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MNpBa MefyHapozHa koHdepeHumja ETVIMA
First International Conference ETIMA

PREFACE

The Faculty of Electrical Engineering at University Goce Delcev (UGD), has organized the
International Conference Electrical Engineering, Informatics, Machinery and Automation -
Technical Sciences applied in Economy, Education and Industry-ETIMA.

ETIMA has a goal to gather the scientists, professors, experts and professionals from the field of
technical sciences in one place as a forum for exchange of ideas, to strengthen the multidisciplinary
research and cooperation and to promote the achievements of technology and its impact on every aspect
of living. We hope that this conference will continue to be a venue for presenting the latest research
results and developments on the field of technology.

Conference ETIMA was held as online conference where contributed more than sixty colleagues, from
six different countries with forty papers.

We would like to express our gratitude to all the colleagues, who contributed to the success of
ETIMA’21 by presenting the results of their current research activities and by launching the new ideas
through many fruitful discussions.

We invite you and your colleagues also to attend ETIMA Conference in the future. One should believe
that next time we will have opportunity to meet each other and exchange ideas, scientific knowledge
and useful information in direct contact, as well as to enjoy the social events together.

The Organizing Committee of the Conference
IIPE/ITOBOP

Merynapoanata konpeperuuja Enexmpomexnuxa, Texnonozuja, Hngpopmamuxa, Mawuncmeo u
Aemomamuxa-mexHuuKu HAyKu 60 ciyxycoa na ekonomuja, oopazoseanue u unoycmpuja-ETHMA e
opraHu3MpaHa oJi cTpaHa Ha ENeKTpOoTeXHUUKHUOT paKkynTeT npu YHuBep3uteToT [ome Jemues.
ETUMA wuma 3a men ma ru cobepe Ha €IHO MECTO HAYYHHUIUTE, Mpodecopute, eKCHEepTUTE H
npodeCHOHAIIINTE O] MTOJIETO Ha TEXHUYKUTE HAYKH U Ja IIpeJicTaByBa (OopyM 3a pa3MeHa Ha UJCH, a
IO 3ajKaHyBa MyJITHIUCIUIUTHHAPHOTO HCTPAXKYBamkhe U cOpadOTKa U J1a TH POMOBHPA TEXHOJIOIIKUTE
JNOCTUTHYBamba M HUBHOTO BJIMjaHHE BpP3 CEKOj aclekT of kuBeewmeTo. Ce HazeBaMe JeKa OBaa
KoH(epeHIIMja ke TPOJOJDKU Ja OMJe HACTaH Ha KOj Ke Ce Mpe3cHTHpaaT HajHOBUTE PE3YJITaTH O]
UCTpaXyBamaTa U pa3BojoT Ha IIOJIETO HAa TEXHOJIOTHjaTa.

Kondepennujata ETUMA ce onpika online u Ha Hea Jjajioa CBOj JOIMPHUHOC MOBEKE OJ1 IIEECET aBTOPH
O]l IIECT PA3IIMYHK 3eMjU CO YETUPHECET TPYIA.

Cakame 512 ja nckakeMe Hamiata OJaroJapHOCT O CHUTE KOJIETM KOHM JOIpHHEcOoa 3a YCIEXOT Ha
ETHMA’21 co npe3eHTHpame Ha pe3yaTaTH O] HUBHUTE TEKOBHU HCTPaXKyBama U CO JAHCHPAme Ha
HOBH HJIEU NPEKY MHOTY IJIOJHHU TUCKYCHH.

Be nokanyBame Bue u Bammte xonern na 3emere ydectBo Ha ETVIMA u Bo mnanna. BepyBame nmexa
CIEIHHOT MaT K& UMaMe MOXHOCT Ja C€ CpeTHeMe, Ja pa3MEHUME HUJEH, 3HACHE U KOPHUCHU

I/IH(l)OpMaIH/II/I BO IUPEKTCH KOHTAKT, HO UCTO TaKa Ja Y)KMBaM€ 3a€IHO U BO APYIITBCHUTC HACTaHU.

