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Methodology of development of an intelligent
energy-efficient system of control of temperature
and humidity regime in industrial greenhouse

Abstract. The cost of energy carriers affects the cost of products that are grown in industrial greenhouses. The purpose
of the study is to develop a methodology for creating an intelligent system for energy-efficient microclimate management
in industrial greenhouses operating under conditions of uncertainty, based on a combination of methods for predicting
energy consumption and minimising them through the use of artificial neural networks. Methodology - the input
parameters of the neural network prediction model are: the value of external and internal greenhouse air temperatures,
the value of relative humidity, solar radiation absorbed by the greenhouse, and the level of carbon dioxide in
the greenhouse. The outputs of the forecasting model are the values of natural gas and electricity costs. Based on the
use of fuzzy logic methods and a genetic algorithm, models for finding and using optimal parameters of PI controller
settings adapted to changes in the operating conditions of the automation system are developed and investigated.
Methods of improving the quality of regulation of technological parameters by combining various intelligent control
algorithms in one automation system are analysed, which helps to reduce energy costs by 10-13%. It is established that
for closed-ground structures, heating and ventilation systems have the highest energy consumption (on average, more
than 4,000 m3 of natural gas and almost 1,000 kWh of electricity are consumed per day for heating and ventilation in
an industrial greenhouse. Correlation analysis of the relationships between external disturbances and energy costs
that ensure compliance with a given technology for growing plant products, confirmed the hypothesis about the
presence of conditions of uncertainty in the functioning of an industrial greenhouse formed by random disturbances,
incomplete information about the biological component; while the linear correlation coefficients do not exceed
r<0.35. This creates conditions for the use of neural networks both for predicting energy costs and for forming energy-
efficient management strategies. This provides better regulation in conditions of uncertainty, the adjustment time
and overshoot are reduced by two to three times. To create an energy-efficient microclimate management system in
industrial greenhouses that operates in conditions of uncertainty, a neural network model for predicting the energy costs
of natural gas and electricity has been developed. The authors of the study have improved the structural and functional
scheme of the automation system for controlling the temperature and humidity regime in industrial greenhouses by
combining intelligent algorithms for stabilising the operation of technological equipment at the lower level of control
and optimising energy costs by predicting them at the upper level. The introduction of such a system allows to saving
natural gas for heating up to 13% and electricity — up to 10%. The study proved that the development of an intelligent
energy-efficient system for automatic control of microclimate parameters in closed-ground structures should be based
on a combination of methods for intelligent adjustment of PI controller parameters and forecasting energy consumption
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INTRODUCTION

The main problem of modern cultivation of products in
industrial greenhouses is the cost of energy carriers, which
significantly affects the cost of grown products. Thus,
the share of energy in the structure of product prices is
60-90%. Therefore, the task of developing new methods and
approaches to minimise energy losses is urgent. It is impor-
tant to take into consideration that the volume of energy
consumption in industrial greenhouses is affected by poorly
predicted natural factors, such as cloud cover, wind strength
and direction, and other factors that create the main fea-
tures of the functioning of modern industrial greenhouses:
non-stationarity, uncertainty. This is explained by the influ-
ence of natural disturbances, which are random in nature
and incompleteness of information about the states of the
biological component. At the same time, agrotechnical
standards require high accuracy of temperature stabilisa-
tion (+/-1°C), its timely change depending on the level of
photosynthetic active radiation, the phase of plant devel-
opment and the time of day. This increases the require-
ments for existing automation systems and their provision
by using modern intelligent algorithms for processing infor-
mation coming from the control object, and applying the
results obtained to form appropriate management strategies
in order to maximise production profits.

Modern economic conditions require the creation
of such a greenhouse for growing vegetable crops, which
would allow implementing energy-saving technology for
their production by minimising energy costs, while ensur-
ing the appropriate quality of products and their volumes.
Well-known strategies include regulating temperature
and humidity conditions, supply of CO, depending on the
plant growth phase and time of day, and dynamic control of
additional growth factors based on solar radiation values.

