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 As a source of alternative energy, solar energy has apparent advantages, including a renewable, 

inexhaustible, and environmentally friendly resource. However, it has not become widely 

spread in the Russian Federation. Among the disadvantages of using solar energy are high 

equipment cost, low efficiency of photovoltaic solar cells, the generated electrical energy 

instability. The spatio-temporal variability of solar access causes electrical energy instability. 

It is possible to increase solar photovoltaic plant efficiency by using a tracking system to 

change the plant sun's spatial orientation. The paper offers mathematical and simulation 

models of a solar photovoltaic plant with a solar tracking system that allows the plant to be 

automatically oriented to the sun by matching the production mode and the solar access level. 

The use of the azimuth plant control system on the sun will increase the power production of 

the solar PV plant by an average of 28%. The same value will increase by 40% when using the 

full plant control system. 
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1. INTRODUCTION 

 

One possible way to solve energy and environmental 

problems related to the energy resources consumption of 

energy is the use of renewable energy sources, which solar 

radiation is [1, 2]. 

Currently, solar energy concentrators and solar tracking 

systems are the most well-known ways to increase the 

efficiency of solar PV plants [3, 4]. 

In order to increase the supply of solar energy to solar 

photovoltaic cells and reduce its losses on solar PV plants, a 

constant spatial plant orientation to the solar motion through 

the sky during light day is necessary. According to the degree 

of spatial orientation of solar PV plants behind the sun, they 

are divided into plants with partial and complete orientation. 

In partial orientation, solar PV plants are installed at a constant 

angle β to the horizontal, taking into account the sun Azimuth 

travel (at = a). With this type of orientation, in contrast to the 

full orientation, there is no complete perpendicularity of the 

sun rays striking upon the solar photovoltaic plant surface. 

Among scientists who studied solar photovoltaic energetics 

are A.F. Ioffe, D.S. Strebkov, Zh.I. Alferov, V.M. Andreev, V. 

P. Afanasiev, A. Legue, R.K. Nema, J. Watson, Collados M.V., 

N.A. Ulapane, etc. 

The main ways to increase the efficiency and reduce the cost 

of solar photovoltaic plants are the use of both solar radiation 

concentrators and solar tracking systems [5, 6]. 

There are currently many solar photovoltaic plants that 

differ in various technical solutions to increase their efficiency 

factor. The effectiveness of solar photovoltaic plants with solar 

tracking systems is proved during experiments that are usually 

carried out using mathematical and simulation modelling [7-

9]. 

Solar photovoltaic plants with a constant orientation are 

widely used as they are characterized by low cost, simple 

design, and operation reliability. However, their electrical 

generation efficiency factor is low due to the non-

perpendicular sun rays striking upon the surface of the solar 

PV array (ξ ≠ 0). Plants with a constant orientation cannot take 

into account the sun Azimuth travel through the sky. When sun 

rays are not perpendicular to the solar PV array surface, the 

incoming solar energy decreases due to its active area 

reduction, higher losses of solar radiation in protective solar 

PV array coating, and increased internal energy losses [10]. 

The use of concentrators in a solar photovoltaic plant allows: 

-increasing the specific solar energy flow falling on solar 

photovoltaic cells; 

-reducing the area of solar photovoltaic cells; 

-reducing the solar PV plant cost. 

The efficiency of solar radiation conversion of photovoltaic 

cells can be increased by using concentrated radiation. 

The research aims at increasing the efficiency of electric 

power generated by a stand-alone solar PV plant through its 

spatial orientation relative to solar radiation, taking into 

account geographical, climatic, and time factors and the plant 

technical and design parameters. 

Research objectives: 

-to develop a mathematical model of a solar PV plant for 

determining energy characteristics, taking into account its 

spatial orientation; 

-to use the developed mathematical model for creating a 

simulation solar PV plant model using the 

MATLAB/Simulink software; 

-to study the influence of the solar PV plant spatial 
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orientation on its primary energy characteristics. 

 

 

2. METHODS 
 

Today, most solar PV plants are installed to face a southern 

direction at a constant angle β to the horizontal (Figure 1). 