Opeanuzayuonen 0060p Ha KoOHepeHyujama
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GRID-CONNECTED HYBRID PV SYSTEM WITH BATTERY
STORAGE

Aleksandar Bogatinov ?, Vlatko Chingoski ?

Faculty of Electrical Engineering, University “Goce Delcev”” Shtip, Macedonia,
aleksandar.20548@student.ugd.edu.mk

2Faculty of Electrical Engineering, University “Goce Delcev” Shtip, Macedonia, vlatko.cingoski@ugd.edu.mk

Abstract

Photovoltaic systems (PV) are an integrated set of photovoltaic modules with all the necessary
components that are dimensioned to receive solar energy and convert it into electricity that would
be adequately powered by some DC and/or AC consumers. Depending on how they work,
photovoltaic systems can be divided into stand-alone PV systems (off-grid), grid-tied PV systems
connected to the electricity distribution network (on-grid), and hybrid PV systems as a combination
of the previous two systems.

In this paper, we will consider the operation of a hybrid grid-connected PV system with battery
storage which transforms solar energy into electricity and allows the storage of excess generated
electricity in the batteries. Additionally, this system provides, if needed, the excess generated
electricity to be delivered directly to the power grid. The proposed hybrid system could optimize all
three energy sources PV modules, batteries, and power grid, and continuously deliver quality power
to connected consumers. Properly sized and controlled hybrid PV systems significantly increase the
use of so-called green energy from renewable energy sources and increase the independence and
continuous power supply of the consumers.

Keywords: renewable energy sources, PV systems, inverters, batteries, hybrid systems

Introduction

The energy potential of the Sun as a renewable energy source is very large and the use of solar
energy can be realized by converting it into heat and electricity. Solar energy can be converted
into electricity in many ways, but the simplest way is that one with photovoltaic (solar) cells
which is based on the photovoltaic effect. Converting solar energy into electricity using
properly sized photovoltaic systems not only provides economically viable and overtime free
electricity, but it also protects the environment from the pollution that accompanies the
production of electricity from conventional energy sources, reduces CO2 emissions into the
environment which is one of the benefits of using solar energy.

The photovoltaic effect (PV) is a quantum-mechanical process wherein photovoltaic cells the
energy of solar radiation is converted into electricity, or more precisely, it is the occurrence of
the creation of voltage or adequate electricity in a semiconductor material, usual silicon with
appropriate impurities added to its atoms, under its exposure to light-photons as the smallest

carriers of solar energy packets.



PV cells are made with a certain technological procedure where a very thin layer of n-type
semiconductor is applied to a p-type semiconductor and thus creating a so-called pn-junction
with a shape that allows light to fall spatially on a larger surface and with the help of the
photovoltaic effect produces electricity.

PV systems are systems designed to receive solar energy and convert it into electricity in a
form that can be used by consumers, sent to the distribution network, or stored in appropriate
power batteries and used when the need for energy arises, usually when the solar radiation is
reduced, at night or due to problems with the electricity distribution. For a PV system to
function flawlessly, it needs to be properly selected, sized, and integrated. The basic
components of a photovoltaic system are the PV module (as a system of PV cells), the inverter,
and the batteries.

The PV cell is a major part of the photovoltaic system. The output power of a cell is quite
small; therefore several cells are properly connected in modules to provide adequate usable
output power. Photovoltaic cells in the module can be connected in series or parallel. In
practice, cells are connected in series because the serial connection of the cells increases the
magnitude of the module voltage, and the current through them remains the same.

The PV module as a system of interconnected PV cells can further be used as a stand-alone or
connected in a system with other modules with the same characteristics with the main task of
the module converting solar energy into electricity. Multiple modules mounted on a common
load-bearing structure constitute a PV panel. The panels can further be properly connected in
an array or grid. The array can be consisting of one to several thousand modules, depending on
the required output power, making a PV power plant. For the modules to give optimal results
in converting solar energy into electricity, they are usually connected in series, facing south at
a certain angle that corresponds to the local latitude. It is recommended that during the day
there is no shading on the modules, the length of the so-called sundial at that location is
maximum and there is good ventilation under and around the panels to avoid major overheating
while exposed to the sun. The most practical application is monocrystalline and polycrystalline
modules that are characterized by high durability of about 25 years.