Nowadays, several types of algorithms for con-
trolling microclimate parameters have become widespread,
such as: traditional, nonlinear, p-system, based on fuzzy
logic and the use of neural networks, and hybrid algo-
rithms [1-5]. Traditional control algorithms include: propor-
tional-integral (PT) and proportional-integral-differential (PID),
which are most often used in regulating the microclimate
in industrial greenhouses due to their flexibility, simplicity,
and good control indicators [6]. M. Azaza [2] used an intelli-
gent system based on fuzzy logic to control the temperature
and humidity in the greenhouse, with ventilation and main-
tenance of plant feeding standards. They achieved 22% and
33% energy and water savings, respectively. M. Vera [7] in
their study used a fuzzy model that allows adjusting the
internal temperature inside the greenhouse, using a pro-
portional servo valve to activate the heating of the cool-
ant at night, and another drive to control the ventilation
rate during the day. K. Li [8] used a multilayer perceptron
to predict the temperature in the greenhouse. However, the
disadvantage of such a system is the need for a large set of
input data to achieve appropriate accuracy in the operation
of a fuzzy system. In addition, since the algorithm takes into
account the experience of experts in formulating the model,
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comprehensive knowledge of the functioning of the system
is required.

Thus, there is a need to create and use new intel-
ligent control systems based on a combination of modern
control methods, which would ensure the implementation of
optimal control according to the energy efficiency criterion.

The purpose of the study is to develop a methodology
for creating an intelligent system for energy-efficient micro-
climate management in industrial greenhouses operating
under conditions of uncertainty, based on a combination
of methods for predicting energy costs and minimising them
through the use of artificial neural networks.

RESULTS AND DISCUSSION
The conducted systematic analysis of the process of growing
products in industrial greenhouses determined the main
features of the greenhouse as a complex control object:

— the object identifies a structural set of subsystems
that interact with each other;

- each of the systems can be included as a subsystem
in a more complex one;

- complex systems interact with the external envi-
ronment as a whole;

- management processes are implemented both
using feedbacks and on the basis of forming a set of goals,
each of which is solved by its own method;

- complex management systems have their own char-
acteristics at each stage (information collection, analysis,
development of control actions, implementation) [9].

As already noted, an industrial greenhouse has all
the features of a complex system with the possibility of sep-
arating separate subsystems. Since each of these subsys-
tems has its own local goals, conflict situations may arise
during the functioning of the system as a whole. Thus, there
is a need for coordination of control subsystems, the solu-
tion of which is to determine the interaction of subsystems,
in which control actions that are optimal according to the
efficiency criteria for each of the subsystems are also optimal
according to the general criterion for the process in general.

The conducted studies in the greenhouse complex
confirm the non-linearity and non-stationarity of processes
occurring in an industrial greenhouse when growing vege-
table products. The hypothesis that there are conditions of
uncertainty in the functioning of an industrial greenhouse
is confirmed, the linear correlation coefficients between
the inputs and outputs of the control object do not exceed
r<0.35. This creates conditions for the use of neural net-
works that can function effectively in conditions of uncer-
tainty to predict energy consumption. A graphical rep-
resentation of the correlations is shown in Figure 1.

The correlation relationship is described by regres-
sion equations of the form:

- for gas consumption:
y,=-0.2608x+6.5303,

— for electricity consumption:
¥,=-0.2904x+1.2493.
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The greenhouse, as a control object, is multidimen-
sional with complex internal connections, which affects the
stationarity of dynamic characteristics. This leads to a deteri-
oration in the quality of control, since in typical automation
systems it depends on the dynamic properties of the object.
In turn, the analysis of the operation of the temperature and
humidity control system in a greenhouse with a PI controller,
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as it is most common in closed-ground structures, showed that
in order to maintain the progenitors of regulation at a given
level and the quality of the transition process, the parameters
of the regulator are variable. Therefore, the problem arises of
continuously determining the controller settings that adapt
to changes in the dynamic properties of the control object,
while ensuring the appropriate quality of transients [10; 11].
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Figure 1. Correlation between gas (a) and electricity (b) consumption and external temperature

The use of various methods for controlling micro-
climate parameters allows choosing the best algorithm for
achieving energy-efficient regulation indicators. Figure 2
shows the use of regulators that implement PI-algorhythm,
but the calculation of parameters of their settings is carried
out based on the results of using fuzzy logic, a genetic algo-
rithm, and a typical engineering technique (for comparison).

