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Abstract—This paper presents different variants of smart
grid-connected microgrids consisting of a photovoltaic (PV)
system and batteries. Based on ten-minute data on the
consumption of the distribution system, the estimation of the
consumption diagram of one household was performed, as well
as the determination of its unmanageable and manageable
part. The fuzzy logic controller and algorithm for energy flow
management were applied to manage the consumption of one
household. The proposed load management provides a
continuous power supply to a consumer from his PV system,
batteries, and distribution grid, enabling the energy exchange
with the grid and achieving financial gain. The input data for
the fuzzy logic controller are the difference between the PV
system power production and the household power
consumption, the variation of the price of electricity on the
market to its average value, and the state of charge of the
battery. The output data from the fuzzy logic controller are the
probabilities of engaging home appliances. The presented
analysis was done for a period of one year for the city of
Belgrade.

Index Terms—batteries, fuzzy logic, load management,
microgrids, photovoltaic systems.

I. INTRODUCTION

Increased needs for environmental protection, as well as
growing problems related to the world's energy deficit,
encourage investments in the field of renewable energy
resources (RES). The agreement on climate in Paris from
December 2017 aims to reduce greenhouse gas emissions by
47% by 2030 and achieve a neutral balance of carbon
dioxide (CO2) emissions by 2070. This agreement should
limit the increase in the average global temperature on the
earth's surface below 2 °C (maximum 1.7 °C) by the end of
this century compared to the period before the Industrial
Revolution. To achieve this goal, nowadays there is a high
trend of building the capacity of RES, especially solar and
wind power plants. In addition to large systems connected to
the electricity system, small on-grid and off-grid systems,
i.e. so-called microgrids have a significant share in the
installed capacities of renewable energy sources.

The microgrid implies a controllable group of consumers
and producers of relatively small installed powers such as
solar power plants and wind turbines, fuel cells, and energy
storage systems. The microgrid can be off-grid (islanded) or
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connected to the distribution grid. Microgrids are suitable
for improving the reliability and resilience of distribution
grids and integrating the distributed renewable energy
sources [1]. In case when the microgrid is connected to the
distribution grid, the distribution grid becomes active. An
active distribution grid is more reliable in terms of power
supply to consumers, which is an advantage in case of large
disturbances in the transmission grid. The reliability of
consumer supply increases with the increasing number of
energy sources in the distribution grid, especially if there are
energy storage systems. The presence of energy sources in
the distribution grid can have a favorable effect on the
reduction of congestion in the distribution grid, on the
reduction of electricity flows from the transmission grid to
the distribution grid, as well as on the reduction of
electricity transmission losses.

The efficiency of the microgrid increases if there is a
possibility of managing the flow of electricity between
sources, loads, and energy storage systems, especially if
there is a possibility of load management. Many authors
have dealt with algorithms and optimization methods to
increase efficiency by combining different renewable energy
sources and storage systems in the distribution grid. Papers
[2-4] presented overviews of different methods, solutions,
and technologies used to achieve optimal operation, energy
scheduling, and system reliability in both off-grid and grid-
connected types of microgrids. Paper [5] presents an
overview of genetic algorithms, fuzzy logic, particle swarm
optimization, and other power flow optimization techniques
applied to hybrid systems. In [6], an on-grid PV/Wind
hybrid system was modeled and optimized using the PSO
Fuzzy algorithm. In [7], the authors have introduced a new
Fuzzy Logic - Grey Wolf Optimization (FL-GWO) expert
system for the grid-connected microgrid based on an
intelligent meta-heuristic method for battery sizing. The
fuzzy logic power management system presented in [§]
enables real-time utilization of solar and wind resources in
the most efficient way, thus ensuring continuous power
supply. Paper [9] considered the off-grid PV-wind-battery
system, while the paper [10] considered the on-grid
microgrid, both using Fuzzy Logic Controller (FLC) to
provide a balance between production and consumption,
maintaining the battery state of charge within the permitted
limits. It is also important when using the microgrid to
provide appropriate power quality, i.e. to take into account
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the value of voltage, frequency, as well as the power factor
control. In [11], the authors dealt with the primary frequency
control of a microgrid with a wind turbine using an FLC that
controls the wind turbine pitch angle. The authors of [12]
studied the harmonic impact of a distribution generator in a
microgrid. Paper [13] proposes conservative power theory
and control techniques for harmonic and reactive
compensators oriented to smart micro-grids, where supply
voltage distortion and frequency variation can be non-
negligible.

