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Tonyuenue snexkmpuueckou 3Hepeut Ha OCHOBE B0300HOBIAEMbIX UCMOYHUKOS 00YCI08IEHO, Npeicoe

6ce20, ucuepnanuem mpaouyUoOHHbIX NPUPOOHBIX UCMOYHUKOS IHePeUl, MAKUX KAK Y20lb, Hemb, 2as, U Ha
Ce200HAUHUL OeHb AGNAeMCs NepcnekmusHou obaacmoio pazeumus. Obuweussecmno u HAYYHO O0O0KA3AHO
HeOazonpusm1oe GIUiAHUe HA OKPYICAIOWYI0 cpedy UCHOTb308AHUS MPAOUYUOHHBIX IHEP20000bI8AIOWUX
mexHonoeuil. Ilpumenenue ux Hemumyemo edem K USMEHEHUN) KIUMAMA, NOIMOMY meMda nepexood om
UCNONIL308AHUS MPAOUYUOHHBIX UCIMOYHUKAM DHEPeUU K ATbMePHAMUBHbIM, HECOMHeHHO, akxmyanvHa. Tax,
68  nocnedHee  @pems,  NpUoOpeno  aKmyaibHOCMb — UCHONb308AHUE  2eAUOIEeKMPOCMAHYUL ¢
domosnexmpuueckumu mooyaamu. OOHAKO 3phekmueHocms NPUMeHeHUs. MAaKux YCMAHO8OK 80 MHO20M
3aeucum om npasuivHou ux opuenmayuu Ha Coanye: yem mouHee OyOem YCMAHOBAEHA cucmema, mem
boavlie 3SHepeuu OHA cModcem npeobpazogams. B cmamve npedcmasnenvt peszyrvbmamsl paspadbomxu
UMUMAYUOHHOUL
MOOenu cucmemvl YHpasieHus NPoYyeccom OPUEHMAYyUU NAaHenu COAHeuHOU Oamapeu. /i MAaxkcumanibHOU
8bIPAOOMKU COTHEUHOU dHEPSULU CUCeMA YnpaesieHus co caediceruem 3a ConHyem nocmpoena ¢ npumeHeHuem
HeuémKou 102uUKU. CHOPMYIUPOBAHbL NPABULA HEHUEMKO20 Pe2yiupo8aHus Oas YRPAGLeHUs NOLOICEHUIMU
00beKmMa OMHOCUMENLHO 8EPIMUKAILHOU U 20PU3OHMANLHOU Naockocmell. Mcnoav3o08anue HeuemKkol 102UKU
OCHOBAHO HA NPOOYKYUOHHOU MOOeIU 3HAHUL, KOmMOpas noopasymesaem Hnoo cobol UCNOAb308aHUE
JUHSBUCTIUYECKUX — NEePEMEHHbIX, HO360JAI0WUX — U30edcams — 02PAHUYEHUN, NPUCYUUX  KIACCUHECKUM
NPOOYKYUOHHBIM npasunam. HCnonb3o8anue Heuemrkozo YNpPAeieHus: NO360a5em 6 ASMOHOMHOM pedcume
6 Kpomuatiwiue CpoKu KOPPEeKMuposamsv O8UdNCEHUe NAHETU, YMEHbUIAS MeM CAMbIM 803HUKAoujue nomepu
anekmposHepeuu. B kauecmee cpedvl  paspabomku - cucmemvl UCHOAb3YEMCA POCCULICKAs — cpedd
OuHamuyeckoeo mooenuposanust mexunuveckux cucmem SimInTech. Hmumayuonnas moodenv npedcmasisiem
coO0U HEeCKONbKO HNOONPOEKMOs8, 00beOUHEeHHbIX 6 nakem eOuloll 6azoi Oaunvlx. Modenv cucmemvl
peanuzoeana ¢ NPUMEHEHUeM Munosvlx OJ0Koe U KoMnaekca cybmoodenel, a makxdce OA0KA
NPOSPAMMUPOBAHUSL.
Peszyromam pabomuir mosicno omcaedums 6 3D-modyne 6cmpoenHno20 8U3yaIbHO20 PedaKmopa, No360sI0ue20
00beKmHO  0mobpasums  g3aumooeticmeue mpéxmepuvix Mmooeneli. /[ns ynpowenus u 6Oonee MOHKOU
peanuzayuu pabomsl nPOEKmMa UCNOIb308AHA CUCMEMA 3A2PY3KU OAHHbIX MOUKU 8ocxoda u 3axoda Connya u3
eHewne2o paiina Excel.

