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Abstract. The objective of this paper is to create a step-by-
step tracking program which assures an increased energetic 
efficiency for a string of photovoltaic (PV) modules. This is 
achieved through various calculations, having as parameters: 
the solar angles, solar time, day of the year and turbidity factor, 
following to capture the maximum solar radiation, but with a 
small angular domain of the daily angle. For a motion law with 
high precision, the year is split into 8 time intervals and for each 
one it is found the optimum fixed elevation angle with the 
according daily angle field.  
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1. Introduction 
 
In the domain of producing electric energy, the fossil 
fuels can be successfully replaced with renewable 
energies (Sun, wind, water). The solar energy can be 
converted into thermal or electric energy (photovoltaic 
systems). The PV systems have no emission of pollutant 
gasses into the atmosphere and the energy provided can 
be used to supply remote areas or fed into the grid. In 
order to expand their usage, researchers try to improve 
their yield, conversion and energetic efficiency keeping a 
simple design and still being cost effective [1]. 
 
The tracking of PV systems can increase the energetic 
efficiency with 50% [2] more than fixed systems. This 
improvement is achieved through tracking mechanisms 
[3]-[5] designed to follow the Sun on the sky on the basis 
of certain control techniques (closed or opened loop).  
 
In closed loop control systems, photo-sensors are used to 
determine Sun`s positions on the sky sending electrical 
signals to the motor source, thus actuating the motor to 
track the Sun. However, in unstable weather conditions 
(heavy rain or cloudy sky), it will be very difficult to find 
the real position of the Sun, generating errors. 

In the opened loop control systems, mathematical 
algorithms [6]-[8] or programs are regarded as motion 
laws and used as input parameters for the motor sources. 
These algorithms are defined as functions of solar angles 
and can be computed for any given geographical area 
with specific formulas (case study: Braşov, România).  
 
Considering the above mentioned conditions, the paper 
presents a tracking program designed to increase the 
energetic efficiency of a string of PV modules. The year 
is split into time intervals called seasons, and for each 
one there are computed the optimum angles for which is 
received the maximum quantity of solar radiation. 
 
2.  Calculation of optimum angles 
 
In order to receive as much solar radiation as possible, 
the sunrays must always fall normal to the system`s 
plane. This is achieved through continuous tracking 
(ideal case), but, due to high operating time of the motor 
sources, necessity of performing large transmission ratios 
and to system behaviour under the influence of external 
non-stationary elements (ex. wind), the motion law is 
performed step-by-step (with an equal number of steps 
every hour) [9].  
 
The motion law was designed to ensure the optimum 
positioning of the PV system relative to the Sun`s 
position on the sky, so that the received solar radiation is 
very close to the ideal case.  
 
The PV system is orientated according to two angles: 
module tilt angle, γ*, which is kept at a fixed value 
throughout the duration of a season or the entire year and 
the daily angle, β*, around which the daily motion is 
performed. In turn, these depend on the following: the 
angles determining Sun`s position on the sky dome: 
latitude φ, declination δ, hour angle ω, altitude α [10]. 
From these angles were determined the angles used for 
the sunray orientation: elevation angle, γ and daily angle, 
β (fig. 1) [11].  
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To find the adequate step-by-step tracking program in the 
premise of the previously specified criterion, the 
optimum angles must be found through a series of 
combinatorial calculations of γ* and β*. 
 
The optimum values for this pair of angles are found at 
the point where the tracking efficiency is highest, but 
with a minimum angular field of the daily angle in order 
to keep the energy consumption during tracking at 
minimum. The tracking efficiency is the percentage ratio 
between the produced and available energy, which are 
computed by integrating the solar radiation curves.  
 

 
a) 

 

 
b) 

Fig 1. Variation of solar angles at a) summer solstice; b) winter 
solstice. 

 
The solar radiation is influenced by a series of parameters 
specific for each geographical area (coordinates, season, 
hour), climatic conditions and parameters (clouds, rain, 
turbidity factor - TR [12]) and degree of pollution. In 
order to estimate the direct solar radiation (R) for Braşov 
region it was used the following mathematical model, 
where N represents the day of the year: 
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The incident solar radiation (R*) is given by the 
following formula, with υ as incidence angle (between 
sunray and normal to the module): 
 

υcos* ⋅= RR                      (5) 
 
For a PV system to capture the maximum amount of solar 
radiation it has to maintain the incidence angle at 
minimum (zero in the ideal case, continuous movement). 
At its turn the incidence angle is computed using the 
angles giving the sunray orientation (γ and β) and the PV 
angles (γ* and β*). 
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To enhance the precision of the motion law, the year was 
split into 8 seasons depending on the declination angle, δ 
(fig. 2). Within each season were chosen the most 
important three days: first, middle and last day as seen in 
Table 1 (for example, 310 represents 6 November 2010). 
For each day were computed the direct and incident solar 
radiation and the corresponding diagrams. 
 

