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Abstract: The aim of this paper is to present a methodology for dimensioning an energy storage
system (ESS) to the generation data measured in an operating wave energy generation plant connected
to the electric grid in the north of Spain. The selection criterion for the ESS is the compliance of
the power injected into the grid with a specific active-power ramp-rate limit. Due to its electrical
characteristics, supercapacitor (SC) technology is especially suitable for this application. The ESS
dimensioning methodology is based on a mathematical model, which takes into account the power
generation system, the chosen ramp-rate limit, the ESS efficiency maps and electrical characteristics.
It allows one to evaluate the number of storage cabinets required to satisfy the needs described,
considering a compromise between the number of units, which means cost, and the reliability of
the storage system to ensure the grid codes compliance. Power and energy parameters for the ESS
are obtained from the calculations and some tips regarding the most efficient operation of the SC
cabinets, based on a stepped switching strategy, are also given. Finally, some conclusions about the
technology selection will be updated after the detailed analysis accomplished.

Keywords: supercapacitor; energy storage; wave energy; dimensioning; efficiency; grid code;
renewable energies

1. Introduction

The increased environmental awareness together with the fossil fuel availability
reduction, have fostered the development and integration of renewable energy sources
(RES) in the last decades [1]. In this sense, hydro, solar, and wind energy sources have
been extensively researched and consolidated, whereas other RES as wave energy remain
a few steps behind in terms of technology readiness level (TRL). Regarding wave energy,
and given the significant potential enclosed in the waves [2], several wave energy farms
have been deployed and tested, particularly in areas with high oceanic resource [3]. Thus,
the numerous projects developed during the past years in Europe, United States, and
Asia have pushed the wave energy technology to a precommercial state (TRL 7), and the
first commercial projects are expected to be implemented in niche markets in the near
future [2,4-6].

This paper focuses on wave energy converters (WECs) as the device selected for
extracting the wave energy and converts it into electricity. For a thorough review of WECs
and other wave energy devices, see [7].

The aforementioned integration and connection of wave energy farms, each one
composed by a set of WECs, is not exempt of drawbacks. As with other non-dispatchable
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RES (wind and solar energy), wave energy farms can have a considerable impact on the
stability, quality, and reliability of the power grid [8,9]. Given the intermittent nature of the
source, i.e., the waves, the power generated by a WEC also follows an intermittent profile
with severe power fluctuations [10]. As a result, the power grid can suffer from sudden
frequency deviations, and voltage distortion such as harmonics or flicker [9-11]. These
frequency and voltage issues may cause the wave energy farm to not be compliant with
the grid codes of the transmission system operators (TSOs) and, hence, make wave energy
farms not suitable for being included in the electricity generation mix of a country [8].
In [12,13] an introduction about the study on grid compliance and standardization of
renewable generation and other energy systems connected to the power grid is provided.
In [13-17] the grid codes of different countries (European and non-European) and the
corresponding projects about renewable power are compared and summarized. The impact
of grid code regulations on stability is also analyzed. Additionally, these papers provide
the information about the future trend of grid code requirements. The main requirements
in most of grid codes include reactive power, frequency regulation, fault ride through,
power quality, and communication.

Several solutions for solving this issue have been proposed in the literature, including
advanced control strategies [18-20] and proper WECs location in the wave energy farm [21].
In [22] an active control for a tidal turbine is developed to grid code requirements in terms
of active and reactive powers (P, Q) and, conversely, the voltage at the point of common
coupling and reactive power (U, Q). However, the most promising solution for solving
power quality issues, which encompass the vast majority of articles of this topic, is the
utilization of an energy storage system (ESS) for a combined operation together with the
wave energy farm. In this sense, the ESS will store energy when the power generated
by the WECs overcomes a certain value, and it will deliver power when required by the
control strategy [21].

Different energy storage technologies have been analyzed in the literature for being
integrated with WECs, aiming for grid code compliance: battery energy storage system
(BESS), flywheel energy storage system (FESS), and supercapacitor energy storage system
(SCESS) or a hybrid energy storage system (HESS). All three technologies are able to
provide a fast response in the range of 10-50 ms when the control strategy demands
it [23,24].

BESSs have been studied in [25] for a combined operation of a wind turbine and
a WEC, including a predictive control in order to not overcome the maximum power
fluctuations allowed by the Irish grid code and the UK national grid code. The work
published in [26] uses a BESS for smoothing the output power of a WEC, in order to have
an acceptable power quality for a general grid code defined by the authors.

FESS have been studied together with a wave farm in [27] for controlling the power
output of the complete installation, aiming for being compliant with the Nordic grid code.
The authors in [27] develop a control based on three stages, achieving a reduction up to
85% in the power output peak. A control strategy is proposed for power smoothing in a
hybrid wave energy plant. The control strategy is based on a power filtering process.

Grid code compliance with SCESS has been studied in [28,29], validating control
strategies for compensating WEC power oscillations. A finite predictive control is applied
to the study proposed in [28], where the SCESS is located in the DC link of the back-to-
back power converter. The analysis performed in [30] include an experimental validation
in a laboratory test bench of a control that includes a state of charge compensator for
the SCESS. In [30] a SCESS is studied to smooth the power extracted from waves by a
grid connected linear electric generator. A complete model of the system is developed in
Simulink-MATLAB to test the system under varying system conditions (faults with and
without the SCESS).

