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The control system for terrestrial two-axis devices 
for orientation to the Sun has been improved with a high-
speed microcontroller operation algorithm. A geomagnet-
ic sensor was introduced into the system to increase the 
reliability of monitoring the positioning of solar cells. The 
basis of the algorithm is a simplified astronomical and geo-
graphical model of the movement of the Sun in the celestial 
sphere. The control system automatically tracks the trajec-
tory of the Sun and calculates its angular coordinates for 
the current moment of time on any day of the year and for 
any point on the globe. The derived equations of the sim-
plified mathematical model are suitable for calculations of 
orientation angles to the Sun in real time on 8-bit microcon-
trollers with low computing power. The control system by 
AVR-328 microcontrollers was studied. It was established 
that the use of the algorithm when programming microcon-
trollers for two-axis orientation systems ensures high sta-
bility and reliability of the tracker`s functioning process. 
The technical parameters of the AVR-328 microcontrollers 
in the case of using the developed algorithm ensure that the 
control system performs one reorientation step in a time 
interval of less than 2 seconds, which ensures the minimum 
technical period of the reorientation process by the track-
er drive mechanisms which is about 5 seconds. Deviations 
of the calculated orientation angle from the exact value do 
not exceed 3°, which corresponds to the relative accura-
cy of recording the solar radiation intensity, which is less 
than 0.3 %. The microcontroller program written according 
to the developed simplified algorithm occupies about 35 % 
of its memory. Therefore, the use of the developed algo-
rithm frees up the resources of AVR-328 microcontrollers 
for performing additional data processing operations and 
automatic control over various additional devices related 
to the process of orientation to the Sun. In the case of solar 
energy, the algorithm ensures the use of about 98 % of the 
power of solar radiation
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1. Introduction

The issue of determination and optimal application of 
geographical and astronomical quantities remains relevant 
in solving many different practical problems of geodesy, 
meteorology, solar energy, surveying, etc. [1, 2]. Their use 
is the basis of new generations of electronic theodolites, 
robotic geodetic systems, automated orientation systems, 
automatic astrometric instruments, and devices. They make 
it possible to increase both accuracy and performance of 
measurements and processing of their results. This requires 
the construction of new effective control systems and meth-
ods and algorithms for automatic calculations of geographic 
and astronomical quantities for them. At the same time, it 
is necessary to calculate a large number of trigonometric 
functions for the existing accurate astronomical and geo-
graphical models. Therefore, such control systems are quite 

difficult to design using microcontrollers (MCUs) and even 
industrial logic controllers because they do not have enough 
computing power to quickly perform such mathematical 
operations in real time. To this end, it is necessary to intro-
duce computational microprocessor modules into the control 
system, which significantly complicate orientation devices. 
Therefore, scientific research into the possibility of using 
much simpler astronomical models for microcontroller de-
vices is important for the development of modern terrestrial 
orientation systems.

In [3], a simple mathematical model of the visible move-
ment of the Sun in the celestial sphere was built. This move-
ment is completely described by only two variable coordi-
nates: the astronomical local solar time t (in minutes) and 
the latitude φ (in degrees) for the point on the globe where 
the electronic device is operating. Based on these two coor-
dinates for a specific geographical point on the globe, two 
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angular coordinates of the location of the Sun in the celes-
tial sphere – azimuth and altitude – can be unambiguously 
calculated. In addition, standard models introduce different 
starting points of astronomical time (midnight) and time 
angle (noon). As a result, the calculated coordinates of the 
Sun’s azimuth are negative before noon and positive after 
noon. This way of determining the azimuths of the Sun is 
quite inconvenient for programming terrestrial orientation 
systems based on MCU.

Currently, researching the properties of real algorithm 
of the MCU program, developed on the basis of a simplified 
astronomical model, and the information and technical pa-
rameters of ground-based systems for orientation to the Sun, 
which work according to such an algorithm, is becoming 
relevant. 

2. Literature review and problem statement

The widest application of tracker systems is expected in 
solar energy. Work [4] shows that the development of power 
stations based on photovoltaic panels and solar concentra-
tors is an important task for many countries of the world. 
However, an important unsolved problem is the intermittent 
output of power from such stations, which creates various 
serious challenges for the planning, operation, and manage-
ment of power system networks. As a result, it is noted that 
the use of conventional stationary local photovoltaic systems 
in the larger territory of Europe is economically unattractive 
if the “green tariff” policy is not applied. In particular, de-
pending on the season and weather conditions, the average 
monthly profitability index of stationary solar power plants 
for the climatic conditions in the territory of Ukraine ranges 
from 0.1 to 0.5. To solve this problem, various systems for 
monitoring the movement of the Sun in the celestial sphere 
are considered promising, the technical implementation of 
which in the form of a separate device is termed a tracker.

The results of using this approach are given in works [5, 6] 
for single-axis solar trackers and in [7] for two-axis trackers. 
Their authors showed that two-axis tracking systems pro-
vide 30–40 % more electrical energy output on average per 
year, compared to stationary power stations. A similar effect 
is given by single-axis tracking systems if they are reoriented 
to the optimal position 4 times a year. At the same time, the 
authors of paper [8] concluded that two-axis solar tracking 
systems should be used for low-power solar power plants 
and systems for automatic monitoring of the power of solar 
radiation. But the wide implementation of such systems is 
restrained by their economic parameters. For example, the 
cost of a modern two-axis orientation system with an indus-
trial SN1500 controller is approximately the same as the cost 
of installing a small power stationary rooftop solar power 
plant [9]. This means that the financial costs of installing 
such a power plant with a tracker are twice the costs of a 
stationary power plant mounted on the roof of a building. An 
option to overcome this situation is a significant reduction 
in the cost of trackers, a significant part of which falls on 
the corresponding control systems. For example, the cost of 
the powerful ST1500 controller is about 30 % of the cost of 
the entire orientation system of a solar power plant with a 
capacity of up to 5 kW [9].

