
BUKHARA-2016 

MINISTRY OF HIGHER AND SECONDARY SPECIALIZED  

EDUCATION OF THE REPUBLIC OF UZBEKISTAN 

BUKHARA ENGINEERING TECHNOLOGICAL INSTITUTE 

 

 

 

Manuscript copyright 

UDK 685.655.043  

 

 

MASTER’S DISSERTATION 

 

 

Bekhruz Gafurov 

 

Subject: «The development of information and communication control 

system for the non-stationary heat exchange process» 

in specialty of 5A321701 - «Information and communication control systems 

of technological process» for master's degree 

 

 

Scientific supervisor      Ph.D. Mekhmonov I.I. 

 

 

 

 

 

http://www.edu.uz/en
http://www.edu.uz/en


 
2 

 

 

ANNOTATION 

This master thesis contains researches on automation of heat pump operation, 

which is used in the unit for obtaining ingredients from plants using liquefied CO2. 

The operation of heat pump as a source of non-stationary heat exchange has been 

studied, engineering design of CO2 extraction unit heat pump has been made. 

Functional diagram of heat pump automation has been developed and investigation 

has been conducted. As a result, stability and steadiness indicators has been 

justified, three-level structure of the ICS process control as well as control program 

for manufacturing process and human-machine interface HMI of heat pump 

operation control by means of remote access have been developed.      

ANNOTATSIYA 

Ushbu magisterlik dissertatsiya ishida suyultirilgan CO2 gazi orqali o’simlik 

xom-ashyosidan ingrediyentlarni olish jarayonida qo’llangan issiqlik nasosini 

atvomatlashtirish uchun tadqiqot ishlari olib borilgan. Issiqlik nasosini nostatsionar 

issiqlik almashish jarayoni sifatida o’rganilgan, issiqlik nasosining muhandislik 

hisob-kitobi bajarilgan, rostlash tizimini barqarorlik hamda turg’unlik bo’yicha 

dinamik xarakteristikalari tadqiqot qilingan va asoslangan. CO2 – ekstraktsiyalash 

jarayonida qo’llangan issiqlik nasosining ish jarayonini axborot – kommunikatsion 

tizimlar orqali boshqarishning uch darachali arxitekturasi ishlab chiqarilgan. 

Undan tashqari jarayonini boshqarish uchun dastur hamda operator-mashina 

interfeysi yaratilgan. Ishlab chiqarilgan tizim masofadan turib jarayonni nazorat 

qilish, boshqarish hamda kuzatish imkoniyatlarini beradi. 

АННОТАЦИЯ 

В настоящий магистерской диссертации проведены исследования по 

автоматизации работы теплового насоса, применяемого в установке 

получения ингредиентов из растительного сырья с применением сжиженного 
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СО2. Изучена работа теплового насоса как источника нестационарного 

теплообмена, выполнен инженерный расчет теплового насоса установки СО2-

экстракции. Разработана функциональная схема автоматизации работы 

теплового насоса, проведено исследование и обосновано показатели 

стабильности и устойчивости системы регулирования, разработана 

трехуровневая архитектура ИКС управления процессом, а также разработана 

программа управления технологическим процессом и человеко-машинный 

интерфейс ИКС управления работой теплового насоса. Разработанная ИКС 

управления процесса позволяет осуществлять контроль, управления и 

мониторинг работы теплового насоса удаленным доступом. 
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INTRODUCTION 

In his book "The Global financial-economic crisis, ways and measures to 

overcome it," President of Uzbekistan Islam Karimov stresses: "Today we have 

every reason to say that we have adopted model of transition to a socially oriented 

free market economy, based on five principles, with each year of our moving 

forward justifies its accuracy and consistency 

The ongoing balanced and thoroughly thought-out policy of reform, 

liberalization and modernization of   economy, diversification of its structure has 

created a rather powerful barrier, we can say, robust and reliable buffer that 

protects us from negative impacts of crises and other threats "[1]. 

