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Abstract. Solar energy development in Ukraine is reaching peak values and will increase in the coming decades.
For this reason, it is important to use various methods of optimising panel’s operation to increase their energy
efficiency. Given the fact that the angle of the sun’s rays incidence has the greatest influence on the efficiency of
photovoltaic cells on the working surface, it is important to find the stationary (non-rotating) system’s optimal
angle of inclination and forecast the generated power. The purpose of the work was to determine the dependency
between the power generated by the photovoltaic element and the angle of the sun’s rays incidence and to develop
a universal document that would allow automatic calculation of the optimal solar panels’inclination angle relative
to the horizon and the maximum daily generated power. Calculations were performed analytically using functions
and digital tools of mathematical software, elements of the mathematical theory of optimisation. As a result of
the study, a digital file was created that automatically calculates the optimal solar panel inclination angle and the
maximum generated power depending on the change in this angle. An algorithm was developed that allows to
automate calculations based on the mathematical theory of optimisation and the means of specialised mathematical
software. The research work carried out will allow to increase the solar modules efficiency in the simplest way
without material costs for additional equipment and time costs for mathematical calculations of the technical
parameters of the system.Implementation of research results in practice will increase the profitability of solar panels
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Introduction

The development of alternative energy becomes a pri-
ority for Ukraine and many countries around the world.
The percentage of energy sources that will be produced
from alternative types will grow from 1 (as of 2015)
to 13% (forecast for 2035) (Pavlov et al., 2022) This is
due to the constant reduction and increase in the price
of reserves of natural resources (oil, coal, gas, etc.), the
significant negative impact on the environment of tra-
ditional energy processes, emissions of carbon dioxide,
nitrogen oxides and sulphur into the atmosphere, pol-
lution by dust and radioactive particles. In Ukraine, as
noted by Yu. Kolontaievsky et al. (2019), the technical-
ly achievable annual solar energy potential allows for
saving about 5 billion m? of natural gas.

The operational principle of the solar cell is based
on the photo effect phenomenon - the knocking out of
free electrons from the material atoms by the sunlight
photons flow. The efficiency of the solar module photo-
voltaic cells is affected by several main factors. In the
work of A.Khotian et al. (2019) considered the influence
of the angle of incidence of the light flux on the pho-
tovoltaic cell efficiency. Research by D. Zibalov (2022)
identifies photocell quality as one of the important fac-
tors. The work of D. Ostrenko & O. Kollarov (2020) con-
sidered such aspects as the influence of temperature,
contamination of the module and atmosphere (dust,
smoke), uniformity and intensity of lighting, which de-
pend on weather conditions.

The search for ways to improve the efficiency of
solar modules is carried out in many directions. In the
work of H.S. Majdi et al. (2021), the authors suggest-
ed using systems of active cooling of the solar panels
surface. The efficiency of energy generation decreases
by 10% or more due to the heating of the working sur-
face. Studies have shown that active heat dissipation
systems can increase the life of a photovoltaic panel
from 30 to 50 years. Active air cooling increases the
efficiency coefficient by 11.2%, passive - by 1.41%, and
water - by 5.36%.

The analysed studies showed that the angle of sun-
light falling on the working surface has the greatest
influence on the photovoltaic cells efficiency, but using
the special rotary devices that maintain the optimal an-
gle of 90° is limited by their high cost. Therefore, the
goal of this work was to find the optimal angle of incli-
nation of a stationary (non-rotating) system and predict
the generated power.

Materials and Methods

The highest efficiency of the solar installation is
achieved when the sun’s rays fall normal to the receiv-
ing surface. But constant maintenance of an optimal
angle of 90° is impossible due to physical processes
(rotation of the Earth around its own axis, change of
seasons). A schematic representation of the change in
the optimal angle of panel inclination relative to the
horizon during the year is shown in Figure 1.
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Figure 1. Schematic representation of the change
in the optimal angle of inclination
of the solar panel depending on the year season
Source: developed by the authors

The design of the installation (Fig. 2) was devel-
oped for calculating the optimal tilt angle of the panel
during the year, which consists of two solar modules,
oriented to the East and the West respectively.