Most researchers of modern automatic solar tracking 
systems use either a method based on multiple photosen-
sors, or a method based on astronomical calculations of the 

position of the Sun during the day. Works [10, 11] show that 
tracking systems based on optical sensors allow tracking the 
Sun only when the sky is clear and under good weather con-
ditions. In this case, the problems of stability and reliability 
of the operation of control systems when external conditions 
change remain unsolved. The astronomical method of con-
trolling solar tracking systems is based on various algorithms 
and mathematical calculations of the equations of motion of 
the Earth around the Sun and is devoid of the disadvantages 
of the previous method. But the analysis performed by the 
authors of works [12, 13] reveals that exact astronomical 
equations contain several dozen trigonometric expressions, 
for the calculation of which modern standard MCUs are not 
adapted. An option to overcome such difficulties can be a 
significant simplification of the mathematical model and the 
corresponding algorithm for the possibility of their implemen-
tation on 8-bit MCUs. Therefore, in work [3] it is proposed to 
use a simpler method, which is based on the application of the 
moments of sunrise and sunset for a specific geographical area.

The authors of work [12] also emphasize the importance 
of providing reliable automatic control of continuous current 
positioning of solar cells by technical means for the astro-
nomical-geographic control method. This is due to the fact 
that the final and intermediate position sensor systems used 
on typical trackers give significant errors in large ranges of 
angular movements.

The results of the design and development of various 
automatic solar trackers for solar energy, reported in [14], 
also show that the created tracker systems and their work 
algorithms should be easily integrated into modern energy 
systems. To this end, it is necessary to enable simultaneous 
fulfillment of several important conditions:

a) their cost will be less than 30 % of the total cost of the 
solar power plant;

b) the use of such systems will allow automating the 
entire process of energy generation and transportation to 
consumers with minimal human involvement;

c) easy installation (ideally – automatic) in any point of 
the globe;

d) the period of reorientation of solar cells should be 
about 5 minutes for maximum use of solar energy;

e) minimum own consumption of electricity by the track-
er system itself;

f) the tracker control system will simultaneously provide 
a number of additional service functions during the operation 
of the solar power plant both in autonomous mode and in con-
nection with various electrical energy accumulating systems 
(generation of “green” hydrogen, gravity systems, etc.);

g) the possibility of simplified production using ready-
made standard mechanical, electrical, and electronic modules.

An important direction of the development of solar ener-
gy is the constant monitoring of the intensity of solar radia-
tion at the points of the planned installation of power gener-
ating stations. Simple trackers are also a mandatory module 
for monitoring stations to solve this problem. However, for 
them, the sensor reorientation period should not exceed two 
minutes to ensure the accuracy of solar radiation intensity 
measurements required for such meteorological devices [15].

Another important area of application of trackers is 
mobile systems of orientation to the Sun for geodesy, nav-
igation, and for meteorological stations, the reorientation 
period of which should be less than one minute. For such 
systems, the reorientation period of the control algorithm 
becomes a critical parameter even for industrial controllers.
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emulation was carried out in the Arduino IDE software 
shell (Italy) [16]. Data from [17] were also used to assess 
the sufficiency of MCU information resources for the imple-
mentation of a simplified algorithm and the time intervals 
for performing basic control operations. At the same time, 
the MCU AVR-328R clock frequency of 16 MHz was used 
as a basis.

During the emulation process, separate small programs 
in the CI++ language were created in the Arduino IDE 
shell, each of which corresponded to one separate step of the 
implementation of the simplified control algorithm. Special 
operators for recording the start and end of the correspond-
ing MCU operations in a computer file were entered into 
the programs. The created programs were installed in the 
MCU memory, and their execution was initiated. According 
to the received data from the time modes of MCU operation, 
the corresponding intervals of execution of various control 
operations in real time of MCU operation were calculated.

5. Results of improving the control system of ground 
devices for orientation to the Sun

5. 1. Approximation of the mathematical astronomical 
model

The basic values of the astronomical model of the move-
ment of the Sun in the celestial sphere are the serial number 
of the corresponding calendar day N and the current moment 
of the local solar time for this day t in the geographical loca-
tion of the control system installation. The time angle of the 
Sun’s position is determined by these two initial coordinates:

( )� � � �720 / 4,tψ = ±    (1)

and the angle of declination of the Sun:

( )� � � �23.45 �–�sin 0.986�–� � �284 .N d=j+ ° +    (2)

In the above ratios, the “minus” sign corresponds to time 
intervals before noon, and the “plus” sign corresponds to 
afternoon.

For terrestrial orientation systems, the time change in-
terval t is determined by the moments of sunrise and sunset, 
which on the celestial sphere are set by two corresponding 
time angles ψEW. The latter are easily calculated using a 
simplified ratio:

�cos � tg tg ,EWψ =- j⋅ d    (3)

where φ is the geographical latitude of the operating point of 
the control system.