Indeed, in recent years the emphasis was placed on the increase and 

modernization of production, organization of import-substituting and export-

oriented production and it gave results. 

President of Uzbekistan Islam Karimov at the session of the Cabinet of 

Ministers dedicated to the results of socioeconomic development in 2015 and the 

most important priorities of economic program for 2016[2] told about it in his 

report. 

Modern production is characterized by ever-increasing complexity and 

diversity of operations and equipment. The management of such process is 

possible only with the widespread use of methods and means of control and 

automation. 

As a result of the automation of the technological process, automatic process 

control system is being created. 

Automation of technological processes in a single production process allows 

you to organize the basis for the implementation of technological control systems 

and enterprise control systems. 

Automated control system of technological process (ACS TP) —is the 

solutions group of hardware and software components designed for automated 
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control of technological equipment in the industrial enterprises. It can have 

connection with more general automated enterprise control system (AECS). 

Under ACS TP is usually understood a holistic solution that provides 

automation of main operations of production process in the manufacturing as a 

whole or in its part producing fully processed item. 

The term "automatically controlled", in contrast to the concept of "automatic", 

emphasizes the need for human participation in individual operations, in order to 

maintain control over the process, and due to the automation complexity and 

impracticality of the of certain operations. 

The components of ACS TP can be individual automated control systems (ACS) 

and automated devices, connected into a single complex. Such as supervisory 

control and data acquisition (SCADA), distributed control systems (DCS), and 

other smaller control systems (for instance systems on programmable logic 

controllers (PLC). Typically, ACS TP is a single system of operator control of 

manufacturing process in the form of one or more remote controls, means of data 

processing and archiving about process progress, typical automation elements: 

sensors, control devices, actuators. For data connection of all subsystems industrial 

networks are used.  

Nowadays, environmental and social conditions prevailing in the world require 

new approaches to the manufacture of food and pharmaceutical products. 

Application of some extractant which can cause toxic affect is prohibited in 

pharmaceutical industry and in food industry it is limited. Modern extraction 

industry is forced to use solvents with higher extracting capacity, but does not meet 

the quality standards and fire safety. 

The objectives of modern processing technology are the maximum 

preservation of vitamins, trace elements and biologically active substances of raw 

materials, the speed of processing, the ecological purity of the product, and of 

course energy saving. 
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In the extraction technology of medicinal oil from the kernel of fruit stones, 

etc., oil is extracted from the raw material by cold double pressing [3]. The oil ratio 

is 30-40% of the total amount of oil in the raw material. A grape seed oil obtained 

by extraction method [3]. 

Central Asia is very rich with vegetable raw materials which can be used for 

food ingredients, pharmaceutical substrates, as well as perfume raw materials. The 

oil extracted from the fruit seeds, fruit and grape seeds, mainly used in the 

pharmaceutical and food industry. 

Development of energy-saving technology methods which allow getting new 

high-quality products in the pharmaceutical, cosmetics and food industry, is 

determined by social need of high-quality medicines and food, as well as by social 

need in clean production. 

 Problem of substances rational use in the supercritical state in closed 

technology cycles, and other high technology [4] is being actively solved in the 

developed countries in the last decade.  

Application of liquid carbon dioxide as extractant is one solution for this 

problem. Exactly CO2 - extraction is widely spread in the world.  Firstly, it 

depends on high profitability and production effectiveness of the process which 

allows implementing not only high-quality raw material processing, but processing 

of production wastes as well for main components extraction to improve the 

quality of the low-grade product [5].      

Different plants, spiced and aromatic products, secondary raw materials of 

processing industries (grape seeds, fruit kernels, fruit and berry marc, oilseed meal, 

oil cake, etc.) and products of animal origin are raw materials for CO2-extracts 

Features of the vegetable raw materials structure of our region, fruit kernels 

and other wastes, suggest the development of technological extraction modes with 

usage of liquid carbon dioxide, the kinetics and dynamics of the extraction process 

and the effect of various factors such as different kinds of kernels and seeds, their 

sizes, processing temperature, the mixture of organic solvents with condensed 
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gases on the received amount and quality of the product. 