Another possibility is to use a hybrid energy system (HESS) consisting of two different
storage technologies. For example, in [29] a power management system for a grid connected
OWC wave energy converter with a HESS (battery/SC) is proposed. Performance of the
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control system is evaluated in two case studies, fixed and variable operating speed. In [31]
an optimization algorithm is aimed at splitting the power required between the battery
and SCs of a HESS. This ESS is used to smooth the power oscillations for a wave energy
conversion connected to the public grid. The proposed algorithm, among other things,
considers minimizing the losses of the storage system and maximizing the battery lifetime.

Apart from those three ESSs, other authors decided not to select a specific ESS, but
studied the application of a generic ESS together with a WEC. In this sense, authors in [32]
combined a wave farm model with a small ESS for being compliant with the Irish, UK, and
Nordic grid code. The study includes a modeling strategy for the wave-to-wire system
of WEC arrays. Moreover, the work published in [33] studied the integration of a generic
ESS for achieving the grid code requirements at the point of common coupling (PCC),
using real location data. The authors also propose a real-time technique for the centralized
control of the wave farm, which is validated in critical scenarios such as weak grids.
In [34] an adaptive energy filter is proposed to smooth renewable power fluctuations in
function of the input power level. The novelty of this paper resides in the robustness of
the proposed filter against changes in the level of the generated power (fluctuating in the
case of renewable sources). This method is generic and it can be applied to any ESS (BESS,
FESS, SCESS, and SMES).

As it has been described above, the combined effects of using a WEC with different
ESS has been analyzed, and the benefits for meeting the grid code requirements are clearly
stated in the literature. However, from an industrial point of view, knowing that including
ESSs is beneficial for integrating wave energy in the grid is as important as knowing the
proper size of the ESS, in terms of power and energy. ESSs are expensive equipment, and
under or oversizing can result in premature degradation and incompliancy with the grid
codes, or unnecessary economic investment, respectively. Hence, ESS dimensioning studies
for wave energy become of the utmost importance.

In this regard, the works published in [3,24] propose a dimensioning methodology for
a generic ESS integrated with a WEC, without focusing on a specific technology, and based
on efficiency and grid code compliancy in terms of frequency. Authors in [24] include a
methodology validation for non-regular waves. A further validation with real data from
Tenerife is performed in [3]. Moreover, authors in [35] proposed a SCESS dimensioning
methodology, which includes an ageing model without temperature dependence, and with
no particular focus on grid code compliancy.

For wave energy applications, SCESSs and FESSs perform better that other ESSs in
terms of efficiency [36]. Although SCESSs and FESSs present similar characteristics in terms
of TRL, power and energy range and number of cycles [23], SCESS is the ESS technology
selected by the authors to perform the analysis of this work, since power and energy levels
are appropriate, a better economic alternative has been found in terms of € /kW and the
system fits better within the available space at the power plant.

A case study is proposed to illustrate the methodology, with the real profile of a wave
power generation plant and a real SCESS. To reduce fluctuations in the power delivered
to the power grid a specific active power ramp rate (%/min) is set. It is a characteristic
parameter of the grid code standards. The proposed methodology allows the establishment
of other types of limitations that conform to the existing grid codes in different countries.

The paper is structured as follows: in Section 2 the wave power generation plant on
which this study is based is described, in Section 3 the SCESS cabinet on which the complete
SCESS (technology, power loss calculation, and efficiency map) is based is described, in
Section 4 the results obtained from a simulation model that integrates both the SCESS and
the wave generation profile are presented and commented and, finally, in Section 5 some
final conclusions are detailed.

2. Wave Power Generation Plant

The study of using supercapacitors (SCs) as a storage solution for systems that harvest
energy from waves to comply with the grid code is based on the wave power generation



Energies 2021, 14, 985

4 0f 20

13.2 kV/460V

plant located in the breakwater at the harbor in Mutriku (Spain). The plant was inaugurated
in 2011 and has been delivering power into the electric grid ever since. The technology
used to extract energy from waves is called the oscillating water column (OWC) with
a total installed power of 296 kW, comprising 16 equal turbines of 18.5 kW each [37].
The principle of these oscillating water column converters (OWC-WECs) is based on the
pressure variation of the air contained in a chamber when the wave motion enters it. When
the wave arrives, the contained air is expelled at high pressure through an orifice located
at the upper part of the chamber. The air drives a turbine whose shaft is coupled to an
electric generator. When the wave retreats, the water level in the chamber decreases. This
causes the pressure inside the chamber to drop and the air to be sucked in through the
upper hole. The turbine always rotates in the same direction regardless of the direction of
air circulation, so that the rotation in the shaft is more or less continuous. The connection to
the local distribution grid of the generation plant is made through a 460 V/13.2 kV power
transformer. Figure 1a shows the electrical diagram of the wave power generation plant
connected to the grid. Figure 1b shows an aerial image of the power plant.

