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Abstract—Wave Energy Converter (WEC) systems har-
ness kinetic energy from ocean waves, with the power take-off
(PTO) system facilitating the conversion to electrical power.
While hydraulic systems are commonly used PTOs, linear
generators (LGs) are promising alternatives due to their di-
rect energy conversion, high efficiency, and environmental
benefits. Since waves propagate in multiple directions, multi-
axis WEC has superiority in more consistent power genera-
tion than traditional single-axis WECSs. This paper will focus
on integrating multi-axis WEC with the AC grid. A novel LG-
based power conversion system is proposed for the six-axis
WEC, aimed at facilitating grid integration and support. Ad-
ditionally, the integration of a battery energy storage system
(BESS) helps stabilize the DC link voltage and enables grid-
forming capabilities. This research also discusses the place-
ment of BESS at either the DC link or AC side of the system.
Although BESS on the AC side can provide sufficient grid
support, challenges in maintaining the appropriate DC link
voltage of VSC arise when WEC power exceeds converter rat-
ings or does not match the grid demand. Our analysis recom-
mends the DC link as the preferable BESS location, with the
size of the BESS being a critical factor in smoothing power
fluctuations and maintaining voltage stability.

Keywords—wave energy converter, grid-forming converter,
battery energy storage system, grid integration

. INTRODUCTION

As climate concerns become serious, renewable energy
has been a popular topic during the past decades. Renewable
energy can be converted into electricity through various to-
pologies, significantly reducing carbon emissions when
compared with traditional generator-based power plants.
European countries stand to benefit significantly from the
utilization of renewable energy sources to achieve the target
of net-zero carbon by 2030 [1]. For coastal countries, wave
energy plays an important role in their renewable plans. To
harness the kinetic energy of the wave and transfer it into
electricity, wave energy converter (WEC) has been investi-
gated for many years. Many literatures have focused on sin-
gle-direction WEC, while the wave motion has more than
six degrees of freedom [2]. Therefore, WEC with the oper-
ation at multiple axes can absorb more power than that with
a single axis. Technologically Advanced Learning Ocean
System (TALOS) was proposed by researchers at Lancaster
University [3] and was further developed recently [4],
which is a point-absorber type WEC and has six axes Power
Take-Off (PTO) system. The prototype and experimental
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environment of TALOS are illustrated in Fig. 1. As can be
seen, the hull connects the heavy ball with springs. If a hy-
draulic system is used as PTO, the relative motion between
the ball and hull can produce force to pump the hydraulic
cylinders to generate fluid which drives the hydraulic motor
to generate electricity. However, there are some drawbacks
and limitations of using a hydraulic system as PTO. For in-
stance, there is a risk that the hydraulic liquid may leak,
causing environmental damage [5]. Additionally, the pro-
cess of hydraulic systems involves two energy conversion
stages, including the conversion from mechanical energy to
hydraulic energy and the reconversion from hydraulic en-
ergy into mechanical energy to drive the motor. This is more
complex when compared with other PTO systems, such as
permanent magnet linear generator (PMLG) [6]. PMLG has
only one energy conversion stage, transforming mechanical
energy into electricity directly. The direct conversion also
means less need for maintenance and high efficiency [7].
This paper focuses on a six-PMLG based power conversion
system.

To integrate renewables into the AC grid, power elec-
tronics are crucial. Since the AC side normally requires a
stable operation with acceptable frequency. For example,
back-to-back voltage source converters (VSCs) are com-
monly used in renewable integration, which can decouple
the fluctuated renewable resource from the stable AC grid
[8]. Since the grid code requires renewable farms to partici-
pate in frequency response [9], the grid-forming (GFM) ca-
pability of future renewable power plants has drawn more
and more attention. Authors in [10] investigated the control
of back-to-back VSC in the WEC system, but the priority
was to increase the efficiency of the PTO system to maxim-
ize the power output. In [11], the researchers also used the
back-to-back structure, but they focused on the WEC floater
related system, the estimator and PTO control, not investi-
gating the grid integration of WEC. Authors in [12] pro-
posed Lyapunov-based nonlinear controllers to solve vari-
ous conflicts in the power train of the WEC system, and a
supercapacitor was used as an energy storage to stabilize
DC voltage. To smooth the output power to realize a better
grid integration, the battery energy storage system (BESS)
in [13] and supercapacitor in [14] were adopted in their
scheme; however, they are not designed for grid support due
to the constraints of the control of grid-side VSC. Most re-
searchers focus more on grid-following (GFL) controlled
systems. However, some literature developed the GFM-