The given equation gives two approximate solutions for 
the time angle of the moment of sunrise ψE (in the range 
from –180° to 0°) and the moment of its sunset ψW (in the 
range from 0° to +180°). This method is typical for astro-
nomical research, where the reference points of time are the 
moments of “midnight” and “noon”. However, the method of 
setting these angles, which is more convenient for technical 
systems, was used in the simulation. During the “light” part 
of each day, the current time angle ψ was assumed to vary 
from an initial value of zero at sunrise to a final value of 2ψW 
at sunset. It is this range of angles ψ that determines the 
time interval of active operation of the ground orientation 
system. Therefore, the simplified mathematical model of the 

The above review allows us to state that it is expedient 
to carry out research on control systems for various solar 
orientation devices aimed at solving the following important 
unsolved problems:

a) simplification of the astronomical algorithm of ground 
tracker control systems for the possibility of its software 
implementation on simple MCUs;

b) improving the process of controlling the positioning 
of solar cells;

c) experimental and theoretical research of the param-
eters of the mathematical and information components of 
the two-axis tracker control systems, which meet the basic 
technical and economic requirements for solar orientation 
devices.

3. The aim and objectives of the study

The aim of our research is to improve the control systems 
of ground trackers for orientation to the Sun, which use an 
astronomical-geographical algorithm of operation. This will 
make it possible to implement such systems based on 8-bit 
MCUs and improve the informational, technical, and eco-
nomic parameters of modern orientation devices.

To achieve the goal, the following tasks were set:
– to analyze the possibility of applying an approximate 

mathematical astronomical model of the movement of the 
Sun in the celestial sphere;

– to increase the reliability of the control process of the 
positioning of the solar cells placed on the tracker;

– to simplify the algorithm of ground tracker control 
systems for simple MCUs;

– to investigate the timing diagram and various limit 
parameters that can be achieved in solar orientation control 
systems based on 8-bit AVR-328 type MCUs when imple-
menting a simplified algorithm.

4. The study materials and methods

The object of our study is the control system of terres-
trial devices for orientation to the Sun using the astronom-
ical-geographical method of their positioning. To improve 
such systems, the algorithm of their operation was simplified 
using theoretical methods of standard transformations of the 
coordinates of the position of the Sun on the celestial sphere 
in various angular coordinate systems. To this end, such a 
simplification of mathematical ratios was allowed, which 
introduce errors into the determined angular coordinates, 
which are comparable in magnitude to metrological values 
for modern meteorological instruments of a high accuracy 
class. The adequacy check of the created simplified algo-
rithm was carried out by comparing the angular coordinates 
generated by it with the corresponding values according to 
exact astronomical data.

In order to increase the reliability of monitoring the real 
current spatial positioning of the solar cells placed on the 
tracker, an electronic geomagnetic compass CJMCU-9911 
AK09911C from Philips was introduced into the control 
system.

The information and technical parameters of the simplified 
algorithm were studied by simulating the execution of individ-
ual operations and steps of the MCU AVR-328R (Germany) 
algorithm based on the ArduinoNano (Italy) module. The 
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tracker control is based on the determination by the MCU 
at each moment of the administrative time t of the current 
value of the solar angle ψ in the range from 0 to 2ψW. At the 
same time, the value of the angle ψW is calculated by MCU 
only once for each current day.

The time angle ψ uniquely determines the astronomical 
coordinates of the position of the Sun on the celestial sphere 
relative to the location of the tracker on the Earth’s surface. 
One of these coordinates is the Sun’s elevation angle h, 
which is easily calculated by the ratio [2, 3]:

sin � �cos cos cos � �sin sin .h = ψ ⋅ j⋅ d+ j⋅ d  (4)

The second coordinate is the azimuthal angle of the Sun’s 
position α. There is an approximate mathematical relation-
ship between the azimuth and the time angle of the Sun [3]:

( ) ( )cos � � sin sin � �sin / cos cos .h hα = j⋅ - d j⋅   (5)

The above equations from (1) to (5) represent the con-
structed approximate mathematical model for the operation 
of terrestrial systems of orientation to the Sun, which was 
the basis for the development of a simplified control algo-
rithm for MCU.

The theoretical accuracy of recording the intensity of the 
incident radiation in the tracker systems will be determined 
by the accuracy of the reproduction of the real angular coor-
dinates of the position of the Sun by a mathematical model. 
To determine this accuracy, changes in the angular coordi-
nates of the Sun’s position during the daylight hours were 
calculated according to the exact astronomical model [2] 
and the proposed simplified model. The results of such calcu-
lations for the azimuthal angle are shown in Fig. 1.

Fig.	1.	Change	in	the	azimuthal	angle	of	the	position	of	
the	Sun	on	the	celestial	sphere	during	the	daylight	hours	

of	June	21	for	the	Uzhgorod	region,	calculated:	according	
to	the	mathematical	model	[7]	(curve	1),	according	to	the	

exact	astronomical	model	[2]	(curve	2),	and	according	to	the	
accepted	approximate	mathematical	model	(curve	3)

To identify the impact on the theoretical accuracy of an 
even greater simplification of the trigonometric equations of 
the mathematical model, a plot (curve 1 in Fig. 1) of the daily 
change in the azimuth coordinate was also built according to 
the equation:

sin � �cos sin / cos �.hα = d⋅ ψ    (6)

Such a simple mathematical expression is often used in 
tracker management systems [7].

5. 2. Improving control over the positioning process
The algorithm for the implementation of the control sys-

tem with an approximate mathematical model was developed 
for two-axis trackers since only they provide high accuracy 
of the orientation of the solar cells. The structural diagram 
of such a control system is shown in Fig. 2. It contains 
basic MCU electronic modules and a real-time electronic 
clock (RTC – realtimeclock) typical for the astronomi-
cal-geographical method.

