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Abstract

This paper presents the design of DC micro grid with a load-based battery
discharge method for remote island electrification utilising marine currents and
solar photovoltaic. To anticipate the intermittent, a load-based battery
discharge method is proposed. A centralized battery storage is sized according
to the unfilled load demand by the marine current and the solar PV. Thus, the
length of the turbine diameter is varied to meet the optimum system size.
Hourly data of marine current speed from Cipalulu Strait in Maluku, Indonesia
is provided. Data at a typical time, shows that the marine current peak power
occurs every 6 hours perday, whereas the PV is at noon. The loads divide into
6 categories, including household 1, household 2, villagse office, school,
mosque, and public health center with the peak demand as 112 kW and 856
kWh perday. All loads, mainly for lightings and electronic equipment work in 24
V DC through converters. The distribution network employs 320 V DC
connecting from the power plan to the community residents. Simulations
demonstrate that the battery size, solar PV, and turbine radius matches to meet
the loads. Simulations also show that the battery utilization meets its current
and capacity, meaning that an optimum size and filling the load profile can be

Anzir_unkhair@yahoo.co.id smoothly conducted.

1. Introduction

The development of green electricity supply for rural and remote places has become a high priority in recent
decades, following the world program of the Sustainable Development Goals (SDG). To provide electricity in rural areas,
diesel generators are commonly used because of their easy and instant installation, but they are expensive in the
operation costs and generate emissions [1]. Other renewable energy sources include wind, solar power, marine/ ocean
currents, and waves [2], [3]. The marine current is an ideal power plant for small islands, typically with the strait. It
provides a high power of energy, easy to convert, and abundant.

Problems face the power system utilizing a marine current generator include the intermittent characteristics of
the current flow. The marine current of the system study, which is located in Capalulu Strait, Maluku - Indonesia, meets
the peak speed in every 6-hour within 24 hours. This causes an unfilled of load profiles by the source power.

Researchers have proposed hybrid systems to eliminate the intermittent problems [4]. A wind turbine may be
attached to form a hybrid energy system [5]. But, wind speed at the location may be weak and need a huge construction
to cover the load. Wind speed may also have unpredictable of supply during the entire year [6]. Another configuration
is a marine current and solar PV hybrid system [7]. The marine generator combined with the solar PV may fill the load
profiles during the day. However, when the speed of marine current reaches low during the night, the system may be
lack of power. Therefore, a battery storage is needed to meet the rest of unfilled load profile by the marine current and
the solar PV [8].

In order to improve the hybrid system efficiency and performances, selection of the battery parameters, the
battery placement, and the distribution network voltage is considered. The battery bank is included in the DC bus to
absorb excess power and discharge it when necessary. The battery attributes are evaluated based on the applied
parameters. These important parameters include the maximum amount of energy that can be stored discharge rate,
nominal voltage, battery capacity, battery life, number of cycles, and temperature [9]. The placement of battery banks
in renewable energy systems is generally centralized near the energy sources. This makes the maintenance and
monitoring easier. However, this method requires additional battery room, investment costs, and maintenance
personnel, which will be charged to the customer evenly. Centralized batteries also lose more power in the distribution
network. if one battery is damaged, it disrupts the whole system.

Distributed battery placement has several advantages. The battery releases energy according to the load
required, and the power losses due to the distribution network are smaller. When battery damage occurs in certain
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locations, it does not affect other locations. Distributed batteries do not require battery room investment and
maintenance costs. The existence of loT-based technology makes controlling and monitoring distributed batteries easy.

Small island communities commonly use electricity for lightings and supplying electronic loads, such as radio,
charging mobile phones, etc. A dc micro-grid becomes a suitable system for this typical community. The renewable
sources generate dc voltage, the distribution network applies dc voltage, and the housing system uses dc voltage. Due
to avoiding conversion of energy, the system efficiency is improved [10]. Adopting a DC home offers many benefits,
such as energy savings due to higher efficiency, minimum environmental costs, and more effective use of equipment
[11].

