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Abstract

Nowadays, applied computer-oriented and information digitalization technologies are de-
veloping very dynamically and are widely used in various industries. One of the highest
priority sectors of the economy of Ukraine and other countries around the world, the
needs of which require intensive implementation of high-performance information tech-
nologies, is agriculture. The purpose of the article is to synthesise scientific and practi-
cal provisions to improve the information technology of the comprehensive monitoring
and control of microclimate in industrial greenhouses. The object of research is non-
stationary processes of aggregation and transformation of measurement data on soil and
climatic conditions of the greenhouse microclimate. The subject of research is methods
and models of computer-oriented analysis of measurement data on the soil and climatic
state of the greenhouse microclimate. The main scientific and practical effect of the arti-
cle is the development of the theory of intelligent information technologies for monitoring
and control of greenhouse microclimate through the development of methods and models
of distributed aggregation and intellectualised transformation of measurement data based
on fuzzy logic.
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1 Introduction veloping very dynamically and is consequently be-
. ing used in more and more applications. This fact
1.1 Relevance of the topic necessitates the continuous development of scien-

Nowadays, computer and information technol- tific aspects of modernization of such applied infor-

ogy for the digitalisation of various industries is de-
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mation technology. One of the main sectors of the
national economy of Ukraine, which needs urgent
and rapid modernization through the development
and implementation of high-performance informa-
tion technology, is agriculture. In turn, an impor-
tant area of sustainable agricultural development,
which plays a crucial role in ensuring food security
in many countries around the world, taking into ac-
count climatic zones, is vegetable growing in green-
houses. This fact is confirmed by the statistics of
the annual increase in the total area of greenhouses
around the world.

According to the latest FAO data, this figure
has increased by about 25 % in the last ten years
and is estimated to be about 500,000 ha in 2021
[1]. Besides the fact that modern greenhouse com-
plexes are popular agrotechnical objects, they are
still quite knowledge-intensive productions, and,
therefore, should be considered as technical objects
of continuous action with a certain working space,
on which soil and climatic factors and the charac-
teristics of the irrigation solution have the integral
effect. The term “integral state” in this article refers
to complex measurement information processed by
intellectualised methods on the set of physical and
chemical parameters of the aerogas medium, soil
and irrigation solution. Thus, the topic of the ar-
ticle is relevant and the importance of the expected
scientific and applied result from solving the prob-
lem consists in improving the software and hard-
ware base of agricultural greenhouses, which stim-
ulates the positive dynamics of food security in the
world by providing all-the-year-round production
of high-quality agricultural production in necessary
volumes at a satisfactory pace.

The main social and economic effect of soft-
ware and hardware re-equipment of agricultural en-
terprises consists in providing high values of indica-
tive indicators of long-term sustainability, compet-
itiveness and investment attractiveness of the agri-
cultural segment of the national economy of many
countries of the world.

1.2 Review, critical analysis and systemati-
zation of modern literature sources

As aresult of the analysis of current internation-
ally recognized regulations ASABE and FAO [2, 3]
on ensuring compliance with the requirements of
complexity and consistency of functional transfor-

mations of measurement data by means of infor-
mation and communication technologies in green-
house conditions, it was found that temporal in-
stability and spatial heterogeneity of processes, the
need to take into account the relationship of a sig-
nificant number of physical and chemical soil and
climatic parameters, as well as the scale of adap-
tation of information and measurement procedures
to different types and periods of vegetation, have
not allowed developing a theory of integrated mon-
itoring and adaptive hardware and software con-
trol of agrotechnical processes. A review of cur-
rent trends in the development of instrumental in-
formation and computer-oriented technologies has
allowed us to identify a set of those that can be used
as a basis for increasing the level of intellectualiza-
tion and digitalization of agricultural procedures [4,
5]: artificial neural networks (ANN); evolutionary
computing and genetic algorithms (ECGA); fuzzy
logic (FL); evolutionary robotics (ER); the Internet
of Things (IoT); wireless sensor networks (WSN).

Currently, there are a significant number of
high-quality research results and practical devel-
opments on designing computer-oriented and in-
focommunication technologies for monitoring and
control of greenhouse microclimate, the main ones
of which are presented in Table 1.

It should be noted that the research results given
in Table 1 are not exhaustive. The above-mentioned
scientific works provide general science-based ap-
proaches and modern tested directions of using
methods and tools of intellectualization and digi-
talization of information technologies of monitor-
ing and management of agricultural processes in
greenhouse conditions. Also, as a result of data sys-
tematisation of the critical analysis data (see Table
1), it was found that the algorithmic base of fuzzy
logic theory is universal and effective in solving
the problem of data transformation [6] in terms of
information and measurement procedures of non-
destructive monitoring and automatic control.

