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Abstract. Renewable energy sources such as solar, thermal and wind are high energy sources that meet the growing demand for
electrical energy worldwide. Renewable energy sources canmnd-alone power generators or multi-generations systems forming
amicrogrid system that can also be integrated into the main power grid. The integration of renewable energy sources into the main
grid system mostly occurs at distribution levels and depends on the scale and location of the renewable energy sources. Renewable
energy sources with large-scale capacity can be integrated into the transmission system, while small-scale energy sources can be
integrated directly into medium- and low-voltage distribution systems. Both sources have their characteristics, therefore strict planning
and analysis is needed. Architecture of a small-scale photovoltaic (PV) system is designed to generate about 3 kW for local demand,
such as an office building, with the implementation of microgrid system equipped with smart meters for energy monitoring, and a
control scheme is proposed.

Keywords: alternative energy, energy management, environmental sustainability, microgrid, renewable energy, small-scale PV
system, smart system.

1. INTRODUCTION unsustainability [1-3]. Indonesia is one of the countries

that has committed to reducing greenhouse gas emissions

The electricity crisis in Indonesia can be averted with
comprehensive planning, management of energy systems
(demand-side management), efforts to utilize alternative
energy sources and energy conservation. Dependence on
fossil energy sources should be reduced and on the other
hand, the utilization of new and renewable energy sources
should increase. In the long term, fossil energy use must
decline given the petroleum depletion and environmental

" Corresponding author, abraham(@lecturer.itn.ac.id

(GHG) to 29% below the current level by 2030 or a 41%
reduction target contingent on sufficient §ernational
financial support. Indonesia also submitted its first long-
term strategy to the United Nations Framework on Climate

(Bhange Conference, UNFCCC, which indicates the country

plans to peak GHG emissions in 2030 and reach net-zero
GHG emissions by 2060 or sooner [4-6].

The demand for electrical energy in Indonesia con-
tinues to increase with the population growth and become
an integral part of the needs of people living in line with
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the rapid advances in technology, industry, and in-
formatiorfgEfowever, the implementation of electricity
supply by PT. Perusahaan Listrik Negara (PLN — Persero,
State Electricity Company) still cannot meet the energy
needs of the consumer or load demand [4]. The geo-
graphical topology of the Republic of Indonesia consisting
of thousands of islands has led to uneven distribution of
power plants. The national energy development target, in
general, has been set in Presidential Regulation No. 5 of
2006 with an indicator of the percentage of energy share
in the primary energy mix and the energy elasticity to be
achieved by 2025 [1,3].

Indonesia is a tropical country in the equator, so the
potential for solar energy is high enough with an average
shine of 6 to 7 hours per day with an ideal duration of
irradiation that can be utilized to generate electrical energy
through solar panels for 5 to 6 hours per day. Itis a country
rich in natural resources with a primary energy source that
can be managed and used to meet national energy needs
of electrical energy to remote communities [1,3,7].

Renewable energy sources with small capacity such
as micro-hydro, solar thermal, biogas, biomass, and small
wind turbine are already widespread. The size and
capacity of the generation can vary from several hundred
kilowatts to several megawatts. The small-scale renewable
sources can be connected [Zithe PLN grid on both medium
and low voltage levels. The integration of small-scale
renewable sources into the grid system is not necessarily
done directly, but through an interface consisting of power
electronic devices that convert the DC to DC or DC to AC
or AC to DC [8-10]. This conversion process creates
harmonic, energy conversion efficiency, and power quality
issues due to using power electronics circuits. HVDC
transmission, reactive power compensation with voltage
source converter (VSC) technology has certain attributes
which can be beneficial to overall system performance
[11]. Also, other issues arise when integrating renewable
energy generation into the network, such as harmonics,
voltage dips@vervoltage, and flicker voltages. Increasing
the number of renewable energy sources integrated into
the grid requires a strategy to manage and control the
energy flow to maintain and improve the reliability
and quality of the power supply [1,12]. With the connec-
tion of a large number of small-capacity distributed
generations such as PV systems and wind turbines, the
modern distribution networks are undergoing significant
changes [6,13].

The photovoltaic system used for power generation
involves various components whose operational behavior
varies. To be more precise, solar intensity is time-varying
and weather-dependent, hence, constant power generation
is not possible throughout the system operation. Internet
of Things (IoT) can solve the most complex issues that
present day science and engineering systems would face,

including monitoring the energy flow in the system. [oT
1s used to achieve energy efficiency in PV systems and to
have remote transmission of data from plant to super-
vision server [6,14,15]. This indirectly affects the func-
tioning of other system components like power converter
voltage levels, battery state of charge, energy demands by
loads, etc. Sometimes, dust accumulation and other en-
vironmental conditions may also result in poor per-
formance of the PV system. When interconnecting a re-
newable energy-based generator, the grid interface needs
to be designed to meet applicable regulatory requirements
set by the local utility. To verify the requirements about
protection, control, and power quality, detailed simulation
studies need to be performed. Time-domain simulation
with ElectromagneticffBnsient (EMT) programs is a
powerful method that can be used for studies involving
controller tuning, protection setting, power quality
mvestigations, and system validation [16].

