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Abstract—Downsizing the Power Take-off (PTO) rating has
been proven to be beneficial for decreasing the Levelized Cost
of Energy (LCOE) of wave energy converters (WECs).
However, the linear permanent magnet (PM) generator has not
yet been modelled and optimized in detail in previous feasibility
studies. This paper extends the study of the PTO downsizing to
further investigate the influence of the linear PM generator
sizing on a WEC’s techno-economic performance. The
generator is sized for providing different maximum forces, and
the effect of sizing on the generator performance is presented.
The efficiency map of the selected linear generator design is
applied to evaluate the annual energy production (AEP) and
finally identify its influence on the techno-economic
performance of a WEC.

Keywords—wave energy converter, linear permanent magnet
generator, downsizing, techno-economic performance.

I. INTRODUCTION

Ocean waves have been investigated for decades due to
their substantial renewable energy content, and over one
hundred different types of WECs have been proposed or even
tested [1]. However, the techno-economic indicators of
WECs, such as their LCOE, are not competitive with other
renewable technologies [2]. Our current work presents a
collective sizing method for WECs, by which a heaving point
absorber and PTO sizing can be implemented to reduce the
LCOE [3]. It came to a conclusion that downsizing the PTO
system was beneficial for reducing the system LCOE.

There are normally four categories of PTO systems under
investigation. They are hydraulic, pneumatic, mechanic
systems and linear generators [1], among which linear PM
generators have received significant attention [4]-[8]. The
main advantage of a linear PM generator is the reduced
number of intermediate conversion steps which finally leads
to a high conversion efficiency and reliability. Several
prototypes equipped with the linear generator have been
successfully designed and tested, such as the Archimedes
Wave Swing (AWS) and the Uppsala university wave power
concept [6], [9], [10]. However, there is limited literature
addressing the influence of PTO sizing on the linear generator
efficiency and finally techno-economic performance of
WECs. On the one hand, the PTO sizing implies the physical
limits like force, power and stroke constraints which actually
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limit the maximum energy absorbed by WECs. On the other
hand, for the linear PM generators, the PTO sizing also has an
influence on their conversion efficiencies [11]. This last aspect
has not yet been considered in our recent paper [3] where the
PTO efficiency was assumed to be constant regardless of its
size.

The contribution of this paper is to identify the impact of
sizing on the generator efficiency and techno-economic
performance of WECs with a linear PM generator. The paper
starts with the description of the WEC concept and the linear
PM generator reference. Then, a frequency domain model for
hydrodynamic performance and an analytical model for
generators are established to calculate the WEC performance.
Rather than designing a complete new generator, the scaling
principles are applied to estimate rough generator designs with
respect to different PTO sizes. Then the effects of the PTO
sizing on the generator efficiency, as well as the techno-
economic performance of the WEC are analysed. Finally,
conclusions are drawn.

II. CONCEPT DESCRIPTION

Spherical Buoy

» Sea Surface

—0500m

I~~~ Translator

Stator

Sea Floor = |~ "~ End Stop

Fig. 1. Schematic of the heaving point absorber concept and photo of the
reference generator in AWS pilot plant [4]

Fig. 1 shows the schematic of the studied heaving point
absorber WEC system in which a linear generator operates as
the PTO system. Fig. 1 also shows the photo of the reference
linear PM generator that adopted and tested in AWS pilot
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plant. The generator is bottom founded and its translator is
connected to the floater by a rod. The floater is a sphere with
aradius of 2.5 m. The draft of the floater is also 2.5 m. Excited
by the incoming wave force, the floater moves up and down.
The end stop devices are installed on both top and bottom of
the generator to prevent the excessive motion.

The modelling and design of a linear PM generator, as well
as the experimental validation and the full-scale sea trial in the
AWS project was presented in [9], [12]. AWS was the first
large-scale wave energy plant applying the linear PM
generator in this research area.
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Fig. 2. Cross-section of a generator part in the AWS, in which a/a’, b/b’
and c¢/c’ are the current directions

Fig. 2 shows the cross-section of a three-phase generator.
The generator is double sided to balance the attractive forces
between the stator and translator [4]. The magnets are
mounted on the translator segments and coils are wound on
the stator segments. To reduce cost, the translator with the
magnets is only slightly longer than the stator. This implies
that the overlap between the stator and translator is partial
during a large floater displacement. A back-to-back voltage
source converter is used to vary the phase angle between no-
load voltage and current.

