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A bstract: Inrecent years, many studies have been done related to the implementation of methods for PV
generation forecasting. The PV generation depends on several factors. Since Artificial Intelligence methods have a
greater advantage than other methods, in this paper the construction of a PV energy predictive model of using Fuzzy
Logic Approach has been considered. In this paper, a fuzzy reasoning approach is used for prediction of the PV
generation. In the proposed method, the fuzzy inferences knowledge-based on IF-THEN rule is developed using
MATLAB fuzzy software. Using fuzzy logic, the mathematical representation of influential variables on the prediction
of solar power is defined. Three variables influencing the prediction of solar power are taken in consideration as fuzzy
logic inputs. These variables are: hours of the day, clouds, tilt angle. The detailed analysis of the fuzzy system surfaces
shows that the factors taken in consideration are mutually related. A set of different values of inputs are defined and
then PV energy production forecast is made applying the fuzzy approach. The constructed rules based in engineering
experience accurately represent forecast of PV generation.
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IIPOT'HO3A HA MPOU3BOACTBO O ®OTOBOJTAUYHU HEHTPAJIN
CO IPUMEHA HA ITIPUCTAII 3ACHOBAH HA ®A31 PE3OHUPAILE

AmcTpak T: Bo TeKOT Ha mocieTHUBE TOANHHU Ce CIIPOBEICHH TojieM OpOj MCTpaXkyBarba 3a MPUMEHa Ha
Pa3IMYHMA METO/H 3a MPOTHO32 HA IPOM3BOACTBOTO 0/ HOTOBONTAMYHHUTE EIEKTPUYHH LEHTPaIH. [IpOH3BOJCTBOTO 01
OBOj BUJ €JEKTPHYHHM LEHTPAJIH 3aBUCH OJ HEKOJKY (akTopu. 3eMajKu NpenBUa JeKa METOIAHWTE 3aCHOBAaHU Ha
BellITayKa MHTEJIUTeHIMja UMaaT NPEeHOCT Npe]| IPYTUTe METOIH, BO OBOj TPY.l € MPUKaKaH MOJIEN 3a MPOrHo3a Ha
MPOU3BOJICTBOTO KOj C€ TeMen Ha (ha3u JIOTHKa. BeyiHoceT, co IpuMeHa Ha IIPUCTAIoT 3aCHOBaH Ha a3y pe3oHupame
ce BpIIM IPOTrHO3a Ha MPOM3BOJCTBOTO 0/ (hOTOBOJITANYHA ENEKTPUYHA LEHTpana. [IpeanokeHnOT METol KOPUCTH
(a3u pe3oHMpame 3aCHOBaHO Ha MPaBUIIOTO ,,aKO — TOTAIl** U € Pa3BHEH CO MpHUMeHa Ha (Ga3n GYHKIHOHATHOCTH BO
nporpamcknot naker MATLAB. Kopucrejku ¢asu noruka, ce popmupa MaTemMaTHika pernpe3eHTaluja Ha BeIudu-
HUTE KOU BJIMjaaT BP3 NPOTHO3aTa Ha MPOU3BOJCTBOTO 0J1 (POTOBOJNTANYHATA LICHTPANA, a BO KO CrlaraaT 4acCOBUTE BO
JICHOT, TojaBaTa Ha OOJIAlM M aroJIoT Ha MOCTaBYBame Ha MOIYJHTE. AHAJIU3HUTE CO MPUMEHA Ha (a3u MOBPIIMHH
MOKaXyBaaT jJeKa HaBeJeHUTEe (BaKTOpPH ce 3aeMHO 3aBHCHH. METOJOT € MPHMEHET 32 MHOXKECTBO Pa3JIMYHU BIIC3HH
BENIMYUHH, MIPH IITO PE3yITaTUTE MOKAKyBaaT Jeka (OpMHUpPAHUTE MpaBHiIa KOU KOPUCTAT U HHKEHEPCKO HCKYCTBO
MOJXAr Jia IaJiaT TOYHa IPOrHO3a Ha IIPOU3BOACTBOTO 01 (HOTOBOJITANYHUTE LICHTPAIH.