In scientific papers [7-10], the authors of this
article substantiated the need and proved the possi-
bility to develop applied information technologies
for agricultural use based on serial budget sensor
and microprocessor components and unified stan-
dardised software packages for measurement infor-
mation interpretation.
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Based on the logical generalisation of the above
analysis of the existing greenhouse climate moni-
toring and control technologies, it should be noted
that a significant range of research is devoted to
the development of hardware and software solu-
tions of functional devices for monitoring specific
parameters and/or control of individual agrotechni-
cal procedures. Considering the qualitative solution
of certain problems of software and hardware de-
velopment of information technologies, the theory
of comprehensive monitoring and control of the in-
tegral climatic state of the analysed physical envi-
ronments is in its infancy. The main issues requir-
ing additional development on the basis of known
theories are: accounting for the principles of sys-
tematic and comprehensive collection and process-
ing of distributed measurement information and ac-
counting for the interrelations of measured param-
eters when interpreting the physical media inte-
gral state.

1.3 Purpose, object, subject and structure
of the research

The main purpose of the article is to synthesise
the scientific and practical provisions for improv-
ing the information technology for complex mon-
itoring and control of microclimate of industrial
greenhouses by substantiating computer-oriented
method of integrated aggregation and transforma-
tion of measurement data on soil and climatic pa-
rameters based on the fuzzy logic theory. The re-
search object is non-stationary processes of aggre-
gation and transformation of measurement data re-
garding the complex soil and climatic state of indus-
trial greenhouses. The research subject is methods
and models of computer-oriented analysis of mea-
surement information on the integral state of micro-
climate of greenhouses. The structure of the article:
Section 1 contains information on the relevance of
the research topic, research fields, the current state
of the subject area and scientific and practical nov-
elty of the obtained results; Section 2 contains in-
formation on the materials used and research meth-
ods; Section 3 contains the main quantitative and
qualitative research results; Section 4 contains in-
formation on promising areas for further research;
Chapter 5 provides conclusions.

1.4 Scientific and practical significance of
the obtained results

Scientific and practical novelty and significance
of the results of the article lies in the synthesis
of computer-oriented method of integrated mon-
itoring and automatic control of greenhouse mi-
croclimate based on the results of non-destructive
measurements of distributed physical and chemi-
cal parameters and information transformation al-
gorithms based on fuzzy logic, which allows set-
ting online indicators of compliance between the
current and recommended state of the microcli-
mate and generating signals of adjustment of agro-
procedures, taking into account the plant types and
periods of vegetation.

2 General approaches, materials
and research methods
2.1 Approaches to the research

Theoretical and methodological basis to achieve
the main aim is a comprehensive approach through
the use of the following world-proven scientific
methods: analysis and systematisation of the known
scientific and practical results; information and
computer modelling; synthesis of structural and al-
gorithmic organisation of information monitoring
and control systems; the fuzzy logic theory. The
main research results were obtained as a result of a
computer experiment with the certified and licensed
software Matlab & Simulink in profile laboratories
of SHEI “DonNTU” (Pokrovsk).

2.2 The structure of information technol-
ogy

Justification of functioning modes of informa-
tion technology of comprehensive monitoring and
control of microclimate in industrial greenhouses
in conditions of uncertainty and scale of measure-
ments is connected with solving the problem of for-
malised description of the investigated technology.
Thus, in accordance with the principles of concep-
tual modelling, a general structural and algorithmic
diagram of measurement information transforma-
tion has been developed (see Figure 1).

The following symbols are used in Figure 1:
T,ir in — air temperature in the growing area; 7y our
— ambient air temperature; Tyq, — itrigation solu-
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Table 1. Systematisation of known research results and development of information technology for
greenhouse climate monitoring and control

Research object Measured parameters Technologies Literature
used source

Functional characteristics of intelli- Humidity and temperature of air 10T, WSN [11]

gent monitoring systems and soil; light intensity

Network protocols and algorithms for  Air temperature and humidity IoT [12]

greenhouse automation systems

Methods and means of cloud analysis Humidity and temperature of air IoT [13]

of multilevel irrigation system data and soil; light intensity

Robotic system for monitoring agri- Air temperature and humidity ER [14]

cultural procedures

Methods for optimisation of green- Air humidity and temperature; ECGA [15]

house cultivation processes lighting; » concentration

Approaches to the construction of vir-  Air temperature WSN, FL [16]