Technically, for the astronomic-geographic control meth-
od, it is necessary to position the solar elements throughout 
the daylight in a large range of angles, which exceeds 180°. 
Under such operating conditions, it is quite important to 
constantly monitor the process of positioning the solar cells. 
Experimental studies have shown that the use of final and 
intermediate contact sensors for this purpose complicates 
the positioning algorithm and does not provide the neces-
sary control accuracy with errors of up to several degrees. 
The use of modern geomagnetic sensors turned out to be 
much more effective in solving this problem. Therefore, along 
with the generally accepted solar tracker modules, a modern 
Philips CJMCU-9911 AK09911C device (Compass module 
in Fig. 2) was introduced into the control system. It is a 
non-contact three-axis magnetometer with a digital output 
signal adapted for direct communication with MCU; it pro-
vides an absolute error of less than 1° in the determination 
of angles.

To allow the operator to work with the control system 
(mainly at the stage of setting up and servicing), a service 
module of an LED display (LED) and a module of manual 
control keys (KEY) are introduced into it. Control over all 
components, which carry out the mechanical process of re-
orientation of solar cells in space, is carried out through two 
separate information channels of drivers for the elevation 
angle (Drvaxis h) and the azimuth angle (Drvaxis α). The 
first driver controls the rotation of the solar cells relative to 
the horizontal axis of the tracker, and the second – relative 
to the vertical axis.

5. 3. Simplified control algorithm for MCU
The entire operating algorithm developed for the above 

control system contains several logical modules, each of 
which corresponds to a certain stage of the tracker’s setup or 
operation. The first stage involves the initial installation of all 
mechanisms and modules of the tracker in the initial working 
state. When it is performed, it is bound to the geographical co-
ordinates of the installation point on the globe. This binding 
is a simple record in the MCU memory of the latitude (φ) and 
longitude (D) constants of the location of the panels. In addi-
tion, the technical topographic coordinates of the base plane 
on which the mechanical system is mounted are set for the 
controller. Such topographic coordinates are the angle of in-
clination of the plane of the tracker base relative to the horizon 
plane (β) and the angle of orientation of this base relative to 
the direction to the astronomical south (α0). These two angles 
can also be entered as two constants in the MCU memory. 
This stage can be carried out in two versions of the algorithm:

a) manual input of constants by the operator during in-
stallation and adjustment of the orientation system;
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b) automatic determination of the given parameters by 
the Compass electronic module. Below is a variation of the 
algorithm for the first option. For the second option, the 
algorithm is easily modified by replacing several data entry 
operations.

Fig.	2.	Block	diagram	of	the	automatic	control	system	for	
two-axis	trackers

During initial setup, the MCU’s internal timer is also 
connected to the RTC module, which generates the current 
date and current administrative time for the area. This al-
lows the MCU to calculate the exact values of the time angle 
ψ at any instant of time on every day of the calendar year. It 
is also worth noting that if for some reason the time readings 
of the non-volatile RTC clock are lost, the settings of the 
control system must be reconfigured.

At the second stage, the processes of periodic reorien-
tation of solar elements to the Sun take place so that their 
plane is perpendicular to the direction of direct sunlight. 
To do this, the control system periodically forms a series 
of pulses (stepdir) on its two output information channels, 
which control the tracker orientation drivers by elevation 
angle (h axis) and azimuth rotation angle (α axis).

At the first stage of setting up the control system, the 
following actions are performed:

1. Verification of the spatial location of the solar cells in 
the initial standard initial position according to the signals 
that the MCU receives from the corresponding end sensors 
of the mechanical components of the tracker and the geo-
magnetic sensor of the Compass module, which is installed 
on the solar cells.

2. Positioning the mechanical components of the tracker 
in the initial standard position.

3. The operator sets the real-time clock to local admin-
istrative solar time (LAST) and enters the current calendar 
start date.

4. The operator enters the geographic coordinates of the 
location of the tracker into the MCU memory. These constants 
are entered in degrees, taking into account the sign of lati-
tude D: negative – for the western hemisphere, positive – for 
the eastern.

5. Organization of real-time transfer of LAST time and 
date from the RTC clock to MCU.

6. The operator enters into the MCU memory the value 
of the parameter p and the calendar dates of the transition to 
summer time in the form of corresponding constants.

7. The operator enters the number constant NT of the 
time zone of the area where the tracker is installed into the 
MCU memory. The sign of this number should be taken into 

account: it is negative for the Western hemisphere, and pos-
itive for the Eastern hemisphere.

8. The operator enters the technical angle constants β 
and α0 (in degrees) into the MCU memory.

9. If necessary, the operator sets in the MCU memory the 
average correction of the influence of the terrain on the time 
of sunrise ΔtE and sunset ΔtW in minutes.

10. MCU calculation of the time correction con-
stant for the longitude of the location of the panels as 

( )� �4 15 TN DDψ = °⋅  in minutes. This parameter is also stored 
in the MCU memory.

11. Setting the time interval T (in minutes) by operator 
in the MCU memory, which sets the frequency of reorienta-
tion sessions of solar cells. The optimal value of T depends 
on the purpose of the tracker as it determines the errors of 
setting the orientation angle of the elements on the Sun. 
Usually, this value can vary in the range from one minute to 
several tens of minutes.

Based on the results of the initial installation of the 
tracker together with the control system, MCU calculates 
a number of its own internal parameters that determine the 
periodic operation of the tracker under the standard oper-
ating mode during the daylight part of each day of the year. 
Details of such calculations are given in [3].

The second stage of the operation of the control system 
consists in the constant adjustment of the solar cells to 
the position of optimal orientation to the Sun. This stage 
consists of two different sub-stages: a short start-up of the 
system at the beginning of the light part of each day and 
periodic operation with period T throughout the “light” part 
of that day.