 

 
 

Figure 1. Spatial orientation of land-based solar PV plants 

relative to the sun 

 

Three variants of the solar PV plant spatial orientation are 

studied in this paper: 

-for a solar PV plant with a constant orientation (without a 

sun tracking system). The solar PV plant is facing a southern 

direction and installed at an optimal angle to the horizontal β; 

-for a solar PV plant with azimuth orientation. The solar PV 

plant is installed at an optimal angle β to the horizontal and is 

oriented to the sun by Azimuth; 

-a solar PV plant with a full orientation to the sun. 

The omnidirectional intensity of solar radiation to the 

angled surface (in case of constant orientation) is determined 

by the formula [1]: 
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where, IH - the omnidirectional intensity of solar radiation to 

the angled surface (in case of constant orientation), W / m2; 

ПI ,
ДI  are the intensity of the beam and diffuse solar 

radiation to the horizontally located surface, W / m2;  

θ- the angle between the directions to the Zenith and the sun, 

deg.; 

 - the angle between the normal to the angled surface 

facing to a southern direction and the direction to the sun, deg.; 

β- the angle of the surface slope to the horizontal, deg.;  

ρ- the Earth surface reflection coefficient. 

Angles θ and   are determined by the formulas [3]: 
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where, δ is the solar declination, deg.; 

 - geographical latitude, deg.;   

 - the solar hour angle, deg. 

The solar declination is determined by the following 

formula [2, 11]: 
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where, n is the ordinal number of the day of the year, counted 

from the first of January.  

The formula determines the hour angle: 

 

( ),12)15( 1 −= −

solartчас  (5) 

 

where, 
solart  is the local time, the hour. 

The omnidirectional intensity of solar radiation per plant 

installed at an angle β and oriented to the sun only by 

azimuthal bunching ( ОRazI ) was calculated using the formula 

(1), with the difference in determining the angle between the 

direction to the sun and the normal. 

The formula determines the angle between the direction of 

the sun and the normal:  
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where, i the angle between the direction of the sun and the 

normal, deg.; 

Пa is the Azimuth of the plant [12]. 

For azimuth tracking of the sun, the plant azimuth is equal 

to the sun azimuth ( aaП = ) (Figure 1), and is determined by 

the formula: 
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where, α is the solar altitude angle, deg.,  

The formula determines the sun altitude angle (using 

formula (2)): 
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With the plant full orientation to the sun, the 

omnidirectional solar radiation intensity is determined by the 

formula: 

 

,
2

cos1
)(

2

)cos1(

cos








−
++

+
+= ДПД

П
ОР III

I
I  (9) 

 

The dependence determined the mathematical regularity of 

changes in air temperature during the day: 
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where, 
ОВТ is the average daily air temperature, ℃; 

MT  - is the daily air temperature amplitude, ℃; 

Пt - is the period of air temperature change, h; 

Мt - is the time of occurrence of the maximum value of air 

temperature at the local solar time, h; 

solart - local time, h. 
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The heat generated by a solar PV array depends on the 

following parameters: 

– reflection coefficients of the solar photovoltaic cell; 

– efficiency of a solar PV array, 

- packing density of solar photovoltaic cells. 

The temperature of solar photovoltaic cells is determined 

using the energy balance equation of a solar PV array using 

the formula: 
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where, I is the radiation intensity on solar photovoltaic cells, 

W / m2; 

  is the integrated coefficient of solar radiation absorption 

by a solar PV array; 

0  is the solar PV array efficiency, 

  is the temperature gradient depending on the solar PV 

array type and design; 

0T  is the solar photovoltaic cell temperature, K; 

  is the coefficient of heat transfer from the solar PV array 

surface, W/(m²· K) [3]; 

F is the ratio of the flat solar PV array area to the illuminated 

surface area; 

TB is the ambient temperature, K. 