From the economic point of view, the higher the
efficiency of the microgrid, the more cost-effective it is. In
[14], an optimal algorithm is proposed to minimize
electricity consumption in accordance with tariffs as the
objective from the user perspective and to minimize the
power demand from the energy supplier perspective
considering the characteristics of the appliances and human
behavior pattern. Energy produced from PV systems can be
stored in batteries and then used during the period with the
high energy consumption to supply the loads in the
distribution grid. The Fuzzy logic controller given in [15]
can adjust FLC parameters while minimizing the number of
fuzzy rules. The main goal was to manage the power flow in
the microgrid model and maximize the economic return
when the microgrid is equipped with an energy storage
system. In the paper [16], using genetic algorithms, the day-
ahead microgrid scheduling is achieved using a fuzzy expert
system for controlling the power output of the storage
system according to load demand, wind power availability,
and electricity prices. The study [17] uses intelligent energy
management for a microgrid and fuzzy logic expert system
for battery scheduling while minimizing costs and
greenhouse gas emissions. The paper [18] presents a
residential grid-connected microgrid that wuses low
complexity FLC to minimize fluctuations and power peaks
in the power profile exchanged with the grid while keeping
the energy stored in the battery between secure limits. In
[19], the logic-based energy management system aims to
reduce the average peak load and operating costs through
the arbitration operation of the energy storage system. In
[20], the optimized FLC was adopted as a decision-making
module for power flow management in the microgrid
supported by a battery energy storage system used to
improve the tasks of energy trading with the main grid. The
paper [21] presents an intelligent economic strategy for
smart grids based on fuzzy logic to minimize the grid power
profile fluctuations since the renewable generation and the
load demand were considered uncontrollable. Paper [22]
deals with optimal energy dispatch strategies for grid-
connected wind turbines with the battery energy storage
system to maximize operating profit. Efficient power
management and sizing of an off-grid PV-wind system with
energy storage is presented in [23]. The results achieved by
applying the power flow control algorithm reduced the
investment costs of batteries by 33% and slightly reduced
consumption by 1.35%. Significantly better results were
achieved by using the fuzzy logic controller, which reduced
the number of batteries by 50% and reduced energy
consumption by 4.9%, while user comfort was not
significantly impaired. In [24], an approximate dynamic
programming algorithm is proposed to maximize the profit
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generated by the sale of over-generated renewable energy
and minimize costs to meet the load demand in the
microgrid. In [25], three optimization models and the
coordination strategy for diversified community power
consumers are proposed with the microgrid operation
constraints: electricity bill minimization, green consumption
and power reliability.

This paper presents a methodology for efficient power
flow control and load management in the microgrid with a
PV system as an energy source to achieve a financial gain in
energy exchange with the distribution grid. Different
microgrid concepts with and without energy storage, with
and without feed-in tariff, and with a different number of PV
modules and batteries are considered. The presented
methodology allows the user to see the advantages and
disadvantages of each system variant to choose an efficient
and optimal microgrid concept according to its capabilities
and criteria.

II. DETERMINATION OF BASIC VALUES IN GRID-
CONNECTED MICROGRIDS WITH A PV SYSTEM

To design an on-grid photovoltaic system, it is necessary
to know the potential of solar energy and ambient
conditions. To determine the potential of solar energy, the
measurement of horizontal irradiance and temperature
should be performed at the location of the PV system. The
total /¢ irradiance reaching the PV module consists of three
components: direct (Igc), diffuse (Ipc) and reflected (Irc)
[26], as shown by the following relation:

To =Tpe +1pc +1pe ()

The direct irradiance Igc reaching the PV collector is
determined based on the direct irradiance Iz on a horizontal
surface [26]:
cos0 @
sin
where Ry is the slope factor, 6 is the incident radiation angle
on the collector and S is the altitude angle of the sun.
Diffuse irradiance /pc and reflected irradiance /rc falling on
a PV module with tilt angle X is determined according to the
following relations [26]:
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where Iy is the measured total horizontal irradiance, Ipy is
the diffuse horizontal irradiance and p is the ground
reflection coefficient.