The proposed approach provides the necessary
opportunities for practical use of the results for predicting
the further behaviour of the object and forming energy-ef-
ficient strategies for managing the greenhouse complex in
the future [6].

The genetic algorithm method was used to find the
optimal PI controller settings [12]. The comparison block
constantly compares the coordinates of the object’s state

Genetic

with their specified value. If there is a difference between
a given signal value and a valid one in the control object
e=X -x7# 0, then the signal is sent to the optimisation unit,
the functional purpose of which is to find the optimal set-
tings of the regulator based on the genetic algorithm.
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Figure 2. Structural and functional diagram of the
automatic control system using various methods for
determining the optimal parameters of the PI controller
settings for the temperature and humidity regime in
the greenhouse: 6_,, ¢_, — set temperature and humidity
values, kp, k. - transmission coefficient and isodrome time
of the PI controller, 6, , ¢, — output values of internal
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Figure 3. Transient characteristic of the automatic control
system for the temperature change channel (6, ) and
humidity (¢, ) with settings parameters determined based
on the use of a genetic algorithm for the PI controller
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At the first stage, the training parameters are selected
that are set by the optimisation function, which includes
the equations of the control object, regulator, and pertur-
bation. Next, the process of obtaining a solution for fixed
parameter values and comparing them with the input val-
ues takes place based on training, and the optimal param-
eters of the controller are selected. The use of a genetic
algorithm has yielded the following results (Fig. 3): optimal
settings for the temperature control channel k =74.8 propor-
tional component, k=1.8 integral component; for humid-
ity control channel k =72.7 proportional component, k=2.1
integral component for the specified values of temperature
and humidity in the greenhouse: 6, _=18°C and ¢, _,=80%.

A fuzzy expert system was also used to optimise the
settings of the local control system with a PI controller.
The rules of the fuzzy expert system are based on ensur-
ing a minimum area between the transition process and the
time axis (1): t min,
I = fto(xpv - x) dt - K.k (1)

where: x,,, X — respectively, the set value of the parame-
ter and its value at the output of the object; k , k; < [k, .,
k. .] - transmission coefficient and isodrome time of the
PI controller.

Production rules for a fuzzy knowledge base are
developed based on the expert knowledge and have the
form: if E=vid, If E=dod, then K =zero, I T=zero, where vid -
negative values, dod - positive values, ser — average values,
vel - large values, and zero - zero values (Fig. 4).
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Figure 4. Transient characteristic of the automatic
control system for the temperature change channel
(8,) and humidity (¢, ) with the parameters of the
PI controller settings determined based on the use
of a neural network expert system
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The algorithm for setting up a neural network con-
troller includes the following steps:

— collection of information about an object’s behav-
iour when it is affected by perturbations;

- development of production rules, considering tech-
nological data;

- phasification of input and output parameters;

— development of a neural network structure;

— training of a neural network expert system;

- testing of results based on modelling.

For the specified values of temperature and humidity
in the greenhouse: 6, _=18°C and ¢, ,=80% of the PI con-
troller settings for the output temperature control channel
of the fuzzy expert system were (Fig. 4): k = 73.1 propor-
tional component, k=3.3 integral component; for humid-
ity control channel k =71.2 proportional component; k=3.6
integral component.

As a reference model for comparing the obtained
modelling results, the traditional method of searching for
the parameters of the PI controller is used.

Using the traditional method of calculating the opti-
mal parameters of regulator settings, namely the Ziegler
Nichols method [13], the following values of the parameters
of the PI controller settings were obtained under constant
initial conditions (Fig. 5): transmission coefficient for the
temperature control channel k =75.2 proportional component,
and isodrome time k=3.1 integral component.
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Figure 5. Transient characteristics of an automatic
control system with a PI controller, the settings of which
are determined according to the standard method, for the

temperature change channel (6, ) and air humidity (¢, )

To solve the problem of improving the energy effi-
ciency of greenhouse enterprises, it is advisable to apply
forecasting of energy costs, namely, gas and electricity, at
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the upper level of management [14]. This allows develop-
ing energy-efficient strategies for managing microclimate
parameters in industrial greenhouses. To do this, it is advis-
able to use artificial neural networks. The structure of such
an automation system is shown in Figure 6.