In addition to the PV modules when dimensioning a photovoltaic system, inverters are also of
great importance. These two components, PV modules, and inverters are crucial for the optimal
functionality and the cost of a PV generation project. They constitute 70% of the total
investment costs of the PV system. The inverter is the most exploited part of a PV system, and
its main function is to convert direct current into alternating current, as well as to maintain
appropriate power, to control the quality of electricity production (e.g. voltage and frequency)
that is delivered to the grid, and for communication with the power network.

Several types of inverters differ in how they are connected to the system and are responsible
for the efficiency of the system:

« central inverters (for the whole system),
* string inverters,
* micro-inverters,

* hybrid inverters, etc.

Each of these four types has its advantages and disadvantages. Which type will be chosen
depends on the type of system and compatibility with other components of the PV system, as
well as on several other factors such as site temperature, product safety, sustainability, altitude,
servicing, and total costs. To ensure optimal efficiency and durability of the system, proper
sizing is very important, and therefore when choosing an inverter the ratio between the power
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of the photovoltaic system and the power of the inverter should be 1: 1, it should be adjusted
to the operating parameters of the module. If the inverter is overloaded, the results could be
power loss and premature aging of the devices.

In addition to PV modules and inverters, more and more systems use batteries as an additional
source of energy according to the needs of the system, especially in areas where there is an
unstable electrical network or stand-alone systems. Properly sized and connected batteries form
a battery energy storage system (battery bank) which provides power storage and improves the
reliability in systems that require more power. Also, they provide better energy stability of its
network and savings of clean energy that will is stored during the day and will be used in the
evening or case of power outages. Batteries are a good investment especially in systems that
produce more energy than they can consume; however, utilization of batteries means higher
investment costs and therefore the batteries should be well-chosen according to their capacity
and quality and according to the real needs and expectations of the system. Installing batteries
within the system can be a great way to get the most out of photovoltaic modules. There are
many different types of batteries on the market, however, lead-acid and lithium-ion batteries
are mostly used to store energy generated by photovoltaic systems [1], [2], [3], [4].

1. Types of photovoltaic systems

PV systems are an integrated set of photovoltaic modules with all the necessary components
that are dimensioned so that they can receive solar energy and convert it into electricity that
would be adequately powered by several DC or AC consumers.

Depending on how they work, PV systems can be divided into:
« Stand-alone PV systems (autonomous or Off-Grid PV systems),

« Grid-tied PV systems, (PV systems connected to the electricity distribution network or
On-Grid PV systems), and

» Hybrid PV systems (PV systems that are a combination of the previous two systems).

Stand-alone (autonomous) PV systems (Off-Grid)

Stand-alone PV systems are systems that are not connected to the power grid, thus operate
separated from the electricity distribution network. In these systems, the production and
consumption of electricity the system should be well-balanced because the production of
energy depends on weather conditions. These systems usually require an additional battery
system for energy storage that can be used at night or during bad weather. The charge controller
takes care of the proper charging and discharging of the battery, and the inverter enables the
use of the produced energy in standard household appliances with standard electrical
installation. Such systems are suitable for powering isolated and lonely buildings, for example
in rural areas, locations far from the electrical grid where connection to the grid is very
expensive, as well as for individual buildings where there is no electrical grid such as remote
buildings for signaling, warnings, telecommunication transmitters, lighthouses, systems for
monitoring, etc.