The share of diffuse in the total horizontal radiation is
determined based on Liu-Jordan's formula [26]. For its
application, it is necessary to calculate the clearness index
Kt, which is defined as the ratio of total horizontal

insolation 7,, at the measurement site on Earth to horizontal

extraterrestrial insolation 7, on the atmosphere surface at
latitude and longitude of the measurement site [26]:

I,
K, ==L 5
7 (5)

The rated power of the PV module is declared by the
manufacturer for standard test conditions. If N is the number
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of PV modules connected in series, then the installed power
of the PV array is:

PDC(STC) = NPDC(STC)I (6)
where Ppcsten is the rated power of the PV module
declared by the manufacturer for standard test conditions.
Besides the irradiance on the PV modules, it is necessary to
consider the influence of temperature on the efficiency of
the PV modules to determine the power production of PV
systems. The cell temperature of a PV module can be
determined using the following formula [26]:

NOCT -20
I(,‘
( 0.8 J

where Tpy is the cell temperature of a PV module, T, is the
ambient temperature, /¢ is the solar irradiance on the surface
of the module, NOCT is the cell temperature (°C) when the
ambient temperature is 20 °C, solar irradiance is 0.8 kW/m?,
and wind speed is 1 m/s [26]. The influence of temperature
on the reduction of the power of the PV module is calculated
based on the temperature coefficient # defined for the rated
power by the manufacturer of the PV module:
ny =l+a- (T, —25) (8)

where a is the coefficient of change in the efficiency of the
PV module due to temperature change concerning standard
value of 25°C. The value of this coefficient is about
0.4%/°C.

The AC power delivered by the PV system to the
distribution grid is less than the DC power under standard
test conditions and is calculated as follows:

TPV

=T

amb

(7

()
1000
where the coefficient #p takes into account losses due to
module contamination, the coefficient #y takes into account
losses due to mismatched modules, the coefficient #r takes
into account losses due to increasing module temperature
above the standard value of 25 °C, and the coefficient #;,y
represents the inverter efficiency.

The average power consumption diagram is obtained as
the mean value of the power consumption of all households
in a settlement, but such a diagram is not a reliable
representation of the power consumption of one household.
Compared to the power consumption diagram of one
household, the average power consumption diagram is less
variable because it is obtained based on a large number of
households with different household appliances and
different usage times. For that reason, the power
consumption diagram of one household in this paper is
modeled based on the rated powers of the household
appliances and their usage time, adopting that power
consumption fluctuates around the average power
consumption diagram. To manage consumption, the
consumption diagram of one household is divided into
manageable and unmanageable parts.

Batteries are an integral part of many microgrids. The
basic quantity for batteries that affects power management
in the microgrid is the battery state of charge, which
represents the battery level of charge over its rated capacity.
In this paper, the case of grid-connected microgrid with a
PV system and Li-ion batteries is also considered. The role
of batteries is to accumulate electricity in periods of high
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production and low consumption, as well as deliver stored
energy when needed. Batteries are practically always needed
in off-grid PV systems. Batteries can also be used in on-grid
PV systems to provide the user with the ability to store
electricity in periods of high production and to use it in
periods of low production (without buying energy from the
grid), as well as to sell electricity when the price is favorable
for the user. Despite all the above advantages, batteries are
rarely used in on-grid systems, and the reason for this is the
high cost of batteries, which increases investment. In
addition, their lifespan is about 12 years, which means that
new batteries must be purchased after the battery life
expires.

III. ENERGY FLOW MANAGEMENT IN A GRID-CONNECTED
MICROGRID BY APPLYING A FUzzy LOGIC CONTROLLER

A characteristic of many technical and economic systems
is that they do not have sufficiently precise data at their
inputs, so it is very common that they have at the disposal
the data whose values contain a certain amount of
uncertainty, i.e. they are not precise enough. During the
decision-making or problem-solving process, the person
responsible for making decisions most often relies on
experience, intuition and subjective evaluation of individual
parameters. The core of the fuzzy sets, that is, of the fuzzy
logic, is inaccuracy or ambiguity. It can be freely said that
significant technological progress has been achieved by
solving the problems from different areas by applying the
fuzzy set theory, i.e. fuzzy logic.

A fuzzy logic controller (FLC) is programmed to manage
consumption in a grid-connected microgrid with a PV
system and storage system, as shown in Fig. 1. The
algorithm which uses the FLC controller manages the
energy flow in the system and allows the charging and
discharging of batteries as well as the energy exchange with
the distribution grid, as shown in Fig. 2.
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Figure 1. Consumption management system using FLC

The variables in Fig. 2 are: P.g;; is the manageable power
consumption, P.g,; is the unmanageable power consumption,
P is the total power consumption, P, is the total DC
power production of the PV system, Ppcsrc) is the installed
power of the PV array, /; is the solar irradiance to the solar
collector, C, is the price of electrical energy in the market,
Com is the mean price of electrical energy in the market, Wy,
is the actual energy stored in batteries, Wym.x 1S the
maximum energy stored in batteries, #. is the battery
charging efficiency, 74 is the battery discharging efficiency,
Minv 18 the inverter efficiency, P, is the power exchange of
the system with the distribution grid, and Py, is the power
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exchange of the battery with the distribution grid. It can be
seen from Fig. 2 that during the year the difference between
the power production from RES and power consumption, as
well as the SOC of the battery, are checked at any time
sampled with the step At.