The formula determines the coefficient of heat transfer from 

the surface of a solar photovoltaic cell in a linear 

approximation from the operating temperature of a solar 

photovoltaic cell: 

 

 

(12) 

 

where, λK is the convection coefficient, W/(m2·K); 

-   is the integrated coefficient of solar radiation by a solar 

PV array; 

  is the Stefan-Boltzmann constant, W/(m2·K4). 

The following parameters are taken into account when 

calculating the omnidirectional solar radiation intensity: 

- angles of sun rays striking upon the receiving surface in 

direct solar radiation; 

- angles of geometric visibility of the receiving surface for 

diffuse radiation. 

There are losses in a solar PV array, which are associated 

with a protective surface. A solar PV array protective surface 

is usually made of glass, which has a solar radiation high 

capacity [3]. 

When rays fall perpendicular to the glass surface, the solar 

radiation transmission coefficient is in the range of 0.9...0.78 

The exact value can be obtained by knowing the characteristics 

of the glass (passport characteristics or reference data) [13, 14]. 

When the radiation angles are between 0 to 60°, the 

transmission coefficient has the maximum value. At high 

angles, the transmission coefficient decreases sharply while 

the reflection coefficient increases [5]. 

Solar energy losses in the protective glass are counted by 

the solar energy coefficients reflected, absorbed, and 

transmitted by the glass and their dependence on the sun angle. 

The formula determines the transmission coefficient: 

 

отрпр −= 1  (13) 

where, ρomp is the reflection coefficient. 

When the radiation passes through the real environment, 

part of the radiation is absorbed. Depending on the path 

travelled in the environment, the radiation attenuation x is 

described by the Lambert's law [3]: 
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where, К is the absorption index, K=0.04...0.3 cm-1. The exact 

value can be obtained by knowing the characteristics of the 

glass (passport characteristics or reference data) 

The path travelled by the sunray in the environment x at a 

glass thickness B is defined as the trigonometric function 

argument, cm: 
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where,   is the angle of the sun rays striking upon the 

protective glass. 

Taking into account the coefficients пр  and пр , the 

actual transmission coefficient is: 

 

,поглпрпроп  =  (16) 

 

Thus, taking into account the above dependencies, the 

mathematical model of a solar PV plant has the following form 

[3, 6]: 
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where, 
СФЭU  is the solar PV cell voltage, V; 

A- non-dimensional curvature parameter of the current-

voltage characteristic; 

k is the Boltzmann's constant, J/K; 

q- electric charge, C (coulomb-volt); 

T- the solar PV cell temperature, K; 

I , I  –the intensity of solar radiation striking upon the 

surface of a solar PV cell and related to the solar PV plant 

surface unit, W / m²; 

z – coefficient of proportionality of the photocurrent 

density to the solar radiation intensity, A ·m2/W · cm²; 

J – current density, A / cm²; 

КЗ
J 0

– short-circuit current density, A / cm²; 

RII–internal electrical resistance, Ohms cm²; 

– the luminosity factor that takes into account the C/V 

curve shift along the voltage axis, B; 

, – current and voltage temperature coefficients, K-1; 

КЗJ – short-circuit current density, A / cm²; 

  is the integrated coefficient of solar radiation absorption 

by a solar PV array; 
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0  is the efficiency of a solar PV array, %, 

  is the temperature gradient generally depending on the 

solar PV array type and design, K-1; 

ν),,( 8375 + – the McAdams dimension ratio for calculating 

the convection coefficient, W/(m²·K) [9], 

 - wind speed, m / s; 

  is the integrated coefficient of solar radiation by a solar 

PV array; 

  is the Stefan-Boltzmann constant, W/(m2·K4). 

