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Abstract: Industrial greenhouses are complex engineering structures that should provide 

control and operational management over microclimate parameters that affect the efficiency 

of evapotranspiration and photosynthesis processes, there by determining the rates of 

growth, volume and quality of vegetable production. The proposed method of physical 

modelling of the dynamics of microclimate parameters, in contrast to existing ones, takes 

into account the complex effect of the regulated list of controlled quantities on photosynthetic 

efficiency of greenhouse crops. An improved structural and algorithmic organization of a 

computerized information and measurement system for monitoring and control over 

industrial greenhouse microclimate has been synthesized, which takes into account the 

current trends in the development of infocommunication, sensory and microprocessor 

technologies. A laboratory prototype of an industrial automated greenhouse has been 

created, which takes into account the conditions for geometric, kinematic and dynamic 

similarity to real greenhouses. Promising areas of further study of the proposed model of the 

large-scale transition from the laboratory to the full-scale prototype are identified. 

 

Keywords: Physical model, Laboratory prototype, Greenhouse, Dimension, Computerized 

technologies. 

 

Introduction 
At present, a wide range of scientific and technical research is devoted to the problem of 

developing computerized technologies for studying production processes in the agricultural 

segment of national economies. The relevance of research in this field is determined by high 

indicators of science intensity of modern greenhouse vegetable production and insufficiency 

of fundamental research results in the field of plant biochemistry and physiology [20].  

One of the most promising approaches to improving greenhouse vegetable production is 

creation and implementation of modern computerized information and measurement systems 

for monitoring and control over parameters of greenhouse microclimate. 
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Industrial greenhouse complexes are complex engineering structures that should provide 

control over microclimate parameters that affect the efficiency of evapotranspiration and 

photosynthesis processes, there by determining rates of growth, volume and quality of 

production of greenhouse vegetable production. Nowadays, methods of mathematical and 

physical modelling of biophysical and biochemical processes taking place in greenhouse 

complexes are increasingly being used as means of interpreting results of complex 

experimental studies and observations.  

 

Significant progress in the improvement of modelling methods, as well as their successful 

application, is determined by high rates of technological development in solving problems of 

numerical modelling of processes occurring during greenhouse vegetable production in 

agroecosystems. 

  

Thus, industrial greenhouse complexes should be equipped with state-of-the-art sensory, 

microprocessor and infocommunication technologies, which are integrated into information 

and measurement systems at hardware and algorithmic levels. The main types of modern 

active and passive technologies with a detailed analysis of their main characteristics that are 

currently used in greenhouse conditions are presented in publications [11, 12, 14, 26].  

 

The results of these studies can be used to substantiate the structural and algorithmic 

organization of a computerized information and measurement system for monitoring and 

control over greenhouse microclimate using the scale transformation method. 

 

The use of modern sensory, computerized and infocommunication technologies for 

monitoring and control over microclimate parameters of greenhouses will allow us to make 

the transition from the phenomenological approach to greenhouse vegetable production to the 

use of quantitative methods based on the use of simulation models and mathematical 

procedures [17, 19]. Having analysed characteristics of greenhouses as control objects we 

concluded that the rationale for the structural and algorithmic organization of a computerized 

monitoring and control system for greenhouse microclimate is a science-intensive and non-

standard procedure. Optimal control over the processes of greenhouse production requires 

using equations of mathematical physics, which describe dynamic processes of balance of 

mass and energy taking into account the processes of diffusion and convection [18]. 

 

Thus, one of the most urgent tasks in solving the problem of increasing the efficiency of 

greenhouse complexes is providing a rationale for the structural and algorithmic organization 

of a computerized monitoring and control system for microclimate parameters. A condition 

necessary and sufficient for implementing the obtained laboratory test results in conditions of 

greenhouse complexes is scale transition from the laboratory prototype (physical model) to 

the full-scale prototype by applying the mathematical apparatus of the similarity theory. 

 

The research results presented in this article are devoted to solving the following scientific 

and applied problem: limitations of the physico-mathematical means of extrapolating results 

of laboratory observations of the greenhouse microclimate dynamics to real industrial 

greenhouse complexes, which causes insufficient efficiency of designing and implementing 

computerized technologies in greenhouse vegetable production. 