Start

Pi= Peguit Pecai
Poi= Pociste o il /1000)
Whi= Whiyy

o Yes
Wi >Womax

Wi 2 0.2 Whmax

Whi =Wy~ Pom Bt
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Figure 2. Algorithm for power flow management

IV. GRID-CONNECTED MICROGRID WITHOUT LOAD
MANAGEMENT

When forming the power consumption diagram, the data
obtained by measuring consumption in a residential part of
Belgrade, which has 1637 households, have been used. The
average daily power consumption diagrams of one
household P, are obtained by summing the corresponding
15-minute values from the daily power consumption
diagrams of individual households and dividing by the
number of households. However, such a daily diagram can
not be considered as a credible power consumption diagram
of one household. To have a completely credible daily
power consumption diagram of one household, all the
household appliances, their rated powers, and time of use in
summer and winter seasons have been taken into account.
These data are shown in Table 1. The credible daily power
consumption diagrams is formed to vary around the average
daily power consumption diagram P, taking into account
the rated powers and time of use of appliances.

The data used in the process of sizing the PV array
depend on 10-minute data on temperature and horizontal
irradiance for the location of Belgrade whose latitudinal
angle is L=45°. The PV modules are south-oriented at an
optimal inclination angle of 34°, and the analyzed data cover
a period of one year. In this paper, polycrystalline modules
of rated power P.,,=290W with open-circuit voltage
Voe=39.33V and short-circuit current [,=9.53 A are
selected. A PV array containing 32 parallel-connected
modules has been adopted. The installed power of the PV
array is 9.28 kW. The rated power of the inverter is 10 kW,
and the efficiency of the inverter is #;,,= 0.96. There have
been adopted: the coefficient of efficiency: #p = 0.96 which
takes into account the contamination and aging of the
modules, #,=0.97 which takes into account the mismatch of
the modules. The DC voltage of the system is U= 48 V. The
used Li-ion battery has capacity A,,=110 Ah, voltage U,=24
V, and efficiency #,= 0.95. The number of battery branches
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connected in parallel is ny,= 6 and the number of batteries
connected in series is ng= 2. The installed capacity of the
battery system is 31.1 kWh, and the adopted price for this
type of battery is 673.85 EUR.

A. Grid-connected Microgrid with Batteries and without a
Feed-in Tariff

As first, the case of a grid-connected microgrid with
batteries and without the feed-in tariff has been analyzed,
i.e. the case when the production from the PV system is not
subsidized. Fig. 3 (a) shows the power production Ppy from
the PV system and the power consumption Pc for the period
of one year (from 15 July 2013 to 14 July 2014). Fig. 3 (b)
shows the power exchange P, with the distribution grid for
the same period of one year. The maximum power
production from the PV system during the analyzed year is
7.63 kW. Fig. 4 shows the state of charge of the battery for
the period of one year (from 15 July 2013 to 14 July 2014).

0 50 100 150 200 250 300 350 400
t{day]
(b)

5 L L L 1 1
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t{day]

o

Figure 3. Grid-connected microgrid with batteries: (a) Annual power
production Ppy from PV system and power consumption Pc; (b) Power
exchange P, with the distribution grid
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Figure 4. Grid-connected microgrid with batteries: Battery state of charge
SOC

In the analyzed case, the grid-connected microgrid
consisting of a PV system and energy storage system allows
the users to meet their own needs for power consumption
and achieve financial gain of 254.09 EUR/year in the energy
exchange with the grid. The achieved financial gain has
been calculated based on the power delivered to the
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distribution grid and the prices of electricity from the
Hungarian Stock Exchange for the same period of one year
(from 15 July 2013 to 14 July 2014). The user has large
investments due to the price of batteries since the price of a
used battery system based on the price of one battery is
8086.2 EUR. Since the production from the PV system is
variable, in periods of small production and low battery
SOC, it is necessary to take energy from the grid to supply
appliences and preserve the user comfort.