TABLE L SPECIFICATION OF THE REFERENCE GENERATOR
Parameter Symbol 1:;/; ec':i':::
Rated power Prasea 1 MW
Maximum force Fx 900 kN
Maximum velocity Umax 2.2 m/s
Stroke S 7m
Translator length L 8m
Stator length L 5m
Air gap g 5 mm
Slot width b 15 mm
Stack length I I m
Magnet pole width by 79 mm
Pole pitch T, 0.1 m
Tooth width by 19 mm
Number of conductors per slot N 6

TABLE I gives some of the important parameters of the
reference generator. The translator, stator, stack length and

pole pitch were defined in [9], and other parameters are taken
from a direct-drive wind turbine generator design [13] which
corresponds to a comparable maximum force and rated power
with the reference generator in this work.

III. METHODOLOGY

A. Hydrodynamic Modelling of the Floater

The dynamic response of WECs in different wave states is
calculated by frequency domain modelling. For convenience,
the equation could be represented by complex amplitudes if
the body is assumed to perform harmonic motion [14].
Therefore, according to Newton’s second law, the motion of
the WEC can be described as:

mi=F +F +F, +F (1

pto

where m and a are the mass and acceleration of the oscillating
body; Fus, Fe, Fr and Fyo are the hydrostatic force, wave
excitation force, wave radiation force and PTO force
respectively. In this work, a linear passive PTO model is used
to simulate the PTO behavior, giving

F,,=-u(®)B,, 2)
where By, and u are the PTO damping coefficient and
floater velocity. In order to obtain F. and F;, the excitation
force, hydrodynamic damping and added mass coefficients
are necessary. They are calculated by open source boundary
element method (BEM) software Nemoh, and the results have
been reported in [3]. Besides, the optimal PTO damping
coefficient for each wave state and the given force and
displacement constraints can be obtained by the method
proposed in [3].

B. Generator Modelling

The analytical model has been proposed for calculating
the performance of the linear PM generator of AWS, and the
calculation has been wvalidated by experimental
measurements [12]. The model is adopted here to calculate
the performance of different size generators. The effect of
magnetic saturation is neglected here since it is not significant
in most operating conditions for this linear generator design
[7]. The necessary equations and explanations are presented
in the following text, and more details can be found in [12].

The fundamental space harmonic of the magnetic flux
density in the air gap due to the magnets is calculated as

. I, 4 . (7h
Bgm :_Bm_SIH[z_p] (3)

where /i, is the magnet length in the magnetization direction,
Urm 18 the recoil permeability of the magnets and By, is the
remanent flux density of the magnets. The no-load phase
voltage induced by this flux density in the stator winding is

N Iac
E, =\2pl,N k VB, L’ 4)

S

where v is the floater velocity, p is the number of pole pairs,
laer 1s the actual length of the overlap between the stator and
translator, and &, is the winding factor. The stator phase
resistance is calculated from the machine dimensions, the
number of turns in a slot and the cross-section of a slot:
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where pcys 1s the resistivity of copper, and kssi is the copper
fill factor of the slots. The iron losses are calculated as

2 2 A 2
b, +b, 7, fo| Bam
I)Fes = 2})Feso Moy (bj + mFesy[ ]/I: J === (6)
t 7T sy f;) BO

As the PTO damping coefficient is determined by the
method proposed in [3], the required generator force Fye can
be calculated by (2). Then, the power taken by the generator
windings is calculated as

Pwd = Fgcv - 1)ch (7)

The current /s can be divided into quadrature (or force
making) component /I and direct (or flux making)
component. The current /s is initially assumed to be in phase
with the no-load voltage E;, which implies that there is no
direct component as seen in the first phasor diagram in Fig.
3. To extract this power, the current can be calculated as

I =1 :i (8)

Xl
I, R L E, Ris g f
+ i
US Ep lx U'r 1:(1‘

Fig. 3. Equivalent circuit of the generator and the phasor diagram with the
converter.