The energy costs for heat and mass transfer processes in the primary processing 

of vegetable raw materials and in the food products manufacturing comprise 70% 

of the total used energy. 

In the light of this, engineering and technologies foundations on CO2- 

extraction designed for local raw materials shall be developed and alternative 

renewable sources of energy (heat pumps) shall be used while process 

implementation.  

Small and medium-sized business development, the introduction of small-

capacity plants for processing of agricultural raw materials in farms poses 

problems of power supply in rural areas. Hence technologies with use of renewable 

energy sources, such as solar energy and heat pumps are necessary to be provided. 

Relevance of the thesis research topic. System development with use of non-

stationary heat exchange process, which is the operation of heat pump and 

development of control systems of these processes by modern means of control, is 

necessary for solving the problems of energy saving in small-scale production 

technologies of extracts with liquefied carbon dioxide usage. 

Currently, the President and the Government of the Republic of Uzbekistan pay 

lot of attention to the use of alternative energy sources for manufacturing 

processes.  This is evidenced by the order of the president of the Republic of 

Uzbekistan №43 / 2013 dated by 01.03.2013 "On measures for further 

development of alternative energy sources."    

The aim of the thesis is to study the process and the development of 

information and communication operation control system of the heat pump of 

experimental CO2-extraction unit. 

Practical significance of this work. The use of the heat pump and the 

development of information and communication operation control system of the 

heat pump allow: 

 Reducing costs of CO2 - extraction organization by reducing energy costs; 
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 Stabilization of the heat pump operating characteristics and operating 

conditions of non-stationary thermal process; 

 Provision of reliable and trouble-free operation of the heat pump in the 

technological diagram of CO2-extraction. 

Scientific novelty of the work. 

 Implementation of engineering calculations for the heat pump of CO2 

extraction unit and coefficient determination of energy conversion and the 

necessary power of the heat pump for a particular technological diagram of CO2-

extraction. 

 Research and justification of the stability indicating parameters and stability 

of control system. 

 Development of process control program. 

 Development of human-machine interface ICS control of the heat pump 

operation. 

To achieve the set goal, the following tasks has been performed: 

1. The operation of the heat pump as a source of non-stationary heat exchange 

has been studied; 

2. Engineering calculation of the heat pump CO2 extraction unit has been 

implemented; 

3. Functional diagram of automatic performance of heat pump CO2 extraction 

unit has been developed; 

4. The research has been implemented and valid indicators of system stability 

have been justified; 

5. Three-levelled architecture of ICS process control has been developed; 

6. Technology process control program has been developed  

7. A human-machine interface ICS control of heat pump operation has been 

developed. 
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The volume of this thesis 99 pp. of typewritten text consists of an introduction, 

three chapters, the main part, conclusion, list of used data resources and appendix. 

This work has been implemented in accordance with project, State scientific 

and technical program on topic A-5-7 «Development and creation of information 

and communication process control system of extracts manufacturing from plant 

raw material, operating under high pressure with liquefied gas." This project is 

carried out at the Department of "Information and Communication systems in a 

Control Technological Processes" BETI. 

On the subject of this thesis were published the following: 

1. Gafurov B.K., Mekhmonov I.I. «Heat pump by way of a non-stationary heat 

source» // “Фан ва технологиялар тараққиёти” илмий-техникавий журнали, 

2015 йил, №2. - 52-57 pp. 

2. Fayziyev Sh. I., Ibragimov U.M., Gafurov B.K. «The development systems 

of automatic regulation of temperature in a heat exchanger» // Материалы 

международной научно-практической конференции «Актуальные проблемы 

отраслей химической промышленности» - Бухара, 2015. - 66-68 pp. 

3. Gafurov B.K., Mekhmonov I.I.  «Architecture of automated control systems 

of unit for the production of ingredients from vegetable feeds with application of 

liquid CO2 // “Техника ва технологиянинг долзарб муаммолари, уларнинг 

энерготежамкор ва инновацион ечимлари” Республика илмий-техник 

анжумани материаллари I-кисм, 2016. – 62-64 pp. 