A short starting step consists in the MCU calculating 
a number of values for a given day based on receiving a 
new date from the RTC real-time clock and other constant 
parameters from the MCU memory. Under this mode, the 
control system performs the following basic actions:

1. Calculates and remembers the serial number N of days 
of operation of the orientation system in the current year, 
considering January 1 as the first day of the year. At the same 
time, the diurnal angle B=0.986∙(N–81) and the solar local 
time correction ΔtE=9.87∙sin(2B)–7.53∙cos(B)–1.5∙sin(B) 
are calculated.

2. Calculates and remembers the astronomical inclina-
tion angle of the Sun δ=23.45°∙sin [0.986–(N+284)] and 
the time angle of the Sun’s rise in the current day: ψEW=arc-
cos(tgφ∙tgδ).

3. Calculates and remembers the number of minutes that 
pass from the beginning of the current day to the moment of 
sunrise tE=4∙(180–ψEW) and determines the moment of the 
start of the next daytime session of the orientation system 
tB=tE+ΔtE. This parameter is entered in the MCU’s special 
RB register.

4. MCU enters standby mode. Under this mode, the 
MCU starts counting the total number of minutes t that 
have passed since the beginning of the current day. As soon 
as the value of t exceeds the value of the parameter tB, the 
MCU program generates an internal interrupt. After this 
interrupt, the MCU proceeds to the next stage of controlling 
the periodic operation of the tracker.

The actions of the control system described above are 
mainly mathematical in nature and are concentrated in the 
electronic module. Therefore, for such actions, the graphic al-
gorithm is not very informative. Subsequently, the operation 
of the control system begins with its active interaction with 
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the technical components of the tracker. This is the stage 
of the periodic operation of the control system, which 
ensures the reorientation of the solar cells in the optimal 
position relative to the Sun during the entire “light” part 
of the day. The logic of these actions is clearly illustrated 
by the graphic form of the developed algorithm, which is 
shown in Fig. 3. It describes the process of controlling 
rotation relative to one axis. However, the control system 
executes this algorithm twice in a row to orient the solar 
cells relative to two axes.

During the periodic operation of the tracker during day-
light hours, the MCU monitors the execution of the follow-
ing points of the algorithm:

1. Checks sensor signals that determine the limits of 
movement of the solar cell. If all of them generate a “true” 
signal, the control system proceeds to the next operation. 
If a “false” signal appears at the output of at least one of 
the sensors, the MCU generates a procedure for starting 
the reorientation of the panel along two axes and search-
ing for another extreme position of the panels until the 
“true” signal appears. This action is possible in emergen-
cies or during the initial installation of tracker elements. 
Further orientation of the panels and control 
of their positioning is carried out according 
to the data of the geomagnetic sensor of the 
Compass module. If the “true” signal does not 
appear within the set time (time of reorienta-
tion of the elements from one extreme position 
to another), the system goes into emergency 
mode with the following message to the op-
erator.

To perform the described operations, the 
two-axis tracking system must be equipped 
with at least four end position sensors with ana-
log or digital output. Execution of the operation 
code “survey” of all installed sensors is not lim-
ited in time as it can be done in advance before 
the tracker starts working.

2. MCU calculates the time angle 
ψ=0.25∙[t–4∙(15∙NT––D)+ΔtE+p∙60] according 
to the known values of various parameters in 
the memory.

3. Calculation of the angle of elevation of the 
Sun for a given local time according to relation 
(4) and calculation of the angle of elevation of 
the solar element relative to the reference base 
of the tracker ω=h–β.

4. MCU generates control pulses for the 
servo drive to set the height angle of the solar 
cell ω.

5. The azimuth of the Sun’s position at the 
current moment of time is calculated according 
to relation (5) and the azimuthal angle of orien-
tation of the solar elements is defined.

6. MCU generates control pulses for the az-
imuth orientation servo of the solar cells, which 
enable the reorientation process.

7. MCU writes to its RB register the new 
value of the start time of the next reorientation 
step and goes into standby mode. While wait-
ing, the MCU performs coordinate calculations 
for the next step of reorienting the solar cells. 
Therefore, the duration of this stage is equal to 

the period of reorientation T, which is set by the operator 
during the installation of the control system. For different 
tracker systems and for different operating conditions, this 
period can be equal to one minute (for example, the field of 
meteorology) to several tens of minutes (the field of solar 
energy).

8. After the end of the waiting interval T, the MCU pro-
gram generates an internal interrupt and the control system 
proceeds to the next step of reorienting the solar cells to the 
optimal position, controlling the current position according 
to the data of the geomagnetic sensor. According to the 
simulation results, this interval lasts several milliseconds 
and therefore it can be neglected in the total balance of the 
tracker’s operation time.

9. Reorientation steps are performed by the control sys-
tem until the moment of sunset is reached. After that, MCU 
puts the solar cells in the “park” state and the control system 
in the standby mode. This standby mode is maintained until 
the RTC real-time clock in the control system reaches mid-
night. According to this data, the MCU resets the current 
program variables for the completed day and starts the next 
stage of work for a new day. 

  

 

Fig.	3.	Algorithm	of	periodic	positioning	of	the	panel	relative	to	one	of	the	
axes	during	the	“light”	part	of	the	day
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5. 4. Time, information, and technical parameters for 
implementing the control system simplified algorithm 
based on MCU AVR-328

The results of studies of the process of implementing the 
developed algorithm over time are shown in Fig. 4. At the 
same time, it is taken into account that the short start stage 
of the algorithm at the beginning of each day is not limited 
by the time interval necessary for its execution since it can 
be performed at night. In particular, we programmatically 
“tied” the execution of this MCU step to the moment of 
transition of the RTC clock to a new day.