B. Grid-connected Microgrid without Batteries and a
Feed-in Tariff

Then the case of a grid-connected microgrid consisting of
a PV system without an energy storage system has been
analyzed. The user does not possess a feed-in tariff, and a
financial gain of 234.02 EUR/year in the exchange of
energy with the grid has been achieved. At the same time,
the user has significantly less investment because the system
does not contain batteries. If the production is higher than
the consumption, the surplus electricity is sold to the grid at
the electricity price on the stock exchange. In case when the
production is lower than the consumption, the user will buy
electricity from the grid at the electricity price on the stock
exchange.

C. Grid-connected Microgrid without Batteries and with a
Feed-in Tariff

The third analyzed case refers to a microgrid with a PV
system without an energy storage system when the user
possesses the feed-in tariff. The assumption is that the PV
system must first supply the local consumption. In such
conditions, the user has achieved the highest financial gain
in the exchange of energy with the grid, of
1540.3 EUR/year. If the production is higher than the
consumption, the surplus electricity is sold to the grid at the
adopted price for the feed-in tariff of 206.6 EUR/MWh [27].
In case when the production is lower than the consumption,
the user will buy electricity from the grid at the price of
electricity on the stock exchange.

All three analyses have shown that the user has been
provided with a continuous power supply while achieving a
financial gain in the exchange of energy with the grid during
the analyzed year. However, this does not mean that optimal
consumption management has been achieved in a
household. For the user to decide which microgrid is the
most profitable one, it is not enough to make only the
financial gain in the exchange of energy with the grid for
one year. It is also important to perform an economic
analysis that implies the calculation of investment costs,
equipment maintenance, and replacement costs, as well as
the calculation of profits during the lifetime of the analyzed
system. After that, it is desirable to compare the calculated
investment costs and the cost of equipment maintenance and
replacement with the total profit over the lifetime and
provide the user with an insight into the economic analysis
of different microgrids.

V. GRID-CONNECTED MICROGRID WITH LOAD
MANAGEMENT

To manage the consumption, consumption is divided into
two groups: unmanageable consumption G; and manageable
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consumption G,. The unmanageable consumption G, is the
energy consumption of appliances that have to be supplied
with electricity at any time. This means that the time of use
cannot be postponed for a more favorable moment, for
example when there is production from the PV system or
when the price of electricity in the grid is lower.
Manageable consumption G, includes the energy
consumption G,, of appliances whose switching time can be
moved for a more favorable moment that is not during the
night and the energy consumption G,, of appliances whose
switching time can be moved for any time of day (washing
machine and water heater). The unmanageable consumption
G and the manageable consumptions G, and G, are shown

in Table I.
TABLE I. APPLIANCE GROUPS

Rated Time ofuse | Time of use
Group Appliance power in summer in winter
P, [W] t;[h/day] t, [h/day]

G, Refrigerator 300 6 6

G, Lights (6 bulb) 6-30 2.78 4.19

G, TV active mode 80 2 4

G Tvrzgaé‘:by 5.1 2 20

G, Antenna 3.5 2 4

G, Phone 4 24 24

G, PC active mode 125 1.5 1.5

G Pcrifgfby 80 0.5 0.5

Goa Electric range 1000 2 2

Gy Water heater 1800 1.5 1.5

Go, Clothes iron 1000 1h/weekly 1h/weekly

Goa Air conditioner 1200 4 0

Gy Washing 1800 | 133hiweekly | 1.33h/weckly

Goa Vacuum cleaner 750 30"/weekly 30'/weekly

Ga, Microwave 700 0.17 0.17

oven
Gaa Coffeemaker 1200 0.17 0.17
Goa Toaster 800 0.17 0.17

Load management has been achieved by applying an
FLC. The Mamdani type of inference was chosen, and the
input data are the SOC of the battery, the differences
between the output from the PV system (P,) and
consumption (P.), and the differences between the actual
market price of electricity (C,) and the average price of
electricity on the market (Cgn). The input data for the FLC
are shown in Figures 5-7 with the corresponding
membership functions. The difference between the power
production from the PV system and power consumption is
shown in Fig. 5 and is represented by trapezoidal
(Negative), triangular (Zero) and trapezoidal (Positive)
membership functions. For the SOC, the membership
functions of trapezoidal (Low), triangular (Medium) and
trapezoidal (High) distribution have been assigned and are
shown in Fig. 6. The difference between the current price of
electricity during the year on the market C, and the average
price of electricity on the market C,y are shown in Fig. 7
and are represented by trapezoidal (Negative), triangle
(Positive) and trapezoidal (Very positive) membership
function.