 

The purpose of the article is to provide a rationale for scientific and practical approaches to 

development and research of the structural and algorithmic organization of computerized 

monitoring and control systems for greenhouse microclimate by the scale transformation 
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method. The target of the research is the process of a large-scale transition from a laboratory 

prototype (physical model) to a full-scale prototype of a monitoring and control system for 

greenhouse microclimate parameters by applying the mathematical means of the similarity 

theory. The research subject is methods and means of physical modelling of computerized 

monitoring and control systems for technological processes in greenhouse vegetable production. 

 

The innovativeness of the results obtained is as follows: 

 A novel physico-mathematical model of the scale transition from the laboratory 

prototype to the full-scale prototype of the monitoring and control system for 

greenhouse microclimate parameters by the dimensional analysis method has been 

substantiated. 

 A method of physical modelling of the dynamics of physicochemical parameters of 

greenhouse microclimate has been further developed, which, unlike existing ones, 

takes into account the complex effect of the regulated list of controlled quantities on 

the efficiency of photosynthesis of greenhouse crops. 

 Structural and algorithmic organization of a computerized information and 

measurement system for monitoring and control over the microclimate of industrial 

greenhouses, which takes into account the current trends in the development of 

infocommunication, sensory and microprocessor technologies, has been improved. 

 

The obtained research results can be integrated into methods and means of computerized 

monitoring and control of automatic stationary complexes to maintain optimal conditions for 

growing crops in industrial greenhouse complexes. 

 

Materials and methods 

Simulation method 
At present, two main methods are used to solve the problems of developing physical models 

of technical processes and objects [8, 9, 21, 25], which are presented in Table 1. The analysis 

of existing research results on the development of mathematical models of the dynamics of 

greenhouse microclimate parameters [2, 7, 16, 23] made it possible to establish the absence of 

a generalized model that describes the complex effect of microclimate physicochemical 

parameters on the efficiency of greenhouse vegetable production. Therefore it is impossible to 

make a model of the process of greenhouse microclimate parameter dynamics in the form of a 

system of differential equations.  

 

Table 1. Existing methods of physical modelling 

Method Key features 

Method of reduction of 

differential equations  

(analytical method) 

Requires availability of complete a priori information about 

the object (process) of modelling in the form of 

corresponding differential equations of mathematical 

physics; complexity and labour intensity of detailed 

mathematical analysis. 

Method of analyzing the 

dimensions of physical 

quantities (the Rayleigh-

Pavlushenko method) 

Applicable for obtaining criteria and criterial equations for 

complex processes for which it is not possible to compose 

differential equations and formulate the conditions for 

single-valuedness. 

 

Thus, the use of the method of reduction of differential equations is impossible when solving 

the stated research problem. Consequently, this fact allows developing a model for a scale 
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transition from a laboratory prototype to a full-scale prototype of a monitoring and control 

system over greenhouse microclimate parameters using the method of analyzing the 

dimensions of physical quantities. 

 

A generalized algorithm for the process of providing a rationale behind the model of a scale 

transition from a laboratory prototype to a full-scale prototype of a monitoring and control 

system for the greenhouse microclimate parameters using the method of analyzing the 

dimensions of physical quantities is shown in Fig. 1. 

Providing rationale for 

the list of quantities 

essential for the process

Determining the 

problem type and choice of 

the system of dimensions

Determining the number 

of generalized variables

Conversion of dimension 

formulas to power systems

Exclusion of non-essential 

primary quantities

 
Fig. 1 Generalized algorithm for providing a rationale behind the model of a scale transition 

 

According to the third theorem of Kirpichev [9], physical systems can be considered similar 

when there is geometric, kinematic and dynamic similarity. Thus, while developing a model 

for large-scale transition from a laboratory prototype to a full-scale prototype of the 

monitoring and control system for greenhouse microclimate parameters, a number of 

mandatory requirements must be taken into account [9, 25], which are shown in Fig. 2 in the 

form of a block diagram. Thus, based on the analysis of the algorithm shown in Fig. 1, it is 

established that the first step in solving the problem of validating the large-scale transition 

model of the system under investigation is establishing a list of values essential for 

greenhouse vegetable production. 