The stage of periodic reorientation of the solar cells 
during the “light” part of the day turned out to be the most 
critical to the time intervals of MCU execution of individual 
operations. The simulation on the AVR-328R MCU showed 
that the main time spent during the execution of this stage 
of the algorithm by the control system is typical for several 
operations.

During the calculation of the starting values, the MCU 
performs about 10 different arithmetic operations. At the 
same time, the execution of almost every action is accom-
panied by a call to memory to read one or another constant. 
Under such conditions, several tens of microprocessor clocks 
are allocated on average to perform each arithmetic opera-
tion, which generally determines the duration of this stage 
in several milliseconds (stage 1 in Fig. 4).

During each step of reorientation according to the 
simplified algorithm, it is necessary to calculate about 
10 values of different trigonometric functions. Modeling 
and simulation showed that the duration of these MCU cal-
culations significantly depends on the required accuracy of 
the calculation result. For the studied control system, the 
maximum absolute error of the calculation of the coordi-
nate angles of the position of the Sun on the celestial sphere 
was taken to be about ±0.5°. Under such conditions, the 
duration of calculating the elevation angle and azimuthal 
angle for any set of input data did not exceed 2 seconds 
(stage 2 in Fig. 4).

An accurate astronomical model uses mathematical 
expressions that contain about 40 different trigonometric 
functions [2]. The simulation results show that in this case 
the MCUAVR-328R spends up to 7 seconds of time to calcu-
late the angular coordinates of the Sun. This insignificantly 
increases the duration of one informational step of reorien-
tation of the tracker with the accepted theoretical accuracy 
of setting the positioning angle.

The execution time of the technical step of periodic 
reorientation cannot be adequately simulated without the 
presence of a tracker system with real electromechanical 
components under actual working conditions. This is due to 
the fact that the functioning of mechanical devices includes 

the implementation of many active and passive functions of 
movement. For them, certain time intervals of “rise” and 
“decline” of mechanical, electrical, and signal disturbanc-
es, which occur during the pulsed reorientation of solar 
cells from one position to another, should be allocated. 
Therefore, the duration of this stage significantly depends 
on the specific technical properties of all electromechan-
ical devices involved in the tracker. To take into account 
these properties, a driver model with a 17HS4401 type 
stepper motor was introduced into the simulation scheme. 
The research results showed that for the reliable execution 

of the set of actions of this technical stage 
of reorientation, an average time of up to 10 
seconds should be expected. At the same time, 
the processes of obtaining stable data from the 
Compass geomagnetic module, which controls 
the fixation of the new angular position of the 
solar cells during the reorientation, turned 
out to be the longest. This period can be twice 
as long when reorienting massive solar cells 
such as standard photovoltaic panels with a 
large weight (stages 3 and 4 in Fig. 4). At the 
same time, for small-sized solar sensors in the 

case of meteorological tracking stations and for mobile 
orientation systems, this interval can be reduced to 2 s.

During the software implementation of the developed 
algorithm, six main modules that use information re-
sources of MCU are selected. The results of studies of the 
information capacity of each of these modules are shown 
in Fig. 5.

Fig.	5.	Memory	allocation	diagram	of	MCU	AVR-328R	with	
32	kB	of	memory	in	the	software	implementation	of	the	

developed	algorithm

During the initial stage of the algorithm, all main input 
astronomical and geographical values are set by the operator 
during the initial installation of the control system at the 
place of operation and are stored in non-volatile memory. 
Simulation studies on the AVR-328R MCU module have 
shown that 2.5 kB of memory is enough for the input and 
storage program module of all these data.

The second program module for calculating algorithm 
parameters for each new day contains about 30 operators 
of simple arithmetic operations. In addition, it contains a 
number of operators for processing information that comes 
from sensors of the extreme position of the tracker base. In 
total, this module occupies about 2 kB of information space 
in memory.

1 2 3 4 5
10 ms  2 s 2–20 s 2–20 s 1–10 min Δt

Fig.	4.	Timing	chart	of	algorithm	stages	for	one	step	of	reorientation	of	
solar	cells	(1	–	arithmetic	calculations,	2	–	calculation	of	trigonometric	

functions,	3	–	reorientation	by	elevation	angle,	4	–	reorientation	by	
azimuth	angle,	5	–	performance	of	maintenance	operations	for	systems	

compatible	with	the	tracker)
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The module of the program for calculating the angular 
coordinates of the Sun on the celestial sphere during each 
reorientation step contains about 30 operators with various 
trigonometric functions and arithmetic operations. At com-
pile time, this module occupies 4.5 kB of MCU memory. For 
the software implementation of an accurate astronomical 
model, the complexity of the algorithm for calculating the 
angular coordinates of the Sun increases significantly. As 
a result, the program module of such calculations requires 
about 11 kB of memory space.

A fairly significant information resource is required to 
host the MCU operating program with the three-dimension-
al geomagnetic sensor module. The standard version of this 
program took up almost 9 kB of memory. The program for 
controlling two stepper motor drivers of the tracker electric 
drive fits in only 2 kB of MCU memory.

In the simplest version, the module of the program for 
working with the information display requires about 2 kB of 
memory. However, to provide a more convenient interface for 
the control system to interact with the operator, a wider pro-
gram should be used, which will take up to 5 kB of memory.

Thus, the results of simulation and compilation of vari-
ous program modules of the developed algorithm show that 
at least 22 kB of MCU AVR-328R memory is required for 
its implementation. Accordingly, there remains about 10 kB 
of free space in it for placing additional modules of the MCU 
interaction program with accompanying device orientation 
system.

