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DESIGNING SMART GREENHOUSES, SATISFACTORY
PRICE-QUALITY

Smart greenhouse is a revolution in agriculture, which creates a self-regulating microclimate suit-
able for plant growth through the use of sensors, actuators and control and management systems
that optimize growth conditions and automate the growing process. The global smart greenhouse
market was valued at approximately 680.3 million in 2016 and is expected to reach approximately
1.31 billion by 2022, an increase of 14.12% on average between 2017 and 2022.

However, high installation prices and high upfront investment costs can constrain greenhouse
adoption in many underdeveloped and developing countries. Therefore, the urgent task is the de-
velopment and implementation of smart greenhouses that are suitable for the wider population,
which provide the population with vegetables and fruits seasonally or year-round. Improving the
quality of service of greenhouses, controlling and monitoring microclimate processes is possible
through the use of programmable logic controllers, modern smart, wireless and web technologies
WSN and IoT.

The article is devoted to the design of the Home Smart Greenhouse system, the control device of
which is implemented on the basis of NLC. The system allows you to perform a) control (monitor-
ing) of microclimate processes in Online mode; b) fuzzy control in manual and automatic mode;
c¢) adjust the parameters of the three microclimate processes: cooling, watering and lighting.

The described NLC model adequately reflects the microclimate control process in the greenhouse.
As a result of using the system, the productivity of the farmer user is increased, thereby helping
the farmer user control the plant growth process and take the necessary measures to care for them.
The developed system meets the criterion of price-quality, that is, it is simultaneously accessible to
the population, and at the same time has an acceptable quality of service, using wireless network
and web technologies (WSN, IoT) and fuzzy control. The cost of the system is 86.75 (the price is
not higher than the minimum wage of Kazakhstan), the economic effect of using the system is 25,
the payback period of the greenhouse is 4 seasons.

Key words: smart greenhouse, price-quality criterion, fuzzy logic controller (NLC), WSN, IoT,
ESP 32, Matlab.
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AKpUIIBI KbUIBDKAN — JaTduKTepi, arkapylibl Kypasjjap MeH bakpliay/6ackapy Kyitesepin
naiiIaIaHbIl, ©CIMIIKTepre BIHFAIIBI MUKPOKJIAMAT YKACANTBHIH K0HE ©OCy IPOIECIH OHTAMIBI
eTil, aBTOMATTAHJLIPY KbI3METIH aTKAPATHIH aybLl MAPYaIlbUILIFBIHIAFE TOHKEPIC. AKBLIIbI
KBITBIZKAUIBIH, 971eMTiK HaphIrel 2016 k. 680,3 mura. mornap Kypar, 2022 k. 1,31 mapa. monanapra
xeremi jeren Goskam Gap, sram, 2017-2022 oK. apasbirbiHga oprama ecenmen 14,12% ecyi
MYMKIiH.

Auraiizia, opHaTyFa KoHE AJIFAIKbl WHBECTUIMSJIADFA KEeTEeTiH IIBIFBIHIAD 9JICI3 JaMbIFaH XKOHE
JIaMBITT KeJle »KATKAH MeMJIEKeTTep/le >KbLIbDKANIaIbpl eHIipy mporecin mekreiiai. CoHIbIKTaH,
XaAJIBIKTHI MayBICHIM OOWBI HEMece KbLJI OOfbI KOKOHICTED MEH YKEeMiC->KIUJIEKTEPMEH KaMTaMacChI3
eTeTIiH KOJIKETIM/II aKbLIJbl KBIIbKAN Kypy »KOHE EHIIpYy ©3eKTi Mocese OOJIBIT TadbLIaIb.
ZKputbKaitiapapl  camasibl  KAMTaMachl3 eTy, Oakblaay KoHe Oackapy Oarmap/iaMajiaHaThIH
JIOTUKAJIBIK, KOHTPOJIepsep, 3amanayn cMapt, WSN/IoT ceiMchI3 KoHE BEO TEXHOIOTHsIIAP/IbI
naiiaany apKbLIbl MYMKIH 0OJIaIbI.