ВT  is the ambient temperature, K; 

n  is the ordinal number of the day of the year; 

t  is the time, h; 

F  is the ratio of the flat solar PV array surface area (back 

and face) to the illuminated surface area; 

IП, IД is the intensity of the beam and diffuse solar radiation 

striking upon the horizontally located surface, W / m2 [6]; 

Λ, Ω, Υ – are the angles that determine the spatial orientation 

of land-based solar PV plants, deg.; 

ρ - the Earth surface reflection coefficient; 

пропτ ,
отр – are the coefficients of transmission and 

reflection of solar radiation by the protective surface of a solar 

PV array; 

К - is the index of solar radiation absorbed by the protective 

surface of the solar PV array, cm -1; 

B is the thickness of the protective surface of the solar PV 

array, cm; 

СФУU – is the solar PV plant voltage, V; 

СФУJ – is the solar PV plant load current, A; 

ПСN ,
ПРN  – is the number of solar PV cells connected in 

series and parallel, PCs.; 

СФЭS – is the area of the solar PV cell, cm²; 

СФЭP - is the solar PV plant power, W; 

The angles that determine the spatial orientation of a land-

based solar PV plant for each of the three options are 

respectively equal: 

- for a solar PV plant with a constant orientation (without a 

sun tracking system). The solar PV plant is facing a southern 

direction and installed at an optimal angle β to the horizontal; 

Λ = ξ, Ω = θ, Υ = β; 

- for a solar PV plant with azimuth orientation. The solar 

PV plant is installed at an optimal angle β to the horizontal and 

is oriented to the sun by Azimuth; 

Λ = i, Ω = θ, Υ = β; 

- for a full orientation to the Sun: 

Λ = Ω = Υ = θ. 

The developed mathematical model makes the following 

assumptions: 

- the series resistance of solar PV cells does not depend on 

the intensity of solar radiation and temperature; 

- the magnitude of the photocurrent is proportional to the 

intensity of solar radiation and does not depend on temperature; 

- the spectral sensitivity of solar PV cells and internal 

energy losses associated with possible shading of solar PV 

cells are not taken into account; 

- the distribution of solar radiation on the surface of the solar 

PV array is uniform; 

- the temperature of the entire solar PV array volume is 

assumed to be the same; 

- the wind speed for the face and back solar PV array surface 

is assumed to be the same. 

The mathematical model of a solar PV plant allows 

evaluating the impact of the following factors on the plant 

output energy characteristics: the degree of the plant 

orientation on the sun depending on the time of day and year, 

the intensity of solar radiation, air temperature, and wind speed. 

A solar PV plant developed mathematical model is 

implemented in the MATLAB /Simulink simulation software 

environment [2, 3]. 

The simulation model of a solar PV plant consists of three 

subsystems (Figure 2): 

1. “Subsystem 1” reproduces environmental conditions that 

significantly affect the solar PV plant operation, i.e., air 

temperature, the intensity of the global solar radiation, taking 

into account geographical and climatic factors, time of day, 

day of year, and the degree of spatial orientation of the solar 

PV plant to the sun. 

2. “Subsystem 2” calculates the intensity of solar radiation 

on the surface of the plant solar photovoltaic cells, considering 

its design and technological parameters and environmental 

conditions. 

3. “Subsystem 3” calculates and reproduces the output 

energy characteristics of a solar PV plant. The subsystem 

makes it possible to calculate and construct the current-voltage 

and probability-time characteristics of individual solar 

photovoltaic cells and the solar PV plant as a whole based on 

internal parameters, such as technological and design plant 

features and external factors, such as the intensity of solar 

radiation. 

The simulation model of a solar PV plant includes two 

subprograms:  

-a program for calculating the global intensity of solar 

radiation on a horizontal incline facing a southern direction 

fully or Azimuth oriented to the solar surface and determining 

the ambient air temperature; 

-computational and graphical program for constructing the 

energy characteristics of solar photovoltaic cells and a solar 

PV plant as a whole. 

Two connecting blocks are used for the simulation model: a 

block for calculating a solar photovoltaic cell operating 

temperature and a block for calculating the loss of solar 

radiation in a protective glass. 

The calculation and graphics program in the 

MATLAB/Simulink envelop is shown in Figure 3. 
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Figure 2. Simulation model of a solar PV plant 

 

 
 

Figure 3. Calculation and graphic program for building energy characteristics of solar photovoltaic cells and solar PV plant as a 

whole 
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The program is an interrelated algorithm of computational 

operations. The algorithm calculates and builds the current-

voltage and probability-temporal characteristics of both 

individual solar photovoltaic cells and solar PV plants with 

different parameters as a whole based on the original data. It 

also makes it possible to assess the impact on output power 

characteristics of the internal parameters determined by the 

properties of the original semiconductor and external factors: 

solar radiation intensity, number of solar photovoltaic cells in 

the module connected in series and parallel, and temperature. 