The neural time series software package was used to
synthesise and study the corresponding artificial neural net-
works. Minimisation the relative root-mean-square learning

error was chosen as a criterion for stopping learning. The
Bayesian linear regression method was chosen for training
artificial neural networks, since this results in the smallest
root-mean-square error with respect to deviation [15]. The
number of hidden layers of artificial neural networks — 50.

The learning process is illustrated by a graph of the
dependence of the functioning assessment on the number
of the learning cycle (Fig. 7).
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Figure 7. Block diagram of neural network training

A test data array was used to determine the
degree of reliability of the results. It was checked whether
the pre-dicted values coincided with the actual data of
microclimate parameters taken directly at the production
site. Regression

analysis methods [16-18] obtained by comparing reference
val-ues with values at the network output were used to
assess the reliability of the results of artificial neural
networks. Evaluation of the developed model for
forecasting energy
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costs was carried out based on the following criteria: deter-
mination R?, root-mean-square error o, Fischer F and Stu-
dent’s t (Table 1).

According to the materials presented in the table, the
correlation and determination coefficients are within 90%,
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which indicates a close relationship between the inputs and
outputs of the model. The measurement error is insignifi-
cant - 0.0013. The Student’s t indicates the significance of
correlation coefficients, which signifies the adequacy of the
neural network model for predicting energy consumption.

Table 1. Criteria for the adequacy of a mathematical model
Criteria

Sample R

0.99

Gas consumption, m?

0.0013

F t
9.39 0.98

Electricity consumption. W/h 0.99

0.0013

9.39 0.97

The methodology for developing an intelligent ener-
gy-efficient system for automatic control of microclimate
parameters in closed-ground structures is based on a com-
bination of methods: intelligent adjustment of PI controller
parameters and forecasting of energy consumption.

The practical implementation of the algorithm for
developing an energy-efficient control system takes place
according to the following sequence.

1. Conducting experimental studies.

2. Creating a database of microclimate parameters
inside and outside the greenhouse.

3. Creating a fuzzy expert system for manag-
ing groups of greenhouse coolant supply and ventilation
equipment.

4. Development of rules by experts based on the
requirements for ensuring the quality of grown products.

5. Processing of information on projected energy
consumption values.

6. Select an equipment management strategy to mini-
mise energy consumption by adjusting the regulator settings.
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7. Determination of PI controller parameters and
simulation.

8. Synthesis of an energy-efficient control system
for microclimate parameters in a greenhouse.

To assess economic efficiency, the indicators of mini-
mising energy resources and the payback period of the imple-
mented methods were used. In the course of the study, the follow-
ing was calculated: distribution, capital expenditures, operating
costs, profit from system implementation, and payback periods.

Criteria for evaluating economic efficiency:

Natural gas consumption —» min
Electricity consumption — min (2)
Enterprise profit - max

The functions of belonging to the input parameters
of the automatic temperature and humidity control system,
which are used for technical regulation of microclimate
parameters in greenhouses, are synthesised. The following
terms are used for all input parameters: “minor impact on
energy efficiency”, “average impact on energy efficiency”,
and “significant impact on energy efficiency” (Fig. 8).
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Figure 8. Functions of belonging to energy-efficient parameters of quality control
a) temperature; b) humidity in closed-ground structures

The obtained membership functions allow: predict-
ing the potential effect of the developed methods of con-
trolling technological processes in the greenhouse, taking
into account current disturbances, and tracking the qual-
itative zones of input parameters that affect the energy
consumption of the process of growing vegetable products
in closed-ground structures

CONCLUSIONS

1. Analysis of the quality of transients as a response to dis-
turbances in automatic systems with a PI controller and an
improved model of the object regarding the temperature and
humidity regime showed that the parameters of the regula-
tor settings are variable. This proves the relevance of devel-
oping methods for finding regulator settings that adapt to
changes in the operating conditions of the automation system.
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2. Based on the use of fuzzy logic methods and
a genetic algorithm, models for finding optimal param-
eters of the PI controller’s settings that adapt to changes
in the operating conditions of the automation system
are developed and studied. According to the linear inte-
gral quality indicator, the best quality of the transition
process is demonstrated by a system whose PI control-
ler is configured based on using a genetic algorithm for
the following indicators: k =74.8, k=1.8 to comply with