Maxama "Yiigeri akpuinpl KbLIbRKai" KyiieciH kobajiayra apHaJallbl, OHBIH 0acKapy KypaJibl
aHblK, emec Jorukaiablk, Kourposiep (AEJIK) meriznenren. 2Kyiie keseci KpI3MeTTepii aTKapaibl:
a) Online TopribiHme MUKpoKJIUMAT IporecTepin 6Gakpliay (MOHUTOPHHT); 9) KOJIMEH KOHEe
aABTOMATTHI TOPTIlITe MUKPOKJIMMAT IIpoIecTepin 6acKkapy; 6) MUKPOKIMMATTHIH YII IPOIECTePiHiH
rapaMeTpJiepiH PeTTey: CYBITY, Cyapy YKOHE YKAPBIKTaHIIbIPY.

Cunarrayran AEK mogeni KbuibpKaiigaiiarel MUKPOKJIUMAT HTPOIECTEPiH OacKapyabl JyphIC,
akpuFa cait kepceremi. 2Kyiieni mnaiimajany HOTHXKeCiHIEe Naiiia aHymb-0arOaHHBIH €HOEK
OHIMILTITI ecemi, 0/ OCIMIIKTIH 6Cy MpoIecin HGakbLIal, OCIMIIKKe KYTiM Kacay OOMBIHITIA THUiCTi
mapaJiap KaObLIIail arabl.

Kypacrbuibipran kyite Oara-calia KpUTEpHiliH KaHaraTTaHIbIPAJbI, SFHU, HalilajaHyIlbl YIIiH
KoskeTiMzl skone 3amanayn cMapT, WSN/ToT cbiMcbI3 KoHe Be6 TEXHOJIOTUAIap/Ibl HaifaJany
APKBLIBI KETKLIKTI JeHreiige cananbl Goubin Tabbuiagnl. 2Kyilenin 6Garacot 86.75 (Garacs
Ka3aKCTaHIBIKTBIH €H Killli 2KaJaKbICBIHAH a3), XKyileH] maiijasany by SKOHOMUKAJIBIK, THIMILIIIr
- 25, eTey Mep3iMi - 4 MayBICHIM.

TyiiH ce3mep: akbLIIbI >KBLIbIXKail, Oara-cama KpPUTepHi, aHBIK €MeC JIOTUKAJBIK, KOHTPOJLIED

(AEJIK), WSN, IoT, ESP 32, Matlab.
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IIpoekTupoBaHue cMapT TEMJIUIIbI, yIOBJIETBOPSIONIEN KPUTEPUIO IEHA-KAYECTBO

CMapT TeIIuIa — 9TO PEBOJIIOIHS B CEJTBCKOM XO3SCTBE, KOTOPast CO3AeT CaMOPEry NPy IOMIIICs
MUKPOKJIUMAT, TOAXOJAIMMA JjIs pOCTa pacTeHwil, OJarozapss MCIOJIb30BAHUIO JATINKOB,
UCIIOJTHATEIbHBIX MEXAHU3MOB U CHCTEM KOHTPOJIA W YIPABJICHUS, KOTOPBbIE ONTUMHU3UPYIOT
VCJIOBUS POCTAa U ABTOMATH3UPYIOT IIPOIECC BbIpaIuBaHusa. MwupoBoil PBIHOK CMapT TEILIUIL
onennBaJicst npumepro B 680,3 muta mgosutapos CIITA B 2016 romy u, Kak OXKHUJIAETCS, JOCTUTHET
npumepno 1,31 mapa gosrapos CIITA x 2022 rony, yBenmauBmmch B cpeaneM Ha 14,12% B mepumon
mexty 2017 u 2022 rogamu.