If the current is larger than the maximum current of the
converter I.onm, the current is limited to the maximum current.
In this sense, the generator force is also reduced compared to
the required generator force. Then, the terminal voltage can
be calculated as

U, =(E,~ IR +(@L,) ©)

If the terminal voltage is larger than the rated converter
voltage Uconm, the current also gets a direct component /g to
make the terminal voltage equal to the rated converter
voltage. This is shown in the second diagram in Fig. 3. If the
resulted current under this condition is then larger than the
maximum converter current, the operating point is then
defined by the maximum converter current and the rated
converter current. In these conditions, the actual generator
force is less than the required generator force.

The converter losses are divided into three parts: 1) a
small constant part, including power dissipated in power
supplies, gate drivers, control, cooling systems among others;
2) a large part proportional to the current, including switching
losses and conduction losses; 3) a part proportional to the
current squared, including conduction losses [15]. For
simplification, the converter losses are assumed to be only
dependent on the generator side, and then they are calculated
as

2
P I I
= ~eomm | (14205 +10| - 10
(1+20- ([ ] (10)

conv
3 sm

where Pconvm 1S the dissipation in the converter at the rated
power, which is assumed to be 3% of the converter’s rated
power [15]. The rated power of the converter for the reference
generator (single double-sided machine) equals the
maximum peak power of the plant, namely 1 MW, and the
maximum line voltage and phase current are set as 1500 V
and 400 A respectively [9].

C. Generator Scaling

The generator is scaled based on the force density (the
force acting per unit surface area of the air gap), because it is
rather constant for differently sized and designed machines
[13]. Two factors are affecting this force density: the air-gap
flux density of the stator teeth and the linear current density.
The first one is limited by the saturation of magnetic flux and
the second one is limited by the maximum allowed heat
dissipation. The scale factor of the generator is defined as

A= (11)

0

Lyand L, represent the stator, translator and stack length of
the scaled generator and original generator respectively;
subscript ‘s’ and ‘o’ represent the scaled and original machine.
The stator, translator and stack length are scaled together in
this work while they are in practice independent sizing
parameters. For a fair comparison among generators in
various sizes, the maximum allowed stroke and velocity are
assumed to be identical. Then other parameters are scaled
following:

F,, =A’F,, (12)
U = U (13)
Lopmns =L oo (14)
Uvpps = AU, (15)
P =P, (16)

where Fge, umax and P represent the rated generator force,
maximum floater velocity and power (including rated power
of the WEC system and converter). The force density of the
reference generator is calculated as 46 kN/m?> [9]. In a
previous study [3], the maximum required PTO force and
optimally economical rated force was calculated as 200 kN
and 100 kN respectively for the WEC and sea site considered
in this paper. Given the force density, the scale factors are
obtained around as 0.5 and 0.7 correspondingly. During the
generator scaling, the slot width, pole pitch, number of
conductors per slot and magnet pole width remain. It is
realized that the lack of design optimization of parameters
could not guarantee an optimal performance of the scaled
generator. However, the considered scale factor is only varied
with a small range between 0.4 to 0.7, which eases the
unfairness.

D. Economic Model

An economic model is established to calculate the LCOE
of WECs with differently sized generators. The AEP of the
generator is calculated as
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x=n

AEP = A . z})absnrbed ('x) : n(x) : T('x)

x=1

(17

where 7 is the generator efficiency; 4 is the availability of
WEC:s to work, and it is set as 90% due to necessary operation
and maintenance [16]; T represents the total hours of the
occurrence of a certain sea state and x means the wave state.
The sea site is considered as Yeu island situated in the
oceanic territory of France, and its detailed information can
be found in [3]. For simplification, the irregular wave states
are transferred to regular wave states by equalling their time-
averaged power transport per unit length of wave front of
incoming waves [3]. The LCOE of a WEC is calculated as

+ OPEX,
(147

z n AEPY
(L)