tual sensors for temperature monitor-

ing

Decision making algorithms for Humidity and air temperature; ANN [17]

greenhouse irrigation system air flow velocity

Tools for remote monitoring of micro- Humidity and temperature of air IoT, WSN [18]

climate parameters and soil

Methods and tools for intellectualiza- Air humidity and temperature; WSN, FL, ANN [19]

tion of the control systems of green- light intensity

house parameters

Methods of forecasting greenhouse Air humidity and temperature; ECGA [20]

measurement information light intensity; air flow velocity

Regression models of information Air humidity and temperature ANN [21]

processing on microclimate parame-

ters

Methods and tools for developing mi- Air humidity and temperature; ANN, ECGA [22]

croclimate monitoring systems nitrogen concentration

Functional characteristics of drip irri- Air humidity and temperature; FL [23]

gation system light intensity

Tools for remote monitoring of green-  Air humidity and temperature WSN, FL. [24]

house microclimate parameters
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Figure 1. Structural and algorithmic diagram of measurement information transformation

tion temperature; Ts,; — soil temperature; Wi iy —
air humidity in the growing area; Wy o, — ambi-
ent air humidity; W, — soil humidity; v, j, — air
velocity in the growing area; V4 o,y — ambient air
velocity; E, ;(A) — energy lighting of the growing
area; E, ,,,(A) — ambient energy lighting; Ccoz in —
carbon dioxide concentration in the growing area;
Cco2 o — ambient carbon dioxide concentration;
Dgir ouir — ambient wind direction; pH,,u.r — acid-
ity of the irrigation solution; OPR,,4.r — redox po-
tential (OPR) of the irrigation solution; EC,,u.r —
electrical conductivity of the solution; index set —
recommended value of the measured value.

Thus, the diagram of transformation of measur-
ing information in relation to the integral condition
of the microclimate in greenhouses, given in Figure
1, from the point of view of computer monitoring
and automatic control technology is a complex and
multifaceted object that requires special intellectual
algorithms for aggregation and analysis of measur-
ing data during the technological processes of cul-
tivation. Thus, it is possible to draw a conclusion
about the feasibility and prospects of using fuzzy
intelligent algorithms for aggregation and transfor-
mation of measurement data on the integrated state
of the greenhouse microclimate, taking into account
types and vegetation periods of cultivated crops.

2.3 Algorithm of fuzzy information tech-
nology development

Given the characteristics of the task of com-
puterised non-destructive monitoring and automatic
situation control and the analysis of the world ex-
perience in developing applied information systems
based on fuzzy logic [19, 25, 26], the Mamdani al-
gorithm was selected as the basic algorithm.

The first step in developing the fuzzy informa-
tion technology was to define the input variables
and turn them into a linguistic appearance. As in-
put variables, the following physical and chemical
quantities were chosen in their respective operating
ranges: air temperature in the growing area (7, i —
from 15 °C to 30 °), relative humidity in the grow-
ing area (Wg; iy — from 55 % to 95 %), carbon
dioxide concentration in the growing area (Ccoz in
— from 0.05 % to 0.2 %), air flow rate in the growing
area (Vgir in — from 0.2 m-s~! to 0,6 m-s™ 1), energy
lighting of the growing area (E, ;, — from 60 W-m >
to 110 W-m~—2), soil temperature (7,; — from 16
°C to 26 °C), soil relative humidity (Wy,; — from
50 % to 95 %), temperature of the irrigation solu-
tion (Tygrer — from 18 °C to 27 °C), acidity of the
irrigation solution (pH,ger — from 5.0 to 7.5 un.),
redox potential of the irrigation solution (OPR,,4er
— from -400 mV to 300 mV), electrical conductiv-
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ity of the irrigation solution (EC,,., — from 1.8
mS'-m~! to 3.0 mS-m~'), ambient air temperature
(Tair our — from -20 °C to 45 °C), relative humidity
of ambient air (Wy;; oy — from 10 % to 100 %), am-
bient energy lighting (E, ,; — from 20 W-m~2 to
300 W-m~2), ambient air velocity (Vair our — 0.5
m-s~! to 5.0 m-s~!) [2, 3, 27]. The main crop types
studied were tomatoes and cucumbers, respectively,
at two characteristic ripening periods, before and af-
ter vegetation season.

All the above linguistic variables regarding the
microclimate internal state (characteristics of air
in the growing zone, soil and irrigation solution)
were fuzzified using piecewise linear membership
functions (triangular and trapezoidal), satisfying the
condition “located in the interval” by the follow-
ing terms: significantly below normal (VL), below
normal (L), normal (N), above normal (H), signif-
icantly above normal (VH). External climatic pa-
rameters were fuzzified by the following terms: be-
low the established in the growing zone (L), equal
to the established in the growing zone (N), above
the established in the growing zone (H).