 

Mandatory requirements

Processes in the model and in the 

full-scale prototype belong to the 

same class of phenomena

The processes in the model and the 

prototype are described by the same 

equations of mathematical physics

Compliance with the geometric 

similarity condition

Dimensionless boundary conditions 

and determining similarity criteria 

are numerically equal

 

Fig. 2 Mandatory requirements for development of a large-scale transition model 

 

List of influencing parameters 

The analysis of the existing research results and current regulatory documentation in the field 

of greenhouse vegetable production (see Table 2) allowed us to establish a set of microclimate 

parameters, which the efficiency of greenhouse production depends on to the greatest extent. 

Also, by analyzing the specialist literature on greenhouse vegetable production [13, 15, 22],  

it was found that the intensity index of photosynthesis can be used as an integral characteristic 

of the complex effect of microclimate parameters on the efficiency of greenhouse production. 

Thus, based on the analysis of the data presented in Table 2, we can derive the basic model 

structure of the influence of the physicochemical microclimate parameters on the efficiency of 

growing crops in industrial greenhouse complexes. 
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Table 2. Set of microclimate parameters subjected to the measurement control 

List of microclimate parameters  

subjected to the measurement control  

Scientific  

source 

air temperature, air humidity, concentration of carbon dioxide in the 

cultivation area, air velocity in the cultivation area, illumination of 

the cultivation area 

[1] 

air temperature, air humidity, concentration of carbon dioxide in the 

cultivation area, air velocity in the cultivation area, illumination of 

the cultivation area, soil temperature, soil acidity, soil salinity 

[6] 

air temperature in the crop cultivation area, air humidity in the crop 

cultivation area, soil temperature in the root layer, soil moisture in the 

root layer, solution temperature at watering, effective illumination of 

the crop cultivation areain the visible optical range, taking into 

account daily dynamics of natural light, concentration of carbon 

dioxide in the cultivation area, permissible content of salts and ions in 

the irrigation solution, air velocityin the cultivation area 

[3, 4] 

 

Basic structure of the model 
Based on the analysis of the characteristic features of the existing methods of physical 

modelling in the subsection Simulation method, it was established that in order to obtain 

similarity criteria, the method of analysis of the dimensions of physical quantities  

(the Rayleigh-Pavlushenko method) was used in the article. In order to determine the type of 

problem and the choice of a dimension system, and to determine the number of generalized 

variables, it was established that growth regimes of greenhouse crops are dynamic 

characteristics and that monitoring of the main microclimate parameters is carried out using 

computerized means. Therefore, the model under study should be presented in a discrete 

form, in which time is an independent variable.  

 

The input of the model receives signals from the sensors declared in Table 2 of the 

physicochemical microclimate parameters, and the output function is the intensity of 

photosynthesis of greenhouse crops.  

 

Consequently, the generalized basic structure of the model can be represented in the form of 

the following defining equation: 

 

                    
2

, , , , , , , ,phot air air soil soil solution area solution air COZ i f T i W i T i W i T i E i С i V i C i , (1) 

 

where Zphot is the intensity of photosynthesis; i – sample spacing of the prototype; Tair – air 

temperature in the cultivation area; Wair – air humidity in the cultivation area; Tsoil – soil 

temperature in the root layer; Wsoil – soil humidity in the root layer; Tsolution – solution 

temperature at watering; Earea – effective illumination of the cultivation area; Csolution – total 

content of salts and ions; Vair – air velocity in the cultivation area; 
2COC  – concentration of 

carbon dioxide in the cultivation area. 

 

Results and discussion 
Based on the a priori information, which is given in the section Materials and methods,  

a laboratory installation of an automated greenhouse was designed and created in the 

laboratory of information measurement systems of the Department of Electronic Engineering 
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of State Higher Educational Establishment “Donetsk National Technical University”, the 

appearance of which is shown in Fig. 3. Taking into account the requirements for the method 

of developing the large-scale transition model [9, 25], the geometric similarity condition is 

met for the realized laboratory prototype, which is a prerequisite for carrying out studies on 

the justification of the structural and algorithmic organization of a computerized monitoring 

and control system for greenhouse microclimate parameters using the scale transformation 

method. The constant of linear similarity of the model-full-scale prototype is equal to: 

 

65real real real
l

model model model

h a b
k

h a b
    , (2) 

 

where kl is the linear similarity constant; hreal, areal, breal are height, length and width of a 

standard vegetable uneven span of year-round greenhouses, respectively; hmodel, amodel, bmodel 

are height, length and width of the realized model of the automated greenhouse, respectively. 