OjiHAaKO BBICOKWE IE€HBI HA YCTAHOBKY U BBICOKHE IME€PBOHAYAJILHBIE MHBECTUIMOHHBIE 3aTPATHI
MOTYT CJ/IEp?KUBATH BHEJIPEHHUE TEILTUI] BO MHOTMX CJIaDOPA3BUTBHIX U PA3BUBAIOIINXCS CTPAHAX.
IlosTomy axTyaJsibHOM 3ajadeil gBjseTcs pa3paboTKa U BHEJIPEHHE JOCTYIHBIX MMHUPOKOMY
HACEJIEHUIO CMAaPT TEILIUII, TIOCE30HHO WJIN KPYTJIOTOAUIHO 0DECIIeInBAIONINX HACEIEHIE OBOIIAMU
u dpykramu. [loBsienne KadecTBa 00CIyKUBAHUS TEILINI, MOHUTOPHUHT U YIIPABJIEHUE IPOIIECCOB
MHUKPOKJINMAaTa BO3MOXKHO 38 CUeT IpuMeHeHust [IporpaMupyeMbIx JTOTUIeCKIX KOHT-
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POJILIIEPOB, COBPEMEHHBIX cMapT, 6ecpoBoaHbIX 1 Beb Texnomornu WSN u IoT.

Crarbsi TOCBsIEHa OpoeKTUpoBanuio cucrteMbl "Jlomammmss cmapr remmuna, ycTpoRcTBO
yIpaBJeHus KOTOpOil peasu3oBaHo Ha 6aze HedeTKoro jormdeckoro kourposuiepa (HJIK).
Cucrema [103BOJISIET BBIIOJIHATH &) KOHTPOJIb (MOHUTOPHHL) IIPOLECCOB MUKPOKJIMMATA B PEXKUME
Ounline; 6) HeweTKoe ympaBJeHHEe B DPYYHOM M ABTOMATUIECKOM DEXNME; B) DeryJInpoBaTh
rmapaMerpbl TPeX IIPOIECCOB MUKPOKJ/IMMATA: OXJIAXKIEHHE, TIOJINB U OCBEIleHNE.

Omucannast momens HJIK agekBarHO oOTpakaerT mpomecc yIpaB/ieHHsT MHUKPOKJIIMATOM B
Temmnie. B pe3ysibTaTe WCIIOIH30BAHUS CHUCTEMBI ITOBBIMIAETCS HTPOU3BOIUTEIBHOCTD TPY/IA
I0JIb30BaTeNA-pepMepa, TEM CAMBIM IIOMOTasi M0JIH30BATENO-(hepMepPy KOHTPOIHMPOBATH IIPOIECC
pocTa pacTeHus U IPUHUMATh HEOOXOIUMbIE MEPHI 110 YXOIY 38 HUMHU.

Paspaborannasi cucrema yJIOBJIETBODSieT KPUTEPHIO IeHA - KadeCTBO, TO €CTb SBJISEeTCs
OJIHOBDEMEHHO JIOCTYIIHOW HACEJEHWIO, W B TO K€ BpeMsl HMEEeT IpUeMJIEMOe KadeCTBO
00CIIyKUBaHWs, UCIOJb3ys TexHosoruu Gecuposogubix cereit u Be6 (WSN, IoT) u mederkoro
yupasienus. CTOMMOCTb cucTeMbl cocrapisger 86.75 (leHa He Bblle MUHUMAJBHON 3apaboTHOl
IUTATHI KA3aXCTAHIIA), SKOHOMUIECKUH 3 DeKT OT NCIONBb30BaHNUS CHUCTEMBI - 25, CPOK OKYIIAEMOCTH
TEIIUIIEL - 4 Ce30HA.

KuroueBble cJjoBa: cMapT TeIUIANA, KPUTEPHil IEHA-KAYECTBO, HEYETKUNH JIOTHIECKU

kourposutep (HJIK), WSN, IoT, ESP 32, Matlab.