The output signals of the information technol-
ogy were fuzzified into the input variables in a
similar way in the second stage of the algorithm.
The main difference lies in the type of member-
ship functions. Gaussian functions were chosen
for fuzzification of the output variables to prevent
the occurrence of abrupt switching of control sig-
nals. As output variables the following values were
used: the current values of control voltage (reduced
to a unified form in the range from O V to 5 V)
in pulse-width modulated (PWM) format, previ-
ously reduced to a unified form in the range from
0 Vto 5 V and afterwards fed to drive and / or
power mechanisms of automatic control systems for
technological processes of greenhouse crops grow-
ing. This approach was chosen based on the pos-
sibility of further implementation of fuzzy laws
of program control in the microcontroller unit of
the information technology under study. The ini-
tial variables include: percentage of opening of the
ventilation system mechanisms (r, with the term
set M 1={“minimum (MIN)”, “small (S)”, “average
(Norm)”, “high (H)”, “maximum (MAX)”}); the
opening angle of the shading system mechanisms
(®typen With the term set Mo={*“MIN”, “Norm”,
“MAX”}); electric power of the air heating system

(Pe1 soir With the term set Mz= {“MIN”, “Norm”,
“MAX”}); electric power of the ground heating
system (P 501 With the term set My= {“MIN”,
“Norm”, “MAX”}); electric power of the irriga-
tion solution heating system (P, yyqrer With the term
set Ms={“MIN”, “Norm”, “MAX"}); flow rate of
the irrigation solution (CON,y4. with the term set
Me={“MIN”, “S”, “Norm”, “H”, “MAX"}); flow
rate of the humidifying air fluid (CONgq, with
the term set M7={“MIN”, “Norm”, “MAX”)}; car-
bon dioxide flow rate (CON, with the term set
M3={“MIN”, “Norm”, “MAX"}); electric power
of artificial lighting system (Pj;,5; With the term set
Mo={"MIN”, “Norm”, “MAX"}); fertilizer dosage
applied to the irrigation solution (CON,,; with the
term set M o={“MIN”, “Norm”, “MAX"}); water
addition to the irrigation solution (CON;,, with the
term set M1={“MIN”, “Norm”, “MAX"}).

Therefore, as can be seen from the analysis of
the information above, local solutions (for regula-
tors of each technological process separately) of in-
formation technology are divided into three or five
terms of trapezoidal functions, due to the principle
of PWM control of drive and / or power units tech-
nological processes of growing crops. The global
solution concerning the integral condition of micro-
climate is provided on the principle of hierarchical
grouping: the local ones are united separately from
the blocks of soil sensors, acrogas composition of
the growing zone and parameters of the irrigation
solution; the formation of the global solution is
performed by combining solutions from three local
subsystems. The Global Solution (IMC) is fuzzi-
fied with five possible states (terms): well below
the norm (GVL), below the norm (GL), norm (GN),
above the norm (GH), well above the norm (GVH).
To implement the fuzzy inference and defuzzifica-
tion steps, the maximum algorithm and centre of
gravity method were used, respectively. The devel-
opment of the fuzzy database is based on a logi-
cal synthesis of experts’ experiences of indoor veg-
etable production [2, 3, 28].

3 Research results

3.1 Monitoring and control subsystem
models in Simulink

Based on the principle of the research prob-
lem decomposition, when developing a computer
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model of information technology for climate moni-
toring and control, local decision-making structures
were synthesised for all of the above-mentioned
controllers of agricultural processes (see Figure 2).
For the fertiliser dosing and irrigation water addi-
tion systems, the model structures are identical, i.e.
the qualitatively relevant input variables (CONy,,
and CON;y) depend on the same set of irriga-
tion solution characteristics (pH,ygrers ECyparer and
OPR,,4er). The difference between these models
lies in the fuzzification of the input parameters and
the rule databases, as will be discussed later in the
research results.
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The global solution concerning the integral con-
dition of microclimate is provided on the princi-
ple of hierarchical grouping of local solutions from
distributed regulating systems of agrotechnical pro-
cesses as by means of structural organisation by tak-
ing into account functional connections of all mea-
sured parameters of air in the growing area, soil and
irrigation solution, which is shown in Figure 3.

The obtained computer models (see Figures 2
and 3) are structural and functional basis for further
research into information technology synthesis.