Integration of a large number of PV units into the
distribution grid raises power quality issues as the PV
systems depend on weather conditions and generate
varying ranges of active power therefore causing voltage
fluctuations. The fluctuations of real power due to the
power electronics interface between the PV system and
distribution grid can cause voltage fluctuations in the
system where the PV plant is installed [17]. To mvestigate
the system control of power flow and voltage level at the
grid interface, a detailed model of a grid-connected single-
phase PV system associated with a control design scheme
is presented.

2. SYSTEM MODELING AND CONTROL DESIGN

The designed PV model consists of several PV arrays,
DC-DC power converter interface, DC bus capacitor,
maximum power point tracker (MPPT) control scheme,
voltage source converter module, and power distribution
grid model as shown in Fig. la.

2.1. PV array

The PV array power output depends on the irradiation and
temperature. The DC-DC converter or boost converter is
an interface between the PV system and the VSC to adjust
and increase the DC-link current based on the reference
EBwer generated by the MPPT [18,19]. The VSC controls
the DC voltage from the DC-bus link and maintains its
reference @Egnitude. If the irradiation of the PV array
increases, the power output of the PV is increased and the
voltage of the DC-link is also increased. This condition
will increase the boost converter duty cycle and draw
more current from the PV array, therefore regulating the
DC-link voltage and meeting the reference power from
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Fig. 1. Grid-connected PV system with a two-stage converter.

the MPPT. For simulation purposes, Fig. la 1s designed
in PSCAD/EMTDC software as shown in Fig. 1b.

PV modules consisting of several PV Lgs, in turn,
form a PV solar panel as shown in Fig. 2. PV cells are
connected in series and parallel to provide more power.
In this paper, a model of a PV module system consisting
of ten (series) by four (parallel) configurations is pres-
ented. Characteristic such as -/ and P-F can be obtained.
FEa (kV) is plotted against fa (in kA), Ea (kV) is plotted
against P (MW).

2.2. Boost converter

In Fig. 1, the DC power output from the PV system is fed
to a boost converter or up chopper. The chopper serves to
raise the voltage from the source level (low) to the output
level (high). The voltage appearing across the low voltage
terminal of the boost converter is a train of pulses and has
a DC component and ripple [8,11]. The ripple will be sub-
stantially absorbed across the inductance. The switching
times of the static S\nChES that constitute the boost con-
verter determine the voltage conversion ratio of the boost

Solar Cell Solar Module

Solar Panel

converter. Therefore, it is easy to vary the voltage conver-
sion ratio smoothly and continuously by adjusting voltage
input into the boost converter control circuit, to suitably
modify the timing of the switching control pulses to the
power switching elements. Also shown in Fig. 1 is a filter
circuit to redu@@the current ripple flowing into the
inverter circuit. The reference power is compared to the
DC-link power and the error signal to generate the duty
cycles through a PI controller as shown in Fig. 3.

_VerWpe =Vey)
AlfpeVpe

The capacity of the boost converter is determined
based on the PV system capacity and the switching fre-
quency, rpe. The inductor, Lpe, is to limit the current
ripple, A7, and can be calculated as given in Eq. (1).

de

(1

2.3. DC-link capacitor

1

The DC voltage output of the boost converter is filtered
by the DC-link capacitor. An intermediate filter circuit

Solar Array

Fig. 2. Photovoltaic (PV) system.
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Fig. 3. Power controller.

17
will further minimize the ripple Ethc DC-link voltage,
which will be connected after the PV array power output.
An expression for the peak-to-peak voltage ripple, AVpe,
of the DC-link, can be calculated usin!ﬂ], (2), where PG
1s the real power injected into the grid, Cpc is the DC-link
capacitor and o is the fundamental angular frequency of
the grid voltage. FDC is measured based on the PV system
and boost converter capacity.
Lite

AV = —————. (2)
e CpeVpew

2.4. Voltage source converter (VSC)

The voltage source converter is a full-bridge converter that
uses semiconductor devices and has a switching control
circuit providing necessary pulses to turn on and off each
static switching element with the correct timing and
sequences. These switches function by insulated gate
bipolar transistor (IGBT) or ga turn-off transistor (GTO)
that are repetitively operated in such a way as to control
the inverter operation to generate thfffinusoidal voltage
at its output terminal. For obtaining independent @ffrol
of active and reactive power at both ends, a specific vector
control strategy is implemented to operate the VSCs [20].
This ability of the VSC makes it suitable for connection
to weak AC networks, i.e., without local voltage sources.
The VSC system is supplying or absorbing reactive power
to or from the grid.