1 Introduction

Greenhouse farming is one of the leading branches of agriculture. Public health directly de-
pends on the development of this sector of the economy. Since the development of agriculture
is an important problem of each state, huge funds are allocated to this industry. However,
the problem of the lack of fresh vegetables/fruits, that is, the problem of import substitution,
remains a big problem in many countries [17,22].

Smart greenhouse is a revolution in agriculture, which creates a self-regulating microcli-
mate suitable for plant growth through the use of sensors, actuators and control and man-
agement systems that optimize growth conditions and automate the growing process. The
global smart greenhouse market was estimated at approximately 680.3 million in 2016 and
is expected to reach approximately 1.31 billion by 2022, an increase of 14.12% on average
between 2017 and 2022 [20].

However, high installation prices and high upfront investment costs can constrain green-
house adoption in many undeveloped and developing countries. Therefore, the urgent task
is the development and implementation of smart greenhouses that are suitable for the wider
population, which provide the population with vegetables and fruits seasonally or year-round.
Improving the quality of service of greenhouses, controlling and monitoring microclimate pro-
cesses is possible through the use of programmable logic controllers, modern smart, wireless
and web technologies WSN and IoT. Therefore, the urgent task is the development and im-
plementation of smart greenhouses that are suitable for the wider population, which provide
the population with vegetables and fruits seasonally or year-round. Improving the quality of
service of greenhouses, controlling and monitoring microclimate processes is possible through
the use of programmable logic controllers, modern wireless and web technologies WSN and
IoT [22].

A greenhouse is a closed-type agroecological system in which energy processes are strictly
determined by the technological process of growing plants, taking into account the influence
of the environment. The complexity of modeling agroecosystem processes is that they include
a large number of subsystems of various physical, chemical and biological nature. The general
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scheme of the theoretical model of the plant production process consists of four blocks: energy
and mass transfer in the soil-plant-atmosphere system, photosynthesis, respiration, and the
processes of growth, development and movement of organic substances inside the plant [10].

Since agricultural systems are extremely complex structures and practically exclude the
possibility of analytical solutions, you should use simulation modeling associated with repeat-
ed testing of the model with the necessary input data in order to determine their impact on the
output criteria for evaluating the system. Simulation is perceived as a "last resort"method.
However, in most cases, we recognize the need to resort to this tool, since the studied systems
and models are too complex and need to be presented in an accessible and understandable
way for the user.

2 Literature review

The existing technical solutions of smart greenhouses can be divided into two groups: indus-
trial, which have a high price and are not accessible to the general user, and household (home)
ones, which are inexpensive and affordable for the population, but which have limitations on
productivity and functionality.

Industrial solutions of leading manufacturers based on the Simatic S7-1200 from Siemens
[21] are very expensive (465) and are designed for complex automation, private firms’ solutions
[15,25] are also not available to the general public (Smart standard VENT - 772), although
designed for home use.

The way out of the situation is independent research and development of the project,
which makes it possible to choose the necessary functionality and having a product price lower
than market ones. Models of solutions using fuzzy control and have various functionalities,
such as modelling and simulation [3], monitoring based on Micaz [13], irrigation based on
Raspberry Pi [7], monitoring based on ESP 32 [1], processing and analysis of crop data using
IoT [8], control based on Arduino Uno |2, 8, [1], fuzzy control [4,9, 12, 14,16, 19|, adaptive
control [0, 19], temperature control of the greenhouse [16], web monitoring [2, | 1|, automatic
drip irrigation system [5,23], phytomonitoring [2].

The development of an effective smart system for managing agricultural processes in
a greenhouse with a lack of measurement information and a variety of factors affecting the
result of regulation is possible based on the apparatus of fuzzy logic (NL) and neural networks
(NN). To obtain the input data of the sample, an experiment was carried out on specially
developed real equipment of the Home Smart Greenhouse system (the conFigureuration of
the system is described in paragraphs 3.1-3.3).