The output from the FLC is the probability of switching
the unmanageable appliance group G; and the manageable
appliance groups G,, and Gyy,.
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TABLE II. FLC RULES

No. of Inputs and outputs from FLC
rules Ppv-Pc socC Cy-Cym G G,
1. Negative Low Negative Vh -
2. Negative Low Very Vh )
positive
3. Zero Mi(lhu Positive vh .
4. Negative High Positive Vh
S. Positive High Positive Vh -
6. Negative Low Negative Vh Vi
7. Negative Low V@r_y Vh vi
positive
8. Zero Low Negative Vh Med
9. Negative Mfr(lhu Negative Vh Vi
10. Negative Mi(lhu Positive vh vi
11. Negative High Positive Vh Vh
12. Positive High Positive Vh Vh
13. | Positive | High Very Vh | Vh
positive

Figure 6. FLC input: Battery state of charge SOC
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Figure 7. FLC input: The difference between the price of electricity on the
market C, and the mean value of electricity price during the year Cgn

The switching probabilities are represented by bell-
shaped distribution functions denoted as Very low (VI),
Medium (Med) and Very high (Vh).

By using 54 if-then rules, smart consumption
management is enabled while shifting the manageable
consumption. In this way, optimal consumption
management is achieved. Some of the fuzzy rules are shown
in Table II.

Thanks to the application of the FLC, a shift in
manageable consumption for a more favorable moment has
been achieved. As the manageable consumption is divided
into two groups, the time frames within which the
consumption must be reimbursed taking into account the
comfort of the wusers are defined accordingly. The
consumption from G,, must be reimbursed in the period
from 07:00 to 00:00, and the consumption from Gy, can be
reimbursed at any time of the day. In this way, optimal
consumption management is achieved.

38

A. Grid-connected Microgrid with Batteries and without a
Feed-in Tariff

In a grid-connected microgrid with a PV system and
battery energy storage, consumption management is
achieved by using the FLC in the household. Fig. 8(a) shows
the power consumption P, before the application of the FLC
and the new power consumption P.,”*" after the application
of the FLC. Fig. 8(b) shows the power production P,, from
the PV system and the power exchange P, with the
distribution grid. Fig. 9 shows the state of charge of the
battery. The graphs shown in Fig. 8 and Fig. 9 cover a
period of 7 days during the year.

6 T T T T T T
4r Pov 1
n N A | | (Y K I — P
2 2t s 14
4
T O N v—J ":
ol TN ¥ ‘?’ : L
145 146 147 148 149 150 151 152
t[day]

Figure 8. Grid-connected microgrid with PV system and batteries: (a)
Power consumption Pc before application of FLC and power consumption
P after application of FLC; (b) Power production Ppy from PV system
and power exchange P, with grid

From Fig. 8 and Fig. 9 it can be seen that the FLC
manages the power supply of household consumption. The
consumption is powered from the PV system, batteries, and
distribution grid. Also, a shift in one part of consumption for
a more favorable moment can be seen in Fig. 8. Thanks to
the FLC, the number of batteries has been reduced from 12
to 6, which means that the number of battery branches
connected in parallel is now ny,=3, and the number of
batteries connected in series is ng,=2.



Advances in Electrical and Computer Engineering

35

= N N w
o (=] al o

SOC [KWh ]

a
o

(1345 146 147 148 149 150 151 152

t[day]
Figure 9. Grid-connected microgrid with PV system and batteries: Battery
state of charge SOC

Fig. 10(a) shows the power production P,, from the PV
system and the power exchange P, with the distribution
grid. Fig. 10(b) shows the diagram of the electricity price C,
on the market and the mean value of the electricity price Cyp,
during the analyzed period of 7 days.
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Figure 10. Grid-connected microgrid with PV system and batteries: (a)
Power production Ppy from PV system and power exchange P, with
distribution grid; (b) Electricity price C, and mean value of electricity price
Cgm

Fig. 10(b) shows the time intervals in which energy is
sold (when Cy>Cyy) or purchased (when Cy<C,p) from the
distribution grid depending on the availability of energy
from the PV system and batteries, and the price of electricity
in the grid. If the owner of the PV system does not have
benefits that include a feed-in tariff, he will try to supply
own consumption first and then to sell the excess energy to
the distribution grid when the electricity price on the market
is higher than average. The boundary between the cheap and
expensive electricity prices is adopted and represented by
the average value of electricity price Com. The user will buy
energy from the distribution grid when it is cheap (lower
than the average value of the price of electricity Cgy) and
sell it to the grid when it is expensive (higher than the
average value of the electricity price Cypy). The user realizes
this exchange of energy with the distribution grid by shifting
his consumption, and the benefit of that is additional
financial gain.