based WEC system to support the grid actively. In [15], a
droop controller was applied to help the grid realize the ca-
pability of frequency response. Authors in [16] proposed a
multi-mode control for converter, to actively switch mode
(grid feeding, grid support and grid forming) according to
the grid conditions. However, they consider their storage
system to be ideal without the size optimization and location
comparison.

The existing literatures focus more on maximum utiliza-
tion of WEC, either in the aspects of mechanical or electrical
control of WEC systems. However, few of them investigate
the GFM capability of the WEC system. This paper pro-
poses a GFM-based WEC scheme. The first contribution of
this paper is the integration of six-PMLG based WEC sys-
tem with the experimental TALOS data as input. This inte-
gration facilitates the assessment of the grid-forming capa-
bility of the proposed GFM-based WEC system, providing
adequate grid support in terms of frequency response and
voltage stability. Both constant power mode and maximum
power point tracking (MPPT) mode are tested. In addition,
a detailed discussion on the location of BESS indicates that
the DC link is a better choice for BESS. This placement not
only smooths the power output of WEC but also stabilizes
the DC link voltage. This paper also contributes to the in-
vestigation into the optimal size of the Battery Energy Stor-
age System (BESS), considering both power smoothing and
the provision of frequency response simultaneously.

@) (b)

Fig. 1. Prototype of TALOS [3]. (a) designed prototype; (b) experi-
mental environment

The paper is organized as follows: Section II introduces
the modelling of the WEC system; Section III presents the
simulation results of the WEC system, which shows the
GFM capability; Section IV compares the different loca-
tions of BESS and optimizes the size of the battery; Section
V draws the conclusion.

Il. POWER CONVERSION SYSTEM MODELLING

A. Overall WEC System

The proposed power conversion system primarily
comprises six PMLGs, a BESS and a grid-side VSC. In this
system, TALOS absorbs the kinetic energy, which drives
the PMLGs to generate electrical power. The six PMLGs
are connected to the DC link via passive rectifiers, and there
is a DC/DC converter between the battery and the DC link.
The function of BESS is to provide/absorb the required
power for both smoothing and frequency response.
Moreover, it can also stabilize the DC link voltage by
controlling the DC/DC converter. The grid-side converter is
a GFM-controlled VSC, which injects the required power
into the grid while supporting the power system with its
grid-forming capabilities. From the grid side, the GFM

controlled VSC can be regarded as a voltage source, and this
allows the system to actively provide frequency and voltage
support. Fig. 2 illustrates the structure of the system.

_____________________________ D€ liuk GFM control
M — Power of PMLGs
! A
L
EFurc: from : Rectifier l

| TALOS : T

M
A
nn

DC/AC VSC

QO

AC grid

6 PMLGs

= DC/DC

converter

LmJ paery

Fig. 2. WEC system with BESS

B. PMLG and WEC

There are some conditions for the simplification of
WEC experiment. The TALOS has six dampers, and
normally the six motions are considered, namely yaw,
heave, pitch, sway, roll and surge. This is illustrated in Fig.
3. In our test, six PTOs are used for capturing the forces of
these six motions. As a result, six PMLGs are implemented.
Through the experiment, TALOS has two symmetries for
the x and y axes, which means the force from the motions of
pitch and roll are the same (PTO 2 and 3), and PTO for sway
and surge have the same response as well (PTO 5 and 6) [3].
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Fig. 3. Six motions of TALOS [3]

The PMLG basically has a similar design concept and
analysis as a traditional permanent magnet synchronous
generator (PMSG) [17]. The main difference is the motion
of the rotor. The PMSG has a rotational rotor with constant
speed, while the PMLG’s rotor, named translator is not
rotational and has a continuously changing speed. The force
from TALOS drives the translator of PMLG to generate
electricity.