In the work, the Home Smart Greenhouse system is proposed, the control device of which
is implemented on the basis of ESP 32 using a fuzzy logic controller (NLC). The previous
embodiment of the proposed system is described in 1] and has only the function of monitoring
processes in the greenhouse, that is, it lacks a control function using NLC.

The developed system meets the criterion of price - quality, that is, it is simultaneously
accessible to the population, and at the same time has an acceptable quality of service, using
wireless network technologies and Web WSN, IoT and smart management.

As a result of using the system, the productivity of the farmer user is increased, thereby
helping the farmer user control the plant growth process and take the necessary measures to
care for them.
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3 Material and methods

3.1 Architecture of the Home Smart Greenhouse system

The system architecture has three levels (Fig. 1): 1st level — application level. At this lev-
el, operations are performed to manage the object and display reports using the interface
tools (control buttons, charts, and histograms). 2nd level — the level of processing and data
transfer. At this level, data exchange operations between devices are implemented. ESP32
microcontrollers with built-in Wi-Fi and Bluetooth modules are used.

The first module ESP32 (1) acts as a transmitter — it receives a signal from the sensors
of the control object and transmits a signal to the second module ESP32 (2), which plays
the role of a receiver. The ESP32 (1) and ESP32 (2) modules together perform two-way data
exchange, providing measurement and control operations, interacting with the third level.
3rd level is the level of the object. The greenhouse has greenhouse environmental sensors.

= (487 s
= O I Apphcation Layer

Reports Miohile App. Control MW onitoring,

™

.))) ‘:D) @ II Drata and cormumcation Layer

ESP 32 (13 ESP 3z (y [mtemet

ﬁ measuring G conirol

9-»

r&l U ﬂ T, —‘ I Enwirenmental Layer

Figure 1: System Architecture

3.2 Control and management processes in "Home smart greenhouse"

The control object is a home mini-greenhouse, which considers three technological processes:
heating/cooling, lighting and drip irrigation (Fig. 2).

The main element of the system is the control device (CU).

The drip irrigation system works this way. Water is filled in the tank (1). CU (11) controls
the water supply (control action us), that is, opens/closes the water valve (2) by turning
on/off the controller relay. When the valve opens, water flows down (blue arrow), passing
through the main pipeline (3) and the dropper (4), and water the plant that is in the pot
(brown vessel). Information about the state of soil 2 is measured by a moisture sensor (5)
and transmitted to the controller, the CU is received.

The cooling system is described as follows. The CU controls the air supply to the green-
house, forming the control action u;, by turning on/off the fan (6) through the relay. Air
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supply is indicated by a gray arrow. The temperature sensor (7) measures the temperature
and air humidity of the greenhouse z; and transmits data to the controller CU.

The lighting system controls the light mode of the greenhouse. The UE generates a control
action uz, which turns on/off the spotlight (8) via the controller relay. Light intensity data
x3 is measured by a light sensor (9) and transmitted to the controller CU.

®l ul
— —
w2 u?
3
u
13
_’ —"

Figure 2: Technological processes in mini greenhouse

3.3 Control device based on a fuzzy logic controller

CU implemented on the basis of NLC [15]. A fuzzy inference is an approximation of the "in-
puts - output" relationship based on linguistic statements like "IF - THEN" and operations
on fuzzy sets. The typical structure of the model based on fuzzy inference (NLC) is shown
in Fig. 3.

It contains the following blocks:

— a fuzzifier that converts a fixed vector of influencing factors X into a vector of fuzzy
sets X needed to perform fuzzy inference;

— a fuzzy knowledge base containing information about the dependence Y = f(X) in the
form of linguistic rules of the type "IF - THEN";

— a machine of fuzzy inference, which, based on the rules of the Knowledge Base, deter-
mines the value of the output variable in the form of a fuzzy set Y corresponding to fuzzy
values of the input variables X; B

— a defuzzifier that converts the output fuzzy set Y into a clear number Y.

