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Power quality assessment of a wave energy
converter using energy storage

Md Imran Ullah, Johan Forslund, Jessica S. Dohler and Irina Temiz

Abstract—Wave energy has been an immense area of
interest in research and industry in our move toward a sus-
tainable energy production society due to its high energy
density and surface area. However, the grid connection of
wave energy converters is still one of the major challenges
due to the complexity of varying wave resources (amplitude
and frequency). Wave energy converter grid integration
can lead to several potential challenges, such as voltage
fluctuations, harmonics and flicker. Using an energy storage
system can help mitigate a few challenges by balancing the
grid demand with the wave energy converter power supply.
Hence, improving the power quality. This study assesses
the power quality of wave energy converters equipped with
energy storage against the scenario without any energy
storage at different power levels. The power quality in this
paper is investigated using total harmonic distortion (THD)
of the grid current, dc-link voltage ripple and battery
current ripple. The study shows that the addition of a
hybrid energy storage system lowers the grid current THD
at the point of common coupling (PCC), stabilizes the dc-
link voltage ripple and reduces the stress of the battery.

Index Terms—Wave energy converter, power quality, hy-
brid energy storage system, grid following control, battery,
supercapacitor.

I. INTRODUCTION

N comparison to well-established renewable en-
ergy sources like wind and solar energy, harness-
ing electrical energy from the ocean waves is one of
the relatively recent additions to renewable energy
technologies. The emergence of this particular form of
energy can be traced back to the oil crisis of 1973, which
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sparked significant interest in exploring alternative en-
ergy options. By the year 1980, a considerable number
of patents had already been filed, demonstrating the
growing enthusiasm and recognition of the technolog-
ical possibilities associated with wave energy [1].

Wave energy is considered a secondary form of
energy as it is generated through the continuous inter-
action of wind with the ocean’s surface, and winds are
generated by the uneven heating of the Earth’s surface
caused by solar energy. The average annual wave
energy density (50 kW/m) [2] is higher than that of
its counterpart wind energy (500 W/m? — 1000 W/m?)
[3] in global wind-rich areas with less on average
variability. It is estimated that wave energy has a theo-
retical potential of around 80,000 Twh [4]. However,
wave energy poses certain disadvantages due to its
inherently destructive nature and variability. One of the
major disadvantages of the wave energy converter is
its variability which varies across different time scales
(wave to wave, different sea states, seasonal variation)
[1].

Wave energy harnessing devices can be categorized
according to their design and their principle of har-
nessing energy. A few notable categories are oscillat-
ing water columns, overtopping systems, attenuators
and point absorbers [5]. This paper discusses Uppsala
University’s developed wave energy converter (WEC)
[6]. This system is a permanent magnet linear syn-
chronous generator-based wave energy converter. The
translator of the generator is directly connected to the
buoy, which constitutes its power take-off (PTOs). This
connection has been identified as the optimal choice
and is called direct drive PTOs [7]. Due to the inherent
variability in wave amplitude and frequency, the grid
connection of a direct drive-based linear generator
PTOs has several potential challenges, such as voltage
fluctuations and harmonics, voltage stability issues,
voltage flicker at the PCC [8], and weak grids arise
when connecting the WEC to the grid [9].

Several approaches are being employed to enhance
the power quality, such as using an energy storage
system [10] [11], wave prediction [12], reactive power
compensation [13], and WEC placement strategy [14].
The concept of aggregating several WECs into a WEC
farm leads to a reduction of average power variability
has been studied in [15]. However, this concept can
make the power quality of the wave farm susceptible
to destructive wave interactions and also doesn’t allow
the control of the power flow to the grid.

Energy storage, such as the battery [11], supercon-
ducting magnetic storage system [16], mechanical en-
ergy storage system [17], and supercapacitor [18] etc.
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is being used for mitigating the power variations of
a single WEC or a wave farm. These energy storage
systems can successfully reduce variability and enable
control over the power flow to the grid, depending
on the control of their energy management systems.
Nevertheless, there is still limited research regarding
the quantified impact of energy storage systems on the
power quality of grid-tied WECs.

The current study investigates, compares and quan-
tifies the power quality of the WEC at different grid
input power levels equipped with no HESS, with the
usage of just a battery and with both a battery and
supercapacitor. The study assesses the power quality
of a single wave energy converter grid connection by
analyzing the parameters such as THD of the grid
current, which according to grid code standard IEEE
519-2022, must be lower than 5%, and also the dc-
link voltage ripple and the battery current ripple. Grid-
following (GFL) control is used for the grid-side three-
phase IGBT-based(insulated-gate bipolar transistor) in-
verter. Active and reactive power control is used for the
scenario equipped with HESS, and dc-voltage control
is used for the scenario without HESS [19]. The study
shows that using an energy storage system reduces
wave farm optimization design dependency and en-
hances power quality at the PCC.