Figure 2. Design of the solar module system
Source: developed by the authors

To simplify calculations, the total generation per day
of only half of the system was found. The dependence on
the latitude of the area, the day of the year, the hour and
length of the day, the level of insolation, the coefficient
of light reflection, and the scattering of solar radiation
were not taken into account. The reference power of the
solar flux was taken as the average annual value on the
territory of Ukraine W,= 1,200 W/m. The dependence of
the power of the sun’s rays on the angle of incidence f is:

W(B) = Wsinp. (1)

In the projected model, the solar flux is a vector.
One of the components of this vector was singled out
for calculating and taking into account the power gen-
erated by the panel:

W (e, B)=Wsin(a.+ f), (2)

where a - the angle of inclination of the panel relative
to the horizon, which must be found.

The function of the energy generation power is ob-
tained. To obtain the objective function of daily energy
generation, depending on the angle of inclination of
the panel to the horizon, the integral of this function
was found in the range from O to 90°:

I2°W, (a )= W, (a). (3)

The maximum value of the function, which corre-
sponds to the optimal value of the angle of inclination,
was found by finding the critical points of this function.
MathCAD software for mathematical calculations was
used to computerise the calculations.
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Results and Discussion

The need for electrical energy rapidly increases due
to the rapid development of technologies, energy-in-
tensive industries, and urbanisation processes. The
economic aspect plays an important role - the cost of
renewable energy sources is significantly lower than
the cost of fossil fuels, while the cost of such energy
is higher. Focusing on alternative energy is the key to
the energy independence of all countries. In Ukraine,
the development of renewable energy is one of the
five priorities of post-war recovery and further building
up of the country’s energy capacity, because the ener-
gy sector of Ukraine has suffered from huge losses. In
2024, targeted and large-scale attacks on facilities that
ensure the production, transmission, and distribution
of electricity continue. In the conditions of attacks on
the country’s energy infrastructure, the consequences of
which are partial or complete planned and emergency
power outages, the transition to alternative decentral-
ised energy sources is the only means to meet the en-
ergy needs of the population.

It is necessary to choose the most effective natural
energy resources available in this region for the produc-
tive development of renewable energy. The most prom-
ising is solar energy in connection with the favourable
geographical location of Ukraine and the degree of
availability of one or another type of alternative energy
foranindividual consumer.The process of converting so-
lar energy into electrical energy is environmentally safe
and is especially relevant in wartime conditions, as it is
the only way to obtain electrical energy in some regions.

The length of daylight hours in Ukraine allows the
efficient use of solar modules for 7-9 months a year, as
reported by the State Agency for Energy Efficiency and
Energy Saving of Ukraine (Energy of the sun, n.d.). The
annual flow of sunlight per 1 m? of horizontal surface
in the southern regions of Ukraine is 1,250-1,350 kW/
m?,and its duration is approximately 2,000 hours. As of
2024, there are no devices capable of working directly
on pure solar energy, so science has invented meth-
ods of converting solar energy into electrical energy.
The most common devices for transforming solar en-
ergy into electrical energy are solar panels. One of the
advantages of such energy sources is the possibility
of continued operation after the disconnection of de-
stroyed modules due to air attacks.

Installing solar panels is a promising capital invest-
ment, particularly, in the engineering industry. In the
process of work, plants and factories consume a sig-
nificant amount of energy, which increases the cost of
finished products and, as a result, expensive electricity
reduces the profitability and competitiveness of man-
ufacturing and repair factories. The large territory of
manufacturing enterprises allows for the installation
of a significant number of solar panels, and relatively
small initial capital investments have an economically
beneficial payback period at the scale of the enterprise.

The generated clean energy can be used for produc-
tion purposes or as an additional source of income. The
problem lies in the relatively low efficiency of devices
(18-25%), which requires finding ways to increase it. For
this, it is important to conduct scientific research in the
field of solar energy with practical testing of the pro-
posed hypotheses and created structures.

The stages of calculating the optimal inclination
angle by the method of differential calculation of the
function of two variables implemented in the MathCAD
software are given below in MathCAD terms and sym-
bols. Let the initial value of the maximum power be
W, = 1,200. Function (3) of two variables is integrated
from O to 90°:

flo) = JW (e, )dB—>1,200 - cos(a)-1,200 - cos(a+90). (4)

The first derivative of the objective function is
found:
floy:=£ fle)—1,200 - sin(ee+ 90) - 1,200 - sin(a).  (5)
Figure 3 shows finding the critical points of the ob-
jective function.