()

(b)

Figure 1. (a) Electrical diagram of the wave power generation plant and (b) aerial photo of the wave power generation
plant integrated in the breakwater of Mutriku port.

3. Description of an Energy Storage System Based on SCs

Electric double layer capacitors (EDLCs) [30], commonly known as supercapacitors,
are electrochemical capacitors composed of two conductive porous electrodes immersed
in an electrolyte, between which a separator is placed. The electrodes are based on a
sheet, usually made of aluminum, covered by activated carbon or carbon nanotubes.
The electrolyte is the key element in determining internal resistance or equivalent series
resistance (ESR). Nonaqueous solutions, such as acetonitrile or propylene carbonate, are
often used because they support higher stress. The separator must allow the circulation
of ions but avoid contact between the two electrodes. SCs, like conventional capacitors,
store charge electrostatically and there is no charge transfer between the electrode and the
electrolyte. EDLCs use double electrochemical layers to store energy. When a voltage is
applied between the electrodes, the charge accumulates on the surface of the electrodes.
Following the natural repulsion of oppositely charged, ions in the electrolyte solution
spread through the separator into the pores of the oppositely charged electrode. These
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double layers, together with an increase in surface area and a reduction in the distance
between electrodes, allow SCs to achieve energy densities much higher than those of
conventional capacitors [38]. Since there is no charge transfer between the electrolyte
and electrode there are no changes in the chemical composition. For this reason, the
storage of charge in EDLCs is reversible and is not associated with a significant loss
of capacity with the number of charge and discharge cycles, which is not the case in
electrochemical batteries.

SCs are especially suitable devices for high power applications with a relatively low
energy capacity compared to batteries [39,40]. It has a lower cost than batteries in terms of
power, a complete cycle efficiency of around 95%, the possibility of a high number of charge-
discharge cycles (up to a million as per the datasheets) and a useful life of 20-25 years. The
operating temperature range is between —40 and 60 °C, much wider than that of batteries,
without significant impact on their response. The energy that a capacitor of any type is
capable of storing is dependent on its capacitance and its voltage. The capacitance (C) is a
constructive parameter related to the electrical charge that the device is capable of storing
and that depends on constructive aspects such as the permeability of the dielectric, the area
of the metallic plates and the distance between them. On the other hand, the maximum
voltage between terminals depends on the insulation conditions of the dielectric that is
between the two electrodes that make up the SC.

Regarding capacitance, it should be taken into account that EDLCs are not linear
capacitors, but that the capacity depends on the voltage, as shown in Figure 2 [41,42].
In the case of cells, manufacturers provide values for capacitance and ESR. The capacitance
value is only a mean value in the voltage operating range. For the basic cell upon which
this study was based (BCAP3000 commercialized by Maxwell in the past) the maximum
capacity value at the beginning of the operational life was above 3000 F, being 3000 F
was the mean value. To model this evolution of the capacitance, an experimental loading
process was performed in which measured capacitance was calculated in small voltage
increments. Figure 2a shows the evolution of capacitance with voltage. It presents a
quadratic relationship with the voltage as indicated in the following equation:

C(V) = —95.756-V? + 613.58-V + 2216.6 1)

V: Voltage measured in the terminals of the SC (V);
C (V): Capacitance as a function of the voltage (F).
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Figure 2. (a) Evolution of the capacitance value as a function of the voltage in the BCAP3000 cell and (b) schematic of the

electrical circuit used to model the behavior (voltage) of the supercapacitors (SCs).

An appropriate dimensioning of any storage system must take into account the power
losses. The fundamental losses in the SCs are produced in the separator, in the positive and
negative current collectors and in the positive and negative porous electrodes [40]. The
total resistance of each of these parts is included in the ESR. It must be taken into account
that the ESR value is not constant, but depends on the voltage in the cell, the temperature
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and the frequency of the current that passes through the cell. To model the losses in the
SCs, which will be explained later, an electrical circuit like the one shown in Figure 2b is
used [41].

Another difference between batteries and SCs is that, while in batteries the voltage
is relatively constant regardless of the state of charge (SoC), in SCs the voltage is more or
less linear with the SoC. For this reason, the integration of this type of ESS into industrial
applications is usually done through DC/DC power converters. This characteristic means
that the SCs cannot be fully discharged, since working at too low of a voltage would greatly
penalize the performance of the power converter. For this reason, it is common to define
a discharge limit up to half their maximum voltage, which means using % parts of their
theoretical energy, as can be seen in Equation (2).

N —

1 Upax )2 1 3
Eqvaitablel = 'C'(U%/IAX - UZZ\AIN) = E'C' (ulz\/IAX - ( > ) = E'C'UIZ\AAX'i (2)
Upax: Maximum operating voltage measured on the SC (V);

Upin: Minimum operating voltage measured on the SC (V);
C: Average value of SC capacitance (F).