The paper is organized as follows: Section 2 is di-
vided into five parts, including wave energy system
description, linear generator, proposed system, grid-
forming control and hybrid energy storage system con-
trol. Section 3 discusses the simulation setup, which in-
cludes wave climate and load selected to test the WEC
and the electrical network. Section 4 presents and dis-
cusses the simulated results from MATLAB/Simulink.
Section 5 concludes the paper by summarizing the
findings and their implications for future research.

II. METHODOLOGY
A. Linear generator-based wave energy converter

This section briefly discusses the WEC model and the
linear generator. For detailed modelling, the reader can
refer to [20], [21] and [22].

The linear generator is placed on the seabed, and
the buoy is at the water’s surface. The translator of the
generator is connected to the buoy via a connection
line. The WEC system can be seen in Fig. 1.

The heave motion of the buoy lifts the translator, and
the gravitational force pulls it down. The governing
equations for the motion of the buoy and the translator
are given [20]

mbéb(t) = ng+wa(t) +Fb+Fe(t) +Fr(t) +Fhs(t) (1)

and
mtzt(t) = eq + FPTO(t) + Fwt(t> + Fes(t)a (2)

where my, m; are the mass of the buoy and translator;
Zp(t), %4(t) are the accelerations of the buoy and trans-
lator correspondingly; Fy;,, Fy; are the gravitational
forces on the buoy and translator; F; is the buoyancy
force; F,(t) is the excitation force; F.(t) is the radiation
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Fig. 1. Wave energy converter [22].

force; Fjs(t) is the hydrostatic restoring force; Fpro(t)
is the damping force of the PTO; F, (t) is the end-
stop force; F,(t) and F,.(t) are the wire force for the
buoy and the translator, respectively. An illustration of
different forces on the buoy and translator can be seen
in Fig. 2.
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Fig. 2. Forces on the buoy and the translator [22].

The generator is a permanent magnet direct-drive
linear generator. It is modelled using a single-phase
equivalent circuit for a non-salient generator. Magnetic
flux is given by

D =, 003(212,5(15) + ) 3)
Tp
where @ is the amplitude of the magnetic flux, 7, is
the pole pair width, z;(¢) is the translator displacement,
and ¢ is the phase shift, v = 0,£27/3. The generator
induced emf e is calculated from

9 b sin(Z ) + ) 4)

= —N _
€ dt Tp

where Ep = 2nN®y%; /7, is the amplitude of no-load
voltage, and N is the total number of turns of the stator
windings.
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B. Proposed system description

The proposed system consists of a linear generator-
based wave energy converter connected to a strong
utility grid. The generator-side converter is a diode-
based three-phase passive rectifier that is connected
to a dc-link capacitor. The HESS is connected at the
dc-link via non-isolated bi-directional dc/dc convert-
ers. The HESS consists of a battery and supercapaci-
tor, which is responsible for low-frequency and high-
frequency power fluctuations originating from the sin-
gle WEC, respectively. The grid-side converter is a
three-phase IGBT-based inverter that is connected to
the grid via an L filter at the PCC. Fig. 3 shows a
general schematic of a wave power plant connected to
a grid using an energy storage system. In the absence of
energy storage, neither a supercapacitor nor a battery
is present.

C. Control implementation

Three different scenarios of grid-connected WEC
with and without energy storage systems are imple-
mented. The cascade control method is used for all the
scenarios, which implies the use of two control loops.
The outer control loop provides the set point for the
inner control loop.

« Case 1: Without energy storage. No energy storage
system is used in this scenario. The dc-link voltage
is controlled by the converter, which provides the
reference for the inner control loop. The grid-side
converter is used to balance the dc bus voltage.
Hence, all available power from the WEC will be
directly injected into the grid without a predeter-
mined set point for grid power injection.

o Case 2: Battery energy storage. The battery con-
trols the dc-link voltage, which provides the refer-
ence for the battery’s inner control loop. The grid-
side converter controls the current set according to
the power demand from the grid. In this scenario,
the battery is balancing the dc-link voltage.