The program for calculating the global intensity of solar 

radiation on a horizontal incline facing a southern direction 

fully or Azimuth oriented to the sun surface is shown in Figure 

4. 

The program allows plotting the graph of the global solar 

radiation intensity on a horizontal incline with a South 

orientation, fully or azimuthally oriented to the solar surface 

and ambient air temperature, depending on the day of the year, 

time of day, and (or) time interval, the geographical latitude of 

the surface location and its slope angle relative to the horizon. 

The initial data set by the program are:  

-average daily air temperature,  

-daily amplitude, time of maximal temperature occurrence, 

and period of air temperature change. 

-the intensity of the beam and diffuse solar radiation to the 

horizontally located surface, W / m2; 

-the Earth surface reflection coefficient. 

 
 

Figure 4. Program for calculating the global solar radiation intensity on a horizontal inclined with a South-orientation, fully or 

azimuthally oriented to the sun surface 
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3. RESEARCH RESULTS 
 

The estimation methods proposed by Fishman and Kiwia 

were applied to test the developed simulation model [15-17]: 

-verification, which can be used to make sure that the model 

is working as planned; 

-assessment of adequacy, i.e., checking the similarity of the 

model operation with the behaviour of the actual system, 

which it imitates; 

-problem analysis, i.e., establishing statistically significant 

conclusions based on the results obtained by modelling. 

The manufacturer certificate data for specific solar PV 

plants were compared with the values obtained using 

“Subsystem 3” and “Computational and graphical program for 

constructing the energy characteristics of solar photovoltaic 

cells and solar PV plants as a whole”. The adequacy of the data 

was evaluated. 

The current-voltage and probability-time characteristics 

were constructed for one solar PV cell and a solar PV array 

consisting of two modules connected in parallel (each having 

thirty-six solar photovoltaic cells connected in series) under 

standard conditions (Figures 5 and 6). 

Solar photovoltaic cells made of single-crystalline silicon 

have the following characteristics: 

-short-circuit current density, ..ЗКJo = 37mA / cm²; 

-no-load voltage, 
ХХUo = 0.6 V; 

-internal electrical resistance, RP =1Ом·cm²; 

-the area of the solar photovoltaic cell, SSFE = 98, 92 cm²; 

-current temperature coefficient, I = 0,0006°С-1, 

-temperature voltage coefficients, 
U = – 0,0032°С-1. 

-non-dimensional curvature parameter of the current-

voltage characteristic, А =1,2. 

Solar PV arrays have the following characteristics: 

-maximum power, maxP  =120W; 

- no-load voltage, 
ХХU = 22V; 

-short-circuit current density, 
..ЗКJ = 7.34 A; 

-optimal operating voltage, 
ОПТU = 18V; 

-optimal operating current, 
ОПТJ = 6.66 A. 

 

As shown in Figures 5 and 6, the values 
ХХU  of 

..ЗКJ  both 

solar PV arrays and solar photovoltaic cells are proportional. 

The obtained characteristics (Figure 7) coincide with the 

certificate data of solar PV arrays, confirming the developed 

mathematical and simulation models adequacy. 

The results of the modelling, according to “subsystem 3”, 

are shown in Figure 7. 

Thus, an increase in the solar PV array temperature leads to 

the no-load voltage and power decrease. 

The current-voltage characteristic of a photovoltaic module 

at different values of the solar radiation intensity on the solar 

PV array surface is shown in Figure 8. 

Reducing solar radiation intensity on the solar PV array 

surface leads to the current and voltage decrease. 

The developed program makes it possible to study the 

output parameters of a solar PV array in a specific area and 

select the optimal parameters of a solar PV plant for known 

values of external factors using a simulation model. 