3.1. Description of the Real SCESS Module on Which this Study Is Based

The unit module of SCs is made up of 8 drawers connected in series as shown in
Figure 3. Each of the drawers has, in turn, 30 units of BCAP3000 cells connected in series.
The main electrical characteristics of each cell are a nominal voltage of 2.7 V, capacity of
3000 F, and energy of 3 Wh. Therefore, the nominal capacity of the cabinet was 11.7 F
and the total energy available was 500 Wh. If each cell is discharged to half its voltage,
the total energy available is % of the total energy. Despite this fact, and as mentioned in
the previous point, the minimum working voltage of each cell was set at half the nominal
voltage so that the performance of the DC/DC converter that connects the SCESS with the
DC bus does not decrease considerably. Therefore, the theoretical operating voltage range
of the cabinet was approximately 381-636 V. The cabinet was provided with 16 electronic
boards to measure the voltage evolution of each cell. Another 30 temperature measurement
channels were also used to monitor the maximum temperature of the cells and check it
did not exceed 65 °C. Analog measurements of voltage and temperature were monitored
due to a Concerto F28M35H52C microcontroller commercialized by Texas Instruments
(12500 TI Blvd., Dallas, Texas 75243 USA) that was placed inside the same cabinet. This
microcontroller acted as a web server to access the temperature and voltage measurements
via the internet.

The cabinet had a cooling extractor turbine located in its upper part. The rotation
speed of this turbine varied depending on the temperature in the cells. Additionally,
each of the cells has a hardware protection system so that the cells did not exceed their
maximum voltage. In addition, this system allows the total voltage to be balanced so that
it is distributed equally among all the cells. Figure 3a shows the state of the cabinet during
a balancing process.

3.2. Operation Limits and Calculation of Power Losses and Performance of the SCESS

As mentioned above, in order to decide which storage system is best suited to a
certain application, it is very important to consider its energy efficiency. In general, storage
systems are complex non-linear systems and it is not easy to know their performance
over the entire operating range. One of the parameters on which efficiency depends is the
state of charge (SoC), that is, the operating point at which the system is working. In the
case of SCs, efficiency is a function of current and voltage (SoC = f (V)) at each moment.
In the present application the ESS, formed by supercapacitors, is connected to a DC bus
through a DC/DC converter. Therefore, to calculate the overall efficiency it is necessary
to also take into account the performance of this converter. Another parameter on which



Energies 2021, 14, 985

7 of 20

the efficiency of the ESS depends is the duty cycle. It is necessary to take into account the
frequency with which the SCs are charged/discharged, because, among other parameters
(temperature), the value of the series resistance (ESR) depends on this frequency. Therefore,
when a performance value is provided, the associated duty cycle must be specified. In
the sizing of the storage system for the present application, the overall performance of the
set composed by the electronic converter and the SCs for each operating point has been
considered. The process followed to calculate these losses is explained in the next points.

Figure 3. (a) Image of one supercapacitor energy storage system (SCESS) module during a voltage balancing process

between cells and (b) image of one of the eight drawers that make up the SCs cabinet upon which this study is based.

As has already been commented, the SCESS is connected to a DC bus through a power
converter. Another converter, connected between the electrical grid and the DC bus, keeps
the voltage value of this bus at 950 V. This DC/DC converter regulates the charge/discharge
current according to the received power command. The maximum power and energy
available for each SC cabinet (unit module) is 125 kW and 0.5 kWh respectively. These
values correspond to the following operating limits for each cell that makes up the SC
cabinet:

USUPERCAP_max: 2.65 V;
®  UsuUPERCAP_max: 0-6-Unmax;
i ISUPERCAP_max: 200 A.

The nominal voltage of each cell was 2.7 V (absolute maximum voltage is 2.85 V), but
the maximum operating value was set at 2.65 V for two reasons. The higher the voltage
in the SCs, the more accelerated their ageing. Reducing the maximum voltage by 0.05 V
greatly lengthened the lifetime of the SCs. On the other hand, the ESS was formed by a
series connection of cells and the distribution of the total voltage between all of them was
not perfect. To ensure that the voltage in any cell was higher than 2.7 V, 2.65 V was set as
the maximum value. The total working voltage range of each cabinet will be 382-636 V.
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These limits imply an input and output voltage ratio in the DC/DC converter of 1/3-2/3,
which did not significantly restrain its performance [43].

3.2.1. Power Losses in the Equivalent Series Resistance (ESR)

In order to calculate the performance of the storage system, in addition to taking into
account the efficiency of the storage system (ESR losses) and the converter, the losses in the
connection plates, in the cables and in the voltage balancing system were calculated [36].
In this case, the variation of the ESR and capacitance with the temperature in the cell was
not considered, since each cabinet had a cooling turbine in the upper part that maintains
the temperature of the cells in the working range of 25-40 °C. In this temperature range
the variation of both parameters (ESR and C) was very small. Regarding the variation of
capacitance with frequency, it was not studied in this paper, only analyzing the variation
with voltage.

To calculate the power losses in the ESR, Equation (3) must be taken into account:

Pesgr(t) = Usc(t)-isc(t) 3)

Prgr(t): Instantaneous power losses;
Usc(t): SC voltage;
isc(t): Instantaneous current through the SCs.

If the current is considered as a periodic function of period T, it can be written as a
Fourier series:

isc(l’) = -iolsc(i)-sin(iwt—ﬁ—ﬁi) 4)
i=0

Isc(i): Harmonic component of the current;
w: Angular frequency.