Given

fi(@)=0

a>0

M: = Find(a) - 0.55309

Figure 3. Finding the critical points
of the objective function in the MathCAD software
Source: developed by the authors

Optimal tilt angle of the panel is:

M-180

deg(a): = — 31.69. (6)

The second derivative of the objective function is
found:

f(@):=2 f,(0)—1,200 - cos(a+90) - 1,200 - cos(a);

da

- £(M)=-2,042.2. 7)

The value of the objective function at the maxi-
mum was calculated. The maximum generated power
in W/m? is fiM) = 2,042.2. Thus, the optimal angle of
inclination of the solar panel in the proposed mod-
el is o =31.69°. This value of the angle will allow to
reach the maximum value of the generated power of
2,042.2 W/m?2,

A significant number of various methods of increas-
ing the energy efficiency of solar systems have been
proposed by other scientists. For example, systems for
cleaning panel surfaces have been developed (Sin-
chuk et al., 2020). Studies have shown an increase in
generated power from 2,000 to 2,300 kW (15%) us-
ing a magnetic cleaning system. In the article Ye. Kor-
niienko et al. (2023) the authors proposed a method of
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controlling the power generation system using wire-
less technologies. If the generated electricity covers the
needs of consuming objects, then its surplus is directed
to charging batteries. When they are fully charged, the
energy is sent to the network at the “green” tariff. If the
amount of generated energy is insufficient for the needs
of the consumer,the batteries are switched on. If they are
discharged, power comes from the mains, additionally
charging the batteries. When there is no voltage in the
network, a diesel or gasoline generator is switched on.

One of the most successful ways to increase the
energy efficiency of solar panels is the use of trackers,
which are mechanisms capable of automatically chang-
ing the angle of inclination of the working surface. The
greatest efficiency is achieved when the sun’s rays fall
normal to the panel. The moving part of the tracker can
change its position, track the position of the Sun,and ori-
ent the panel as needed. The tracking system designed
in the work Ye. Korniienko et al. (2023) demonstrates an
increase in the energy efficiency of solar panels by 25%.
Basically, their high cost limits the wide use of trackers.

The authors I. Vashchyshak & V. Tsykh (2020) con-
ducted comparative studies of the solar panels’ ener-
gy efficiency with systems of directing mirrors, Fresnel
lenses to create additional optical flow on the sur-
face of solar panels. Measurements of electric power
showed that additional mirrors can increase the initial
energy by 35-60%. But at the same time, the tempera-
ture on the working surface increases significantly. In
addition, the use of the mirror system requires addi-
tional areas for their placement, which is not always
possible and expedient. The work M. Myroshnichenko
& K. Klen (2022) considers increasing the accuracy of
forecasting the amount of produced energy due to the
use of mathematical predictive models.

of 31.69° to the horizon, which does not require ad-
ditional costs and maintenance, but provides max-
imum generation in a stationary state compared to
other methods of stationary installation. Howev-
er, the panel turned to the East will generate more
in the morning and afternoon, and will generate
significantly less in the evening and will actually be
idle. The panel turned to the West will work vice versa.

Conclusions

The article analyses and briefly describes various ap-
proaches to increasing the energy efficiency of solar
systems. All approaches have a rational point and a
good proposition to increase the generated power, but
also have significant disadvantages. For example, there
is a high cost of manufacturing, installation and main-
tenance, low reliability in operation, the need for power
supply, etc. It has been proven that the installation of
solar systems according to the proposed scheme at an
angle of 31.69° to the horizon can achieve the maxi-
mum energy generation capacity compared to installa-
tion at any other angle without motion. The advantages
are small costs for a special design of the support, no
need for maintenance, and energy independence of the
method. The disadvantage is the fact that the two pan-
els in the system work during the day alternately, which
leads to a partial idle time of the solar panel.

In further studies, it is planned to supplement the
calculations with additional variables, such as the lati-
tude of the area, the day of the year, the hour and length
of the day, the level of insolation, the coefficient of light
reflection, and the scattering of solar rays. The goal is to
find new solutions for increasing the energy efficiency
of stationary installed solar systems.

