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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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INVESTIGATION OF EFFICIENCY ASPECTS IN 3x3
PHOTOVOLTAIC PLANT USING MODEL OF SHADING
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Abstract

Solar irradiation is the most affordable renewable energy source, implementable even on household level. The
considerably lower cost of setup and maintenance compared to the other renewable energies makes it a
preferable choice in regions with lot of sunny days throughout the year. One of the main R&D aspects of
interest of the Photovoltaic (PV) technologies is the efficiency of the PV conversion, which is dealt with on
material level. Additional efficiency aspects could be a field of research in support to higher energy
production. One of them is the land use efficiency of the utilized plot surface. Namely, the usual approach in
populating the plot used by the plant is with row and column distances that guarantee no inter-shading among
the panels. This paper presents results of research proposing use of denser panel population in the plot, with
allowed inter-shading which under some approximation provides calculations of lower individual panel
efficiency but much higher overall land use efficiency. The research project proposes an inter-shading model
in a 3x3 PV plant, which can be validated in CAD applications. A clear-sky irradiation model is then used to
estimate plant's power at certain moment in the year, and calculation of energy production. Sun position and
its incidence angle are calculated using a verified model. The analytical software uses the following input
parameters - plant geo-location (latitude, longitude, time zone); panel geometry (width, height); plant
geometry (inter-row and inter-column distances, panel inclination angle); and date and time. The inter-
shading model results in total plant exposed PV surface to direct solar irradiation, as well as in the total
shaded PV surface receiving diffuse (and reflected) radiation. The energy model can then be used for power
and energy calculations, as well as optimal inclination, inter-row and inter-column estimations. If panel
technologies allow small segmentation with protective diodes implementing approximation that whole directly
exposed surface performs PV conversion, then allowed inter-shading and thus denser panel populated plant
plot may prove cost-effective.

Key words
solar irradiation, photovoltaic conversion, intershading, land use efficiency.

Introduction

The energy consumption overall is in continuous increase with the increasing world
population, so the energy issues raise major and fundamental challenges for the technological
trends. The nonrenewable energy sources are depleting, and mankind needs to switch to the
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renewable sources, which can be defined as geothermal (resulting from earth’s core activity),
sun related (direct solar irradiation, wind) and gravitationally related (tide, water flow) [1,2,3].
From all renewable sources, the Sun is one of the most used. Photovoltaic cells are devices that
use semiconductor materials to convert sunlight into electricity. Photovoltaic technologies
offer a large number of advantages which include producing clean energy; offering high
reliability, because it does not employ moving/rotating parts; operating cost is very low due to
non-demanding maintenance and because it does not require fossil fuel; modular structure
allowing simple and flexible assembly [4].

The objective of this paper is implementation of a standard shading model used for a plant of
photovoltaic panels to optimize its geometry for more efficient use of the land. The standard
shadow model is applied to a plant consisting of nine photovoltaic panels, arranged in three
rows and three columns (3x3). The goal is to determine analytically the inter-shading and
consequently how the shading affects energy production emphasizing the efficiency of the land
utilization. This paper is organized as follows. In section 1 overview of solar geometry and
shading model is given, while in section 2 the used methodology is given. In Section 3 the
analytical algorithms are described and presented. Section 4 presents results, and Section 5
concludes this paper.

1. Model of shading

The model of inter-shading among the PV panels in the 3%3 configuration as detailed in [5]
determines how each panel shades the columns behind, after which the total exposed plant
surface Sqir and the total shaded plant surface Sgif are calculated.

The inter-shading model uses a sun position model [6] that provides required momental
sun seasonal altitude and daily azimuth along with the sun incidence angle based on a
geolocation (latitude and longitude) as well as date and time.

The model of shading is based on trigonometric functions that determine the geometry
of inter-shading. These mathematical relations are verified with CAD software.

Parameters taken for shadow calculations are the angle of inclination g, the panel width
Px, the panel length Py, the inter-row distance ry and the inter-column distance rx.

Typical shaded moment is depicted in figure 1:

?* /E/I
B )

Ps X Psh
; /} // _7':\ ﬂs{‘ - > Pporoj_y + 1y

: Px

Fig. 1. Elements of inter-shading
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This algorithm determines the total area Sqir directly exposed to solar radiation Gy, as well as
the total area Sqir which is exposed to diffuse solar radiation Gg.