Advantages of these stand-alone networks are that they are energy independent of the
distribution network, they can supply even the most remote places for which there is no
possibility to connect to the electrical grid, there are no bills for payment of electricity, etc. It
is also an advantage that for a start if the energy needs are modest, a smaller system can be
dimensioned, which can be later upgraded over time if the need for electricity increases. For
larger systems, the system should be well sized from the very beginning to cover 100% of the
loads expected in the system. In case of prolonged inconvenience because of the stability of

323



the power supply, it is advisable to add a generator (running on diesel, gasoline, etc.) as the
backup energy generator. It would be switched on when the batteries could not cover all the
needs of the consumers of that system. This method may be a better and cheaper choice instead
of investing in a huge battery bank that would rarely be fully utilized).

The main disadvantage of this system is that the energy from this system cannot be sent to the
grid, thus the whole system cannot be subsidized if there are such incentive programs. Another
disadvantage is that this system has more expensive components and thus higher initial costs.
Batteries themselves are more expensive and reduce the efficiency of the system because their
capacity degrades over time. However, sometimes, despite this higher initial cost, it may be
cheaper to go with the installation of a battery bank than to pay a very expensive fee for
connecting to a remote power distribution line [1], [3], [4].

PV systems connected to the electricity distribution network (On-Grid PV system)

PV systems connected to the electricity distribution network use the distribution network as a
backup power source (virtual battery), or as a consumer for the excess energy generated by PV
modules. These systems work interactively and in parallel with the electricity distribution
network, and despite the PV modules, additionally, they contain only an inverter. The direct
current from the PV modules with the help of an inverter is converted into alternating current
and with adjusted voltage through a distribution board and electrical installation supplies the
consumers that are supplied in two ways. In periods when the photovoltaic modules produce
less power than required, the control device also includes the grid as a backup source, so that
the electricity consumption is always satisfied. In periods when the modules produce more than
the required electricity, the surplus is taken over by the electrical grid. Overnight consumption
by the system (usually home appliances), is provided exclusively by the distribution network.
The control device adjusts the operation of the PV modules with variable consumption so that
the operating point of the IU characteristic is closest to the maximum power point (MPP), to
achieve the most efficient operation of the module. This device that enables optimal operation
of the system in different operating modes regardless of the intensity of solar radiation or
changes in loads is called the maximum power point tracker (MPPT). MPPT works on the
principle of adjustment on the resistance of the circuit to extract maximum power from the
system.

On-grid PV systems are very efficient because they have fewer components and thus the initial
investment is lower than stand-alone systems. Another advantage is that by connecting to a
distribution network, this network acts in a kind of virtual battery where the excess generated
energy can be transferred, or energy can be withdrawn, in case of need of the network system.
This system also affects the mitigation of the peak load of the distribution network itself. If
there is a subsidy program, the surplus can be sold to the electricity distribution system and
some profit can be made. Additionally, the delivered and/or withdrawn energy can be
compensated, and thus a smaller electricity bill will be obtained. The transmitted and
withdrawn energy from the distribution network is registered and monitored through the two-
way energy meters that are installed in the network system.

The disadvantage of the on-grid PV systems is that when the power supply from the electrical
grid is disconnected due to some problems in the grid, this system will be turned off at the same
time. The inverters are automatically disconnected from the grid and to protect people who try
to eliminate the problem of the grid. This means that you cannot have a power supply during a
power outage. Thus, in return, you cannot store energy for later use, and you cannot use the
energy generated by the photovoltaic system until the problem in the distribution network is
overcome and reconnected. This is the so-called anti-islanding protection [1], [3], [4].
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Hybrid photovoltaic system

A hybrid photovoltaic system (HPV) is a system that combines the best of both above-
described systems, the stand-alone and grid-tied PV systems. Descriptively speaking, these
systems are PV systems with auxiliary (backup) power supply (one or more) or grid-tied PV
systems with a battery storage system that provide the uninterrupted continuous power supply.

The HPV battery system connected to the power grid ensures maximum autonomy in terms of
power supply. The system uses solar energy at the same time and allows the storage of the
excess energy generated in the batteries of the battery energy storage system, except if there is
an extra surplus of generated energy that should be delivered to the EE network. The consumers
connected to such HPV battery system primarily use the energy generated by the PV modules.
In case more energy is required than the energy currently generated by PV modules, this excess
energy is provided from the electrical grid and/or from the energy previously stored in the
batteries. When the batteries are depleted due to higher demand or when the production of
electricity from the PV modules is not sufficient, then the system supplies the load needs with
electricity from the electrical distribution network.