3.2 Fuzzification of input and output vari-
ables

The procedure of fuzzification of input and out-
put variables is implemented in the Fuzzy Logic
Designer environment of Matlab & Simulink appli-
cation software package by the procedure described
in Section 2.3 “Algorithm of development of fuzzy
model of information technology”. The results of
fuzzification input variables, characterising internal
soil and climatic state of greenhouse microclimate
and irrigation solution parameters, by the example
of tomatoes to fructification are shown in Figure 4.
The term structure and the fuzzification approaches
for other crop types, taking into account the possi-
ble growing seasons, are identical to those shown in
Figure 4, the adaptation being done by changing the
numerical values of the boundaries of the respective
terms.
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The obtained fuzzification results (see Figures 4
and 5) are the algorithmic basis for further research
on the synthesis and testing of information technol-

ogy.
3.3 Fuzzy control rule database

The proposed database of fuzzy rules taking
into account preliminary results of fuzzification the

input and output variables of information technol-
ogy of comprehensive monitoring and control of
microclimate of industrial greenhouses is given be-
low. Also, during the development of the appro-
priate fuzzy rule base for each technical subsystem
(local regulators) and for the global solution gen-
eration unit of the integral microclimate state, the
possibility of identifying pre-emergency situations
was considered and provided for. In each group
of fuzzy control rules, the functions were formed
with a possible state of input and output variables as
“None”, which corresponds to the absence of data
from sensors of physical and chemical parameters
or feedback from control units of the technological
processes. Thus, the output linguistic variable takes
the value “None” if at least one of the input lin-
guistic variables is characterised by the correspond-
ing value “None”. This approach makes it possible
to increase the practical use efficiency of the devel-
oped information technology. Based on the decom-
position principle of the research task, all rules have
been divided into two categories. The first category
of rules refers to the local regulators of soil and cli-
mate conditions and the characteristics of the irri-
gation solution:

- IF Tair in=VL and Tair 0ut=La
Pel (llr:MAX and ()pen:MAX;

THEN

- IF  Tar in=L,
()pen=MAX;

THEN P, ,=Norm and

— IF Tgyir in=N and T4, ous=N, THEN P,; ;;,=MIN
and ,,.,=Norm;

- IF Tair ,'n=H and Wair ,‘n=N and Ee ,'n=L, THEN
P, 4iv=MIN and ,.,=Norm and P;;o;,=Norm;

- IF T, iv=H and W,;, ;=N and E, ;,=VL, THEN
P,/ 4ir=MIN and ,p.,,=MAX and Pj;o/,=MAX;

- IF T, ;»w=VH and W, ;=N and (E, ;,,=L or
E. ,=VL), THEN P, ,;=MIN and ,.,=MIN
and Pligh,=MAX;

- IF W, »w=VL and Tg »=N, THEN
CONyreun=MAX and r,=MIN;

- IF Wair ,'n=L and Tair ,'n=N, THEN
CONyeam=Norm and r,=MIN;

- IF Wair ,'n=N and Tair ,'n=N, THEN

CONtegm=MIN and r,=MIN;
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IF W4 in=H and (v4rin=N or v ou=L)

and (Vair our=N 0 Vgir op=L) and (T j,=H
or Tyir in=VH) and (Cco2 in=H or Cco2 in=VH),
THEN CONy;¢m=MIN and r,=Norm;

IF Wi inv=VH and (V4 in=N or Vg ous=L)

and (Vair our=N 0or V4ir ouy=L) and (Tg;, ;,=H or
Tair in=VH) and Cco2 i»=VH and (Wi ous=N
or Wyir or=H), THEN CONy,.,=MIN and
r,=MAX;

IF Wi in=VH and (Vuir in=N Or Vi our=L)
and (Vair our=N OF Vgir os=L) and (Tar in=H
or Ty i»w=VH) and Ccoz i»=H and W;r =L,
THEN CONy;.;,n=MIN and r,=MAX;

IF T,,i=VL and Tur in=VL, THEN
P soi=MAX;

IF Ty,y=L and T,; ;,=L, THEN P,; s,i=Norm;

IF T,,;=N or Ts,;=H or T,,;=VH, THEN
Pe; 50ii=MIN;

IF Tyater=VL, THEN Py} yater=MAX;

IF T,,4er=L, THEN P,; ,,4re,=Norm;

IF T\yurer=N and Ts,;;=N, THEN P,; ,,4er=MIN;
IF Tyyater=H, THEN P yyre,=MIN;

IF Tyauer=VH, THEN P yue,=MIN and
P.; soii=MIN and r,=S;

IF  W,,;=VL and
CON,y4rer=MAX;