Kniouesvie crosa: nanenv conneunoi bamapeu, Heuemas 102uKd, OuHamuieckoe mooeaupoganue, SiminTech,
3D-susyanuzayus.
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Obtaining electricity from renewable energy sources is primarily due to the exhaustion of traditional natural
energy sources, such as coal, oil, gas. Today it is a promising area of development. The adverse impact on the
environment of the use of traditional energy technologies is well known and scientifically proven. The use of
traditional technologies inevitably leads to climate change, so the topic of the transition from traditional to
alternative energy sources is undoubtedly relevant. Using of solar power plants with photovoltaic modules recently
has gained relevance. However, the efficiency of such installations depends largely on their correct orientation to
the Sun: the more precisely the system is installed, the more energy it will be able to convert. This article presents
the results of the development of a simulation model of the solar panel orientation control system. To maximize the
production of solar energy, the control system with tracking the Sun is built using fuzzy logic: fuzzy rules are
formulated to control the positions of the object relative to the vertical and horizontal planes. The use of fuzzy logic
is based on the product model of knowledge, which implies the use of linguistic variables to avoid the limitations
inherent in classical product rules. The use of fuzzy control allows to correct the movement of the panel in the
shortest time in the autonomous mode, thus reducing the arising power losses. Russian SimInTech dynamic
simulation environment for technical systems is used as the system development environment. Simulation model is
represented by several subprojects, united in a single database. The system model is implemented using standard
blocks and a set of submodels, as well as a programming unit. The result of the work can be tracked in the 3D
module of the built-in visual editor, which allows you to display the interaction of three-dimensional models
objectively. In order to simplify and more finely implement the work of the project, a system of loading data, sunrise
and sunset points, from an external Excel file was used.

Keywords: solar panel, fuzzy logic, dynamic simulation, SimInTech, 3D visualization.

Introduction. In many countries, the use of regenerative resources today exceeds 10 %, and in some it
is more than 20 %. Autonomous power supply systems based on solar panels (SP) are widely used. The
scope of their use is regions that are located separately from the centralized power supply network. In
Russia, due to the small number of sunny days, the use of alternative resources does not exceed more than
20 %. However, today there are a large number of international institutions whose goal is to spread the
idea of the introduction and widespread use of renewable energy sources, as well as to directly
disseminate information, knowledge and technologies in this area. The steady decline in the cost of solar
panels over the past few years is also leading to more intensive use of solar energy around the world [1].

The use of new materials, as well as the possibility of installing rechargeable batteries, allows using
the stored energy in adverse weather: solar modules produce electricity even when there is no direct
sunlight. For example, with light clouds, you can get 60-80% of the power from the "full" Sun, with
cloudy weather - up to 30 %.

However, the optimal conditions for generating electricity are a clear, sunny day, as well as the
orientation of the panels perpendicular to the sunlight. The precise orientation of the working surfaces of
the system to the Sun will ensure maximum performance.

The paper studies the problem of increasing the accuracy of the orientation of the solar panel. As a
solution to this problem, we propose the use of fuzzy control [2], which has been widely used in such
expert systems as nonlinear control and production management, self-learning machines, planning,



forecasting systems, and many others [3]. It is experimentally proven that fuzzy control gives better
results, compared to the results obtained with classical control algorithms.

Description of the automation object. A solar power plant is a complex of regulating equipment for
one or more solar panels. Panels, as a rule, are rectangular in shape, made up of series-parallel connected
typical solar cells that form a current-voltage characteristic.

The type of characteristic is determined by:

- the intensity of the solar flux falling on the panel;

- temperature panel;

- time of year;

- weather conditions and the relative position of the panels and the Sun.