This hybrid type of system not only provides greater security in the delivery of the required
electricity to consumers, but by being connected to the electrical grid reduces the need for large
capacities of the battery system, extends the life of existing batteries, and reduce the costs for
battery maintenance and replacements. If due to some technical problems, there are
interruptions of power supply from the electrical grid, during sunny hours, the system enters
the mode of operation disconnected from the grid. In this case, the loads will demand and
receive energy directly from the PV modules. However, if there is a shortage of energy
generated by the PV modules, the equilibrium energy will be extracted from the battery system.

As recapitulation, we can see that the hybrid system could be pre-programmed to optimize the
three energy sources, the PV modules, batteries, and electrical grid, and to deliver continuous
quality power to the consumers. In some hybrid systems that have critical consumers, the
system could be programmed to power these critical consumers first, disconnecting the less
important ones. Also, for other non-sunny hours, it can be programmed to draw power from
either the grid or the battery, as desired, or even by setting a percentage shared supply from
both.

The basic parts of this hybrid system are PV modules, hybrid inverter, and batteries (Figure 1).
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Figure 1. The HPV battery system connected to the power grid.

Nowadays, so-called intelligent hybrid inverters have been used that combine the functions of
grid-tied, autonomous inverters, and MPPT controllers. They are real-time programmed to
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automatically monitoring and analyzing the supply and demand of energy to their customers
and to properly synchronize the energy sources in the system and thus contribute to energy
savings. The inverters give priority to the use of solar energy and the electrical grid is used
only in case of power shortage, and the use of batteries is somewhere in between, thus
extending their lifespan. Most modern hybrid inverters have a built-in battery charger and
connector that makes it easy to add batteries in the future. There are also hybrid systems with
an integrated or suitable battery.

Some of the advantages of hybrid systems are:

 they are cheaper than stand-alone PV systems, and do not need an additional generator and
a large battery backup system,

 they provide storage of excess electricity in the battery system which can later cover energy
requirements at peak energy demand,

» they provide greater autonomy and security of electricity supply. During periods of
insufficient sunlight (non-sunny days, at night, or when the electrical grid becomes
unstable), the system will automatically switch to battery power and continue to operate
independently of the grid (usually in just a few seconds),

 they have reduced energy demand from the grid and could deliver the excess energy from
the system to the electrical grid which would later be compensated or subsidized
accordingly.

The major disadvantages of hybrid systems are:
 higher initial costs from network systems due to battery system installation,

« longer payback period of the initial investments, and

 there might be a limit to how many devices can be started simultaneously depending on the
type of hybrid inverter and its capabilities [1], [3], [4].

2. Topologies of HPV-battery system connected to the power grid

The HPV battery system itself could be highly versatile, automated, and programmable,
providing possibilities for energy sources and energy consumers to be prioritized and optimized
accordingly. As already mentioned, in this system in case the energy generated by the PV
modules is not sufficient for the supply of consumers, the differential energy can be drawn
from the electrical grid or the batteries as previously programmed. If the grid is available, it
can be extracted from it or it can be extracted from the battery if the grid is not available. On
other occasions, the system can be programmed to take part of the needed energy from the
battery and the rest from the electrical grid. In other words, this is a very versatile and very
configurable power generation system.

To better understand the characteristics of such a system we will consider a configuration of a
simple HPV battery system with an installed power of 1000 W and connected to the power grid
and batteries. In total, eight common cases (topologies) are investigated.
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Figure 3. Case #2.