CAPEX +)
LCOE =

(18)

where CAPEX and OPEX are Capital Expenditure (CAPEX),
and Operational Expenditure (OPEX), in which the yearly
OPEX is assumed to be 8% of the CAPEX; r is the discount
rate and assumed as 8% with a lifespan n of 20 years, and ¥
is the evaluated year [17]. The CAPEX is calculated as

CAPEX =Cy+C, +C, +C,py, +C,. (19)
Cs, Cr, Cr, Cpro and Cc are structure, foundation and mooring,
installation, PTO and grid connection costs respectively. The
first three terms depend on the structure mass of the WEC
which are calculated following the method proposed in [3].
The linear generator costs are calculated as

Crro =2(Ce My +Co M, +C M ) (20)
where a factor 2 is considered to include the manufacture cost
and converter cost; Cre, Ccy and Cpm are unit price of iron,
copper and permanent magnet, and they are assumed to be
3.3 euros/kg, 15.2 euros/kg and 24.7 euros/kg respectively
[11]; Mpe, Mcu and Mpn are the mass of iron, copper and
permanent magnet respectively. The grid connection cost is
assumed to be 32% of the PTO cost [3].
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IV. RESULTS AND DISCUSSTION

A. Generator Performance

Taking one operating point as an example, the
performance of the generator with a scaling factor of 0.7 over
a half wave period is depicted in Fig. 4. This operating point
corresponds to a floater displacement of 1.45 m and wave
period of 8.0 s. Due to a partial overlap between the translator
and stator, it can be seen that the profile of the root mean
square (RMS) of the no-load voltage is not sinusoidal. The
current has to be changed correspondingly to obtain the
required generator force. Besides, it is seen that the copper
losses are higher than the iron losses and converter losses.

B. Influence of sizing on the generator efficiency

Four scaling factors of the linear generator are
considered, namely 0.4, 0.5, 0.6 and 0.7. Their efficiency
maps are shown in Fig. 5. The generator efficiency is defined
as the electrical power delivered to the grid divided by the
mechanical power absorbed by the floater. A few null cells
are observed in Fig. 5 for the smallest generator at low wave
periods and very high wave heights where the floater velocity
tends to be high. It results from the conflict between
satisfying the force and velocity constraints, and no feasible
PTO damping coefficient can be applied. For smaller
generators, the PTO force constraint becomes stricter, which
is not capable to limit the velocity to the defined constraint.
This in practice implies that the device has to be stopped from
violating physical limits. Furthermore, when the scale factors
are 0.5 and 0.6, a sharp unwarp in the efficiency map is
observed along the increase of the wave height especially at
long wave periods. This can be explained by the fact that the
PTO damping coefficients are reduced from the optimal
values in these wave states to satisfy the defined force
constraints. The reduced PTO damping coefficient results in
a higher floater velocity, in which the no-load voltage
increased and the current can thus be lower to generate the
required force. As a consequence, the copper losses are
decreased and then the generator efficiency is improved.
However, this is not necessarily beneficial for the energy
production because of the reduced amount of the absorbed
mechanical power by the floater.
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Fig. 4. Generator performance over a half of wave period with a displacement of 1.45 m and a wave period of 8.0 s
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Fig. 5. Generator efficiency maps with different scale factors

It is also seen from Fig. 5 that larger generators have
higher efficiencies. In addition, the efficiency generally
increases with the wave height and declines with the wave
periods. For the small generators (with a scale factor of 0.4
and 0.5), the efficiencies are even around zero at wave sates
with very low wave heights and long wave periods.
Because the no-load voltages at these wave states are very
low, and therefore the currents are increased to be
remarkably high to generate the required force. In this way,
the input mechanical energy is insufficient to cover the
losses.

For the given wave location, the average efficiencies of
the variously sized generators are presented in TABLE II.
The average overall efficiency of the linear generator is
defined as the total yearly energy delivered to the grid
divided by the total yearly absorbed mechanical energy.
The average grid power and losses is defined as yearly grid
energy and losses divided by the yearly time. It is
acknowledged that the efficiency of the generator is related
to the operating conditions, and therefore the average
efficiency differs with the wave location. It is seen that the
generator size has a significant influence on the average
overall efficiency and grid power, and the larger generators
are associated with a better generator performance. For
instance, the overall efficiency and average grid power can
be improved by 26% and 61% through increasing the scale
factor from 0.4 to 0.7. The copper losses account for a
major proportion of total losses, and increasing the scale
factor reduces the average copper losses. This is expected
as the current in larger generators is lower to generate the
same required force.