« Case 3: Battery and supercapacitor energy storage.
Both a battery storage system and a supercapacitor
will be utilized. The supercapacitor is responsible
for controlling the dc-link voltage, which provides
the reference for both the battery and supercapaci-
tor current loop. In this scenario, the hybrid energy
storage system is balancing the dc-link voltage. A
low-pass filter (LPF) is used to segregate the high-
frequency power fluctuations from the low-power
fluctuations from the WEC. The supercapacitor is
used to smooth out the high-frequency fluctua-
tions, whereas the battery is responsible for low
frequency.

1) Current control (Case 1): To derive the inner cur-
rent control loop, the three-phase equations for grid-
connected converters can be written using Kirchhoft’s
voltage law

L — (1) = rig(t) — va(t)
Ldzg—gt) = v p(t) — rip(t) —vp(t

, )= (1) ®
Ldzfét) = vp(t) — 1ic(t) — ve(t),

where v, (t), vp(t) and v.(¢) are the three-phase voltages
at the PCC, v 4(t), vep(t) and v .(t) are the voltages
at the terminal of the converter. The output filter is
represented by r and L. Referring to Fig. 4, a two-phase
dg synchronous reference frame model of the voltage
source converter is

L) — i (8) + vpalt) — ria(t) — va(t) ©)
L0 = Lai1) 1)~ riy6) - (1)

The proposed cascade PI controller sets a voltage
reference V, for the outer voltage control loop. The
outer loop gives the inductor reference current 7 for
the inner current loop, while the inner loop provides
the index modulation m4 and m, for the pulse width
modulation, as can be seen in Fig. 4 when the switch
is connected to port 1.

The feedback control loop of the inner current con-

trol, which has a plant P(s) = +1— -+ is combined with a

1,1

PI controller Cy(s) = Cy(s) = kp,i +s‘“' . The equation
of the closed loop is compared with the first-order
equation F(s) = = in order to find the gains of
the control, resulting in

L
kpi ==

i @)
kii=—.

Ti

For a quick response, * has to be at least 10 times
smaller than the sw1tch1r1g frequency. Due to that, a
time constant of 0.5ms was used [19].

2) dc-link voltage control (Case 1): Voltage control
on the dc-link takes into account the power balance
between the dc-link bus at the capacitor and the AC
power grid [19]

Ceq dv2,(t) 3

S8R = Pin(t) = Sona(ial?), ®)

where C., is capacitance, voltage, vq. is the voltage at
the capacitor, P, (t) is the power injected by the WEC.

The feedback control loop of the outer voltage con-
trol, which can be seen in Fig. 4 when the switch
is connected to port 1, has a plant V(s) = 63“‘;, is

7/’U
S+kpv

combined with a PI controller Cyac(s) = kpo—F
The equation of the closed loop is compared with the

. 2§wns+w2 .
second-order equation G(s) = 757 - 77 in order to
find the gains of the control, resulting in

A 28w Ceq

pv = T3
! ©)
W%Ceq
ki v = .
’ 3’Ud

The natural frequency w, = 27 x 15 rad/s and the
damping ratio £ = 0.707 is decided for this paper. The
parameter values for the converter and the inner and
outer control loops are given in Table L
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Fig. 4. Block diagram of the grid following inverter control.

TABLE 1
PARAMETERS OF THE GRID-CONNECTED CONVERTER.

Parameter Value

Nominal voltage (Vrms) 220 V

Switching frequency 20 kHz

Nominal frequency 50 Hz

L filter r=03Qand L =2 mH
Nominal dc voltage 600 V

dc-link filter Ceq = 5500 puF

Current loop gains
dc voltage loop gains

k:p’l' =4 and ki,i = 600
kpv = 0.3629 and k; , = 24.42

3) Current control (Case 2 and Case 3): Fig. 5 illustrates
the control strategy implemented in the HESS of a grid-
tied WEC. Non-isolated bi-directional dc/dc converters
are employed to charge or discharge the supercapac-
itor and the battery banks according to the proposed
control.

The dc-link bus voltage (v4.) is controlled by the
voltage control loop. It then generates the inner loop
current reference for the supercapacitor. From Fig. 5,
Kirchhoff’s current law is used to represent the outer
voltage control loop which results in the following
differential equation

dCeq’Udc (t)

ar (10)

isz)(t) = idC(t) +
The feedback control loop of the voltage control,
which has a plant D(s) = 5, is combined with a

eqS’

Converter | Utility Grid

Fig. 5. Block diagram of voltage and current control for HESS.

kivde

PI controller C,(s) = km,dcsk%d“. The equation of

the closed loop is compared with the second-order

2
28deWndeS+Ww; g,

32+2£dcwndcs+widc’ Wthh are

equation F(s) =

kp,vdc = 2fdcwndcc(eq (11)

2
ki,vdc = wndcceq 5

where w,,4. = 27 x 128 rad/s and &; = 0.707.