4. Gafurov B.K., Mekhmonov I.I.  «Ground heat pump – step to future!» // 

Материалы научно-практической конференции -Бухара, 2015. - 64-66 pp.   

5. Gafurov B.K., Mekhmonov I.I.  «Thermal conductivity on the non-

stationary heat exchange mode» // Материалы научно-практической 

конференции. -Бухара, 2015. - 66-68 pp. 
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CHAPTER 1. UNIT OF EXTRACTABLE СО2  WITH THE 

APPLICATION OF HEAT PUMP 

1.1. HEAT PUMP AS A SOURCE OF NON-STATIONARYHEAT 

EXCHANGE 

Heat exchange is spontaneous irreversible process of heat transfer in space 

with a no uniform temperature distribution, or heat transfer process, occurring 

between the bodies with different temperatures.    

Non-stationary heat exchange processes are accompanied by temporally 

change of temperature, internal energy as well as substance enthalpy and are 

observed while heating (cooling).  

Heat transformers can be mentioned as an example of non-stationary heat 

exchange.  

Heat transformers (or thermal transformers) are technical systems, in which 

energy removal is carried out in the form of heat from the facilities with relatively 

low temperature to the heat receivers with higher temperature. Such transformation 

is called the increasing in heat capacity and cannot occur spontaneously according 

to the law of thermodynamics. Energy input of particular type: electrical, 

mechanical, chemical, kinetic energy of gas or vapor flow, and others is necessary 

to increase the heat capacity. [6]. 

Processes of heat capacity increasing are usually classified [6] depending on 

the position of temperature levels: upper – heat receiver Тв and lower-hot body Тн 

in relation to the environment temperature То.с., accepted in most cases as equal to 

20°С (293 К). In case, if the temperature of hot body is lower than the environment 

temperature Тн<То.с., and heat receiver temperature is equal to this temperature 

Тв=То.с., heat removal is carried out, system (heat transformer) is called refrigerator 

(class R - from the English word refrigeration - cooling). 

At Тв≤То.с. и Тн>То.с. corresponding heat transformer is called heat pump. Heat 

pump — a device for transferring thermal energy from low-grade heat source (with 

low temperature) to the consumer (heat transfer media) with higher temperature 
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(Fig. 1.1.1) [7]. At heat pump systems heated rooms or heated elements of process 

equipment are considered as heat receivers –cooling medium to which the heat 

from cooled unit is transferred.  

Energy increasing is formed by the increasing of pressure achieved by the 

electric compressor drive. Temperature level of heat supply from heating pumps is 

35-65°C. Energy saving can reach up to 70 %. Industry of technically developed 

countries produces wide range of heat pumps with heat capacity from 5 to 1000 

kW [68]. 

 

Fig.1.1.1. Diagram of compression heat pump 

1-Condenser; 2- Thermal expansion valve; 3-evaporator; 4-compressor. 

Heat pump performance capability. Heat pump performance capability ε is 

determined in the following way: 

 incinh TTC

Q

,,min 
               (1.1) 

Where Q – is heat flow; Сmin- heating capacity, determined as multiplication of 

specific heat capacity and mass rate of hot and cold transfer mediums, depending 

on whichever is less; Th,in and Tc,in – temperatures at the input of  hot and cold heat 

transfer medium  respectively.  



 
13 

 

Theoretically it can be proved, that under the other conditions being equal, the 

effectiveness of countercurrent flow heat exchanger is higher than concurrent heat 

exchanger or cross flow heat exchanger. For instance, if heating capacities of hot 

and cold heat transfer media are equal, maximum performances for countercurrent 

flow, cross flow and concurrent heat exchangers are equal to 1, 0,75, and 0,5 

respectively [7]. 