This study presents optimization and sizing design of a DC micro-grid utilizing marine current/ solar PV/ battery
hybrid system. It employs a load-based battery discharge method, which varies the turbine diameter, the solar PV
power, and battery capacity to meet the minimum cost of the system. A data set consisting of hourly marine current
speed for a typical year is provided. Simulations were conducted based on a typical day and month, considering the
minimum and maximum speeds, to represent the entire year marine current.

2. Modelling the System Study

Figure 1 depicts the entire system study. The system uses two renewable energy sources, such as solar arrays
and marine current generators. Both include converters to connect to the 380 V dc bus. A centralized battery storage
system is used, and the dc-to-dc converter regulates the battery voltage and charge-discharge cycles. When the
sources are insufficient, the battery also serves as a backup power source. The load voltage is 24 V dc, while the dc
bus is 320 V. In this research, where communities live in a remote small island employs six different customer types:
household 1, household 2, village, office, school, mosque, and public health center. The daily energy requirement is
856 kWh, with the peak load demand being 112 kW and the average power being 36 kW.
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Figure 1. The Configuration of the Proposed System

2.1 Load Characteristics

Dofa Village is one of the settlements near the Capalulu Strait where the system is located. 400 people live in
this village, which also has two schools, a village office, a mosque, and a community health center. With 230 pieces,
Households 1 is a straightforward and compact form. With 170 units, the households 2 is a larger variety. The equipment
utilized each day is used to compute the power load demand for each kind. The resistance (R) of the dc electrical
equipment is displayed in Table 1.
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Table 1. List of Appliances

Appliances Volt Watt R (Ohm)
Led 12 5 28.8
Fan 12 30 4.8
Television 12 60 24
Mobile phone 12 14 10.28
Laptop 12 45 3.2
Water pump 12 80 1.8
Medical tools 12 150 0.96

Table 2 lists the number of appliances for each consumer type. Each appliance's energy requirement is also
shown. The household 2 has the largest daily energy consumption at 441.32 kWh. The mosque has the lowest energy
usage at 23.76 kWh, mostly for lighting, fans, a water pump, and a sound system. Within a 24-hour period, the hamlet
will use 856.1 kWh in total.

Figure 2 displays the load profile for the entire community. The load profile for each customer type is also shown.
The following diagram illustrates how the load power and energy demand were calculated. The power on each piece of
equipment and the number of pieces of equipment (n) used determine the total amount of power used by the customer
(PL) Equation 1.

PL(W) = n.Pynie 1)

While EL is equal to the electric power from equation (1) times the operating time of equipment (t) as follows
Equation 2.

E,(Wh) = P,.t )
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Figure 2. Total Load Profile and Each Customer Category

For a 24-hour period, the energy demand (kWh) and the load profile (kW) are provided in hourly data. Table 2
lists the number of appliances for each consumer type. Each appliance's energy demand is also shown in the Table 2.
The household 2 has the greatest daily energy consumption at 441.32 kWh. The mosque has the lowest energy usage
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at 23.76 kWh, mostly for lighting, fans, a water pump, and a sound system. The village needs 856.1 kWh of electricity
in total per 24 hours.

Table 2. The Total Electrical Energy Consumed by Each Type of Customer.

Number of appliances Energy

Costumer Total Water Sound Medical Total
Led Fan TVPhoneLaptop pump  System 100l (KWh)

Household1230 3 1 1 1 1 1 0 0 240.58
Household2 170 10 3 2 4 2 1 0 0 441.32

Village

Office 6 2 1 5 5 1 0 0 26.22
School 2 6 2 1 7 6 1 0 0 58.37
Mosque 1 10 4 0 O 0 1 1 0 23.76
Public 7 3 1 5 5 1 0 3 6588

Health

2.2 The Distribution System

Marine currents generate electricity through the operation of a turbine connected to an AC generator. The
electricity is converted into dc system using an AC-to-DC converter [12] [13]. Solar PV also requires a DC converter to
regulate the dc output voltage [14]. Both generators produce DC electricity, which is fed into the DC bus and then a
battery bank is connected to it through a charge controller. The system configuration is shown in Figure 1. Batteries are
charged and used in accordance with load using a buck converter. A buck converter can reduce the bus voltage to the
battery's operating voltage [15] [16].