Table 1.  Seasons 
 

Season First day Middle day Last day 

I 310 355 35 

II 36 51 67 

III 68 81 93 

IV 94 106 118 

V 119 172 226 

VI 227 238 250 

VII 251 265 278 

VIII 279 294 309 

   

 
Fig 2. The 8 seasons of the year based on the solar declination 

angle 
 
The motion law steps are chosen according to the angle β 
curve of each season`s middle day (fig. 3). Each step is 
performed hourly having the actuating time of one 
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minute. When the γ* is kept fixed throughout the whole 
year, the motion law is chosen according to angle β 
corresponding to an equinox.  
 

 
a) 

 

 
b) 

Fig 3. The motion law for: a) season 1 (includes winter 
solstice); b) season 5 (includes summer solstice). 

 
The number of steps varies according to season from 16 
steps in season 5 (summer season) to 8 in season 1 
(winter season), plus the step taken to return the system 
to its previous position. Taking into consideration that in 
the morning the amount of solar radiation is small, the 
number of steps was reduced to 8 for each season. 
 
Afterwards, for the combinatorial calculations, various 
values were attributed to the daily and elevation angles as 
follows: β* varies in the intervals [+150; -150], [+300; -
300], [+450; -450], [+600; -600], [+750; -750], [+900; -900] 
and the value 00; γ* takes fixed values within the interval 
[00; 900]. All simulations were performed in the premises 
of clear sky. 
 
3. Simulation results and final 

conclusions 
 
In this section of the paper were determined the fixed 
values of the elevation angle γ*, for each season, 
simultaneous with the correspondent angular domain of 
the daily angle β*. For each pair of angles the quantity of 
the incident solar radiation is close to the ideal case 
(continuous).  

Furthermore, it was established a specific pair of angles 
used to track the string of PV modules in 8 steps each 
performed in 1 minute.  
 

 
a) 
 

 
b) 

Fig 4. Optimum value of γ* in: a) season 1 (γ*=650); b) season 
5 (γ*=200), according to the tracking efficiencies established. 

 
From the energies correspondent to all pair angles γ* and 
β* of the most important days belonging to each season, 
were computed the energies of every season average day. 
The tracking efficiencies, calculated from the previous 
mentioned average energies, determined the optimum 
elevation angle γ*, found at the highest tracking 
efficiency (for example, in fig. 4 are presented the 
tracking efficiencies for seasons 1 and 5).   
 
In order to determine the optimum angular domains of 
β*, there were recalculated the direct and incident 
radiations, energies and tracking efficiencies for the three 
most important days of all 8 seasons with their 
corresponding diagrams using the found optimum values 
of the elevation angle γ*.  
 
Because the energetic intake (efficiency) from angular 
domains cases: β*∈[+75o;-75o] and β*∈[+90o;-90o] is 
very small comparative with β*∈ [+600; -600], the last 
was chosen as optimum for the daily angle β* in all 
seasons (fig. 5 - tracking efficiencies for season 5 with 
γ*=650 and season 1 with γ*=200 as fixed values). 
Al though the domain is the same, the motion steps are 
different in every season.  
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a) 
 

 
b) 

Fig 5. Determination of β* angular domain in: a) season 1; b) 
season 5. 

 
To determine the annual optimum pair of angles, the 
same steps were followed in performing the calculations 
for all 24 days in the year with the specification that the 
motion law of β* is the same throughout the year. So, the 
final values are presented in table 2, where γ*_s and β*_s 
are the values of the motion laws performed every 
season, γ*_y and β*_y the values for the same motion 
law throughout the year.  
 

Table 2. Values of the angles γ* and β* 
 

Seasons γ*_s β*_s γ*_y β*_y 

I 650 

II 580 

III 460 

IV 340 

V 200 

VI 340 

VII 460 

VIII 580 

[+
6

00 ; -
60

0 ] 

4
40  

[+
6

00 ; -
60

0 ] 

 
The optimum values of the elevation angle γ* and daily 
angle β* will be used in a comparative study between 
mono-axis and bi-axis tracking programs for a string of 
PV modules. The survey is presented in detail in another 
paper participating at the International Conference on 

Renewable Energies and Power Quality, ICREPQ 2011 
(“Mono-axis vs Bi-axis Tracking for a String of 
Photovoltaic Modules”). 
 
The future research will take into consideration the 
diffuse radiation, the variable atmospheric conditions and 
the temperature of the PV module. 
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