3175 3259

The absorbed energy during the simulation was also calculated (see Table 5). Assuming ¢ =0
instead of ¢ = 2 or ¢ = 1 gives on overestimation of the energy yield by 5.6% and 3.9%, respectively.
Using ¢ = 1 instead of ¢ = 2 overestimates the energy by 1.7%.

5. Discussion

From the experimental results, it cannot be rejected that P, and ,; depend quadratically on
Afrac, as suggested by theory. The data analysis of experimental measurement data gives an
approximate number, suggesting that A s, affects P, and . somewhere between linearly and cubically.
Some deviations are always expected when dealing with experimental data, but when good values on
R? for ¢ between 1.1 and 3.2 are found, it becomes difficult to make a solid statement.

It should be noted that none of the results support that ¢ should be less than 1. When the
logarithmic values are used for linear regression analysis, ¢ < 1 only in very few cases (see Figures 10
and 11). When the logarithmic values are used, there are also very few cases where the results give
¢ > 3. When the linear regression analysis is done on /1y, a majority of the cases give good results for
¢ € [1.5,1.7], which is less than the expected value 2, but high enough to determine that Af,,. has a
major impact on calculations and simulations.

When the linear regression analysis is done for a range of ¢, it is especially visible that ¢ > 1 gives
higher values on R?. However, the value of R? does not drop significantly for increasing values of
c and is only marginally lower for ¢ = 5 compared to ¢ = 2 (see Figures 12-14). Compared to when the
logarithmic values are used, higher values of ¢ are favored. Weighing this in, a quadratic relationship
between P, and A, as well as between <y and Ay, seems like an appropriate approximation.
However, linear or cubic relationships, including relationships in between linear and cubic, cannot be
excluded. As implicated in Section 2.1, this could also depend on the choice of control mechanism and
the design of the linear generator.

There are several reasons why the experimental results deviate from the expected results.
In Section 2.1 it is mentioned that the impedance, friction and iron losses are assumed negligible
or independent of A, to get the quadratic relation. During the measurements, the frictional losses
and iron losses together are not negligible in the experiments. Through additional measurements of
inductance, it was determined that inductance is not dependent on partial stator overlap. The influence
from friction and iron losses can have affected the results from the linear regression analysis.

The speed is not constant and the acceleration of the translator could affect the linear regression
analysis. Since the electrical output dampens the motion of the translator, acceleration easily
occurs when the partial stator overlap is changing, which could affect the results of the linear
regression analysis.

One of the reasons for studying 7,; is that it is expected to be less dependent on speed
than P,. The analysis based on <, generally resulted in approximately the same values for c.
Considering that <y, also has a speed dependence, cases with high load resistance should be the least
speed dependent [19]. There is a weak trend of better fits for higher load resistance (see Figure 14).
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There are also more sources of error when doing experiments on a full-scale device outdoors than
if a similar test would have been done on e.g., a small prototype. If only lower velocities would have
been studied, it would also have been easier to control the speed with the crane. Fairly high velocities
were used here, with the drawback of having less constant speed. It could, however, be noted, that,
in real waves, speeds of up to 2 m/s might be present, but it is difficult to achieve these speeds with
traverses or mobile cranes.

The air-gap between the stator and the translator varies depending on position since it is more
difficult to get an exact air-gap width with the sandwich mounted magnets, compared to with surface
mounted magnets. The expected deviation is +17%, which will affect the magnetic flux and thereby
the measured currents and voltages.

The electrical power and the damping coefficient oscillate heavily both during full stator overlap
and partial stator overlap. Some oscillations are also visible at times in the speed measurements. If this
is purely due to the fluctuations in electrical power and power-take off (PTO) force is the subject
of further studies since it might also be due to cogging or frictional forces. It can also be due to
imprecision in the vertical displacement between the stator packages, which would mean that it is not
precisely 120° between each phase. A varying air gap, displacement of the translator and harmonic
distortions can also cause the fluctuations.

Since oscillations are visible in so many parts of the data, it is likely that the oscillations have
affected the results in the linear regression analysis. This could explain why only analyzing one phase
gives better fits, because during those analyses, only the peak values of the electrical power are used
in the linear regression analysis. It can also explain the minor differences between each phase in the
results of the linear regression analysis.

From a short review of previous studies, it was found that the relationship between 7,; and A,
is most often assumed linear, if not neglected entirely. The simulated energy yield in the case study
is only slightly different depending on which value of c is chosen (see Section 4.4). This is a major
explanation of why previous experimental studies can match the results from simulations [20], even if
¢ = 1is used instead of ¢ = 2. The major differences in the case study are found when ignoring the
partial stator overlap, e.g., ¢ = 0, when compared to all the other tested relationships, among those
linear, quadratic and cubic. This is an indication of the importance of taking the partial stator overlap
into account when simulating linear generators. However, the peak force is significantly different for
different values of c.

Since the theoretical deduction suggests a quadratic relationship, this is advisable to use during
modeling. There are, however, models that are easier to implement if linear relationships are used.
Assuming a linear relationship between 7, and A, or P and Ay, could be acceptable, depending
on the circumstances, for example, if assuming other relationships are computationally costly.

6. Conclusions

A linear generator for wave power conversion and how its electricity generation and damping
is affected by partial stator overlap have been studied. Theory suggests a quadratic relationship,
ie., P, A%m, if simplifications and assumptions are made. The theoretical deduction that P, « A}%r e
is based on the assumption that the generator inductance does not change with Ay, which was
confirmed through measurements. From the experimental study, it has been concluded that P, o A}r e’
suggesting that the relationship is somewhere between linear and cubic.

A simulation case study was performed to assess the consequences that different values of ¢ will
have on the motion and end-stop forces on the WEC during operation in high waves. It was seen that
neglecting partial stator overlap, ¢ = 0, will overestimate the power production and underestimate the
end-stop forces, while the difference between assuming a linear relationship instead of a quadratic is
visible but small. Since the theoretical deduction suggests a quadratic relationship, this is advisable to

use when modeling.
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