Tswi=VH, THEN

IF (WSOil:VL and TSOil:H) or (wsoil:L and
Tsoil=VH), THEN CONwaterzH;

IF (Wsoil:VL and (Tsoil=N or Tsoil=L or
Tsoil=VL)) or (WsoilzL and (Tsoile or
Tsi=VH)), THEN CON,,;.,=Norm;

IF wsoilzL and (TsoilzN or TsoilzL or Tsoil=VL)a
THEN CON,,4e;=S;

IF (Wmil =H or Wsoil =VH) and (Wair ()ut=N
or wair oul=L) and Tsoil =N ) THEN
CON,,41er=MIN;

IF E, ;,,=VL and E. ;=L and (Cco; ;»=N or
Cco2 in=H or Ccoz in=VH), THEN Pj;ep,=MAX;

IF WAS‘()il=N7 THEN CONwa[gr:MIN;

- IF E,;,=L and (E,,,=L or E.,,=N) and

(Cco2in=N or Ccorin=H or Ccopsin=VH),
THEN Pj;gp,=Norm;

IF E, ;=N or (E. ;=L and E, ,,=H), THEN
PlightzMIN;

IF CC02 ,‘n=VL and (Ee in=N or Ee m:H
or E,;;=VH) and T, =N, THEN
CONCO2=MAX;

IF Ccop =L and (E., ;=N or E.;=H or
E. i»=VH) and T; ;=N and Cco2 ,,=N, THEN
CON¢p>=Norm;

IF Cco2 =N and (E.;=N or E,;=H or
E. ;;=VH) and T,;, ;,=N, THEN CON¢p>=MIN;

IF Cco2 in=H and (T4ir in=H or Tgr in=VH)
and Wy, in=H or W, ;,=VH), THEN
CONc¢p2=MIN and ,,¢;,=Norm;

IF CC02 in=VH and Tair in=VH and Wir in=VH
and (Vair =N O Vgir ous=L), THEN
CONCO2=MIN;

IF OPRyygrer=VL or pHyyarer=VL 01 ECyy400,=VL,
THEN CON.,,=MAX and CON;;=MIN;

IF OPRy4e=L or pHyarer=L or EC,arer=L,
THEN CON,,,=Norm and CON;;=MIN;

IF OPR,4er=N or prater:N or ECuer=N,
THEN CON /,,,=MIN and CON j;;=MIN;

IF OPRygrer=H or pHyger=H or EC,ue=H,
THEN CON,,,=MIN and CON;;=Norm;

IF  OPR,4xe=VH or pHuge=VH or
pHyuer=VH, THEN CONy.,=MIN  and
CONyis=MAX;

IF Tyir in=None or Wy;, ;;=None or Vi, i;=None
or Vair our=INONE or CCOZ n=None or
Wair ow=None  or  Tyuer=None, THEN
r,=None;

IF  Tg,mw=None or W, ,,=None or
Cco2 in=None or E, ;;=None or T, ,.=None,
THEN ,.,=None;

IF T, in=None or W, ;,=None or E, ;,;=None
or T, ous=None, THEN P,; ,;,=None;

IF T in=None or T,,;=None or Tg;, ;,=None,
THEN P,; s0ii=None;
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— IF  Ts,;=None or
Pe; warer=None;

Tuir n=None, THEN

— IF Wy,;;=None or T,,;;=None or W;, ,..=None,
THEN CON,,;.r=None;

- IF T, i»=None or W;, ;,=None or v, ;,=None
or  Vurow=None or Ccpzin=None or
W.ir our=None, THEN CONy;,,»=None;

— IF T, in=None or Ccpy ;n=None or E, ;,;=None
or Vgir oww=None or W, ,=None, THEN
CONcogzNone;

— IF T, in=None or Ccps ;n=None or E, ;,=None
or E,,s=None or W, »,=None, THEN
Pjign=None;

— IF  OPR,4e=None or pH,u.-=None or
pH,y4e=None, THEN CONy,,=None and
CONy;:=None.