6. Discussion of research results regarding the 
informational and technical parameters of  

the simplified algorithm

The most important technical parameter of trackers is 
the accuracy of their positioning, which determines the effi-
ciency and errors of solar radiation perception by photocells. 
The very process of orientation to the Sun consists in adjust-
ing the position of the recording solar elements in such a way 
that their plane is perpendicular to the direction of direct 
sunlight at each moment of time. Therefore, the accuracy of 
measuring the intensity of incident solar radiation in tracker 
systems will be determined by two main components:

a) the theoretical accuracy of reproduction of the real 
angular coordinates of the position of the Sun by a mathe-
matical model;

b) the experimental accuracy of the positioning of the 
plane of the solar cells by the technical components of the 
tracker drive;

c) accuracy of continuous control over the positioning 
process by the geomagnetic sensor.

The theoretical accuracy of the simplified algorithm 
can be estimated from the results shown in Fig. 1. Their 
analysis showed that the daily dependences of the Sun’s 
elevation angle for the exact astronomical and approximate 
mathematical models differ from each other at any moment 
in time by a value of about 1°. For the azimuthal angle of the 
Sun’s position α, the noted dependences differ more signifi-
cantly, especially in the range of angles near the moments of 
sunrise and sunset. The maximum differences in this case 
reached 3° (Fig. 1). Adoption of even more “rough” approx-
imations of the mathematical model, which are used in [7], 
significantly increases these differences. In particular, for 
rather long periods of time after sunrise and before sunset, 

the deviation between the exact and approximate values of 
the azimuth angles reaches 15° (Fig. 1, curve 1).

In the practical implementation of the model, the theo-
retical deviations from the optimal orientation of the solar 
elements are determined by the angle γ, which is the sum of 
the elevation angle and the azimuthal angle of the position 
of the Sun. The corresponding deviations lead to a relative 
error in recording the intensity I of solar radiation by a 
value equal to (I–I∙cosγ)/I. Calculations show that for the 
approximate mathematical model used, the maximum devi-
ation of the angle γ does not exceed 3°. This gives the max-
imum relative error of solar radiation intensity registration 
(1–cos3°)∙100 %≈0.3 %. This value meets the requirements 
for modern meteorological instruments of a high accuracy 
class [15]. At the same time, the maximum theoretical error 
for a “rougher” mathematical model [7] exceeds 5 %, which 
does not meet the requirements of modern meteorological 
standards. Even in the case of using such a “rough” model to 
control solar power plant trackers, there will be significant 
annual total losses of generated power.

The experimental accuracy of the positioning of the 
solar cells is determined by the technical electromechanical 
components from which the tracker is built. When analyz-
ing this accuracy, we shall consider a control system option 
for meteorological trackers. This type of solar orientation 
system is chosen because the most “tough” requirements for 
the accuracy and speed of positioning of the solar cells are 
established for them by the relevant standards.

The analysis of time intervals of the main operations re-
veals that the use of a simplified algorithm allows us to reduce 
the time of one step of reorientation of the tracker system to 
5 seconds with the help of a simple MCU of the AVR-328R 
type. From Fig. 1 it also follows that the maximum angular 
velocity of the Sun’s movement across the celestial sphere is 
about 30° per hour. In this case, in 5 s, the maximum total 
change in the angular coordinates of the Sun does not ex-
ceed 0.1°, which corresponds to the relative error of measur-
ing the intensity of solar radiation, which is less than 0.1 %. 
However, as shown above, there are deviations of up to 3° 
of angular parameters calculated by the approximate math-
ematical model from exact astronomical data, the errors of 
which significantly exceed 0.1 %. Therefore, the experimental 
positioning accuracy of orientation systems according to the 
developed algorithm will be determined by maximum relative 
errors greater than 0.3 %. Close to this value are the errors of 
the positioning process control by the Compass geomagnetic 
sensor. Obtaining more accurate values of experimental posi-
tioning errors requires detailed studies of a real tracker system 
with specific drive mechanisms.

Maximum errors of more than 0.3 % are characteristic 
only for small time intervals of the tracker system after sun-
rise and before sunset (Fig. 1). In the main time of operation 
of the tracker with good backlash-free movement mecha-
nisms during a “light” day, experimental errors are estimated 
to be less than 0.3 %. As already noted, such a metrological 
parameter is characteristic of high-class meteorological 
instruments.

Thus, the application of an improved management system:
a) provides twice the speed of the control system due to 

the reduction of the time of mathematical calculations of the 
angular coordinates of the position of the Sun at each step 
of reorientation;

b) enables the operator to continuously control the pro-
cess of positioning solar cells in real time;
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c) allows one to free up a large part of the MCU’s memory 
for it to perform other information processing operations and 
to control various peripheral devices. In particular, for solar 
orientation systems, these can be solar power plants, meteoro-
logical stations, geodetic instruments, and others. At the same 
time, MCUs of the AVR-328R type have a sufficient number of 
analog and digital data input/output ports, which are necessary 
to organize the operation of various accompanying devices.

Another important area of using ground-based solar 
orientation systems is solar energy. In this case, it is not 
economically justified to reorient the solar panels more of-
ten than once every 5 minutes. Accordingly, the AVR-328R 
MCU-based control systems with the proposed simplified 
timing diagram algorithm and memory size are quite suitable 
for solar power plants. The deviation of orientation angles 
from the optimal position in 5 minutes does not exceed 3°. 
If we also take into account the errors introduced by the 
approximate mathematical model, then the maximum errors 
of the orientation angle can exceed 6°. This corresponds to 
an average loss of generated electrical power of less than 2 %. 
In this case, solar power plants with the proposed control 
system ensure the production of electrical energy under the 
peak mode during almost the entire “light” part of the day.