With the application of the FLC and electricity flow
management algorithm, it is possible to supply consumers
with  electricity, achieving a financial gain of
285.14 EUR/year in the energy exchange with the grid. This
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analysis has been done under the assumption that the user
does not have a feed-in tariff. It should be borne in mind that
this is an annual financial gain and that, based on it, the user
can calculate whether he will operate with profit or loss
during the lifetime of the entire system, which amounts to
24 years.

A more detailed analysis of the mentioned variants of the
microgrid has been performed by varying the number of
batteries and PV modules in the system. The case with a
fixed number of PV modules (n=32) and a different number
of batteries has been analyzed. The number of batteries
analyzed in this case is n,=2, 6, 10, and 14. The investment
costs of the PV system of 1 EUR/W were adopted, and the
maintenance costs are 3% of the investments in the PV
system. The price of one battery of 673.85 EUR has been
adopted. Fig. 11 shows a diagram of the total price C; of the
PV system and batteries, the achieved profit D, during the
lifetime of 24 years without the application of the FLC, and
the achieved profit Dy with the application of the FLC,
depending on the number of batteries .

20000 T T T

15000 F | =eemmen Dic

10000 -

D_[EUR]

s

5000

C.

5000 . 1 . . . .
0

Figure 11. Total price C; of PV systems and batteries, achieved profit Ds
during the lifetime without application of FLC and achieved profit D c
with application of FLC for case of PV system with different number of
batteries and without application of feed-in tariff

Based on the displayed comparative diagrams, one
concludes that such a system is never profitable because the
price of the total system C; is significantly higher than the
achieved profit due to increasing costs for the price of
batteries whose lifetime is 12 years. This means that it is
necessary to buy batteries twice during the considered
system lifetime of 24 years. According to the battery
manufacturer's specifications, more than 2000 cycles of
charging and discharging are allowed during battery
lifetime. For the case without the application of the FLC,
the number of cycles is 1281. With the application of the
FLC, the number of cycles is reduced by 62 and amounts to
1219 over 12 years. It can be concluded that the FLC has a
favorable effect on reducing the number of charge and
discharge cycles and thus has a positive effect on the battery
lifetime. However, such a system is still unprofitable for the
entire lifetime of the system due to the high cost of the PV
system, batteries, and system maintenance.

B. Grid-connected Microgrids without Batteries and a
Feed-in Tariff

A system consisting of a PV system without batteries and
a feed-in tariff has also been considered. The price C; of the
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PV system and the achieved profit D; have been analyzed
during the entire lifetime of 24 years, depending on the
number of PV modules n. Fig. 12 shows the price C; of the
PV system, the achieved profit D during the lifetime
without the application of the FLC, as well as the achieved
profit Dy ¢ with the application of the FLC. The cost C; and
profit D for a period of 24 years are discounted to the initial
year. It can be seen from Fig. 12 that such a system is never
profitable for the user regardless of the number of PV
modules n. With the increase in the number of PV
modules the investment costs C, increase faster than the
achieved profit of the system D;. Also, it can be concluded
that the profit in the exchange of energy with the grid has a
negative value for a relatively small number of PV modules.
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Figure 12. Price C; of PV system, achieved profit D; during the lifetime
without application of FLC and achieved profit Dy c with application of
FLC for case of PV system without batteries and without application of a
feed-in tariff, depending on a number of PV modules n

There has also been analyzed an energy flow management
algorithm that uses the FLC in a grid-connected microgrid
with #=32 PV modules but without batteries. Fig. 13(a)
shows the power consumption P, before the application of
the FLC and the new power consumption P, after the
application of the FLC. Fig. 13(b) shows the power
production P, from the PV system and the power exchange
P, with the distribution grid.
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Figure 13. Grid-connected microgrid with PV system without batteries: (a)
Power consumption Pc before application of FLC and power production
Pc"" after application of FLC; (b) Power production Ppy from PV system,
and power exchange P, with distribution grid

It can be seen from Fig. 13 that the consumption is
supplied at a given moment or is shifted to a more favorable
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moment within the defined range. There is a higher takeover
of electricity from the distribution grid due to the lack of an
electricity storage system.