The second category relates to the procedure of gen-
erating the global solution:

— IF (Tuy =N and T,4e=N and T,,;=N and
Wair in=N and Wsoil=N and air in=N and Ee in=N
and Cco2 in=N and pH,y4e,=N and OPR,,;o,=N
and EC,,4.,=N), THEN IMC=GN;

— IF (T4ir in=L or T\y4ser=L or Tspy=L or W4 jn=L
or Wy,ii=L or 4ir in=L or E, j»=L or Cco in=L or
pHyater=L or OPR,,4.,=L or EC,,4.,=L), THEN
IMC=GL;

—IF (Tyy;w=VL of Tywe=VL or Tyi=VL
or W in=VL or Wy;;=VL or 4 in=VL
or E,;,=VL or Ccp in=VL or pH,u.=VL
or OPR,,..=VL or EC,4.,=VL), THEN
IMC=GVL;

— IF (Tuirin=H or T,ue,=H or Tyy=H or
Wair in=H or W,;=H or 4 ;»=H or E,;,=H
or Ccoz in=H or pHyer=H or OPRy,4e=H or
EC, 4.-=H), THEN IMC=GH;

- IF (Tairin=VH or Tyue=VH or Ty;=VH
or Wy iw=VH or Wg,;=VH or 4 »=VH
or E,;;=VH or Ccp2 i;»=VH or pH,..=VH
or OPR,4.,=VH or EC,4,=VH), THEN
IMC=GVH;

— IF (T4 in=None or T,,;.,=None or T;,;=None
or W, in=None or W,,;;=None or ,;, ;,=None or
E. ;»=None or C¢p; i»=None or pH,,u..=None
or OPR,4e=None or EC,4.=None or
Tair our=None or W, ouz=None or v;; o, z=None
or E,,s=None or Ccp ous=None), THEN
IMC=None.

The above database of rules is the algorithmic
basis of the software component during the imple-
mentation of the laws of microprocessor control of
agricultural processes.

3.4 Fuzzy aggregation and output method-
ology

The implemented fuzzy aggregation and out-
put methodology for local controllers of the sys-
tem, taking into account the complex influence of
internal and external factors based on the maximin
method is the following:

Tair iny Wair iny
Vair ins Vair out; Cco2 in, ;
Wair out Twuler

Ures (1) = max ¢ min

Tpir iny Wairin,
Mres ((x()pen) =max { min | Tuirout, Eein, 5
L Cco2in; Vair out
. Tair in Wair in
Ures (Peoj air) = max { min T ’ o ’ ;
_ALair out) Cein
. Tsoila Toir iny
Mres (Pel soil) = Mmax § min T 5
| {water
HMres (Pel water) = max {mln [Tmi/a Twater]}
. Tsoil Wsotl
Hres (CONwater) = max ¢ min W ’ ’
air out

Wair in; azr iny
Vair in, Vatr out
CCOZ iny atr out

Tairin; Vair outs }

Mres (CONsleam) = max { min

Cco2in,Ccoz out;
E.in

Wairins Tair in,

Ee in; Ee out CCOZ in
OPRyater, pratera

ECwater; water

OPRater, PHyater
E Cwaterv Twater

Ures (CONcp2) = max { min

Hres (Plight) = max {min |:

Ures (CONyisr) = max < min

Ures (CON o) = max {min

where u,.; — the resulting identity function of the
controlling linguistic variable influence; 7, ;, — air
temperature in the growing area; 7, o, — ambient
air temperature; 7,4, — irrigation solution temper-
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ature; Ty, — soil temperature; Wy, ;, — air humid-
ity in the growing area; W, ., — ambient air hu-
midity; W,; — soil humidity; v, ;, — air flow ve-
locity in the growing area; Vg, o,y — ambient air
flow velocity; E, ;;, — energy lighting of the grow-
ing area; E, ,,, — ambient energy lighting; Cco in
— carbon dioxide concentration in the growing area;
Cco> o — ambient carbon dioxide concentration;
PHyqer — irrigation solution acidity; OPRuer —
ORP of the irrigation solution; EC,,,., — electri-
cal conductivity of the irrigation solution; r, — per-
centage of opening mechanisms of the ventilation
system; Ol,pe, — Opening angle of shading mech-
anisms; P, 4 — capacity of the air heating sys-
tem; P, i1 — capacity of the soil heating system;
Pei warer — capacity of the irrigation solution heating
system; CON,,., — irrigation solution consump-
tion; CONteqm — air humidification liquid consump-
tion; CONgy — > consumption; Pjig,, — capacity of
the artificial lighting system; CON ;5 — water addi-
tion to the irrigation solution; CON,,; — dosage of
fertilisers added to the irrigation solution.

3.5 Structure of fuzzy data transformation

The implemented structure of the complex
fuzzy data transformation process for control and
monitoring of the integral state of the greenhouse
microclimate is shown in Figure 6, which includes
the following functional units:

— a fuzzification unit performing the function of
aggregation and fuzzy transformation of mea-
surement information from sensors of physical
and chemical quantities;

— a fuzzy output unit, which performs the func-
tion of algorithmization of obtaining informa-
tion of the influences’ affiliation functions on
certain control channels;

— a rule database unit, containing a set of rules
defined above, reproducing the algorithm of the
software component of information technology;

— a defuzzification unit, designed for conversion
of functions on each control channel into the
output PWM control signals.