Freed MCU working time and memory resources allow 
one to enter additional programs to provide important service 
functions of the solar power plant into the control system:

a) constant monitoring of the power generated by solar 
batteries;

b) periodic measurement of their temperature;
c) recording the generation results in the database;
d) establishment of sharp deviations from the optimal 

mode of operation of the power plant and notification of the 
operator;

e) coordination of trackers and a solar power plant with 
MPPT controllers, inverters, storage batteries, “green” hy-
drogen generators, etc.

These functions significantly increase the marketing pa-
rameters of tracker systems without significant additional 
economic costs for their production, installation, and operation.

The use of tracker systems with a simplified control algo-
rithm is especially effective for fully autonomous solar power 
plants of small power (up to 10 kW), which provide energy 
to individual households or small business facilities. This is 
especially relevant if these objects are located far away when 
the cost of laying a standard electrical network to them may 
exceed the cost of building an autonomous power plant.

The application of the proposed simplified algorithm 
is limited to those device control systems that involve the 
measurement of parameters of direct solar radiation or the 
use of its energy, in particular, meteorology and solar energy. 
The use of this algorithm in accurate geolocation devices (for 
example, geodesy, surveying, etc.) will give errors in deter-
mining the angular coordinates of the Sun, which exceed the 
permissible values for these industries. For mobile objects 
(for example, in navigation), the application of the algorithm 
for continuous orientation to the Sun is limited by the small 
speed of movement of these objects (according to approxi-
mate estimates up to 10 km/h) without their sharp turns.

The disadvantage of the proposed algorithm is its “bind-
ing” to the geographical coordinates of the installation point 
of the control system. When changing the location of the 
control system, it is necessary to enter new coordinates in 
the MCU memory under “manual” mode. In the case of apply-
ing the algorithm to mobile objects, such reinstallation should 

be carried out when the object is moved from the previous 
geographical point at a distance of more than 50 km. Without 
reinstallation, the error in determining the angular coordinates 
of the Sun will increase significantly. A possible solution to the 
above-mentioned shortcoming is the introduction of an addi-
tional GPRS navigator module or a space navigation module 
into the control system. Of course, this will complicate the 
control system itself and the algorithm of its operation.

In the process of analyzing our results, an urgent question 
arose about the complexity of the practical implementation 
of the proposed algorithm in a real control system. It is in 
this direction that the advancement of the current research 
is planned. Currently, the most significant difficulties on this 
path have become clear. First, it is the choice of the optimal 
method for converting the angular coordinates of the position 
of the Sun into signals for the drive drivers, which will ensure 
the exact orientation of the solar cells. Second, the complexity 
of software implementation of some steps of the algorithm 
for the MCU. Third, the creation of simple feedback links 
between the elements of the electric drive and MCU to con-
trol the execution of each operation of the algorithm and the 
accuracy of setting the orientation angles.

7. Conclusions 

1. The possibility of applying an approximate mathematical 
astronomical model of the movement of the Sun in the celestial 
sphere for the improvement of control systems for ground-based 
solar orientation devices with high positioning accuracy has 
been shown. The approximate model differs from the exact as-
tronomical setting of the Sun’s angular coordinates by reducing 
the number of trigonometric functions by more than half. The 
use of such a model provides positioning errors typical of mod-
ern meteorological instruments.

2. A geomagnetic sensor was introduced into the control 
system, which allows for continuous monitoring of the posi-
tioning process in real time during operation throughout the 
day in a range of angles greater than 180°.

3. A simplified algorithm for ground tracker control sys-
tems, suitable for implementation on the basis of 8-bit MCUs, 
has been developed. In the simplified algorithm, a simpler 
astronomical mathematical model is used, more precise mo-
ments of the start and end of the tracker are introduced, 
methods of determining the exact solar time and angular co-
ordinates of the Sun are optimized. The developed algorithm 
can be used to design various modern devices that function 
automatically when installed in any which geographical point 
of the Earth. It is shown that in the case of tracker solar power 
plants, the algorithm can ensure almost full use of direct solar 
insolation during the daylight hours due to sufficiently accu-
rate positioning of photocells. The possibility of implementing 
the algorithm on simple MCUs reduces the cost and increases 
the economic attractiveness of using ground tracker systems 
for orientation to the Sun of various functional purposes.

4. Using the methods of theoretical analysis and com-
puter simulation based on the MCU AVR-328R, time, in-
formation, and technical parameters of control systems for 
automatic devices for orientation to the Sun, created using a 
simplified algorithm, were investigated:

a) the process of periodic reorientation of solar cells to a 
new position by the control system in real time takes from 2 s 
to 5 s, depending on the parameters of the electromechanical 
drive components of the tracker;



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 2/9 ( 128 ) 2024

62

b) the maximum theoretical angular error of orientation 
of solar elements during the “light” part of the day, which is 
ensured by the developed algorithm, does not exceed 4;

c) the relative theoretical error of recording the intensity 
of direct solar radiation by a weather system with a tracker 
does not exceed 0.3 %;

d) accuracy of continuous control over the process of po-
sitioning the solar element by the operator at the level of 1°;

e) in an AVR-328R MCU, the program according to the 
developed algorithm will occupy about 35 % of the standard 
memory resources;

f) a significant part of the MCU memory volume remains 
available for input into the control system of additional 
control programs for various technical and informational 
devices associated with the tracker.
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