In previous studies investigating the scaling of WECs,
the impact of sizing on the PTO efficiency is not considered
[17], [18]. However, the results given in Fig. 5 and TABLE
II indicate the necessity for taking the detailed efficiency
map of the resized generator into consideration when
performing the systematic scale optimization of WECs.

Efficiency
o o o o
N & o ® =
=
°
@

ao

Wave Height (m) 0o 2 Wave period (s)

Wave Height (m) 0 2

Wave period (s)

TABLE IL OVERALL GENERATOR EFFICIENCY AND AVERAGE
LOSSES WITH THE SCALE FACTOR

Scaling factor 0.4 0.5 0.6 0.7

Overall efficiency 54.3% 58.3% 63.2% 68.2%

Grid power (kW) 9.30 12.4 13.8 15.0
Copper losses (kW) 5.40 5.60 4.67 3.44
Iron losses (kW) 0.32 0.46 0.64 0.86
Converter losses (kW) 2.16 2.68 2.87 2.88

C. Techno-economic anaysis

Fig. 6 shows the resulted AEP with respect to different
scale factors. For a comparison, an assumed constant overall
efficiency of 70% is considered for generators in all sizes
[3]. The AEP in the case with a constant generator efficiency
hardly increases after the scale factor is higher than 0.6.
Because the occurrence of highly powerful wave states
where larger generators are required to absorb more energy
is limited. For the case considering detailed generator
efficiency maps, the AEP is observed to continuously
increase from the scale factor of 0.4 to 0.7. The reason is
that the improved generator efficiency still contributes to the
AEP even when the scale factor is higher than 0.6, from
which the absorbed energy hardly increases though. Fig. 7
shows the resulted LCOE with respect to different scale
factors. Downsizing the generator is beneficial for reducing
the LCOE although the overall efficiency of the generator is
decreased by it. Specifically, the LCOE in this study is
reduced by approximately 11% when downsizing the scale
factor from 0.7 to 0.5 for this particular sea site.

Furthermore, the assumed constant efficiency of 70 % is
clearly optimistic for performing PTO downsizing. The
results based on the constant efficiency assumption deviate
noticeably from that based on the detailed efficiency map,
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particularly for small generators. It is noted from Fig. 6 and
7 that the differences are as high as 28% and 31 % for the
AEP and LCOE respectively when the scale factor is 0.4.
Therefore, it is highly recommended to include the effect of
PTO sizing on generator efficiencies for improving the
accuracy of estimation on the LCOE and AEP. Besides, the
minimal LCOE corresponds to the scale factor of 0.45 and
0.5 for the case with the constant generator efficiency and
detailed efficiency map respectively. This means that
neglecting the influence of the PTO sizing on the generator
efficiencies could lead to a misestimation for the optimal
generator size.
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Fig. 6. The AEP as a function of the scale factor of the generator
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Fig. 7. The LCOE as a function of the scale factor of the generator

V. CONCLUSTIONS

The linear PM generators are attractive to act as the PTO
systems in WECs due to their high efficiency and reliability.
This paper studies the effects of the PTO sizing on generator
efficiencies and techno-economic performance of WECs.
Both hydrodynamic modelling and generator modelling are
presented. The linear PM generator is sized based on the
force density for supplying different maximum generator
forces. The results show that for the studied sea site,
downsizing the generator size to a suitable level reduces the
LCOE by 11% even though downsizing is not beneficial for
the overall generator efficiency and AEP. In addition, the
assumption of a constant generator efficiency leads to an
obvious mismatch between the AEP and LCOE estimation
with respect to the effect of PTO sizing on the generator
efficiency. The difference reaches over 30% for particular

cases. It is highly suggested to consider the detailed
efficiency map of the resized generator when performing
PTO sizing for WECs.
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