Supercapacitors and battery control loops are sim-
ilarly modelled. In Equation (13), the letter m and n
are used to represent the battery and the supercapac-
itor, respectively. From Fig. 5, Kirchhoff’s voltage law
is used to model the internal current control, which
derives the following differential equation

%U — v, (1), (12)

where vy, (t) is the terminal voltage, v,,(t) is the
battery and supercapacitor voltage, i, (t) is the bat-
tery and supercapacitor current, L,, ,(t) is the induc-
tor filter and r,,, is the internal resistance of the
filter. The pulse-width modulation (PWM) is used by
the converter as a control strategy. Hence, v;

dm,n (t) Vde (t>

Lm,n + rm,nim,n(t) = Um,n (t)

m,n
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Referring to Fig. 4, connecting the switch to port 2
provides the reference current for the current control.
The reference current depends on the instantaneous
active power (P*) demand by the grid. The feed-
back control loop of the current control, which has a

plant T'(s) = is combined with a PI controller

1
'
Lys+ry B

s+ i,i.'m.'n.
Cy(s) = Cu(s) = kpmm% The equation of the
closed loop is compared with the first-order equation

H(s) = —LX—~. The PI controller gains are
TimnS+1
o Lm,n
kp,imn -
Tim,in (13)
~ Tmn
ki,imn —
Tim,in

where 7;,, =0.32ms and 7;, = 0.16ms. The dynamic
behaviour of the battery and supercapacitor decides
their current control loop design, which is based on
the dc/dc converter switching frequency. The control
loop of the battery’s current is designed to be slower
compared to the supercapacitor due to its inherently
faster charge and discharge rates.

The higher-frequency sinusoidal currents are pri-
marily smoothened out by supercapacitor instead of
the battery. Fig. 5 illustrates the outer control voltage
loop, which regulates the dc-link voltage and then
provides the total current reference i;. The reference is
then divided into two different components. The low-
frequency component i;,, is for the battery’s dc/dc
converter. The high-frequency component 7, is for
the supercapacitor’s dc/dc converter. The transient
components are allocated to the supercapacitor with
higher power density with the help of LPF, whereas
the remaining average component is received by the
battery. A cut-off frequency of 50 Hz has been selected
in this study. Table II provides the parameter values
for the converter, as well as the inner and outer loop
control gains.

TABLE II
PARAMETERS OF THE HESS CONTROLLER.

Parameter Value
Nominal voltage supercapacitor 300 V
Switching frequency 25 kHz

L filter
Supercapacitor capacity

re =003 Qand L. =4 mH
Rvolt =55V, Recap=1F
Eq.res= 0.5 Q, N.cells = 55
kp,ic = 25 and k; ;. = 187.5
kp,ve = 6.29 and k; e = 3.6 103

Current loop gains
dc voltage loop gains

340 V

25 kHz

rp, = 0.03 Q and L;, = 4 mH

R.volt = 3.6 V, Rbat =9 Ah
Eq.res = 0.12 €2, N.cells = 95
kp,ib =12.5 and ki,ib =93.75

Nominal voltage battery
Switching frequency

L filter

Battery capacity

Current loop gains

III. SIMULATION SETUP

The power quality of the system will be assessed
through a series of simulations conducted under dif-
ferent sea states. Key parameters such as the THD of
the grid current, the voltage ripple at the dc bus, and
the dc current ripple to the battery will be recorded to
evaluate the power quality.

A. Wave climate and electrical system topology

To investigate the impact of different sea states on the
system, the WEC will be subjected to different excita-
tion forces. The model is simulated for initial 2 seconds,
with a peak power of 67 kW and an average power of
37.2 kW, see Fig. 6. Specifically, a time duration from
1.2 to 1.4 seconds in the WEC power, highlighted by
dashed lines in the figure, will be analyzed to assess
power quality. To analyze the influence of the battery
and supercapacitor on power quality, three different
system configurations will be considered, which have
been discussed in Section II-C.

o]
o

Power from the WEC (kW)
N w H w ()] ~N
o o o o o o

-
o

o

0.4 0.6 0.8
Time (s)

Fig. 6. Power from the WEC during the high sea state, used as
input for the electrical system. Average WEC power is marked with
a horisontal dashed line. The time span for analysis is marked with
vertical dashed lines.

B. Selection of data for analysis

For each case, a range of set points (2, 5, 10, 15, 20,
30, 40 and 48 kW) will be employed to determine the
active power injected into the grid. The battery size has
been chosen to ensure a constant injected active power
as dictated by the set point.