Thanks to the application of the FLC to manage
consumption, the system has become more effective. A
financial gain of 292.78 EUR/year in the energy exchange
with the grid has been achieved. However, based on Fig. 12,
it can be seen that the system is still unprofitable during its
lifetime regardless of the number of PV modules n, since
there is no intersection of the curve of the (true) price Cs of
the system and the profit Dy c in the energy exchange with
the grid

C. Grid-connected Microgrid without Batteries and with a
Feed-in Tariff

The next analysis has been performed for a grid-
connected microgrid with a PV system without batteries and
with a feed-in tariff for 12 years. This means that the user
has a feed-in tariff during the first 12 years of the
microgrid’s lifetime of 24 years. The price C; of the PV
system, the achieved profit D; without the use of the FLC,
and the achieved profit Dy ¢ with the use of FLC, during a
lifetime of 24 years, have been analyzed depending on the
number of PV modules to find a cost-effective PV system
for the use, as shown in Fig. 14.
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Figure 14. Price C; of PV system, achieved profit D, during the lifetime
without application of FLC and achieved profit Dy c with application of
FLC for case of PV system without batteries and with application of feed-in
tariff as a function of number of PV modules n

It is noticed that the profit increases faster than system
cost with the increase of the number of PV modules. The
system without the application of the FLC is not profitable
when the number of modules is lower than 31. It means that
such a system becomes cost-effective when the number of
PV modules is higher than or equal to 31. However, it can
be seen from Fig. 14 that the microgrid is always more cost-
effective with the application of the FLC and consumption
management algorithm. From the intersection of the curve
Cs and Dgp ¢, it can be seen that the microgrid is profitable
when the number of PV modules is higher than or equal to
27. Thanks to FLC, the number of PV modules #=32 in the
considered example is well-chosen, while the PV system has
a significant share in supplying the load during the year
(27.04%).

For the same microgrid, if the user is considered to have a
feed-in tariff, it is possible to achieve a financial gain of
1593.1 EUR/year in the energy exchange with the grid. Fig.
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15(a) shows the power production P,, from the PV system
and the power of exchange P, with the distribution grid. Fig.
15(b) shows the diagram of the price C, of electricity on the
market, the average electricity price Cyn, the price C; based
on which electricity is sold/bought from the grid, and the
price Cy which implies the presence of the feed-in tariff
during the analyzed period. If the production from the PV
system is higher than the consumption, the excess energy is
sold to the grid at the price of the feed-in tariff, which can
be seen in the diagram when C reaches the value of the
price Cy. If the production from the PV system is lower than
the consumption, then the energy is bought from the grid at
a price equal to the price of electricity on the market, which
is seen in the diagram when C; reaches the value of the price
C,. Due to the consumption management, the manageable
appliances (appliances from groups G,, and Gy,) switch on
when the price of electricity in the grid is lower, to place
surplus energy in the grid later when the grid needs it most.
For that reason, it is necessary to monitor at all times
whether the energy in the grid is cheap or expensive.
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Figure 15. Grid-connected microgrid with PV system without batteries: (a)
Power production Ppy from PV system and power exchange P, with
distribution grid; (b) Electricity price C,, mean value C,n, of electricity
price, sale/purchase electricity price C; and price Cy that includes feed-in
tariff

VI. CONCLUSION

The aim of this paper is to compare different variants of a
microgrid with a PV system for three different cases: with
batteries and without a feed-in tariff, without batteries and a
feed-in tariff, and without batteries and with a feed-in tariff.
The first two microgrid concepts do not give satisfactory
results to the user. It is important for the user to have an
electricity supply without compromising comfort and to
achieve profit during the lifetime of the microgrid. From
that point of view, the highest financial gain is achieved in a
grid-connected microgrid with a PV system, without
batteries, and with a feed-in tariff. Besides the comparative
analysis of different microgrid concepts, this paper also
performs the consumption management by using the FLC
and algorithm for power flow management, which has
resulted in higher financial profits. The economic analysis
has shown that a grid-connected microgrid with a PV
system, with or without batteries, and without feed-in tariff
is not cost-effective during its lifetime, even with the
application of the FLC. The reasons for this are the high cost
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of investment and replacement of batteries over a lifetime
and the lack of subsidies (feed-in tariffs). Only a grid-
connected microgrid with a PV system without batteries and
with a feed-in tariff enables financial gain during its
lifetime. With the application of FLC for consumption
management, the user can achieve higher profit or make the
system cost-effective with fewer PV modules. Due to the
energy flow optimization, the microgrid with the FLC and a
power flow algorithm has an advantage. The application of
such techniques, together with the advancement of PV
technology and the growing demand for PV systems, will
contribute to making micro-grids cost-effective and widely
applicable.
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