Each piece of equipment used in this investigation is powered by direct current (DC) voltage. A small battery in
the load may be applied to smooth the voltage. But, the proposed system assumes without small battery, since the
function is covered by capacitor inside the buck converter. The primary factor in selecting a DC-based power system is
that it offers enticing benefits in terms of ease of use, low cost, and efficiency [17].

3. Sources characteristic
The battery and the loads are supplied with electricity by two different power sources: a marine current generator
and solar photovoltaics.

3.1 Marine Current Generator

Using a turbine, marine current is able to capture energy from the underwater current flow [18]. To generate
electricity, a generator is connected. A wind turbine's properties and formula are comparable. Since the quantity of
power generated relies on the magnitude of the current speed as well as the size and kind of turbine utilized, the cross-
sectional area is computed by multiplying the height of the turbine by the diameter of the turbine [19]. Equation 3 gives
the amount of electrical power generated.

1
Pyc = E.p.Cp.A.v3 (3)

Pwmc is the power produced by a marine current turbine in the case (Watt). p is the seawater's density (1025
kg/m3). The power coefficient is Cp (value is 0.35). The area proportion of the fluid flow's final power is represented by
the value of Cp. A is the square footage per turbine in m2, while v is the marine current's speed in m/s.

3.2 Solar Photovoltaic Generator

The regions in equator, such as in Indonesia are favorable place for generating electricity using solar
photovoltaic (PV) [18]. Solar PVs can be placed in parallel or series [20]. Based on the radiation intensity or insolation,
a photovoltaic systems produce electricity in formula as follows Equation 4 [21].

Ppy =1.A.S (1 - 0.005 (T, — 25)) (4)

Where n is the PV cells' efficiency of conversion, A is the PV surface's area in m?, S is solar radiation (W/m?),
and Ta is the surrounding air's temperature (in degrees Celsius). Solar PV has various types of materials, resulting in
various conversion efficiencies. Solar PVs available in the market, in general, can be assumed having 15% conversion
efficiency. Thus, every meter square of PV surface generates 150 Watt when receiving 1000 W/m? solar insolation.
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Total power source (Pts) Equation 5 is formulated by the arrangement of the marine current (Pwmc), photovoltaic
(Pev), and battery power generation system [22].

Prg = Pyc + Ppy %)

To calculate the total energy generated (Ets) is found by multiplying each power in Equation 5 by each source
operation time (t), as written as follows.

Ers = Pyc-tyc + Ppy-tpy (6)

The unit for energy produced is Watthour (Wh) or kWh. The operation time of the marine current denotes as tmc.
The availability of solar insolation in a day (tev), in equator region is typically 4.2 hours equivalent to the peak sun (at
1000 Watt/m?).

4. Battery Charge and Discharge
Battery characteristic, e.g. charge and discharge is necessary for system performance analysis [23]. A battery
may hold the quantity of power is defined as follows Equation 7.

Ebat,max = Qpar-V (7)

Where Qvat is the battery's capacity (Ah), Ebatmax is the maximum amount of energy the battery can store, and V
is the battery's nominal voltage (Volt) [24]. The battery power meets the following Equation 8 criteria when it is being
charged or discharged.

Pgar = Prs — P, 8)
When Pgat>0, the battery gets charged because there is excess power coming from the sources. The DC-to-DC
Converter regulates the amount of power going into the battery [25] . However, if Psat = O, it's possible that the sources
won't be able to handle the loads, which will cause the battery to deplete.
4.1 Costing formula
The cost in this discussion is denoted by the letter C, and the unit cost by the letter U. The unit cost of power
capacity, Uw ($/ kW), multiplied by the power capacity installed, determines the cost of electricity generation (Cw) (P).
This method determines how much it will cost to construct a power plant. Another approach of costing can be based on
the energy produced. The generating cost (Ce) is calculated by multiplying the energy generated (E) by the energy
generating cost unit, Ue ($/kWh).
The following Equation 9 factors impact the price of a marine current power plant (Cwwc).
Cwyc(t) = Uwyc. Pyc ()]
Similarly, the generating cost for photovoltaic is as follows Equation 10.
Cwpy = Uwpy. Ppy (10)
The battery cost is Equation 11.
Cwgqr = Uwggt. Ppar (11)
As a function of time, the entire cost of a marine current, PV, and battery system is as follows Equation 12.
CWrotar (€) = Cwyc(t) + Cwpy (£) + Cwig, (T) (12)
Each hour of the day's load demand patterns, along with the use of marine currents and PV generators, is used
to determine the overall cost. It is expected that the total price includes the capital cost of all parts, including converters,