Kayunu 360poBu: (a3u pe3oHnpame; BEIUNUYHHU KOH BIIHjaaT Ha IPOrHO3aTa; GU3NYKHU ITPUCTAIT;
IPOU3BOACTBO 0] POTOBOJITAMYHA ENEKTPUYHA LICHHTPaJa; CTATUCTUYKH [IPUCTAI

1. INTRODUCTION effects of the energy crisis that the world experi-

enced since 2021 are still felt, and in the future

The photovoltaic (PV) system generation is an many challenges are expected. The rise in energy
area that is gaining great importance, as the major prices and the inflation impact on all energy-con-
technology for converting solar energy into electric- suming sectors shows time dependence to conven-

ity, which is reliable, stable and affordable. The tional resources. Many countries have realized the
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need to focus on solar energy and have undertaken
policies that support it via subvention packages. Re-
power EU is one of the policies created by the Eu-
ropean Commission with the aim, among others, to
increase the production of renewable energy to 45
% from the current 40 % [1]. Furthermore, the ob-
jective is to double the PV installed capacity in the
next three years, and the target by 2030 is adding
600 GW PV installed capacities [1]. On the other
hand, legal initiatives have also been taken that
force constructors to install roof top solar panels for
new buildings, commercial and residential ones. It-
aly is an example where a public program provided
financial support, up to 75% of the total capital
costs, to install a PV system with peak power be-
tween 1 and 20 kWpp [2]. The similar approach has
significantly increased the amount of energy pro-
duced by rooftop PV panels in many countries [3].
Energy from PV panels has dominated the renewa-
ble energy industry for many years. At the end of
2018, the installed on-grid capacity reached a power
of 480 GW, i.e., an increase of 20% from the previ-
ous year (386 GW). According to IRENA's studies,
they show that the production from PV panels can
increase to a staggering 2,840 GW capacity globally
in 2030 and 8,519 GW in 2050. Globally, 60% of
the total capacity will be for mass use and 40% roof-
top [4]. As the major technology that converts solar
radiation into electricity through PV cells, photovol-
taic energy is also reliable, sustainable and afforda-
ble for everyone. Many authors see the production
of electricity from PVs as a solution for the environ-
mental effects caused by fossil energy sources [5].
Furthermore, it also has positive economic and so-
cial effects [6].

In addition, PV power in Albania is gaining
even greater importance because the power system
it based on hydro power plant (HPP) production,
which depends on yearly hydrologic factors and dry
summer periods [7]. On the other hand, the amount
of PV generation is affected by various factors such
as the tilt angle, irradiation, altitude, temperature,
cloudiness, day hours, etc. [8].

Therefore, for the efficient planning and oper-
ation of a PV system, accurate forecast of the elec-
tricity production is essential. In recent years, many
studies have been done for the implementation of
methods of forecasting the PV generation. Since Ar-
tificial Intelligence methods have a greater ad-
vantage than other methods, this paper considers the
construction of a PV energy predictive model of us-
ing a Fuzzy Logic approach.

The paper is organized as follows: Section 2
provides an overview of Albanian Electrical Power

System. PV power forecasting approaches and
methods are described in Section 3. Section 4 de-
scribes the proposed fuzzy approach. In addition,
Section 5 shows the application of the proposed
fuzzy approach. The conclusions are provided in
Section 6.

2. ALBANIAN POWER SYSTEM OVERVIEW
Albania is a net importer of electricity, as pre-

sented in Figure 1 [7], and approximately 100% of
the energy is produced by HPPs.
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Fig. 1. Import-export balance of electricity in years
2009-2022 (GWh)

Albania has a great potential of solar energy.
Due to its geographical position, the solar irradia-
tion in some areas reaches between 1,185 kWh/m?
per year to 1,700 kWh/m? per year. In optimal me-
teorological conditions, each square meter can ab-
sorb 2200 kWh per year [9].

The total electric production capacity installed
until 31st December 2022 is 2,614 MW. Albanian
Power Corporation (KESH), a public company,
shares 1,448 MW or about 55.4% of the total in-
stalled capacity, while the other producers share
1,166 MW or 44.6% of the total installed capacity.
The installed capacity of PV is only 23 MWpp or
0.73% of the total capacity [7].

The diversification of electric production ca-
pacity is one of the objectives that Albanian govern-
ment has established in the Strategy of Develop-
ment of Electric Power System [9]. Albanian poli-
cies go in the line with European directives for har-
monization of legal framework of energy sector.
According to the current policies, small and me-
dium-sized businesses as well as household con-
sumers can install a total capacity of up to 500
KWpp for the production of electricity from renew-
able sources, such as wind or solar, to cover part or
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all of the energy needed and inject the excess into
the distribution network [10]. For year 2023, the
new PV capacity should increase about 255.2 MWpp
[7]. This new scenario of Albanian energy pro-
duction and the obligation of ALPEX for accurate
day-ahead energy forecast require that PV power
plants improve their power generation forecasts.