The maximum power delivered to the load, other conditions being equal, is formed by the angles of
incidence of solar radiation on the working surface of the panel. Therefore, controlling the orientation of
solar panels is the most important factor in the operation of solar power plants.

The solar panel has certain geographical coordinates with the respect to the equator, and consequently
with the respect to the current position of the Sun on the Earth’'s horizon. The panel orientation system,
which includes a set of electromechanical devices, allows changing the azimuth angle and the angle of
position, which determine the orientation of the panel in three-dimensional space. The control system
allows changing the angles of the solar panel in automatic mode in order to best orient it to the sun.

The adjustable output coordinates are the azimuth angle, which varies from -90 to +90 degrees, and
the position angle, which ranges from 0 to +90 degrees. Control coordinates — electric drives control
signals. The main external influences are the current coordinates of the Sun.

Figure 1 shows a simplified block diagram of the control circuit of the support-rotary device according
to the azimuth angle and the angle of inclination of the solar battery. The diagram shows: MC-micro-
controller; CP-continuous part.
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Fig. 1. Block diagram of the control loop of the rotary support device
Puc. 1. CtpykTypHas cxema KOHTypa YIpaBICHHUS OMOPHO-TTIOBOPOTHOTO YCTPOMCTBA

The elements of the continuous part: DC motor, the reduction gear, the platform and the position
sensor are represented by their corresponding models in the form of typical dynamic links [4].

The microcontroller implements a control algorithm that ensures the absence of static error and a low
percentage of overshoot. In order to obtain the necessary indicators, the PID control law is formed.

When designing and testing control algorithms for automated control systems, it is advisable to use
visual modeling, when a real object is represented by its digital counterparts. This approach allows
developing, compare, configure, and work out various control algorithms in the automated control system
in a short time and justify the feasibility of using them.

Below a proposed algorithm for constructing and debugging a controller based on fuzzy logic in the
SimInTech visual modeling environment to control the orientation of the solar panel.



Fuzzy logic. The mathematical theory of fuzzy sets allows describing fuzzy concepts and knowledge,
operate with these descriptions and make fuzzy conclusions.

The use of fuzzy logic in systems is accompanied by the following steps:

Determination of input and output parameters of the system under consideration;
Fuzzification of these variables: transformation of a value from the space of physical variables to the
fuzzy form of linguistic variables (LV).

A linguistic variable is some variable, such as "water level". The values that this LV can take are
called terms. For the LV "water level”, the terms, for example, can be "low", "medium”, "high", etc.
However, these terms must have exact physical values. For example, the "tilt angle” variable can take any
value from 0 to 90 degrees.

3. Setting the membership function for each linguistic variable.

According to the theory of fuzzy sets [5], any value of an angle in the range from 0 to 90 degrees can
be associated with a certain number, varying from 0 to 1, which determines the degree of belonging of
this value of the inclination (for example, 75 degrees) to a particular term of the LV "tilt angle”. In this
case, the angle of 75 degrees can be set to the degree of belonging to the term "high", equal to 0.85, and
to the term "low" - 0.15. The exact definition of the degree of belonging is determined only when
working with experts. There is an opinion that for most systems, at least three terms are necessary to
describe it: "low", "medium”, "high", which contain two extreme values and the average. If three terms
are not enough, the accuracy of the estimation can be improved by increasing the number of terms. The
maximum allowed number of terms is unlimited and depends entirely on the system under consideration,
as well as the accuracy of the description required for the system.

Forming a base of inference rules for the implemented fuzzy system.

In other words, a set of rules should be developed that describe the control strategy of the system in
guestion. Most often, to describe the dependencies between linguistic variables, the rule base is presented
in the form of a structured text using fuzzy logical operations in the form of bundles: "AND", "OR", "IF —
THEN", "NOT". For example, "IF the angle is low, THEN turn on the engine".

Defuzzification of output variables: inverse conversion of fuzzy variables to physical variables;
Setting up and analyzing the adequacy of the developed model in a real-time system.