A zero-order Sugeno-type model is considered, in it the relationship between the input
variables X = (x1,22,...,z,) and the output y is determined by the following fuzzy knowl-
edge base:

IF (ZL‘l = ale) AND (ZEQ = ag’ﬂ) AND ... AND (ZEn = an,jl)
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OR (1’1 = al,j?) AND (.CEQ = (127]‘2) AND ... AND (.an == Gn’jg)

OR ((L’l = al,jk(j)) AND (ZEQ = CLQJ]{;(]‘)) AND .. AND (l’n = an,jk(j))

where a; j, is the linguistic term by which the variable in the line with the number jp
(p = 1,k;) is evaluated; k; — the number of lines — conjunctions in which the output y is
evaluated by a linguistic term b;; m is the number of terms used to linguistically evaluate
the output variable y.

Membership
functions

Decision Making
machine

!

Fuzzy
Knowledge Base

v

— " Fuzzyficator —| Defuzzgficator |[——

Figure 3: NLC structure

Using the operation (OR) and (AND), we will rewrite the fuzzy Knowledge Base in a
more compact form:

U m(ifz =aijp) —y="b;, j=1m (1)

p=1i=1

All linguistic terms in the Knowledge Base (2) are represented as fuzzy sets defined by
the corresponding membership functions.
Fuzzy term membership function of x; is

arjp, i=1,n, j=1,m, p=1k;

T n e

The degree of belonging of the input vector X* = (27,23, ..., ) to fuzzy terms d; from the
Knowledge Base (2) is determined by the following system of fuzzy logical equations:

Md,J /\ \/ ,Ujp :1_ (3)




Belgibaev B.A. et al. 181

where A (V) is the operation from the s-norm (t-norm), that is, from the set of implemen-
tation: for the operation OR (AND). The following operations are most often used: OR —
finding the maximum, AND — finding the minimum.

The output of model y is determined by a linear combination:

(4)

y=">bjo+0bj1-x1+bjo-zo+...+bj,xpn, j=1m,

where b;; are some numbers.

In the model under consideration (Zero-order Sugeno), the conclusions of the Knowledge
Base rules are given by functions in which all the coefficients of the input variables in the
linear "input-output" laws are equal to zero. The output of model (2) — (4) y =b;, j=1,m
correspond to the control signals uy(t), us(t), us(t) of the NLC (Fig. 2 and 3), i.e.

y = {un(t); ua(t); us(t)}. (5)

Let us consider in more detail the operation algorithm of the control unit. The basis of
UU is the Knowledge Base, which contains the Databases and the Rule Base. The initial
Rule Base is set by an expert. The process of the system includes three stages: Monitoring
data; Signal transmission via WiFi/Bluetooth; Management (data processing using NLC).

At the first start-up, in the conditions of an operating greenhouse, the Database is filled
with actual values characterizing the state of the microclimate. After filling in the database
of previous states and the rule base, the system goes into the operating mode of controlling
the microclimate of the greenhouse.

Table 1 provides a description of the linguistic variables of the model (2) — (5). The
model has 5 inputs and 3 outputs. Since air temperature and air humidity are measured by
one DHT11 sensor, these two physical quantities are denoted by the same variable x;(t). The
fourth variable is the start time of the irrigation system ¢, ap.