In order to conduct an accurate analysis of harmonic
content, a sufficient number of periods is necessary.
However, due to variations in the current amplitude
during each WEC power cycle, the accuracy of THD
calculations is compromised. To enhance accuracy,
fewer cycles will be used for analysis, albeit at the
expense of lower resolution. Specifically, five cycles will
be employed for analysis.

As the battery charge current fluctuates during op-
eration, the ripple of the current will also change. To
calculate the ripple factor of the battery charge current,
a time interval from 1.3 to 1.333 seconds has been
chosen to represent the charge current.

IV. RESULTS

In order to comply with grid standards, it is nec-
essary for the THD of the grid current to be below
5%. This study aims to investigate the impact of vari-
ous energy storage configurations (no storage, battery-
only, or battery with a supercapacitor) on the THD of
the grid current, as well as the ripple voltage at the
dc bus and the ripple of the battery charge current.
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Simulations have been conducted for different levels
of injected power into the grid, using the WEC power
profile depicted in Fig. 6. By varying the injected d-
axis current, the injected active power is adjusted from
2 kW to 50 kW.

In the case of no energy storage, all available power
from the WEC is directly injected into the grid. As
shown in Fig. 7, the THD exhibits an inverse rela-
tionship with the injected power. Notably, without
energy storage, the THD remains consistently higher
for lower injected power and fails to meet the 5%
grid standard. The THD meets the 5% grid standard
with the increment of injected power. However, when
a battery is employed, along with the inclusion of a
supercapacitor, the THD remains unchanged. At the
lowest set point, the THD is slightly above 5%, but
decreases to 0.25% at 48 kW injected power.

Fig. 8 illustrates the voltage ripple of the DC bus.
Without energy storage, the ripple is measured at
0.56% for low power and decreases to 0.1% for the
highest power level. The inclusion of a battery reduces
the ripple to 0.04%, but increases with higher power
levels to 0.1%. Incorporating a supercapacitor leads to
a greater ripple, consistently at 0.09% independent of
power level. The supercapacitor controls the dc link
voltage in the case of HESS control. The supercapacitor
has a faster charge, discharge rate and low energy
compared to the battery, leading to a slightly higher
ripple at the dc bus voltage.

Examining the ripple of the battery charge current,
as displayed in Fig. 9, reveals the impact of using only
a battery or combining a battery with a supercapacitor.
The data demonstrate that adding a supercapacitor
reduces the ripple across the entire range of injected
power. The supercapacitor substantially reduces the
ripple factor for low power, from 1.28% to 0.09%, and
for high power, from 36.08% to 1.36%, resulting in
a reduction of the ripple factor by a factor of 14-26.
The data shows that the current ripple while using a
supercapacitor is less dependent on the injected power.

18 . .
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?14> No Storage
s
A 12}
I
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o
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3 61 IEEE THD limit |
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\
2 ®\®
T O-0-——9--——g9__0o
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Fig. 7. Calculated THD of the grid current for the three simulated
cases: No storage, only battery storage, and HESS.
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Fig. 8. Calculated ripple of the dc bus voltage for the three simulated
cases: No storage, only battery storage, and HESS.
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Fig. 9. Calculated ripple of the battery current for two of the
simulated cases: Only battery storage, and HESS.

V. CONCLUSION

Simulations of a range of injected power to the
grid have been conducted for three cases: No storage,
a battery storage, and a combination of battery and
supercapacitor. The power quality analysis focuses on
the THD of the grid current, the ripple of the dc bus
voltage, and the ripple of the battery charge current.
Without an energy storage, the THD of the grid current
only meets the grid code requirement IEEE 519-2022
of below 5% for high power injected to the grid.
Introducing a battery significantly reduces the THD of
the grid current, enough to fulfill the requirement for
all injected power except very low levels. The battery
also heavily reduces the ripple factor of the DC bus
voltage. To reduce stress on the battery, the use of a
supercapacitor effectively decreases the ripple of the
charge current by a factor of 14-26, and also allows
the battery current ripple to be less dependent on
the injected power. However, it should be noted that
the introduction of a supercapacitor also increases the
voltage ripple on the DC bus, but the impact is less at
higher power. This is because the supercapacitor has
a much faster charge, discharge rate and low energy
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compared to the battery, leading to a slightly higher
ripple at the dc bus voltage. In absolute numbers, the
voltage ripple factor is still very low, 0.56% without
energy storage and below 0.1% for the either battery
or HESS.
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