CASE 3 LOAD DEMAND =
BI-DIRECTIONAL ~ HYBRID INVERTER

2 ' 1000W
2 METER RESIDEr%\
X =
xR B2 wpdrr Acout £ -

==
) 600W (Solar)

400W (Grid)
000w
&] TOLOAD
il
SOLAR —
PANELS ; ” SOLAR: PRESENT
Sl GRID: PRESENT
LOAD: HIGHER THAN
SOLAR AVAILABILITY CHARGE Em BATTERY SOLAR
= 600W CONTROLLER GENERATION

Figure 4. Case #3.

In the first case (Figure 2),
we do not have consumers
who demand energy, and the
entire energy generated from
the PV modules in the
amount of 1000W s
delivered to the electrical
grid (as pre-programmed).

Delivered energy to the grid
is registered on the bi-
directional energy meter.

In this case (Figure 3), we
have active consumers
who demand part of the
energy in the amount of
400W generated by the PV
modules. Since PV
modules generate 1000W,
the  excess  generated
energy again is delivered to
the electrical grid, however
this time in the amount of
only the remaining 600W.

Again, delivered energy to
the grid is registered on the
bi-directional energy
meter.

In this case #3 (Figure 4),
compared to the previous
two cases we have reduced
energy production from
PV modules, only 600W.
Since consumers demand
1000W, more energy than
produced by PV modules,
the energy disbalance is
covered by drawing energy
from the electrical grid in
the amount of 400W and
thus the needs of
consumers are met. Again,
the bi-directional energy
meter is used.
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Case #4 (Figure 5) shows a
case where the PV modules
generate 1000W, and the
consumers demand the
same amount of energy,
1000W, thus that whole
demand energy is
completely satisfied with
the generated energy from
the PV modules. No excess
of generated energy exists.

In case #5 (Figure 6), the
power supply from the
electrical grid due to some
technical problems in the
grid is fully interrupted, thus
the grid in such case is
absent. The PV modules
generate 1000W, and the
consumers' demand
hopefully is the same as the
PV generation (1000W),
thus the existing demand is
fully met by the energy from
the PV modules.

In case #6 (Figure 7) again
the power supply from the
electrical grid is interrupted
due to certain technical

reasons, thus the grid is
absent. The energy
generated by the PV
modules (1000wW) IS

partially delivered to meet
the needs of consumers
which  now amounts to
600W and the rest is used to
charge the batteries of the
battery storage system with
the remaining 400W.
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CASE 7 Even in this case #7 (Figure
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These eight cases or topologies of the HPV-battery system gave us a simplified pictorial
illustration of how the energy could flow in the HPV system made of ,, Power Grid — PV
modules — Battery — Consumers “could be pre-programmed to enable reliable and stable power
supply under various network and weather conditions [5]. This system also provides bi-
directional power measurements between the generation facilities (PV modules), power grid,
and the consumers, which from a financial viewpoint could be highly beneficial in case this
kind of subsidy is enabled.

Conclusions

Properly sized and controlled photovoltaic systems significantly can increase the quality of
energy supply to the consumers who use the energy from those photovoltaic systems. Such a
system is the grid-connected hybrid photovoltaic system with battery storage.

This system compared to the stand-alone and on-grid system provides maximum autonomy in
terms of power supply and continuous and quality energy supply to the consumers who use the
energy generated by its photovoltaic modules. This system at the same time uses solar energy
and allows storage of excess generated energy in the battery energy storage system. In cases
when batteries are already fully charged, this excess of generated energy is delivered to the
electrical grid for other customers. The hybrid system could be pre-programmed to optimize
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the three energy sources, the PV modules, batteries, and power grid network, enabling
continuous and reliable delivery of electric power to connected consumers.

During the process of design and sizing of the PV systems, the performance of the system can
be predicted through appropriate simulation software. The most important point during this
process is to determine the exact geographical location of the location where the photovoltaic
modules would be placed.

The computer program HOMER (Hybrid Optimization Model for Electric Renewables) is used
to analyze and simulate several variants and select the optimal solution for designing and
operating a hybrid power generation system that uses renewable energy sources. Our next
planned activity is the simulation of the operation of a hybrid photovoltaic system in real
conditions in the HOMER program package.
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