The voltage across the ESR can be expressed as:

uESR(t) = J'io ESR(iw)~ISC(i)- sin(iwt + l9i) 5)
i=0

Ugsr (i): Voltage across ESR
ESR (iw): ESR value for each frequency

If Equations (4) and (5) are multiplied, the expression for the instantaneous power
losses in the ESR is obtained. Applying the Lagrange identity and the orthogonal property
of sine and cosine the total power losses can be expressed as [40]:

400 2 ..
Pesr(t) = Ijus: [Z ESR(iw)- ;zc( )] = Ims ESR(eq) (6)

i=0 rms

Irpms: r.m.s value of the current;
ESR (eq): Total ESR.

To calculate the equivalent resistance in series for each frequency, it is necessary
to complete an analysis of the SCs in the frequency domain. This analysis is based on
experimental tests and on the design of a simulation model whose frequency response
is adjusted to the results obtained experimentally. A complete analysis of the frequency
response of the cell model (BCAP3000) on which the present study is based is presented
in [44]. In this way, using Equation (6) the efficiency (17gsgr) of the SCESS cabinet can be
calculated including the losses in the ESR for a given duty cycle (frequency) as per:

uSC . Irms (7)

sk = USC'Irms + PESR
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Usc: SC voltage;
Iims: rms value of the current through the SC.

Figure 4a,b shows the evolution of the power losses in the ESR and the efficiency of
the ESS as a function of the current flowing through the SCs and the voltage measured at
the terminals. As expected, the higher the current through the capacitors, the higher the
power losses in the ESR.

ESR Losses (W) Efficiency Npesz (%)
200 200 - 100
180 3000 180
160 [ — 160
2 140 2 140 98.5
E 120 2000 = 120
g 122 o g 1(8)((: 97
3 — 500 5]
60 1000 60
40 40
500
20 20
0 0 0 95.5
380 430 530 580 630 380 430 480 530 580 630
Voltage (V) Voltage (V)

(a) (b)

Figure 4. (a) Power losses in the equivalent series resistance (ESR) as a function of the current and voltage measured in the
SC cabinet and (b) efficiency map of the module due to ESR losses.

3.2.2. Voltage Balancing System Power Losses

As mentioned above, the ESS was made up of a series connection of cells, whose
maximum voltage was 2.65 V, in order to achieve voltage levels more typical of industrial
applications. Due to manufacturing tolerances, not every cell has the same capacitance or
ESR, which means that the distribution of the total voltage between the different cells is not
exactly the same. Therefore, there is a voltage supervisor hardware that prevents any cell
from exceeding the voltage limit value (2.7 V) and facilitates the equitable distribution of
voltage [45-47]. This system is based on the dissipation of the power in a resistance when
the voltage in any of the cells exceeds a predetermined threshold value (approximately
2.6 V). Below this value the protection system does not work. The current and resistance
where that current is dissipated is known, so the power losses can be derived from voltage
measured in the SCs as follows:

PV_Bulancing = RDIS'II%)IS(U) (8)

Py _Balancing: Voltage balancing system power losses;
Rpjs: Power dissipation resistance;
13,5 (U): Current dissipation as a function of the measured voltage.

Figure 5 shows the power losses map of the voltage balancing system as a function
of the current flowing through the ESS and its voltage. Compared to the power losses
calculated in the ESR, these losses can be considered negligible.

3.2.3. Cooling System and Electrical Connection Plates Power Losses

Each SCs cabinet has an extractor cooling turbine on top because a natural cooling
system is not sufficient for these power requirements. It is a variable speed turbine whose
control depends on the temperature measured in the SC cells. The higher the temperature
in the cells, the higher the rotation speed. The objective of this refrigeration system is to
keep the temperature of the SCs below 40 °C. It is known that SCs age faster the higher
the stress to which they are subjected and the higher their temperature [45]. Ageing in this
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ESS type causes a decrease in C and an increase in ESR. This results in a loss of available
energy in the ESS with respect to its initial value and a loss of efficiency. On the other
hand, uneven aging between cells causes an imbalance in the distribution of the total
voltage and a limitation in the use of available useful energy. To calculate the losses at the
refrigeration system, an equivalent electrical circuit has been implemented using MATLAB-
Simulink [48] that models the refrigeration flow. Additionally, a turbine regulation curve
has been established to improve its efficiency. Figure 6a shows the map of cooling system
losses as a function of current and voltage between terminals. It can be seen that the higher
the current, the higher the losses in the cooling system and in the connection bars. As in
the previous case, the losses are low compared to the losses in the ESR.

Balancing Losses (W)

200
180
160
140
120
100
80
60
40
20

Current (A)

0
380 430 480 530 580 630
Voltage (V)

@)

Figure 5. (a) Power loss map in the voltage balancing system as a function of current and voltage and (b) detail of the
connection plates between the cells and of the voltage balancing system.

Cooling Losses (W) Bus Bars Losses (W)
200 150 200
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Figure 6. (a) Power losses map of the cooling system as a function of voltage and current and (b) power losses map in the
connection bars between cells as a function of current and voltage.