installation, etc. According to energy calculation, the whole cost of generating energy is calculated as follows Equation
13.
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Cerotar (t) = Cepyc(t) + Cepy(t) + Cepqe(t) (13)

The unit cost of the marine current energy generation is represented as Uemc = 0.56 $/kW, the PV power unit
cost is Uweyv = 300 $/kW, and the battery unit cost is Uesar = 132 $/kWh. The following Equation 14 relationship can be
used to convert the unit cost of energy production Ue to the unit cost of power production Uw.

U,, = Ugpq:-8760 (14)
Assuming that the system is active every day of the year, 24 hours a day.
5. Results and Discussion
The proposed system was created with an area in Eastern Indonesia, close to Sulawesi Island, in mind. Figure 3

depicts the location of the Cipalulu Strait. Data about the present speed are gathered for the entire usual month. For 30
days, the data is shown hourly.

Figure 3 The location of Cipalulu Strait
Figure 4 depicts the daily pattern of the Cipalulu marine current speed. It shows the speed in the first 5 days in a

typical month of Cipalulu Strait. The peak speed occurs every 6 hours perday. The highest speed is in the morning and
decreasing gradually till midnight. The pattern forms homogen from hour-to-hour and day-to-day in a month.

Marine Current Speed in a Typical Day of Month

Speed (M/s)

—o—Dayl =—®—Day2 =—0—Day3 -—¢—Day4 =—e=Dayb5

Figure 4. The Daily Pattern of Marine Current Speed at the First 5 Days of a Typical Month

The maximum speed perday for the whole typical month shows a sinusoidal waveform with period of 15 days, as
illustrated in Figure 5. Thus, in the entire 31 days, it appears to be a two-cycle sinusoidal waveform. The first cycle has
the maximum speed as 4.16 m/s and is reached on day 6. At day 12, the valley's lowest speed is 2.4 m/s. The second
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cycle begins on day 16 because there are two cycles in a month. Day 19 marks the second cycle's top speed, which is
4.42 m/s.

Daily Maximum Speed in a Typical Month

2
1.5
1
0.5
0

x5 A O AY A A5 AT A9 A D 5 g1 99 a2

Speed (m/s)
tn

Date

Figure 5. The Daily Maximum Speed of Marine Current in a Typical Month

Figure 6 illustrates the maximum and minimum speed in a typical day. The graph displays two curves, for
instance, during a normal month's daily peak and lowest speed variations. Commonly, a sinusoidal waveform with four
daily cycles results from the speed variation. The peak speed occurs every six hours or so. Early in the morning, a faster
wave is appear, and it weakens throughout the day. The maximum speed in a typical month of the data sheet is
discovered on day 19, when it is 4.4 m/s at 4:00 o’clock in the morning. The lowest speed is on day 27, when the
maximum speed is 2.21 m/s at 18:00 o'clock.

Daily Minimum Speed

PN = = == Daily Maximum Speed

Speed (m/s)

1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24

Hour of a Day
Figure 6 The Maximum and Minimum Speed in a Typical Day

The size of the marine turbine generator is determined using the presence data. The hourly load profile data and
daily PV power generated are used in the calculation. The system is made to imitate running for a full month. Then,
system component sizing optimization with the lowest cost as the result is carried out. The flowchart depicted in Figure
7 illustrates the optimization procedures. As can be seen, dynamic programming technique is used. In order to achieve
the best power and cost, the dynamic programming technigque uses a linear program that is simulated on Simulink
mathlab. A single 4.1 m-diameter turbine and a peak PV output of 60 kW, which requires 19 series and 17 parallel
connections, are required for the best results. Battery having a 1030 kWh capacity.
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Figure 7. Dynamic Programming Flowchart for the Optimization