2. Calculation of power using Clear-sky irradiation model

After calculation of the solar parameters, the shadow geometry and consequently the
exposed and shaded surfaces, the power output of the entire power plant can be calculated for
every moment in time with the following equation [1,2]:

Py = (Gp " Sqir + Gd * Sgif) "1 (2.1)
Gp is direct solar radiation, Gq is diffuse solar radiation, Sgir is surface of the panel exposed to
direct radiation and Sqif is surface of the panel under shadow.

The proposed irradiation model simplifies the context with the assumption that all days
of the year are sunny. Even on sunny days, there is some diffuse radiation, mainly due to the
refusal of direct radiation by the molecules of the air. The total solar radiation is a sum of the
direct, the diffuse and the ground reflected component of radiation. In this model the ground
reflected component is insignificant because the location of the solar power plant is assumed
to be in isolated rural areas [6,7,8,9].

The effects of the atmosphere in scattering and absorbing radiation are variable with
time as atmospheric conditions and air mass change. It is useful to define a standard “clear”
sky and calculate the hourly and daily radiation which would be received on a tilted surface
under standard test conditions. Hottel (1976) has presented a method for estimating the beam
radiation transmitted through clear atmospheres which considers zenith angle and altitude for
a standard atmosphere and for four climate types.

Correction types are applied to ao, a;, nm to allow changes in climate types. The
correction factors are given in Table 1.

Table 1 Correction factors for climate type

Climate type ro r I

Tropical 0.95 0.98 1.02
Midlatitude summer 0.97 0.99 1.02
Subarctic summer 0.99 0.99 1.01
Midlatitude winter 1.03 1.01 1.00

The atmospheric transmittance t, for beam radiation and the other factors ay, a,, k
are given in the following form:

—-kr
Tp =a0'T0+a1'T1'exp(—k)

cos(d)
(2.2)

a, = 0,4237 — 0,00821 - (6 — nm)?
(2.3)

a, = 0,5055 — 0,00595 - (6.5 — nm)?
(2.4)

k=0,2711-0,01858 - (2 — n‘m)2
(2.5)
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where nm is the altitude of the targeted geolocation in kilometers.

The clear sky beam normal radiation is then:

Gon = Gaem " Tp
2.6)

where Gatm is extraterrestrial solar radiation given in the following form:

Gaem = Gsc - (140,033 - cos (22))

(2.7)

and G,.= 1367 W/m? is a solar constant, n is the day in a year.
Similarly, the T4 factor can be calculated, which tells the amount of diffuse radiation
on a sunny day at the same location.

7, =0271—0.294 -1,
(2.8)

The clear-sky diffuse normal radiation can be calculated as:

Gan = Garm " Ta
(2.9)

Direct radiation changes throughout the day and is calculated according to the cosine rule:

Gy, = Gy, cos B
(2.10)
The diffuse solar radiation is:

1+cosf
2

Gag = Gan
(2.11)
The total solar radiation per m? panel is given with the formula:

1+cosf
2

Gy = GppcosO + Gy
(2.12)

where @ is incidence angle, Gbn is normal direct solar radiation, Gdn is normal diffuse solar
radiation and g is tilted angle.

Solar radiation models are essential for predicting average daily, monthly and seasonal
radiation, beam radiation and diffuse radiation.

The energy produced for a day is calculated with:

interval .

Ei=| Pi-di (2.13)

The model of the solar position, the model of shading and the model of solar radiation
(Clear-sky radiation) are mutually connected and implemented into application software for
energetic analysis of photovoltaic plant of 3x3 panels. The output power and the cumulative
energy for a given period (day, month, year) can be calculated using this software.

SEW



5. Methodology

The software is implemented in VBA (Visual Basic for Application). All algorithms
which are used in the software are described using diagrams.

The input parameters which are used in the software are given in Table 3.1.

Submodels that are used in software: the model of geometry of solar position, model of
a shadow and a model of a solar radiation (Clear-sky radiation). Model of geometry of solar
position describes the correct position of the sun at a given moment of the time in relation to
geolocation of the photovoltaic grid. The algorithm which describes the model of the solar
position takes into consideration the following parameters: The geolocation of the photovoltaic
plant (L, LOD), the day in the year, the moment in the day (N, LMT) and the geometric relations
which are calculated from them. The parameters of the solar position are calculated on the basis
of these relations: the altitude angle «, the angle of solar azimuth z and the incidence angle 6.