C. Control of DC/AC VSC

1) Active Power and Reactive Power Control

Different from grid-following (GFL) controlled VSC,
the system with GFM can form the grid and be regarded as
a voltage source from the perspective of the grid. In this
paper, one of the most popular GFM topologies is
implemented, named virtual synchronous generator (VSG).
VSG was first proposed by Beck and Hesse in 2007 [18].
The key of VSG is the swing equation, which mimics the
behaviour of a traditional synchronous generator (SG). The
voltage angle is determined by (1), while the voltage
magnitude is controlled by reactive power which is shown
in (2) [19].
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where J is the virtual inertia of VSG; K; is the damping
factor; P..; and P, are reference active power and output
active power respectively; Aw,s 4 represents the frequency
change of VSG ;w,s, and wy are the frequency of VSG and
grid; E, Vier, Kq, Qrey and Q, are the virtual electric
potential, reference voltage for the converter, reactive power
gain, reference reactive power and output reactive power of
VSG.

Note that the active power reference for VSG has two
choices depending on the requirement of the grid. If the grid
allows the WEC system to operate at maximum power point
tracking (MPPT) mode, the P, will be the direct power
output of PMLGs. However, the power of PMLGs has
fluctuations due to the characteristics of waves. To smooth
the power injected into the AC grid, a filter is designed for
this purpose.
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In (4), P4 represents the output power of PMLGS and
wy is the cutoff frequency of the low-pass filter. With the
filter, the fluctuations of the power can be reduced.
Normally, the cutoff frequency should be much smaller than
the nominal frequency of the grid [20]. In this paper, wy is
selected as 10, resulting the filter has a time constant as 0.1s.
When the grid requires the WEC system to operate at
constant power, then the P, is set to be constant and BESS
can automatically smooth the power difference between P,
and Py.f.

The virtual impedance aims at generating reference
voltage to the voltage controller for the converter. It also
provides a link between VSG and the grid. X,, is the virtual
impedance of VSG and r, is virtual resistance. u, and i are
the output voltage and current of VSG respectively. This
relationship is expressed in (5).

U, = E—i*(r, + jX,) (5)

2) Voltage and Current Controller
VSG control contains an outer voltage controller, an inner
current controller and pulse-width modulation (PWM),
which controls the dynamics of the converter. The voltage
controller is introduced by (6) and (7), while the current
controller is not included in this part due to its same
structure as voltage controller.

i;vsc =K pv (u;d — Uy ) + KivJ‘(u;d —Ugg ) - a)vsgcf uoq (6)

iquc = va (uoq - uoq) + Kivj(uoq - uoq) + a)vsgcf Uog (7)

where iz, and iz, are the reference current for the
current controller, which is produced by the voltage

controller; K,,, and K;,, are the Pl gains of the voltage
controller; cis the filter capacitance of VSG.

The power output equations in the DQ-frame are (8) and
(9). The output power P, and Q, are also respectively the
feedback values used in active power control (1) and
reactive power control (3) at the same time.