3. PV POWER FORECASTING APPROACHES
AND METHODS

Accurate forecasting of PV electricity produc-
tion is essential for efficient operation and planning
of a PV system. The forecasts of PV power output
can refer to short terms which include the very short
time horizons from few seconds to few minutes, the
“intraday” time horizons from 0 to 6 hours ahead,
and the day ahead time horizon, which is up to 24
hours ahead. The medium horizon starts from sev-
eral hours to several days ahead, and the long term
begins from several days to several months ahead.
The short-term forecasts are used for load control
and monitoring in power system operation and in
electricity markets [16].

The selection of appropriate forecasting ap-
proaches is essential for the forecasting process. In
this case, the methods are classified into three ap-
proaches: i) the physical approach which is based on
the PV power model, ii) the statistical approach
which is based on the artificial intelligence and ma-
chine learning methods, iii) the hybrid approach,
which is based on the mix of the techniques of the
same approach or techniques belonging to the other
approaches [20].

In physical methods, energy forecasting is
based on the use of meteorological parameters (so-
lar radiation and air temperature) predicted by nu-
merical weather prediction (NWP) models. These
parameters are used as inputs to a PV system model
to forecast the expected power output.

Statistical methods are based on data series
measured in the past and are suggested for short
time forecasting. In [11] statistical models based on
weather data are used. Regression models are dis-
cussed in [12]. These models describe the relation-
ship between solar radiation prediction from NWP
and PV power production directly from statistical
time series analysis from historical data, without
considering the physics of the system.

In [13], [14] and [15] statistical models like
Artificial Neural Network (ANN) or fuzzy logic are
used. ANN is a simple biological analogy of the
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brain. ANN techniques are based on the neural sys-
tem and have been widely used to solve PV energy
forecasting problems. Fuzzy logic can be inter-
preted in two different ways. In a narrow perspec-
tive it is a logical system. In a broader sense it is
synonymous with fuzzy set theory, which refers to
communities of objects that have undefined bound-
aries, and being part of these communities is deter-
mined at quantitative levels.

In this paper, fuzzy logic is used in relation to
fuzzy set theory. This logic is characterized by the
use of linguistic variables, which have words and
not numbers as values or parameters. A particularity
in the use of fuzzy logic is the use of fuzzy rules.
Although words are less precise than numbers, their
use is closer to human intuition.

4. PROPOSED FUZZY APPROACH

Fuzzy logic methodology has been in the focus
of many researchers which is due to the fact that it
operates with a non-linear element [15]. A fuzzy
system is characterized by the following elements:

1) input membership function,

2) fuzzy rules, and

3) the output membership function.

The fuzzy reasoning approach involves fol-
lowing steps:

1) Compile the heuristic rules.

2) Perform fuzzy reasoning.

The next step is to decide which inputs will be
included in the membership function design and in
the fuzzy rules design. We have selected three input
variables: hours of the day, cloudiness and the PV
module tilt angle. Figure 2 presents the framework
of the proposed fuzzy approach.

F:ﬁ
ification process

Defuzzification process

l

Day hours Cloudiness Tilt angle PV production

Fig. 2. The framework of the proposed fuzzy approach

a) Membership functions of input variables

The input variables are represented by trape-
zoidal (trapmf) and triangular membership (trimf)
function. In the following subsections, the fuzzy
model for each variable is presented.
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1) Hours of the day

In Figure 3 a typical energy production of PV
module during hours of the day [16] is presented.
This production is characterized by three parts, the
first part is an increase in production, then a constant
production, and the third part is a decrease in pro-
duction [17].

1

Fig. 3. Typical energy production of PV module during hours
of the day

Therefore, the curve can be divided in three
sections. Then, the range of each function is de-
fined. Namely, the variable hours in the day is de-
signed with three linguistic variables, defined as
"AM", which refers to the period between the 7:00
and 10:00, "P" (peak), which is between 9:00 and
15:00 and "PM", which refers to the period between
15:00, and 19:00, as indicated in the Table 1.