Regarding the losses in the connection plates between cells [49], it must be said
that they have a certain resistance and consequently a power loss depending on the
current flowing through them. These are 3 mm thick aluminum plates supplied by the
manufacturer. The resistance value of each connection plate is given by:

-1
RcONNEC_PLATES = e )
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ESS VOLTAGE

320V-640V

RconNEC pLaTE: Resistance of connection bars;
p: Aluminum resistivity;

I: Connection plate length;

S: Connection plate section.

Therefore, the power losses in the plates (PconnEC_PLATES) are calculated as:

2
Pconnec_pLATES = Isupercap RcONNEC_pPLATES NOSUPERCAP (10)

IgupERCAP: Current through the SCs;
Nsupercap: Number of SCs connected in series.

3.2.4. Power Converter and Total Losses

Each SC cabinet was connected to a DC bus regulated at a voltage of 950 V through
a DC/DC converter that regulated the charge/discharge current of the ESS. This current
command was the consequence of the reference power value to supply/consume assigned
to the SCESS. The generation of this power command and the control of the complete
system will be explained in the next point. A 3-branch interleaved DC/DC converter was
used to exchange power between the ESS and the mentioned DC bus. This converter was
bidirectional in the current to allow both charging and discharging of ESS. Figure 7 shows
the topology and the input and output voltage levels of the converter [50,51].

The DC/DC power converter is a voltage source converter that regulates the charge/dis-
charge current of the ESS. The control strategy was designed to operate in the discontinuous
driving mode to improve its efficiency. The total current that passes through the SCs was
distributed among the three output branches of the converter. The converter was modeled in
MATLAB-Simulink to size the power components (filters, semiconductors, cooling system,
etc.) and to verify the operation of the converter with the designed control strategy. On
the other hand, the model implemented in MATLAB-Simulink allowed calculating the
converter losses to obtain, as in the previous cases, the power converter losses as a function
of the voltage and current through the SCs. The performance of the converter was calculated
according to Equation (11):

Ugc I
uSC I+ P, converter_losses

(11)

Hpower_converter =

Usc: Voltage of the SCs system;
I: Current through the SCs;
P onverter_losses: Power converter losses.

+F 1% 4F
+F 5

i)
[Xe]
3
<

Figure 7. Electrical diagram with the voltage levels at the input and output of the DC/DC converter used.

Figure 8a shows the power converter losses as a function of the voltage and current
through the SCs. Figure 8b shows the total efficiency of the power converter. The total
losses of the power converter were higher with higher currents. However, the relative
efficiency of the converter (with respect to the total power) was higher the higher the
current through the SCs.
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Figure 9a shows the total power losses of the SC cabinet as a sum of the previously
calculated map (ESR, balancing and cooling system, bus bars, and power converter losses).
Likewise, Figure 9b shows the total efficiency map of each cabinet as a function of the
current and voltage.

Power ConverterLosses (W) Efficiency Npconverter scs (%) o

= 97.5
< =
1 £

=

(4 g 95
3 o

925

30 430 480 530 580 630 9 ] %0

380 430 480 530 580 630
Voitage (V) Voltage (V)

(@) (b)

Figure 8. (a) Power losses map in the DC/DC converter as a function of the current and voltage in the SCESS module and
(b) efficiency map in the DC/DC converter as a function of the current and voltage in the SCESS module.
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Figure 9. (a) Total losses map in the energy storage system (ESS) (sum of all commented power losses) as a function of
current and voltage and (b) total efficiency map of the SC cabinet as a function of current and voltage.

4. Description and Results Obtained from the Simulation Model Developed

This section analyzed the case study chosen for the sizing of a SCESS that allows the
power injected into the grid by a wave power generation plant to comply with the grid code
standards. The generation profile studied is that of the Mutriku port plant located in Biscay
(Spain) and managed by Biscay Marine Energy Platform (BIMEP) [52]. The representative
study period is slightly longer than 1 month, from 7 May to 19 June 2020. The sampling
time of the power measured during this period was 1 s. Figure 10 shows the wave power
generation profile generated by 3 of the 16 water column converters during said period
(in blue). The total power generated by the plant (in red) is also displayed (N.B.: criterion:
negative sign is generated power). It can be seen how the power generated by the OWCs is
highly variable due to the oscillating nature of the wave resource itself [53]. The generation
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peaks can reach values of up to 10 times the mean value. Just as a curiosity, the maximum
power peak in the generation period occurred on June 11, with a value of 163 kW.

MUTRIKU POWER PLANT GENERATION (kW)

<O T

G G L

Figure 10. Power profile of three representative turbines of the wave power generation plant and
total power in a stretch of time of the period studied.