    While operation, compressor consumes electrical power. The ratio of energy 

generated by the heat pump unit and consumed power of compressor is called 

transformation ratio. (or heat transformation ratio) and serves as indicator of heat 

pump effective performance. This value depends on the difference in temperature 

levels in the   evaporator and the condenser: the greater the difference, the smaller 

is the value, as the required consumed power of compressor increases.  

1.1.1. PRACTICAL USE OF HEAT PUMPS 

Rooms heating.  Diagram of heat production with the help of subsurface heat 

pump is shown on the fig.1.1.2.  

Radically new heating system of the house can be called the heating system 

with geothermal heat pumps use. [8]. Such pumps are complicated and high-tech 

devices used for heating and air-conditioning, the operating principle of which is 

based on the latest achievements of physics and thermodynamics. The main 

distinguishing feature of such systems is that the heat is taken directly from the 

ground or air, without burning any fuel. Electricity is used only for pumping of 

heat transfer media. Modern heat pumps use no more than 2.5 kW / h of electricity 

to produce 10 kW of heat.  

The main parts are the compressor, restrictors system, evaporator and 

condenser. Sealed pipes of sufficiently large diameter are lowered into the ground 

to a depth of several tens of meters, where the temperature of the soil and 

underground water at any time of the year is not less than 10 
0
С. With or without 

pump fluid freely circulates in the circuit. Freon is located in the restrictors 
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surrounded by pipes with circulating heat transfer media. By means of a special 

expansion valve they are connected to the piping system with much smaller 

diameter, which are connected to the condenser. The condenser, in turn, is 

connected to a hot water or heating circuit with the help of the heat exchanger. 

Fluid mediums in the heating system and the heat generation system are not in 

contact.  

Freon is injected by the compressor into the pipes of larger diameter 

performing the function of evaporator, than this gas expands and intensively 

cooled down. While this, it actively takes heat from the ground. Coming through 

the valve from compressor to the compression zone, gas is condensed to the state 

of fluid phase and rapidly heats. Condensate temperature can reach 1300 
0
С. In 

such mode ground deep heat heats the rooms on the surface. The system is 

working according to reverse Carnot cycle. If there is a reverse valve, operation in 

the air conditioning mode is possible, in other words heat is taken from the surface 

and given to the ground while refrigerant evaporation.     

Fig.1.1.

2. Subsurface heat pump operating diagram [8] 
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Collector for heat pump is installed at the space between the compressor and 

subsurface pipelines. This collector allows distributing of fluid heat transfer 

medium to the contours, lying on the different depth and to the different loops, 

branching horizontally in the ground depth. Automatic mechanism installed on the 

pumps actuates the compressor or shuts it off depending on the set room 

temperature. Almost all manufacturers have the same principal diagram of heat 

pump. 

Dehydration and water extraction.  Use of heat pump units (HPU) gives 

opportunities for increasing power efficiency of drying devices. This question was 

covered in the number of book sources. [9, 10].  

Principal diagram of heat pump dehydrating unit with air heat exchanger-

recuperate [11] is shown on the Fig.1.1.3.  

Active medium (refrigerant) is soaked by the compressor, compresses until the 

condensing pressure Рк and directs to the condenser. While condensation, it gives 

heat to the drying agent, and then moves to the regulating valve, where it is 

restricted until the pressure Р0. With this pressure active medium comes to the 

evaporator and evaporates with the help of exhaust drying element (air), which is 

cooled and at the same time dried lower than the drop point.  Released moisture 

separation occurs in the moisture separator (separator) 4, after which the air enters 

to the heat exchanger- recuperator 5. In the heat exchanger the air is pre-heated. 

Than the air directs to the condenser of heat pump 7 and heated up to the required 

temperature, with this temperature the air is supplied to the drying chamber. 6. The 

exhaust drying agent passes through the heat exchanger 5, where due to its heat air 

preheating occurs and then enters to the evaporator 3, cooled and dried.        

The use of air-heat exchanger-recuperator reduces the load on the heat pump 

condenser; it increases the power efficiency of the unit. Heat pump units can 

operate in the full recirculation mode or with the partially discharge of exhaust air. 