Table 1: Linguistic variables and their scope

Linguistic ~ vari- | Variable = Range | Type of member- | Variable designa-
ables and their intervals | ship function tion
Inputs— X = {z1(t), z2(t), x3(t), t}
Air  temperature | L = [10, 12, 18]; Triangular x1(t)*
(air _temp), C Z = (16,20, 24];
H = [22,28,30]
Air humidity | L = [40,42,60]; Triangular x1(t)*
(air_hum) % Z = [45,55,65];
H = [50,68,70]
Light (light), 1k L = [100,150,500[; | Triangular xo(t)
7 = [300,450,600);
H = [400,750,800)
Irrigation time | t _zap = 20:00; Singleton t
(uakit), hour (Runs at 20:00)
Soil humidity | L = [40,45,60]; Triangular x3(t)
(top__hum), % Z = [50,65,80];
H = [70,85,90]
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Outputs—y={u(t);us(t);us(t)}

Actuator L, | {0;1} Singleton uy (t)
On/Off
Actuator 2, | {0;1} Singleton ug(t)
On/Off
Actuator 3, [ {0;1} Singleton us(t)
On/Off

The purpose of the NLC is to develop control actions wuy(t), us(t), uz(t) for the corre-
sponding actuator based on the monitoring data x;(t), xo(t), z3(t) and the built-in rules of

the Expert Knowledge Base described in Table 2.

Table 3 shows the results of monitoring using the system "Home smart greenhouse". They
are obtained using the signal sensors of the ESP 32 Transmitter (see paragraphs 2.3 and 2.4).
The monitoring process was carried out for 162 hours (database update frequency — every 3

Table 2: Rules from the Knowledge Base

IF THEN
Rule 1 air _temp is Low AND air hum is Hi Actuator 1 is On
Rule 2 air_temp is Hi AND air hum is Low Actuator 1 is Off
Rule 3 light is Hi AND uagqit is NOT K Actuator 2 is Off
Rule 4 light is Low AND uaqit is NOT K Actuator 2 is On
Rule 5 air_temp is Low AND air hum is Hi Actuator 3 is Off
AND top hum is Hi AND uagqit is K
Rule 6 air_temp is Hi AND air _hum is Low Actuator 3 is On
AND top hum is Low AND uagqit is K

hours).
Table 3: Monitoring results using the "Home smart greenhouse” system

Air tempera- | Air humidity, | Light, 1k Soil humidity, | Irrigation
ture, % % time (h)
16 63 0 55 0

15 70 0 58 3

13 82 136 52 6

14 82 375 48 9

17 66 476 42 12

18 64 524 40 15

19 65 497 45 18

20 56 464 66 21

14 44 0 62 24

14 68 0 60 0

13 73 0 57 3
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13 68 117 92 6
18 60 321 95 9
20 99 476 20 12
20 o7 424 ol 15
20 65 222 62 18
14 60 316 81 21
15 78 0 72 24
15 78 0 70 0
14 73 0 65 3
13 70 117 60 6
20 o8 321 o8 9
22 o4 408 55 12
21 63 363 48 15
20 65 190 93 18
19 o8 460 68 21
14 74 0 64 24
14 74 0 63 0
11 70 0 60 3
11 61 195 57 6
18 49 936 50 9
22 44 680 45 12
24 41 606 20 15
24 42 318 93 18
21 o6 470 o8 21
13 95 0 62 24
13 95 0 60 0
12 44 0 27 3
10 39 195 o4 6
20 38 236 49 9
26 31 680 45 12
27 32 606 48 15
27 36 993 47 18
25 48 268 52 21
16 45 0 %) 24
16 45 0 o7 0
16 44 0 60 3
15 38 195 63 6
24 32 236 60 9
28 31 680 53 12
29 29 363 50 15
20 42 338 95 18
16 99 316 81 21
19 37 0 78 24
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4 Results and discussions

The simulation results are reflected in the form of the NLC structure (Fig. 4), the rules of
the Knowledge Base (Fig. 5), the values of the fuzzy logical inference of the system for three
IM1, IM2 and IM3 (Fig. 6, 7, 8 and 9).

NLC is a Multi Input Multi Output (MIMO) system in which there are 5 inputs and 3
outputs (Fig. 4). Inputs: Air Temperature, Humidity, Illumination, Soil Humidity and Wa-
tering Time. Outputs: state IM1, IM2 and IM3 (see Table 2). The Knowledge Base contains
6 rules (see Table 3).