3 . .
Pe = E (uod Iy + uoqlq) (8)
3
Qe - E (_uod Iq + uoqld ) (9)

D. Control of DC/DC Converter

The function of the BESS is to compensate the
instantaneous power difference between the desired power
injected into the AC grid and the direct power output of
PMLGs, i.e. smoothing the power output for stable
operation of the grid. Since the PWM generation requires
the participation of DC link voltage, a stable DC voltage is
beneficial for the quality of VSC output. Therefore, the
second target of the battery is to stabilize the DC link
voltage. The control diagram of the DC/DC converter is
shown in Fig. 4, which is PI control that regulates the DC
voltage with the reference voltage
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Fig.4. Control of DC/DC converter

I1l. RESULTS OF GRID SUPPORT

The TALOS was tested in laboratory and experimental
data about torque, speed and force were acquired. Since this
work focuses on the integration of the WEC system into the
grid, the force is the only experimental data that has been
used. As mentioned before, due to the symmetry of motions,
PTO 2 and 3 have the same force, and PTO5 and 6 have the
same case. Fig. 5 shows the wave surface elevation, PTO
forces and power output of six individual PMLGs from the
tested TALOS during a short period.

A. Frequency Response

The PMLG-based WEC system was built on MATLAB
Simulink. The system voltage is 10 kV, and detailed param-
eters can be found in Table I. Parameters are calculated
based on the principles of converter design illustrated in
[21], with the combination of VSG theory. The system
operates at 50 Hz, and frequency response performance is
tested first. From 1s, the grid experiences a frequency drop
event, Fig. 6 shows the results of the proposed WEC system.
From Fig. 6 (a), it can be seen that the DC link voltage
maintains almost constant. Fig. 6 (b) shows the power
output from BESS (P,,), PMLGs (P,,) and the actual power
injected into the AC grid (P,.) under MPPT mode. With the
help of the designed filter in (4), the curve of P,. is very
smooth. After 1s, the GFM control allows the BESS to
provide the additional power for frequency response with
approximately 0.3 MW. When the system operates in
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Fig.5. Results from experiments. (a) wave profile, (b) generated forces,
(c) individual power of six PMLGs.

constant power output mode, the results are shown in Fig. 6
(c). It is clear that the power output of VSC is constant
without fluctuations, and it can perfectly participate in
frequency response as well. The BESS balances the power
difference between P,..r and Py.
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Fig.6. Frequency response under different modes. (a) frequency and DC
voltage change, (b) MPPT mode, (c) constant power mode.

B. Voltage Support

When the system frequency maintains constant and the
voltage drops from 1.0 p.u. to 0.9 p.u. at 3s, the reactive
power from VSC is observed. The active power output is
also plotted as a comparison with part A.
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Fig.7. Results of voltage support. (a) voltage change and reactive power
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From Fig. 7, it is obvious that the GFM-controlled VSC
effectively generates reactive power to support the voltage
drop; the active power output is barely influenced.

IV. S1ZE AND LOCATION OF BESS

A. Size of BESS

From the curve of P, in Fig. 6 (b), Fig. 6 (c) and Fig. 7
(b), the factors that determine the size of BESS include the
operation mode (MPPT or constant power output) and the
frequency response requirement, and it is irrelevant to the
voltage support. According to the deduction in [13], the
power output of a PMLG can be expressed as (10).

3
P:Z(Eplpcos(2a4t)+Eplp) (10)

where E, and I,, are the output phase voltage and current of
PMLG, w, is the speed of the translator of the generator.

According to (10), the average power of PMLG can be
acquired as %Ep I, . Therefore, from the perspective of

smoothing the power output of PMLGs, the BESS should
compensate for the sinusoidal part of (10), which has a peak
value as the average power. This is represented by (11).

BESS should also provide power for frequency re-
sponse. If the frequency response reacts to (50+Af) Hz, this
part of power can be expressed as (12). Summing up (11)
and (12), the overall capacity of BESS can be determined
by (13). For example, the rating of PMLGs in this study is 2
MW. To operate and provide frequency support between
49.5 t0 50.5 Hz, considering K, and J in the paper, the total
capacity of a BESS should be around 2.5 MW to maintain a
constant power output. Note that this is an estimation based
on the deduced equations; The optimum energy manage-
ment system of BESS considering the state of charge (SoC)

will be implemented in future work for more accurate sizing.