Table 3.1 Input parameters used in software for energetic analysis

Input parameters Symbol
Geographic latitude (2) L
Geographic longitude (2) LOD
Adayin avyear N (1~365)
Local standard time in a day (min) LMT
Width of a panel (m) Px
Length of a panel (m) Py
Efficiency of a panel (PV conversion) n
Angle of inclination (°) 8
Azimuth angle of the panel orientation (°) azp
Distance between rows (m) ry
Distance between columns (m) rx
Height above sea level (km) nm
Time interval for integration of energy (min) At

The model of shading considers the solar angles (o, z), the panel geometry (Px, Py), the
plant geometry (rx, ry, f u azp). The whole illuminated area Sqir Of the plant and the whole
shadow area Sgir are determined on the basis of them.

If we know the areas Sqir and Sqir we can make an analytic valuation of the energetic
aspects of the photovoltaic grid using the model of solar radiation (Clear-sky model).

The calculation of the power Pi (equation 3.1) enables calculation of cumulative
produced energy at a given period (day, month, year etc.)

The calculation of energy is fundamental for precise determination of the optimal
parameters of the photovoltaic grid: angle of inclination Soptand the distances (opt_rx; opt_ry)
between the photovoltaic panels.
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The optimal daily inclination of the panels fopt is that for which maximal energy is
produced by the panels with optimal orientation of panels (azp=0°) towards local noon.

The optimal distances opt_rx and opt_ry are those for which the photovoltaic grid
produces energy at least equal to some predefined reference energy at optimal daily angle of
inclination fSopt and allowed intershading. According to that, distances between rows ry and
distances between columns ry are in the range until overcoming the intershading. Algorithm
for determining the optimal distances (opt_rx; opt_ry) is shown in Fig. 2.

// --\\
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AN /

Input
parameters

[
I
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Fig. 2. Algorithm for determining optimal interpanel distances

The software enables energetic analyses for the defined photovoltaic plant and
comparative analyses in relation to its essential parameters. The essential parameters which
influence the production of electric energy are the parameters that describe the geometry of the
photovoltaic plant, in other words, the interpanel distances rx and ry as well as the angle
inclination of the photovoltaic panels .

The input parameters in the software for energetic analysis of the photovoltaic plant are
the following: width Px=1m and length of the panel Py=1,64m, efficiency of the panel #=20%,
angle of panel inclination g, azimuth angle of the panel orientation azp=0°, height above sea-
level nm=0,3 m and time interval for energy integrating Ate=15 min.

It is necessary to optimize the inclination angle /5 to get maximal production of electrical
energy. The optimal angle of inclination fSopt is defined as inclination for which maximal energy
is provided at a certain period (typical date day). In this way, daily tracking can be provided
for the panels of the photovoltaic plant.

The tracking of the panels is updated at a daily base for the needs of this research. The
optimal angle of inclination is calculated at avoided intershading, by testing the whole interval
of the inclination angle f (0° ~ 90°) with selected step 1°. Maximal daily energy production is
achieved by choosing the optimal angle of inclination Sopt for a specific day. Algorithm for
determine optimal angle of inclination Sopt is shown on Fig. 3.
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Fig. 3. Algorithm for determination of optimal angle Sopt

The following analysis is made for geographic latitudes from 0° to 65° for the North
hemisphere. Comparative analysis for the produced energy is made in relation to the shortest
day of the year 215 December, N=355" day of the year. This day is chosen because the shadows
are the longest. As a result of this there is a need of the greatest values of the distances between
the panels in order to avoid them. This day 21% December marked with N=355 is taken as
reference day. Besides the reference day 21 December other 7 days are selected: 9" February
(N=40), 21 March (N=80), 1% May (N=121), 21% June (N=172), 7" August (N=218), 21%
September (N=264) and 5" November (N=309).
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6. Numerical results and discussion

Analysis for the produced daily energy E, comprised area of the land and the surface
efficiency of the land Eff for the reference day - the shortest day (21 December) is presented
in the table 4.1.

Table 4.1 Calculation of reference parameters: the distance between the columns ref _rx,
the distance between rows ref_ry, comprised area of the land Sref, daily energy Eref and
efficiency of the land Eff_ref for 21 December (N=355).

L ref_rx ref_ry Sref Eref Eff_ref
() (m) (m) (m?) (kwh) (kWh/m?)
0 31 0,3 46,871 12,119 0,259
5 3,3 0,5 50,91 11,877 0,233
10 34 0,7 53,693 11,505 0,214
15 3,5 0,9 56,236 11,291 0,201
20 3,4 1,1 56,244 10,852 0,193
25 3,7 1,5 64,769 10,97 0,169
30 4,1 1,9 74,949 10,589 0,141
35 4,2 2,4 83,607 9,943 0,119
40 4,6 31 101,953 9,191 0,09
45 5,1 4 128,874 8,305 0,064
50 6,1 5,6 190,853 7,045 0,037
55 6,9 8 284,571 5,578 0,02
60 9,1 11,9 515,463 3,886 0,008
65 9,4 29,9 1305,15 1,805 0,001

According to table 4.1, the following parameters are calculated for the reference day
(21° December): The distances between the columns ref_rx and the rows ref_ry, the comprised
area of the land Sref, the daily energy Eref and the surface efficiency of the land Eff_ref.