4.1. Scheme of the Model Elaborated in SIMULINK-MATLAB and Its Input Parameters

For this study, a model has been developed using MATLAB-Simulink that includes
the power generation data from the wave power plant for just over a month, the storage
system based on several units of a real SC cabinet and the profile of the power that is
exchanged with the electrical grid to comply with the different grid codes [54]. The ESS
reference power profile is the result of subtracting the power from the generation plant and
the target power profile to be injected into the grid [55,56]. The ESS, in addition to the SC
cabinets, also integrates the DC/DC power converter. The scheme of the Simulink model
is shown in Figure 11.

q _ A
AC P 4 D C
bl — — 460V/13.2kV
P P
WEC PeriD
—>
AC Pi6
bC . AC
Pwec
Wave Power Plant (Mutriku) P :
A % ower Grid
& w Inverter
Active power ramp rate
- ‘L Perip*
P ESS ¢
Pesss™*
P, Py §
(P1%,....Py+) DC DC
Control Strategy T DE T DE

of Power 1 1 I I
Converter (11,....1y) ;
+ e
Stepped (50C,....50Cy),
Switching ¢
control (TyeTo)

Voltage [V]

Figure 11. Simplified scheme of the model and control implemented in MATLAB-Simulink.

In order to be able to analyze all the available generation data, the full sample is
divided into 15 min sections. It is set as a reference that the energy balance of the complete
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storage system (AEESS) at the end of the complete generation period is zero. This means
that the SoC of the storage system at the end of the analysis is the same as the initial one.
In addition to the wave generation power profile, the other input parameters that the
model has are: the maximum percentage of the rise ramp of the wave generation profile
(% ramp-up/min) that can be injected into the grid, the ESS efficiency maps discussed in
the previous section and the electrical parameters of each SC cabinet (maximum power,
maximum and minimum voltage, available energy, and initial state of charge). From the
limit value of % ramp-up, the value of the maximum percentage of the ramp down of
the generation profile that can be injected into the grid was calculated so that the AEESS
at the end of the generation period is null. In other words, for each allowed value of
% ramp-up [57] there will be a value of ramp-down (%/min) that fulfills the previous
condition (AEESS = 0). On the other hand, the model integrates the instantaneous SoC of
each cabinet (voltage/current) to calculate the efficiency and the real instantaneous power
that each SCESS module is capable of supplying/storing. Table 1 summarizes the main
input parameters of the simulation model:

Table 1. Main input parameters of the simulation model.

Parameter Meaning Value
% ramp-up Maximum ramp-up (%/min) 10
Umax Maximum voltage per cell in the SC cabinets 2.65V
UmiNn Minimum voltage per cell in the SC cabinets 1.59V
SoC_INITIAL Initial State of charge of the SC cabinets 60%
Energy_ysaBLE Usable energy respect to the total energy of each SC cabinet 0.5 kWh
Prss MAX Maximum Power provided by one SCESS module 125 kW

4.2. Results Obtained in the Simulation Model

Starting from ramp-up value (%/min) of 10, the value of % ramp-down that fulfilled
that at the end of the complete generation period studied the AEESS = 0 was 7.22% /min.
The ESS energy balance was calculated from the ESS power profile throughout the genera-
tion period. The power profile of the ESS was the result of subtracting the wave generation
power profile and that same generation profile limited by the maximum ramp-up (%/min)
and ramp-down (%/min) allowed (target power injected to the power grid). Figure 12
shows the generation profile throughout the entire period (in blue) and the target power
profile that was injected into the grid after applying the aforementioned restrictions.

T X

-
v
o

— Power Wave kW

—— Power Injected kW

Power (kW)
3 8

7May 14May 21May 28May 4lJune 1l1lJune 18June
Year 2019

Figure 12. Profile of the generation of the plant (in blue) and theoretical objective profile to be
delivered to the grid after applying the power ramp-rate limit.

To evaluate the actual energy required for the storage system, the efficiency maps
calculated and introduced in the previous point were integrated, which incorporated
the losses in the elements that exist between the SCs and the connection point with the
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generation plant. Figure 13a,b shows the target power and energy profiles respectively of
the ESS throughout the generation period to comply with the established grid codes. The
maximum power requested from the storage system at the connection point was 111 kW
(11 June).

7May 14May 21May 28May 4June 11June 18June 7May 14May 21May 28May 4June 11lJune 18June

Time 2019 Time 2019

(a) (b)

Figure 13. (a) Power profile that the ESS has to supply to meet the active power ramp-rate limit requirement and (b) ESS

energy calculated in 15 min periods from required power.

Once the energy and power required from the ESS are known, the optimum number of
SC cabinets must be calculated to reduce the oscillations of the power delivered to the grid.
To do this, the joint cumulative distribution function of the power and energy required
from the ESS was calculated in 15 min steps throughout the entire generation period. This
function gives an idea of the percentage of time when the restrictions applied to the power
delivered to the grid can be met. Figure 14a shows the values of the normalized cumulative
probability of the ESS with respect to power and energy calculated in 15 min steps. Most of
the values were found at power figures above 20 kW and energy figures greater than 1400
Wh. On the other hand, areas in Figure 14b represent the areas relative to the percentage of
time that the power and energy needs are met as a function of the number of SC cabinets
chosen. Considering that each cabinet has a maximum power of 125 kW and an energy
of 500 Wh, the resulting black line is shown in black in Figure 14b. If three cabinets are
chosen, the percentage of time that the generation curve would be smoothed, complying
with the grid codes would be almost 80%. However, if four cabinets were selected, the
objective would be met 100% of the generation time on which the study was made. The
decision to install three or four cabinets will depend on a further analysis of the particular
consequences of the power oscillations in terms of frequency excursions. It can be observed
in any case that the ESS would be oversized in terms of required power for the present
application while fulfilling the energy requirements, more restricting in this case In other
words, the maximum current that each cabinet is capable of giving could be limited to
a value lower than the set limit of 200 A, seeking a more optimal ESS point of efficiency
complying with the established restrictions for the same percentage of the time.