Each component's size is changed by a certain increment. All associated variables are then calculated. The
diameter of the marine current is first determined, and the system is then used to operate for the greatest and minimum
daily speeds, which happen on days 19 and 27, respectively.
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Figure 8 shows the curves of excess power produced by the marine current generator vs the turbine radius, when
running under daily maximum and minimum speeds. The curves are used to determine the optimum turbine radius and
battery size considering the minimum system costs. These steps introduce the load-based battery discharge method.
Initially, the turbine diameter is set without the presence of solar PV. A turbine with a radius of 1.8 meters can supply
the load demand during the daily maximum speed, without any excess power. On the other hand, the turbine radius for
balancing the power is found as 4.1 meters when the system operating under the lowest daily speed. Thus, an optimum
turbine length can be placed between 1.8 meters and 4.1 meters, with additional battery storage. Solar PV may also
include in the system that will contribute to reduce the battery size.

7,000

6,000 [ m==—- Daily Maximum Speed

Daily Minimum Speed

5,000
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Excess Power (W)

2,000
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Figure 8. Turbine Radius and the Excess Power Produced

Figure 9 illustrates the battery balance cost as function of solar PV attached in the system. As can be seen, when
60 kW solar PV is installed, it provides the cheapest battery cost as USD$ 2,157. This is matched when the radius of
the marine current turbine is 4.1 meters.
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Figure 9 Cost of Battery Energy Balance
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The total cost of energy generation to meet daily load requirements is shown in Table 3. It includes the prices for
solar panels, batteries, and marine currents.
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Tabel 3. The Daily Cost of Generating Power
Generating Cost Overall Cost

Unit Parameters  Value

(Ce) (US$)
Marine  Uwwmc ($/kW) 3,900
41m)  Puc(kW) 146 56,9400
PV Uwev ($/kW) 300
(60) Pev (KW) 60 18,000 589,557
Baterai Uesat ($/kWh) 132 2157

Peat (KWh) ~ 16.34

Figure 10 depicts the profiles when the sources are the optimum size, with the marine current's diameter being
4.1 meters and the PV power being 60 kW. The total energy is made up of four peaks from marine currents and one
from solar PV energy.
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The curves for the total power source and the load profile are shown in Figure 11. The marine current generator
matches the peak power, and the battery meets the energy need. The process of battery charging and draining
determines the load needs. Ocean currents and solar PV energy sources are used to charge batteries. Depending on
the battery's condition, charging can be completed within 24 hours. While the battery discharge is likewise carried out
continuously over a 24-hour period. To satisfy the needs of the load, discharge is performed.
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The battery's state of charge can be used to observe the description of the charge and discharge operation
(SOC). This procedure (SOC) is displayed as a percentage, showing the percentage of battery state over the course of
a month. The rate of the marine currents, the load, and solar photovoltaic power all have an impact on this process.

100
<
S
< o5
(]
o
S
©
e
O
5 H
o 90
(]
L
@©
S
n
85
80
O AN M TN ONVNDO A NN ONVDO A ANMNMSTEWN ONDDO A AN
Nt OO AN VOO AN WUMNOOEAdMNM LN OANS OO NS OO MWLlNO A
AT A A AN AN AN AN AN OO DN TTET DD D NN OO WO O~
Time (hour)

Figure 12. State of Charge of Battery in a Month

4. Conclusion

For the electricity of isolated small island, a hybrid system utilizing marine currents and solar PV with battery
charge equilibrium was presented. The pattern is common for the settlements in Indonesia's Eastern Cipalulu Strait.
The load that needs to be matched comprises six customer groups, a peak demand of 111.710 kW, and a daily energy
consumption of 856.1 kWh. Using the dynamic programming with load-battery discharge method, sizing optimization
was completed. The marine turbine's peak output was determined to be 146 kW, the PV system's maximum power was
60 kW, and the battery's capacity was 1030 kWh. As a result, the battery's state of charge (SOC) remains stable
throughout the entire operation.
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