Table 1l
The linguistic variables of the hours of the day

Linguistic variables Range
AM 7-10

P 8-15

PM 13-19

FIS Variables

The membership function for the hours in the
day is shown below, in Figure 4. A triangular type
(trimf) is selected, and the range of the abscissa val-
ues is [7:19], while the range of ordinate values is
[0:1]. From Figure 4 it can be observed that the
functions interfere.

2) Cloudiness

The numerical values of the cloudiness inputs
are divided into groups named "Low" (slightly
cloudy), "MC" (moderately cloudy), "VC" (very
cloudy) and "TC" (totally cloudy), as indicated in
the Table 2.

Table 2
The linguistic variables of the cloudiness

Linguistic variables Range
Low -36-30
MC 15-50
VvC 40 - 80
TC 70-145

After determining the range of function on the
abscissa axis, we build the membership functions of
the cloudiness input in the interval fuzzy system. All
four membership functions extend to the interval
[0:1] on the ordinate axis, while on the abscissa axis
to the interval [0:100]. From Figure. 4 it could be
noticed that the functions interfere between one an-
other and in addition to the triangular type, the trap-
ezoidal type (trapmf) is also used. The Figure 5
shows the membership functions of the cloudiness
input.

Membership function plots

P PM

input variable “day-hours®

Nare

Type

Params

Curent Membership Function (chck on MF to salect)

trimmf

Display Range

Ready

Fig. 4. Membership functions indicator for the hours in the day input
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Membership function plots
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Fig. 5. Membership functions indicator for the cloudiness input

3) Tilt angle

The tilt angle and orientation of the panels are
determining factors in the production of photovol-
taic panels [5, 18]. In Figure 6 the dependency of
the PV energy production from the tilt angle is pre-
sented [19]. We have referred to this graph as a
model to help us determine the intervals of the tilt
angle variables in the fuzzy system in Matlab.

0.95
0.90

0.85

[

0.20

0.75

0.70

E e R R R R RN R R R

Tit angle (Degres)

Fig. 6. Graph of the PV power output panel as a function
of the tilt angle

The numeric values of the tilt angle input are
divided into three units, i.e., "H" (horizontal), "Az"
(azimuth angle, optimal), "V" (vertical), and the
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limits of each interval have been determined. The
intervals belonging to each community are shown in
the Table 3.

Table 3
The linguistic variables of the tilt angle

Linguistic variables Range
H -36-30
Az 15-50
\% 40-80

Once the range of each function on the abscissa
axis is determined, the membership functions of the
inputs to the fuzzy system are constructed. Figure 7
shows the membership functions of the input tilt an-
gle. When a numerical value of the input tilt angle
is written to the system, the system automatically
defines which function the numerical value belongs
to. As mentioned before, the tilt angle input contains
the three membership functions, i.e. "H", "Az", and
"V". The extent limits in 2-dimensional space are
defined in the white field labelled "Params". In the
"Type" section, the triangular type (trimf) is selec-
ted. The interval of abscissa values is 0:90, while the
interval of ordinate values is 0:1.
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Fig. 7. Membershi functions indicator tilt angle input

From the Figure 7 it could also be observed
that the functions interfere with one another.

b) Output fuzzy membership function

The PV production is used as an output varia-
ble. PV production is designed with four linguistic
variables defined as "Zero" (zero production), "LP"
(low production), "MP" (medium production), "HP"
(high production). We first defined the range of
each function as indicated in the Table 4.

After defining the range of function on the
abscissa axis, we build the membership functions of
the output PV production, as shown in Figure 8 be-
low.

The output PV production contains the four
membership functions, i.e. "Zero", "LP", "MP", and
"HP". The selected membership function type is tri-
angular. The base of each triangle is extended into 2
units. The selected function MP has its base in the

interval [20, 70], while the third peak is in the x-y
coordinates (5, 1). All four membership functions
extend to the interval [0:1] on the ordinate axis,
while on the abscissa axis to the interval [0:100]. As
presented in Figure 8 the functions interfere with
one another and in addition to the triangular type,
the trapezoidal type (trapmf) is also used.