<) FIS Editor: AQILDI_JILIJAY =10] =l
File Edit ‘wiew

A=

i ACILDI_JIL 8
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e T

(NN N
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Or method [erobor =] e I.Jelde‘tu
T Lt
Implication min = XBC SLiR
Range 1]
Agoregation mas -
Defuzzification I wetaer - I | Help I Cloze I ‘

Figure 4: The structure of the NLC model in Matlab

An example of creating a Knowledge Base based on Table 3 in the Matlab environment
is shown in Fig. 5. Here the variable On means to turn on the corresponding IM, the variable
Off to turn off the corresponding IM.

Let us explain the calculated control values in Fig. 6-9.

For example, with an input vector z; = {15.12;66.71;620.7;69.88;12.06} NLC output
y1 = {u; = 0;uy = 0.5;u3 = 0} (rule 1 is fulfilled, that is, at low air temperature and high
air humidity — the fan must be turned off and rule 3, that is, at high daylight — the projector
must be turned off).

With the input vector xzo = {27.32;44.02;450;65;11.5} NLC output yo» = {u; =
0.734;us = 0.5;u3 = 0} (rule 2 is fulfilled, that is, high air temperature and low air hu-
midity — the fan must be turned on).

With the input vector x3 = {19.51;55;193.9;65;11.5} NLC output y3 = {u; = 0;us =
0.5;u3 = 0} (rule 4 is satisfied, that is, during the day in low light — the spotlight must be
turned on).

For example, with an input vector X4 = {27.8;44.76;193.9;46.71;22.16} NLC output
yd = {uy = 0.53;uy = 0.5;u3 = 0} (rule 2 is fulfilled, that is, at high air temperature and
low air humidity — the fan must be turned on and rule 6, that is, at high air temperature
and low air humidity and low soil moisture after 20:00 hours — the irrigation valve must be
enable).
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Monitoring data (input vector) for 162 hours are shown in Fig. 10-A in the form of graphs.
The values of the logical output of the NLC (output vector) — control signals of actuators
are shown in Fig. 10-B — in graphs.

In Fig. 11 shows the monitoring process using the mobile application of the Home Smart
Greenhouse system in ONLINE mode.
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Figure 5: Rules from the NLC Knowledge Base in the Matlab environment
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Figure 6: NLC fuzzy output: rules 1 are complied with (Fan off) and rule 3 (Spotlight off)
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Figure 7: Fuzzy NLC output: rule 2 is fulfilled (Fan is on)
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Figure 8: Fuzzy NLC output: rule 4 is fulfilled (Spotlight is on)
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Figure 9: Fuzzy NLC output: rule 2 is fulfilled (fan is on) and rule 6 (watering valve on)
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Figure 10: A — Monitoring data for 162 hours; B — the logical output of the NLC (output
vector) — control signals of actuators
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Figure 11: Mobile application "Akyldy zhylyzhay" , in the process of work

5 Conclusion

The paper proposes an approach to the development of the Home Smart Greenhouse system,
the control device of which is implemented on the basis of NLC in the form of the Sugeno
model. The system allows you to perform:

1) control (monitoring) of the microclimate processes in Online mode;
2) fuzzy control in manual and automatic mode;

3) adjust the parameters of the three microclimate processes: cooling, watering and light-
ing.

The main element of the system is a control device based on NLC. The device is based
on the ESP 32 microcontroller using wireless networks and web technology (WSN, IoT) and
fuzzy control.

The described NLC model adequately reflects the microclimate control process in the
greenhouse. As a result of using the system, the productivity of the farmer user is increased,
thereby helping the farmer user control the plant growth process and take the necessary
measures to care for them.

The developed system meets the criterion of price-quality. The cost of the system is 86.75
(the price is not higher than the minimum wage of Kazakhstan), the economic effect of using
the system is 25, the payback period of the greenhouse is 4 seasons.
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