3. A system of intelligent automated energy-ef-
ficient control of microclimate parameters in pro-
tected ground structures and its algorithmic support has
been developed, containing: a block of neural network
forecasting of energy costs, a block of decision support,
where prices for energy resources are considered, a block
of optimisation of regulator parameters based on the use
of fuzzy logic and genetic algorithms. The introduction of
such a system allows saving natural gas for heating and

the microclimate parameters: 0.
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Inna IOpiiBHa SIkumenko’, Bitasniii [Innunosuu Jiucenko!, Kamin Bitamek?

'HamioHanbHMIT YHiBepCUTET 6iopecypciB i MpUPOIOKOPUCTYBAHHS YKpaiHM
03041, Bysn. T'epoiB O6oponu, 15, M. Kuis, Ykpaina
[To3HAaHCHKUIT YHIBEPCUTET HAYK MPO XKUTTS
60637, Byn. Wiyska Polskogo, 28, M. ITo3HaHb, Pecrty6itika ITosbimna

MeTogonoria po3po6neHHs iHTeNeKTyallbHOi eHeproedeKTUBHOI CUCTEMMU
KepyBaHHSl TeMNepaTypHO-BONOrCTHUM PEXXMUMOM B MPOMUCNOBI Tennunui

AHOTaUif. BapTicTb eHepProHoCiiB BILIMBA€E HA COOIBAPTICTh MPOAYKILii, IKY BUPOIIYIOTh B TPOMUCIOBUX TEIUIUIISX.
Merta goctimkeHHS — GOpMyBaHHSI METOZO/IOTii po3p0o6IeHH] iHTeeKTyalbHOI c1cTeMy eHeproeeKTUBHOTO KepyBaHHS
MiKpOKJIiMaToOM y TPOMUCIOBUX TEIUTUIISIX, 10 PYHKI[IOHYIOTh B YMOBax HEBM3HAUEHOCTi, HA OCHOBI MMOETHAHHS METO/IiB
MIPOTHO3yBaHHSI eHeproBUTpPAT Ta iX MiHiMi3allil yepe3 BUKOPUCTAHHS UITYyYHMUX HEJIPOHHUX MepexX. MeTomomoris —
BXiIHMMM [TapaMeTpaMu HelipoMepeskeBOoi MOzesli IPOrHO3YBaHHS €: 3HaUeHHS 30BHILIHbOI Ta BHYTPILlIHBO1 TeMIlepaTyp
MOBIiTPS TEIINILi, 3HaUeHHS BiJHOCHOI BOJIOTOCTi MOBITPSsl, TOIVIMHYTE TEIUINILEI0 COHSIUHE BUIIPOMiHIOBAaHHS Ta PiBeHb
BYIVIEKMCJIOTH B TeIINLI. Buxomamu mojieni MporHo3yBaHHS € 3HaUeHHS] BUTPAT IPUPOLHOTO ra3y Ta eaekrpoeHeprii. Ha
OCHOBi BUKOPUCTAHHSI METO/IiB HEYITKOI JIOTiKM Ta TEHETUUHOT'O aJITOPUTMY PO3PO6IIEHO Ta JOCTiIKEHO MOJIEJ MOIIYKY Ta
BUKOPUCTAHHS ONTUMA/IbHMX ITapaMeTPiB HajdalTyBaHb [1I-perynsTopa, afanToBaHuX N0 3MiHM YMOB QYHKIIIOHYBaHHS
cucTeMu aBToMaTu3alii. [IpoaHanisoBaHi MeTOIM ITOKpAIlleHHS SIKOCTi Pery/ll0BaHHS TEXHOIOTUHMX [TapaMeTPiB HIJIIXOM