After calculating the reference and optimal distances between the panels of the defined
photovoltaic plant, the annual energy GE is calculated for each obtained distance pair:
reference distances (ref_rx; ref_ry), optimal distances (opt_rx, opt_ry) for each latitude from
the range (0° ~ 65°) respectively, as well as surface efficiency of the land Eff, with daily setting
of the angle of inclination 5 on the optimal obtained angle Sopt.

Based on performed analysis, optimal distances (opt_rx; opt_ry), lowest energy loss
AGE and increased surface efficiency of the occupied land Eff are obtained in relation of the
reference parameters. Conclusions about the optimal distances for a given value of the latitude
with optimal placement of the panels and results provided from the calculated values for
optimal distances (opt_rx; opt_ry) for each geographic latitude from the range (0° ~ 65°) are
given in table 4.2.

For all tested dates (corresponding optimal distances) and daily tracking of the fopt
angle of inclination of the photovoltaic panels, the annual energies GE for each latitude of the
interval (0° ~ 65°) are calculated. From the comparative analysis with the annual energies, it
can be concluded that the relative change of the energy A4GE obtained at optimal distances, in
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relation to the reference distances, changes and increases with the increase of the latitudes in
the range from 1.27% to 15.2% for latitudes (0 ° ~ 65°).

Table 4.2 The values of optimal distances for the given value of the latitude at the
optimal placement of the panels

L opt_rx opt_rx GE Eff A GE
() (m) (m)  (Mwh) (MWh/m?) (%)

0 0 0 3,962 0,268 1,27
5 0 0,1 4,005 0,26 1,38
10 0 0,2 4,027 0,252 1,54
15 0 0,2 4,006 0,251 2,17
20 0 0,4 3,997 0,233 2,13
25 0 0,5 4,074 0,229 2,72
30 0 1,4 4,094 0,177 0,9
35 0 1,4 3,99 0,172 1,65
40 0 1,4 3,862 0,167 2,57
45 0 1,3 3,695 0,164 3,9
50 0 0,9 3,458 0,172 6,44
55 0 0 3,019 0,205 13,87
60 0 0 2,789 0,189 14,60
65 0 0 2,515 0,17 15,32

Conclusion

The comparative analysis is performed with daily tracking of the angle of inclination Sopt
of the photovoltaic panels, during which, a protocol is implemented, according to which the
analysis of the values obtained on the daily energies is performed. According to the protocol,
distances (max_rx; max_ry) are determined, during which the maximum daily energy Emax is
obtained and the occupied land area Smax. These parameters apply when shading is negligible
or completely avoided. In relation to the reference day, certain optimal distances (opt_rx;
opt_ry) are determined, at which energy Eopt is obtained approximately equal to the reference
energy Eref, and the area of the covered land area is Sopt. The ratio between the reference area
of the plot Sref and the optimal area Sopt on it, defines the efficiency of the given land area.
Based on the comparative analysis of the reference day, it can be concluded that the distances
between the photovoltaic panels rx and ry and the optimal angle of inclination popt affects the
change in the efficiency of the occupied land. The results show that the optimal parametersii.e.,
the optimal distances (opt_rx; opt_ry) are relative and depend on the selected reference date.
If another date is chosen as the reference date or a higher reference energy is set, then the
optimal distances in relation to that reference date will be greater than the distances obtained
for December 21.
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After the energy analyzes are made by days, it is determined that by allowing shading, there
is reduction in the production electric energy on the plant and the average efficiency of
photovoltaic panels is decreased, but at the expense of the efficiency of the used land containing
the photovoltaic panels, which is increased many times.

Based on the obtained values for the annual energies GE and the change of the annual
energy 4GE, recommendations are given for optimal placement of the photovoltaic panels in
the grid, considering the latitude range, according to the most favorable day from the tested
dates. One such example is Table 4.2 which gives the optimal distances by latitudes that results
from the conducted comparative analysis for the reference day, December 21st.

After the optimization, the efficiency of the given land area is significantly increased, at
the expense of the reduced annual electricity production, which means the existing site
maximized for the reference date can accommodate many more panels (multiple 3x3
photovoltaic plants) on its surface.
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