Table 4
The linguistic variables of PV production

Linguistic variables Range
Zero 0-10

LP 10-30

MP 20-70

HP 60 -140

J. Electr. Eng. Inf. Technol. 9 (1), 21-31 (2024)
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FIS Variables

Membership function plots
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Fig. 8. Membership functions indicator PV production output

5. APPLICATION OF THE PROPOSED
FUZZY APPROACH

In the proposed method, a fuzzy knowledge-
based approach is developed. To evaluate the PV
energy production, the Fuzzy Inference System
(FIS) editor of MATLAB Fuzzy Logic Toolbox is
used. The component relations of the fuzzy system
are shown in the Figure 9. In the last step of the
methodology, the fuzzy logic toolbox of MATLAB
was applied for introducing the membership func-
tions and the fuzzy rules. Furthermore, the software
helped to automate the evaluation of the PV produc-
tion.

a) Fuzzy inference rules

To define the fuzzy inference rules the follow-
ing steps are taken:

1) Define the total numbers of interactions be-
tween the input output variables.

2) The output for each rule was determined by
the references and practical experience.

Each rule consists of two components which
are the antecedent (IF part) and the consequent
(THEN part). With the fuzzy logic technique, partial
output membership can be improved by increasing
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the number of rules. In the process of fuzzy ap-
proach, we have used the Centroid methods.

For the fuzzy logic control, Mamdani’s Max-
Min composition technique is used. FIS derives out-
put fuzzy sets from judging all the fuzzy rules by
finding the weighted average of all 26 fuzzy rules.
Using the Fuzzy Rule Viewer, the impact of each
input on the output production value can be ob-
served, as shown in Figure 10.

Four cases are considered to determine the in-
fluence of each input on the output, where one of the
inputs receives four different values, while the other
two are kept unchanged. The same process is re-
peated for each input variable.

From Figure 11 the influence of the input value
hours of the day on the value of the output is ob-
served, keeping the other two inputs constant. For
different values for the input variable hours of the
day (8, 12, 14, 16) we notice that the values of the
output increase. Also, it is worth saying that during
peak (P) and afternoon (PM) we get higher values
of PV production.

From Figure 12, the impact of the increase in
the percentage of clouds on the output PV produc-
tion can be observed. Keeping constant values of the
other two input variables, the PV production is de-
creasing. The less clouds we have, the higher the
production will be.
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Proposed FIS editor to Forecast PV
Production
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Fig. 9. Interaction of system tools with each other
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Fig. 10. The impact of each input on the output value
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Fig. 12. Fuzzy inference rules, the influence of the input cloudiness on the output PV production value

In the same way we changed the values of the
tilt angle variable, it can be observed that for posi-
tioning of the PV panel at the optimal angle Az, the
PV production is higher than in the horizontal or
vertical positioning. When comparing the horizon-
tal and vertical position of the panel, there is only a
slight difference of the output.

Ciiuc. Enexiupoiaexn. Hngh. Texnoa. 9 (1), 21-31 (2024)

Table 5 provides comparison of the output
value of the fuzzy approach with linguistic output
variable. It can be observed that the same result is
obtained with the value defined by the fuzzy ap-
proach and fuzzy output variable.

Figure 13 shows the effect of combination of
two inputs on the output value (production), while
setting one input constant.
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Table 5
Comparison of the fuzzy approach output value and the linguistic output variable
Inputs Output
Nr.  Day hours  Cloudiness Tilt angle Production
(%) @) (%)

1. 8 15 30 45 MP
2. 12 15 30 837  HP
3. 8 75 30 20 LP
4. 12 75 30 20 LP
5. 8 15 70 50 MP
6. 12 15 70 50 MP
7. 8 75 70 5 Zero
8. 12 75 70 5 zero

Pw production

Pv production

8 0 tit-angle

Pv.production

Fig. 13. The influence of different factors to the PV production:
a) influence of cloudiness and day hours, b) influence of day hours and tilt angle,
c) influence of cloudiness and tilt angle
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6. CONCLUSION

In this paper a fuzzy approach is presented for
PV production forecast, taking in to account the day
hours, weather conditions and tilt angle.

From the obtained results it can be observed
that different combination of input values should be
taken into account to define the final result. Fuzzy
approach gives us the possibility to take into ac-
count these combinations.

Furthermore, this method permits to use the
engineering experience and data sets in defining
fuzzy rules, enables the interpretation of the differ-
ent factors that affect the PV production, turning
them into logical conditions.

The proposed fuzzy approach gives satisfac-
tory results for the prediction of energy production
from photovoltaic. Moreover, helps in the correct
decision-making and risk management of the pro-
ducers that participate in the electricity market
timeframes, avoiding penalties.
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