R.= % E I, cos(2amt) (11)
R,=1J %+ K, *Af (12)

R nger cos2art) +J %+ K,*Af (13)

TABLE I. SYSTEM SETTINGS

Symbol Name Value
Sn System nominal apparent power 2 MVA
Viase Base voltage 10 kv
75 Filter resistance 0.1pu
I Filter inductance 0.5pu
Cy Filter capacitance 42 uF
Cac DC link capacitance 0.02F
Wref Reference frequency 314.159 rad/s
] Inertia 2600 Kg * m”2
K, Droop/damping gain 169000
Kq Reactive power droop 0.01
[ cutoff frequency of filter 10 rad/s
T Virtual resistance 0.4 pu
I, Virtual inductance 0.25 pu
Ty line resistance 0.2 pu

ly Line inductance 0.8 pu
Kye/Kic Current controller P/I 0.161/19.54
Kpy/Ki voltage controller P/l 9.244/1327
t, Sampling time of simulation 1.481e"5s
Ppum Flux of PMLG 40Whb
Polar pitch 0.1m
R, Stator resistance 0.26 Ohm
Ly Stator inductance 30mH

B. Location of BESS

In addition to the scheme proposed in Fig. 2, there is an-
other structure of the WEC system, where the BESS is at the
AC side and the grid-side VSC of the WEC system adopts
GFL control. Different from GFM, the GFL controls the DC
link voltage and reactive power of the WEC system, while
the BESS is at the AC side.

The system diagram is illustrated in Fig. 8. The simula-
tion tests the same case of frequency response in Section 111,
and the results can be found in Fig. 9.
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Fig.8. Scheme with BESS at AC side
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Results of Fig. 9 (a) show that the GFL control (P,f;)
can smooth the power output of PMLGs and BESS (P,)
supports this as well. Note that MPPT mode is used in this
case. The overall power (P,.) injected into the AC grid is
acceptable. However, the DC link voltage has large fluctua-
tions without the regulation of additional energy sources.
From Fig.9 (b), V4 ac is the DC voltage when BESS is at
DC side, and V. p is the case with BESS at DC link. Alt-
hough this fluctuation can be reduced by enlarging the ca-
pacitance of the DC capacitor, this will lead to a low effi-
ciency for power conversion from the DC link to the AC
grid. Also, there is a risk that the PWM control of the con-
verter may get saturation and instability might occur if the
voltage is lower than twice of the grid voltage [21]. There-
fore, there exists a compromise between the power tracking
time and DC link voltage stability.

Therefore, the DC link is a better location for BESS in
the WEC system when compared with the AC side, because
BESS can achieve multiple functions with that position. The
DC link voltage involves the quality of PWM control for the
grid-side VSC, which may require additional energy
storage, especially for the WEC system.

V. CONCLUSION

This paper proposes a WEC power conversion system
with GFM control, utilizing six PMLGs to replace the
hydraulic system in TALOS as the PTO. The GFM control
facilitates the integration of the WEC system into the AC
grid, providing capabilities for frequency response and
voltage support. The findings indicate that the BESS on the
DC link effectively smooths the power output of the
PMLGs, delivers additional power for frequency response,
and stabilizes the DC link voltage. Comparative analysis of
the WEC system's operation under MPPT mode and
constant power mode reveals that constant power mode
demands more power from the BESS. This insight is crucial
for designing the capacity of the BESS. With consideration
of both smoothing power output of PMLGs and providing
frequency support, this study formulates a calculation
equation for accurately sizing the peak power of BESS. A
comparison between different locations of BESS has been
presented as well, which shows the DC link could be in a
better position for BESS when compared to the placement
at the AC side. There are also some future work in
improving the performance of WEC system with BESS at
AC link. Specially designed VSG control can help the WEC
system track accurately under MPPT mode. In addition, the
battery sizing only focuses on the peak power of the battery.
Future research will aim to design an optimal energy
management system for BESS considering the SoC.
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