The developed structural diagram of the pro-
cess of complex fuzzy transformation of data on a

greenhouse microclimate state (see Figure 6) con-
siders time dynamics (t) of informative physical and
chemical values and is adaptive to crop types and
vegetation periods by changing numerical values in
terms of linguistic variables.

3.6 Results of the computer experiment

As a result of systematisation of the results ob-
tained in Sections 3.1 — 3.5 of the research of in-
formation technology for monitoring and control of
microclimate in greenhouses based on fuzzy logic,
a series of computer simulation tests in Fuzzy Logic
Designer environment of Matlab & Simulink appli-
cation software package was performed. The results
of these tests were 3D graphs of microclimate state
dependence (IMC) on a set of measured parameters,
as shown in Figures 7 — 9.
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Wair_in

a) IMC dependence on Ty, j;, and Wy, i
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~
2

04 02 n =
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b) IMC dependence on v, i, and Wy i
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Integral
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¢) IMC dependence on E, ;; and Ccoa in
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Figure 7. Dependence of the integrated state of the
greenhouse microclimate on physical parameters
of the aerogas environment of the growing area

microclimate_condition

Integral

Figure 8. Dependence of the state of the
microclimate on the soil parameters

The obtained results of the computer experi-
ment (see Figures 7 — 9) prove the feasibility and
prospects of using fuzzy logic methods in informa-
tion technology of comprehensive monitoring and
control of agricultural processes in industrial green-
houses. This development allows software imple-
mentation of intelligent algorithms for greenhouse

microclimate control taking into account a signifi-
cant number of functional interrelationships of soil
and climatic factors and characteristics of irrigation
solution of a wide range of growing crops during
different periods of their vegetation. This, in turn,
makes it possible to integrate complex intelligent
computational algorithms into the microprocessor-
based processing of measurement data, which leads
to the positive effect of reducing hardware redun-
dancy of applied information technologies for agri-
cultural purposes and the possibility of their rapid
reconfiguration based on expert data update.
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microclimate_condition

Integral_|

microclimate_condition
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Twater

d) IMC dependence on Ty and pHyygrer

Figure 9. Dependence of the integrated state of the
greenhouse microclimate on the physical and
chemical parameters of the irrigation solution

4 Discussion and suggestions for
future investigations

The main scientific and practical effect of the
research results consists in development of a the-
ory of developing intellectual information technolo-
gies for control and monitoring of microclimate of
industrial greenhouses through the development of
methods and models of distributed aggregation and
microprocessor-based transformation of measure-
ment data on the basis of fuzzy logic. Promising
priority areas for further research of this informa-
tion technology are: software integration of the de-
veloped models into industrial logic controllers for
agricultural purposes; long-term experimental tests
in real operating conditions in different climatic
zones; comprehensive technical and economic eval-
uation of investment attractiveness of implementa-
tion of the obtained solutions.

5 Conclusions

The article solves an important problem of de-
veloping scientific-applied provisions of modern-
ization of software and hardware base of indus-
trial greenhouses through the development of in-
formation technology of comprehensive control and

monitoring of microclimate conditions in industrial
greenhouses on the basis of the fuzzy logic theory.

The main results of the article are: review, crit-
ical analysis and systematisation of the literature
sources in the field of applied intelligent computer-
oriented information technology for agricultural ap-
plications; synthesis of the structural and algorith-
mic organisation of information technology of com-
plex monitoring and control of the integral condi-
tion of greenhouse microclimate; developing and
testing the computer model of the process of com-
plex aggregation and transformation of informative
parameters of greenhouse microclimate; establish-
ing the evidence base for the feasibility of using the
fuzzy logic theory in computer-oriented monitoring
and control of agrotechnical processes in industrial
greenhouses; substantiation of priority promising
areas for further research on digitalization of agri-
cultural enterprises of greenhouse vegetable pro-
duction.
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7 List of abbreviations

FAO — the Food and Agriculture Or-
ganisation;

ASABE - the American Society of Agri-
cultural and Biological Engi-
neers;

ANN — artificial neural networks;

ECGA - evolutionary calculations and
genetic algorithms;

FL — fuzzy logic;

ER — evolutionary robotics;

TIoT — Internet of Things;

WSN — wireless sensor networks;

SHEI — state higher educational institu-
tion;

ORP — oxidation reduction potential
(redox potential);

PWM — pulse width modulation.
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