Simulation of the solar panel orientation system in the SimInTech environment. Among all the
existing software systems for modeling systems for the project implementation, the choice was made in
favor of the Russian development environment-the SimInTech software package [6; 7]. The rationality of
using the software is determined by several criteria:

- user-friendly block diagram editor;

- a wide library of standard blocks;

- availability of a visual design module;

- built-in programming language.

In terms of characteristics, this option is similar to foreign programs, such as Simulink, SumSim, etc.
[8].

To create a complex mathematical model, such as this project, the models of the main subsystems,
implemented as separate projects, are combined into a single package. To link projects to each other, a
signal database is used, which is a file database that contains all the necessary variables for the projects to
work. Part of the project's signal database is shown in Figure 2.
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The solar panel orientation model is a package of projects connected by a single database. The
package includes the following projects:

— solar panel orientation model;

— model for controlling the position of the Sun;

- 3D visualization module.

In the first project, a navigation system control unit based on fuzzy logic is implemented (Fig. 3). The
substructure provides a subsystem for pointing the installation at the Sun along the X axes (Xin/Xout-
input/output port to the submodel) and Y (Yin/Yout-input/output port to the submodel): in the vertical and
horizontal planes according to a pre-formulated rule base [9].

Contr]_FiX1
3D_blue Xin Yo Angle
of the X-axis (0 to +90)
Contrl FiY1l
System control unit Angle

based on fuzzy logic of the Y-axis (-90 to +90)

Fig. 3. Schematic of the solar panel orientation model
Puc. 3. Cxema MoJie/i OpUEHTAIIMY MTAHEIN COJTHEUHOH OaTapen

The input effect is the values from the photoelectric sensor located on the panel, which determine its
current position in relation to the Sun [10].

The model of the Sun shows the principle of moving an object along a given trajectory (Fig. 4). The
scheme defines the main functional parts of the product, their purpose and the relationship between them.

The scheme consists of modules:

— list of input signals;

— the Sun motion simulator;

— the current position of the Sun.
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The submodel "Simulation of the movement of the Sun" contains a control scheme for the motion
drive (Fig. 5), from the summation of the incoming setting control signals such as: BtnUp - the movement
of the object up, BtnRight — to the right, BtnForw — forward, BtnDown — down, BtnLeft — to the left and
BtnBack — back, which activates the necessary keys (Param_1 — the key for regulating the sunrise point,
Param_2 — the key for regulating the sunset) to continue the path of the signals. The incoming signals are

Fig. 4. Model for controlling the position of the Sun
Puc. 4. Mogens ynpasnenus nonoxxenueMm ConHia

combined into a single point, which creates the necessary trajectory.

Fig. 5. Composition of the "Sun Motion Simulation" submodel
Puc. 5. CocraB cyomonenu «murans aprkeHust ComHIa»

An animation window is implemented (Fig. 6) with the ability to control the solar object both
manually and automatically, according to a given movement, which, first of all, depends on the point of
sunrise and sunset. The data is loaded into the system from an external file format .xls, which contain the

following information:

- ordinal number of the day;

- sunrise point;
- point of call.
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Direct control of the panel in the vertical and horizontal planes is implemented in the submodel
"System control unit based on fuzzy logic", the composition of which is shown in Fig. 7.
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Fig. 7. Composition of the "System control unit based on fuzzy logic" submodel
Puc. 7. CocraB cyomonenu «bJoK ynpaBieHus: CHCTEMOM Ha 0a3e HeUETKOM JIOTUKNY

The values obtained from the photoelectric sensor are compared with the current position of the panel
relative to the Sun. An error is calculated — the difference between two variables. Depending on the size
of the error, a control action is generated on the panel, thereby correcting its position, eliminating the
error.

The following linguistic variables are used in this project:

— position of the sun (altitude);

— position of the sun (horizontal/time of day);

— panel tilt angle;

—angle of rotation of the panel.

The terms of linguistic variables are described in Table 1.