2.5. LCL filter

The LCL filter components of the PV system are used
to replace the conventional L-filter to eliminate the high
order harmonics of current §Jput and also meet the
TEEE 519-1992 standard [21]. LCL filters have been used
in grid-connected inverters and pulse-width modulated
active rectifiers as shown in Fig. 4. The LCL filter should
reduce the expected current ripple and provide better
attenuation.

L Ly in

Cy

_|

vi(t) (1)

Fig. 4. LCL filter and its parameter.

2.6. Maximum power point tracker (MPPT)

In order to operate the PV array to its maximum gwer, a
MPPT is implemented. The boost converter will vary the
voltage level to the knee point to drive the PV system to
work at the optimum level. Figure 5 shows the configur-
ation of the MPPT system. The PI controller output is to
compare with a high-frequency sawtooth waveform to
generate a high-frequency duty cycle.

Basdffn the reference power generated by the MPPT
system, the DC-link current of the PV afffhigh level is
regulated by the boost converter as seen in Fig. 1, while
the DC-link voltage is controlled by the voltage source
converter. Both of these parameters are to maintain their
reference value.

3. RESULTS AND DISCUSSION

The grid-connected PV system model was developed and
simulated in PSCAD/EMTDC software for illustration
purposes. Simulation studies were performed to evaluate
the model design of the PV system based on system
parameters. A PV system of 3 kW was constructed as a
part of the whole system. The control devices such as
MPPT, boost converter, and VSC were installed.

The first step of the simulation was performing the
variation of resistance (R) over a certain time, and iden-
tifying the impact in the terminal voltage F,, current 7,
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E\rcr P, and the MPPT voltage. The results are presented
in Fig. 6. As can be seen from the figure the Fyppr voltage
is in the range of 0.55 kV and 0.59 kV for this photo-
voltaic system.

It is evident that the current and power decreased
while the resistance increased.

The PV array characteristics such as voltage-current
and active power-voltage characteristics are plotted in Fa
versus [, and E, versus P as shown in Fig. 7.

The DC-link voltage as indicated by Eq. (1) shows that
the DC voltage generated increased to 1.5 in magnitude
and reduced to average value in 10 seconds. The DC cur-
rent as indicated by Eq. (2) increased to 0.3 in magnitude
and sloped up to 10 seconds. The power profile generated
from the boost converter is shown in Figs 8, 9 and 10,
respectively.

The load active and reactive power profiles of the grid
bus are given in Fig. 11, while active and reactive power
generated by the VSC and injected into the grid bus are
indicated in Fig.12.

The active and reactive power of the grid bus is shown
in Fig. 13. Tt can be seen that the active power decreased
to —0.27 per unit and suddenly increased at 3.5 seconds
to —0.12 per unit. This indicates the VSC absorbed the
power from the grid bus. The reactive power decreased
to —0.10 per unit and increased to —0.01 per unit after 3.5
seconds.

The grid phase currents are shown in Fig. 14. The
currents increased during the switching event for about
3 seconds and became a steady-state even though the
current [y, reached the steady-state condition 5 seconds
later.
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4. CONCLUSION of Research Strengthen and Development, Ministry of
g P y

A model of grid-connected photovoltaic (PV) system as-
sociated with DC-DC and DC-AC controllers is presented.
The designed and developed model is evaluated with simu-
lated studies. The voltage output from the boost c@frter
contains ripple and can be smoothened and stabilized through
the DC-link capacitor. Since the output voltage of the VSC
contains harmonics, an LCL fE} circuit to compensate for
the harmonics is implemented. The active and reactive power
from the voltage source converter to the grid can be increased
by controlling the MPPT algorithm and operating the VSC
at the maximum lagging power factor.
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Vooluvorku iithendatud fotogalvaanilise siisteemi mudel
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Taastuvenergia nagu piikese- ja tuuleenergia kasutamine on jitkusuutlikuks arenguks ja elektrihinnaga voitlemiseks
hiadavajalik. Uurimistéos loodi mudel fotogalvaanilisest (photogalvanic — PV) siisteemist, mis on varustatud alalis- ja
vahelduvvoolu kontrolleritega ja tthendatud vooluvorku. Artiklis esitatakse katsetatud alalis- ja vahelduvvoolu kont-
rollereid ning erinevaid protsessiskeeme. Projekteeritud ja vilja tootatud mudelite abil hinnatakse simuleeritud uuringute
raames PV siisteemi toimimist. Voimendusmuunduri véljuvaid voolukdikumisi saab tihtlustada ja stabiliseerida alalis-
voolu kondensaatori abil. Kuna viljundpinges esinevad kdikumised, saab kasutada nende kompenseerimiseks LCL
sagedusfiltrit. Aktiiv- ja reaktiivvoimsust pingeallika muundurilt vooluvorku suunamisel saab suurendada erinevaid

algoritme juhtides, mida to6s ka simuleeriti.
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