MOENHAHHS B ONHIil cUCcTeMi aBTOMaTHM3allii pi3HOMaHITHUX iHTeIeKTyaJbHUX aJITOPUTMIB KepyBaHHSI, 1[0 CIIPUSIE
3MeHIIEHHIO eHepreTuYHMx BUTpat Ha 10-13 %. BcTraHOBIEHO, 1110 /1J1S1 CIIOPYA, 3aKPUTOTO IPYHTY CUCTEMM OTIaJleHHS i
BEHTWISIIii MaloTh Hait6i/bIIly eHepro3aTpaTHICTh (B cepefHbOMY 3a 0Oy Ha 06irpiB Ta BEHTU/IIOBAHHS B IPOMMCIIOBII
TeIUINIi BUTpavaeTbcs moHan 4000 m® mpupopHoro rasdy ta maitke 1000 kBrxrop, enekrpoeneprii. Kopensiuiiinuit anastis
3B’$13KiB Mik 30BHIIlIHIMM 30ypEeHHSIMM Ta €HepreTUUHMMM BUTPaTaMH, 1[0 326e311eUyI0Th JOTPMMAaHHS 3aJaHO0i TEXHOOTii
BUPOILIYBaHHS POCIMHHOI MPOAYKILii, MiATBepAMB rifnoTe3y MoA0 HAsIBHOCTI YMOB HEBU3HAUEHOCTI GYHKIIOHYBaHHS
MIPOMMCIOBO] TeTuNLi GOPMYIOTHCS BUMIALKOBMMM 30yPEeHHSIMY, HETIOBHOIO iH(bopMallieio Mpo 6ioaoriyHy CKIaLoBy; Ipu
11boMy KoedilieHTH JiHiTHOI Kopersiiii He mepeBuInyoTh r<0.35. 3a3HaueHe CTBOPIOE YMOBMU JIJIsI BUKOPUCTAHHS HeIIPOHHMX
MepeXK SIK IJIsI IPOTHO3YBAHHSI eHepreTMYHMX BUTPAT, Tak i /151 GopMyBaHHS eHeproeekTUBHUX CTPaTeriit KepyBaHHS.
3a3HaueHe 3a6e3meyvye OiblI SIKiCHE Perya0BaHHS B YMOBAaX HEBM3HAUEHOCTI Yac peryyiioBaHHs, IepeperyiIoBaHHs
3MEHUIYIOTbCS B IBa-TPU pa3u. [IJisi CTBOpeHHs eHeproedeKTUBHOI CHCTeMy KepyBaHHSI MiKpOK/IiMaTOM B IIPOMMUCIOBUX
TeIUIMLSX, 0 QYHKI[IOHYE B YMOBAaX HEBM3HAUEHOCTi, PO3PO6IEHO HeIpoMepeXKeBY MOJe/Tb TPOTHO3YBAHHS €HePreTUYHUX
BUTPAT NMIPUPOJHOTO ra3y Ta egekTpoeHeprii. B cTaTTi aBTOpU yOOCKOHAIMIN CTPYKTYPHO-DYHKI[IOHATBHY CXeMy
CUCTEeMM aBTOMaTu3allii KepyBaHHS TeMIIEPATyPOBOJIIOTiCHUM PEXMMOM B IPOMUCIOBUX TEIUIUIISIX HUIIXOM IO€THAHHS
iHTeNeKTyaTbHUX aATOPUTMIB cTabinizanii po6oTH TeXHONOTiYHOro 061aJHAHHS Ha HMDKHBOMY PiBHi KepyBaHHS Ta
ONTHUMi3allil eHepreTMUYHMX BUTPAT, LUISIXOM iX IPOrHO3YBaHHS Ha BEPXHbOMY DiBHi. YIIPOBa/I>)KeHHS TaKO1 CUCTEMM
JI03BOJISIE 3a01L@JUTY IPUPOSHNIA Ta3 Ha onalieHHs 10 13 % Ta eneKTpuuHy eHeprito — 1o 10 %. ABTopaMu f0BeeHO, 1110
pPO3pO6IIeHHS iHTe/eKTYaabHOI eHeproedeKTUBHOI CMCTeMM aBTOMAaTUMUYHOTO KepyBaHHSI ITapaMeTpaMy MiKpOKIiMaTy
B CIIOPYIax 3aKPUTOrO I'PYHTY Ma€ 6a3yBaTUCh HAa MIOE€JHAHHI MeTOiB iHTe/IeKTYaabHOIO HaJaIlITyBaHHS IapamMeTpiB
[MI-perynsTopa Ta IPOrHO3YBaHHS €HEPTOBUTPAT
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