 

 

a) general view of the automated greenhouse 

model (front view) 

 

b) the electrical component of the automated 

greenhouse model (side view) 

 

c) appearance of technological systems (top view) 

Fig. 3 Laboratory installation of the automated greenhouse 

 

The installation is equipped with the following technological systems: drip irrigation, 

ventilation, artificial illumination, heating and humidification of air, which satisfies the 

mandatory condition of the ratio of processes in the model and the full-scale prototype to one 

class of phenomena. 
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To implement the large-scale transition from the laboratory prototype to the full-scale 

prototype of the monitoring and control system for greenhouse microclimate parameters, we 

consider the functional dependence Eq. (1). When using the method of analyzing the 

dimensions of physical quantities, a correspondence must be made between metric and 

physical transformations of the Eq. (1). Thus, the only possible variant of the function 

representation Eq. (1) is its representation in the form of a product of the argument that is 

included in it, at a fixed point in time in some exponents of power [10]: 

 
3 5 6 7 8 91 2 4

2

A A A A A AA A A

phot air air soil soil solution area solution air COZ T W T W T E С V C         , (3) 

 

where A1, …, A9 are the exponents of power used to transform the equation into a 

dimensionless form; α is the constant component of the large-scale transition model. 

 

The next step in the implementation of the large-scale transition model is replacement of the 

physical quantities Eq. (3) with their dimensions using the standard System of Units (SI). 

Also, taking into account that the soil moisture (Wsoil) and air moisture (Wair) are uniquely 

determined through the mass of moisture in the soil (msoil) and air (mair), respectively, then: 

 

2

-2 -1

-2 2 -2 -3 -3 -3 -1 -3

, [kg m s ]; , [K]; , [kg]; , [K]; , [kg]; , [K];

, [W m kg m m s kg s ]; , [kg m ]; , [m s ]; , [kg m ].

phot air air soil soil solution

area solution air CO

Z T m T m T

E С V C

 

         
 (4) 

 

Substituting in Eq. (3) instead of physical quantities the system of their dimensions Eq. (4), 

taking into account the replacement of the moisture parameter by the moisture mass, we 

obtain: 

 

           

       

1 2 3 4 5

6 7 8 9

-2 -1

-3 -3 -1 -3

kg m s K kg K kg K

kg s kg m m s kg m .

A A A A A

A A A A

         

       
  (5) 

 

Since the left and right sides of Eq. (5) must be equal for each unit of measurement, we can 

write the following system of equations for the exponents for the same physical quantities: 

 

1 3 5

2 4 6 7 9

7 8 9

6 8

0 , for 'K';  

1 , for 'kg'; 

2 3 3 , for 'm';

1 3 , for 's'.

A A A

A A A A A

A A A

A A

  

    


    
   

 (6) 

 

The resulting system of Eq. (6) imposes restrictions on the physical quantities Eq. (5), and 

also takes into account the relationships between these quantities, which are expressed by 

their dimensions.  

 

In this case, the system of Eq. (6) is algebraically insufficient, since it contains four equations 

with the number of unknowns equal to nine. Possible combinations of variable representation 

are given in Table 3. 

 

The next step in the solution of the problem is the choice of one of the possible variants of 

representing independent variables. 
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Table 3. Variants of presentation of variables 

Initial 

equation  

Possible variant 

of representation 

1 3 50 A A A    

1 3 5

3 1 5

5 1 3

;

;

.

A A A

A A A

A A A

  


  

     

2 4 6 7 91 A A A A A      

2 4 6 7 9

4 2 6 7 9

6 2 4 7 9

7 2 4 6 9

9 2 4 6 7

1 ;

1 ;

1 ;

1 ;

1 .