Therefore, most of the feasible ways and meth- Acknowledgements
ods of improving energy efficiency are expensive, None.
which increases the cost of generated electricity. This ]
work presents a successful and inexpensive meth- Conflict of Interest
od of installing solar systems at an optimal angle None.
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AHoTauifl. PO3BUTOK COHSIYHOI eHepreTukM B YKpaiHi cArae nikoBmx 3HauyeHb i byae y HaCTynHi fecaTUniTTs Tislbku
NOCKUOBATUCS, TOMY A4 NiABULLEHHS eHeproedeKTMBHOCTI po60oTV NaHenei BaXKIMBO 3aCTOCOBYBATH Pi3HOMAHITHI
cnocobu i MeToauM onTUMiIzaLii ix poboTu. 3 ornsay Ha Te, WO HaMBINbWKMIA BNAMB Ha ePEeKTUBHICTb HOTOENEMEHTIB
YMHWTb KYT NALiHHSA COHSYHOrO NPOMiHHS Ha poboYy MOBEPXHIO, aKTyaNlbHUM € MUTAHHS 3HAXOKEHHS ONTUMANbHOIO
KyTa Haxway cTauioHapHOi (HEMOBOPOTHOI) CUCTEMM Ta MPOrHO3YBaHHS 3reHepOBaHOi MOTYXHOCTI. MeTa poboTu
nonarana y BU3HauyeHHi 38"93Ky NOTYXKHOCTI, 3reHepoBaHOi GOTOENEKTPUYHUM eNeMEHTOM, Bif, KyTa NaAiHHA COHAYHMUX
NpOMeHIB Ta po3pobui yHiBEpPCanbHOrO AOKYMEHTY, KM [O3BONWUTb aBTOMAaTMYHO PO3PaxOBYBaTU OMTUMANbHUI
KYT Haxuay COHYHWMX NaHenewn BiGHOCHO FOpPM30HTY Ta MakKCMMasbHy J000BY reHepoBaHy MOTYXHiCTb. BukoHaHo
00YMCNEHHS QHANITUYHMM METOLOM 3i 3aCTOCYBaHHAM GYHKLIM Ta UMPPOBMX iHCTPYMEHTIB MaTeMaTUM4YHOro
nporpamMHoro 3abesneyeHHs. KpiM Toro, BUKOPUCTAHO €NeMEHTH MaTeMaTU4HOi Teopii onTuMi3auii. Y pe3ynbrarti
LOCNIKEHHS 6yN0 CTBOPEHO AOKYMEHT, SKMIM aBTOMATMYHO OBYMCIIOE ONTUMANbHUI KYT HaXuy COHAYHOI naHeni
Ta MaKCMManbHY reHepoBaHy MOTYXXHICTb Y 3a/1€XKHOCTI Bif, 3MiHW LbOro KyTa. PO3pobneHo anroputm, Skuii 403BONSE
MaKCMMaNbHO aBTOMATWM3YBaTU MPOLEC PO3PaxyHKiB i nMobynoBM rpadikiB GyHKLIM 33 paxyHOK BUMKOPUCTAHHS
€/leMeHTIB  MaTeMaTM4yHOi Teopii onTMMiI3auii Ta 3acobiB cnewiani3oBaHOrO MATeMATMYHOrO MPOrpamMHOro
3abe3neyeHHs. [TpoBeseHa LOCNiIAHULBKA poboTa A03BONUTL MiABULLUTU KOEDIiLLIEHT KOPUCHOI AiT COHSYHMX MOAYNiB
y HanbinblWw NpocTuii y peanisauii cnocid 6e3 MatepianbHMX 3aTpaTt Ha AoAaTKoBe 00M1alHaHHS | YaCOBMX 3aTpaT Ha
npoBeAeHHS MaTeMaTUYHUX 0BUYMNCIEHb TEXHIYHMX MApaMeTPiB CUCTEMM, @ BNPOBAAXKEHHS pe3ynbTaTiB AOCTiAKEHHS
Ha NPaKTULL [,03BONWTb 30iNbWKTU NPUOYTKOBICTL COHAYHMX NaHenen

KatouoBi cA0Ba: cOHSYHA eHepreTuka; aBTOMATU3aLLi po3paxyHKiB; NpUBYTKOBICTb; EKOOTiS; MOLWYK ONTUMYMY; KyT
Haxuny naHeni
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