 

 
Figure 5. Characteristics of solar photovoltaic cells: a-current-voltage characteristic; b – a probability-temporal characteristic 

 

 
 

Figure 6. Characteristics of solar photovoltaic arrays under standard conditions: a – voltage-current characteristic; b – a 

probability-temporal characteristic 
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Figure 7. Characteristics of solar photovoltaic arrays under standard conditions: temperature: 1 - +40°C; 2 - +10°C; a-current-

voltage characteristic; b – probability-temporal characteristic 

 

 
Figure 8. Current-voltage characteristic of a photovoltaic 

module at various values of solar radiation intensity on the 

solar photovoltaic array surface 

 

 

4. PRACTICAL APPLICATION AND RESULTS 

 

The main known ways to increase solar PV plant efficiency 

are developing advanced technologies for manufacturing solar 

PV plants to reduce their cost, increase efficiency, use solar 

radiation concentrators, and apply solar tracking systems. 

Solar PV plants with constant orientation are widely used 

due to their simple design, reliability, and relatively low price. 

However, these plants have a low efficiency of generating 

electric energy since sun rays fall non-perpendicular to the 

plant surface (ξ ≠ 0). Moreover, the solar PV plant fixed 

orientation does not consider the sun Azimuth, and Zenith 

travel through the sky. Since sun rays fall non-perpendicular 

to the solar PV plant surface, solar energy entering the plant 

decreases, which is also due to its active area decrease, an 

increase in solar radiation losses in the protective coating of a 

solar PV array, and an increase in internal energy losses caused 

by individual solar PV plants shading. Papers [11, 15, 18-23] 

prove this fact. 

Using concentrators in solar PV plants increases the solar 

energy specific flow incident on the solar photovoltaic cell, 

thereby reducing the solar photovoltaic cell area, and 

consequently, the cost of solar photovoltaic arrays of the same 

power. Concentrated radiation increases the efficiency of 

converting solar radiation from a solar photovoltaic cell, which 

is also noted in the works of other authors [24-28]. 

A solar tracking system has been applied to increase the 

efficiency of stand-alone solar PV plants. The output energy 

characteristics of a solar PV plant in certain natural and 

climatic conditions have been determined, considering the 

influence of the plant spatial orientation relative to the sun and 

using the developed mathematical and simulation models. 

The developed solar PV plant mathematical and simulation 

models allow determining its energy characteristics based on 

indicators that consider internal and external factors. Thus, in 

conditions of the Republic of Bashkortostan, the sun Azimuth 

orientation in a PV plant increases the solar PV plant capacity 

by 28% on average. With complete orientation, it is 40% 

higher compared to the constant orientation. 
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NOMENCLATURE 

ПI intensity of the beam 

ДI diffuse solar radiation 


the angle between the directions to the Zenith and 

the sun, deg. 

thermal conductivity, W.m-1. K-1 


the angle between the normal to the angled surface 

facing to a southern direction and the direction to the 

sun, deg. 
 the angle of the surface slope to the horizontal, deg. 

 the Earth surface reflection coefficient 

 the solar declination, deg. 

 geographical latitude, deg. 

 the solar hour angle, deg. 

solart the local time, the hour 

Пa the Azimuth of the plant 

 the solar altitude angle, deg. 

ОВТ the average daily air temperature, ℃ 

MT the daily air temperature amplitude, ℃ 

Пt the period of air temperature change, h 

Мt
the time of occurrence of the maximum value of air 

temperature at the local solar time, h 

I
the radiation intensity on solar photovoltaic cells, W 

/ m2 


the integrated coefficient of solar radiation 

absorption by a solar PV array 

0 the solar PV array efficiency 


the temperature gradient depending on the solar PV 

array type and design 

0T the solar photovoltaic cell temperature, K 


the coefficient of heat transfer from the solar PV 

array surface, W/(m²· * K) 

F
the ratio the flat solar PV array area to the 

illuminated surface area 

ВT the ambient temperature, K 

К the convection coefficient, W/(m2·K) 

отр the reflection coefficient 
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