A A A A A

A A A A A

A A A A A

A A A A A

A A A A A

    


    

     


    
       

7 8 92 3 3A A A      

8 9
7

8 7 9

8 7
9

2 3
;

3

2 3 3 ;

2 3
.

3

A A
A

A A A

A A
A

 



   

  
 
  

6 81 3A A     

8
6

8 6

1
;

3

1 3 .

A
A

A A





  

 

 

In our case, taking into account the preliminary analysis, А1, А2, А7 and А8 are chosen as 

variables, which are expressed through А3, А4, А5, А6 and А9. Thus, we obtain: 

 

1 3 5

2 4 6 7 9

8 9
7

8 6

;

1 ;

2 3
;

3

1 3 .

A A A

A A A A A

A A
A

A A

  


    

  




 

 (7) 

 

Substituting Eq. (7) for the variables А1, А2, А7 and А8 into Eq. (5), having previously 

expressed in the third equation A8 through А6 and in the second equation А7 through А6 and А9, 

we get: 

 

           

       

3 5 4 6 6 9 9 3 4 5

6 6 9 6 9

1 1-2 -1

1 1 3
-3 -3 -1 -3

kg m s K kg K kg K

kg s kg m m s kg m .

A A A A A A A A A A

A A A A A

       

  

         

       
 (8) 

 

Performing an inverse transition from dimensions to physical quantities, and also having 

previously grouped the parameters with the same exponents, we get: 
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 

6
3 4 5 9

2

3
.

AA A A A

soil soil solution area CO
phot air solution

air air air solutionsolution air

T W T E C
Z V С

T W T СС V


        
                    

 (9) 

 

To further study the model of a large-scale transition from the laboratory prototype to the  

full-scale prototype, it is necessary to fulfill the condition of numerical equality of the 

characteristic criteria in the model and the full-scale prototype, namely: 

 

;
real

Tair
airmodel

air

T
k

T


 

;
real

Wair
airmodel

air

W
k

W


 

;
real

Tsoil
soilmodel

soil

T
k

T


 

;
real

Wsoil
soilmodel

soil

W
k

W


 

;
real

Tsolution
solutionmodel

solution

T
k

T


 

;
real

Earea
areamodel

area

E
k

E


 

;
real

Csolution
solutionmodel

solution

C
k

C


 

;
real

Vair
airmodel

air

V
k

V


 

2

2

2

.

real

CO C

COmodel

CO

C
k

C


  

 
Based on the above, we obtain the following model of the large-scale transition from the 

laboratory prototype to the full-scale prototype of the monitoring and control system for 

greenhouse microclimate parameters: 

 

 

6
93 4 5

2

3
,

A
AA A A CT W T E

COV C soil soil solution area
phot air solution T W T CC V

air air air solutionsolution air

kk k k k
Z k k

k k k kk k

                            

 (10) 

 

where 
V

airk , 
W

airk , 
C

solutionk , 
T

soilk , 
T

airk , 
T

solutionk , 
W

soilk , 
E

areak , 
2

C

COk  are the characteristic criteria for 

physical similarity of the model-full-scale prototype of the system under study. 

 

In order to obtain the final form of the model of the large-scale transition in Eq. (10),  

we introduce the following notation:  

 

;V C

air solutionk k  1 ;
T

soil

T

air

k
P

k


 
2 ;

W

soil

W

air

k
P

k


 
3 ;

T

solution

T

air

k
P

k


  
4 3

;
E

area

C V

solution air

k
P

k k


 

2

5 .

C

CO

C

solution

k
P

k


 

 

Thus, taking into account the above-mentioned notations and imposed restrictions, the final 

developed model of the large-scale transition from the laboratory prototype to the full-scale 

prototype of the monitoring and control system for greenhouse microclimate parameters is as 

follows: 

 

         3 4 5 6 9

1 2 3 4 5

A A A A A

photZ P P P P P  , (11) 

 

where P1, P2, P3, P4, P5 are the similarity criteria presented in the form of dimensionless 

complexes. 

 

On account of the analysis of Eq. (11), it is evident that for nine factors influencing the 

efficiency of photosynthesis, a model consisting of five characteristic criteria was obtained. 