Considering that 3 o0 4 SC cabinets would be required, the most efficient operation
would lead to switching between the SC cabinets according to the power and energy
needs, the strategy known as “stepped switching”. In this mode, a minimum power value
is set, which takes into account the SoC, below which the corresponding SC cabinet is
disconnected and another one with a higher SoC takes over and starts up. The maximum
power that each cabinet is capable of giving is a function of the SoC and the operating
point where it is located (in the efficiency map). What is sought with this strategy is that
the efficiency of the cabinets in operation is always above a certain threshold, applying
the efficiency maps and knowing the voltage and current that each cabinet is supplying.
Another possibility would have been the simultaneous operation of all the chosen cabinets.
That is, each cabinet would give the same power and would be working at the same
load regime all the time. The total power required would be equally shared among them.
However, this strategy known as “all-in, all-out” reduces the efficiency of the ESS as a
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whole compared to the efficiency achieved with the previous strategy [58-60]. Figure 15
shows the real power profile delivered to the grid for a 10% ramp-up, a 7.22% ramp-down
and an ESS made up of 4 modules of SCs.
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21 0.75 0.75 0.75 0.75 500
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Figure 14. (a) Cumulative power and energy distribution function in the ESS and (b) cumulated distribution function for
selection of the number of cabinets necessary to cover a certain number of cases of the proposed objective.
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Figure 15. Power profile delivered to the grid throughout the generation period.

Figure 16a shows the percentage of time with respect to the complete generation
period that each cabinet would work if 4 units were selected. On the other hand, Figure 16b
shows a sensitivity analysis of the mean value of the reference power to be injected into
the grid based on different grid codes (% ramp-up). Values from 10% to 23% (p.u./s) were
taken. These values will correspond to respective ramp-down values, always complying
that at the end of the generation period the energy balance in the ESS was zero. From the
box-and-whisker plot it can be extracted that the median (Q2) was very similar in all cases
as expected, around 20 kW. On the other hand, the atypical values of power delivered to
the grid were below 5 kW and above 40 kW.
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Figure 16. (a) Percentage of use of each of the four SC cabinets during the entire period studied and (b) box and whisker

plot showing the average reference power values that will be delivered to the grid based on different active power ramp

rate limits per minute (p.u./s).

5. Conclusions

This paper presents the methodology followed in the sizing of a SCESS in order to
reduce the power oscillations of a real wave power generation plant connected to the
electricity grid. The criterion followed to reduce the oscillations of the power injected into
the grid is to limit the ramp-up of the power delivered by 10%/min and the ramp-down by
7.22% /min with respect to the generation profile. This criterion is based on the application
of a grid code, which defines the requirements that a facility connected to a public power
grid has to meet to ensure a safe, secure, and economic proper functioning. In this case,
among all the parameters limited by the grid code standards, the active power ramp rate
limit specified by regional transmission system operator (TSO) of each country is studied.
For the sizing of the ESS, the calculated efficiency maps calculated of a real SC cabinet
(on which this study is based) were drawn up to analyze the real power that the SCESS
has to supply based on the measured current and voltage. Unlike other ESSs, such as
batteries, the voltage in the SC is more variable and must be properly considered in order
to try to operate, as far as possible, at the most optimal point of efficiency when there are
several storage modules (cabinets) working in parallel. For the study shown, a model
was developed in MATLAB-Simulink that integrated n modules of one ESS (SC + power
converter), the wave generation profile and the power profile to be delivered to the grid.

Additionally, to select the ESS units that were necessary in this application, the cumu-
lative probability of the ESS power and energy values (calculated in 15 min periods) that
satisfy the established criteria were studied. For the dimensioning of any ESS it is necessary
to find a compromise between the percentage of cases that the ESS covers and the cost
of adding an additional storage module. In this case, SC was considered an appropriate
technology for the present application (fast and high number of charge/discharge cycles).
It was obtained that four cabinets was the most “optimal” value with a percentage of
usage in all of them greater than 33%, although with just three cabinets 80% of power
compensation was achieved.

The dimensioning process was more restricting in terms of energy, obtaining, and
excess of power capability. By either considering three or four SC cabinets to compensate the
power oscillation, there was an excess of power. That was already identified in Figure 14b,
where the fact that the line representing the storage technology was quite far from the curves
knee. As a consequence, and although in this case it was initially selected SC as technology
for available space and economic reasons, it would be interesting to explore other solutions
such as flywheels, with a much better ratio energy /power for this application or even a
hybrid storage system should not be disregarded.
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Finally, it should be highlighted that this methodology can be applied to different
renewable generation plants (solar, wind, etc.) connected to the grid that have to comply
with grid code standards of different countries or regions.
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