Terms of linguistic variables

Linguistic variable Terms (briefly) Terms
"Height" L Low
BA Below average
A Average
AA Above average
H High
"Time of day" S Sunrise
D Day
M Midday
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N Night
"Tilt angle — X" z Zero
"Rotation angle — Y™ S1 Small 1
S2 Small 2
M1 Medium 1
M2 Medium 2
B1 Big 1
B2 Big2
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Fig. 8. Linguistic variables "Height of the Sun", "Position of the Sun"
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Fig. 9. Linguistic variables "Angle of the X-axis", "Angle of the Y-axis"
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Table 1

The formulated rules for the logical output of the output variable, written in the form of a rule base,

are presented in Table 2.



Table 2
Rules for logical output of an output variable

Rule number sun Height Position of the Panel tilt angle — Panel rotation
Sun X angle- Y

1 L S S1 S2
2 L D S1 M1
3 L M S1 7

4 L S S1 M2
5 L N S1 Bl
6 BA S S2 S2
7 BA D S2 M1
8 BA M S2 7

9 BA S S2 M2
10 BA N 32 Bl
11 A S M1 $2
12 A D M1 Vil
13 A M M1 Z

14 A S M1 N2
15 A N M1 Bl
16 AA S M2 S
17 AA D M2 M1
18 AA M M2 7

19 AA S M2 M2
20 AA N M2 Bl
21 H S B1 S
22 H D B1 M1
23 H M B1 7

24 H S B1 M2
25 H N B1 Bl

The project functions as follows: the model of the Sun moves along a given trajectory, which depends
on the points of sunrise and sunset, different for each ordinal day. The sun can make movements, both in
automatic mode and in operator control mode, which allows controlling the speed of the object.
Photovoltaic sensors located on the solar panel transmit information about the current position of the Sun
to the input of the system. The difference between the current positions of the panel and the Sun relative
to each other is calculated. If there is a difference, the system control unit, based on fuzzy logic, generates
a control action on the panel and provides a subsystem for pointing the installation at the Sun in the
vertical and horizontal planes according to a pre-formulated rule base.

Minimizing the error in the position of the panel relative to the Sun allows increasing the percentage
of energy output due to the optimal angle of incidence of sunlight on the surface of the panel.

The results of the system can be traced in the implemented 3D visualization window (Fig. 10-12).
Thanks to the use of fuzzy logic, the panel movement is carried out automatically at an optimal speed and
allows adjusting the angle of incidence of sunlight on the panel in a timely manner.



Fig. 10. 3D visualization of the result of system modeling. Part 1
Puc. 10. 3D-pusyanu3zanus pe3ysibTata MOACIHPOBAHHS cUcTeMbl. YacTb 1

Fig. 11. 3D visualization of the result of system modeling. Part 2
Puc. 11. 3D-Bu3yanu3anus pe3yapTaTa MOAETHPOBAHHSA CHCTeMBI. YacTs 2



Fig. 12. 3D visualization of the result of system modeling. Part 3
Puc. 12. 3D-pusyanu3anys pe3yJibTata MOACIHUPOBaHUs cUCTeMbl. YacTb 3

Conclusion. In the dynamic modeling environment of SimInTech technical systems [11-17], a model
of an automation object — a solar panel orientation system was developed and implemented using standard
blocks of general technical software libraries. A model of the controller based on fuzzy logic was built
and tested, the model parameters were adjusted.

It is possible to control the solar object both manually and according to the program, which, first of all,
depends on the point of sunrise and sunset. The navigation system of the panel is controlled using fuzzy
logic, which ensures accurate pointing of the installation at the Sun in the vertical and horizontal planes
according to a pre-formulated rule base.

The rules of logical inference are formulated and presented in a tabular form, the applied linguistic
variables and the scales of their terms necessary for controlling the orientation of the solar panel are
described.

For a more comfortable display of the system and simplify the perception of the results of its work, a
3D visualization module is implemented. It allows to clearly demonstrate the interaction of objects with
each other and monitor the effectiveness of the use of fuzzy control.

The fuzzy logic controller provides the quality of regulation of the position of the solar panel in space
comparable to the PID-controller, while providing greater flexibility in configuration, but requires more
parameters to be configured, helps to automatically adjust the position of the panel relative to the Sun,
maximizing system performance.

Similarly, in the SimInTech dynamic modeling environment, fuzzy controllers can be built to control
other similar technological processes.
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