And similarity criteria P1, P2, P3 determine the condition of dynamic similarity of the model 

and full-scale prototype, and P4 and P5 determine kinematic similarity. The proposed general 

view of the large-scale transition model Eq. (11) made it possible to prove the necessity of 
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continuous monitoring of physicochemical greenhouse microclimate parameters influencing 

the efficiency of photosynthesis which are given in Table 2. This fact justifies the requirement 

of introducing measuring channels of physicochemical parameters into the structure of the 

computerized monitoring and control system for the greenhouse microclimate, as well as the 

need to maintain them at the regulated level [1, 3, 4, 6], using modern microprocessor 

technologies to automate technological processes for greenhouse vegetable production.  

The proposed structural-algorithmic organization of the computerized system under 

consideration, taking into account modern requirements for the construction of adaptive 

information measurement systems [5, 24, 27], is shown in Fig. 4. 

 

This development has a modular structure and performs the following functions: collection of 

primary measurement information from the measuring channels of the system; analog 

processing of sensor output signals of physical and chemical parameters with subsequent 

conversion to digital form; averaging the monitoring results and calculating the values of 

digital signals in units of physical and chemical quantities; local indication of results and their 

accumulation in a database on a remote server; generation of control signals by modules for 

maintaining technological processes of drip irrigation, ventilation, artificial illumination, 

heating and air humidification. 

 

The developed system is universal and provides the possibility of working with a different 

number of measuring channels. The program has a function of adapting the basic 

technological regimes of growing crops to their types and periods of vegetation. To conduct 

further research on obtaining a specific form of Eq. (11), it is necessary to carry out a series of 

experimental studies on the algorithm shown in Fig. 5. 

 

 

Fig. 4 Structural-algorithmic organization of the system 
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Fig. 5 Algorithm for priority research directions 

 

The main promising areas of research on providing the rationale for the structural-algorithmic 

organization of the monitoring and control computerized system for greenhouse microclimate 

parameters using the large-scale transformation method are: 

 accumulation of the base of experimental observations of the dynamics of 

physicochemical greenhouse microclimate parameters with their subsequent 

mathematical analysis for obtaining specific types of dependence Eq. (11) for different 

types and periods of crop vegetation; 

 introduction of adaptive high-performance methods and means of aggregation and 

processing of measurement information on the dynamics of physicochemical 

greenhouse microclimate parameters in real time; 

 optimization of the structural-algorithmic organization of the computerized 

information and measurement system for monitoring and control over microclimate 

parameters of industrial greenhouse complexes; 

 establishing a rationale for scientific and practical bases of complex influence of 

greenhouse microclimate parameters, which are distributed in space and time, on 

quality indicators, rates and volumes of greenhouse vegetable production. 

 

Conclusion 
The article presents the research results devoted to the solution of the current scientific and 

applied problem on the improvement of the physical-mathematical apparatus of extrapolating 

the results of laboratory observations of the dynamics of greenhouse microclimate to real 

industrial greenhouse complexes. The findings made it possible to increase the efficiency of 

designing and introducing computerized technologies in greenhouse vegetable production. 

 

The obtained research results allowed us to provide the rationale for the scientific and 

practical approaches to development and optimization of the structural-algorithmic 

organization of the computerized monitoring and control system for greenhouse microclimate 

parameters using the large-scale transformation method, namely, the rationale for the 

physical-mathematical model of the large-scale transition from the laboratory prototype to the 

full-scale prototype of the system based on the dimensional analysis method; to improve the 

method of physical modelling of dynamics of physicochemical greenhouse microclimate 

parameters; to synthesize the structural-algorithmic organization of the computerized 
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information and measurement system, taking into account the current trends in the 

development of infocommunication, sensory and microprocessor technologies. 

 

The necessity of conducting further studies of the proposed model of the large-scale transition 

from the laboratory prototype to the full-scale prototype of the monitoring and control system 

for greenhouse microclimate parameters, as well as confirmation of the adequacy of the 

implementation of development on the yields of greenhouse crops by conducting complex 

experimental and theoretical studies on establishing the regularities of the integral influence 

of the greenhouse microclimate on indicators of quality, rates and volumes of greenhouse 

vegetable production, was proved. 
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