In some diagrams («disconnected by air») exhaust drying agent enters to the 

evaporator, and in the condenser only external air which enters the drying chamber 
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is heated.    If only external air is supplied to the evaporator, power efficiency of 

HPU is reduced for about 25 %. Due to it, freezing of evaporator is also possible. 

In recent years, heat pump dehydrating units (HPDU) are used in a number of 

countries (Switzerland, Germany, USA and others.) to dehydrate various materials 

and, in particular, agricultural products [12]. 

 

Fig.1.1.3. Principal diagram of HPDU with air heat exchanger: 

 1- compressor; 2- regulating valve; 3- evaporator of active medium (air 

cooler and air dryer); 4- separator (for separation of condensed vapor); 5-heat 

exchanger -recuperator (for preheating of entering air); 6 – drying chamber 7- 

active medium condenser (main air heater); 8- fan;  

Boiling and evaporation processes. Energy advantage of recompression while 

evaporation is the same, as while drying process. As the concealed heat of 
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evaporation returns while vapor condensation, power input is required only for 

compressor drive. If temperature difference between the evaporation and the 

condensation is kept within the limits of 7 °C, power input considering compressor 

efficiency coefficient comprises about 70 kJ / kg. About 2790 kJ/kg is consumed in 

the conventional single-stage evaporator, and 465 kJ/kg is required in six-stage 

unit of high efficiency.   

Mechanical vapor recompression is used for three main processes:   

1) generation of more concentrated product;  

2) reducing the volume of wastes;  

3) water recovery for its reuse. 

The most successfully recompression is applied for the concentration of a very 

dilute raw material, as less temperature difference of vapor condensation and 

boiling of flowing liquid is required. With the increasing of concentration, boiling 

temperature of solution increases as well. The temperature can become too high for 

vapor compression systems.   Another limitation is the impossibility of operation 

with high-viscosity liquids.  In multi-stage evaporators recompression of vapor can 

be used only on the first stage, when the solution is relatively diluted. 

High viscosity liquids are usually processed in special evaporators with thin 

film. They are operating with a large temperature difference, about 80 ° C, at a 

high density of heat flow and maximum use of heating surfaces [7]. Temperature 

increasing to such level and use of compressed vapor in the same machine require 

the compression ratio about 10, however the maximum achievable compression 

degree in one compressor stage does not exceed 1.8. 

Another large area of heat pumps application is distillation [8]. Non-water 

vapor is usually formed in the distillation columns, therefore compressors capable 

to operate on the distilled products or in closed circuit on the average cold carriers 

are required here.    

Average distillation column is provided with a reboiler and condenser. 

Reboiler is heated with water vapor, and condenser is cooled by a special system, 



 
18 

 

maintaining the necessary condensation temperature. Use of condensation heat for 

replacement of reboiler vapor heating is the direct way of heat pump use for 

reducing the distillation energy. Hence, reboiler becomes the heat pump condenser. 

To reduce the power of compressor, it is required to maintain as lower as possible 

difference of temperatures between the reboiler and the condenser, herewith 

increases the surface and the cost of heat exchangers. So, the compromise solution 

shall be found. Careful design of heat exchanger is required, as the heat pump 

increases the temperature for not more than   20 ° C and very low difference of 

temperatures is required while heat exchange.  

Power consumption for implementation of heat and mass exchange processes 

in the primary processing of raw material and in manufacturing of food products 

comprise 70% from the total consumed energy. Mostly it is drying, conservation of 

agricultural raw material, as well as heat and mass exchange processes of oil 

production. In these production areas the use of rejected heat is not enough, and the 

use of solar energy with heat pump application is missing in the manufacturing. 

[11]. While this, the widespread use and automatic control of heat pumps operation 

as a stationary source of heat energy is particularly important.    

In summary it can be claimed that the use of heat pump in the heat energy 

supply of rooms or in the operational procedures, such as evaporation or 

dehydration is cost-effective as the heat pump conversion ratio reaches a value of 

5, it means that for 1 kW of consumed electric power, heat pimp produces up to 5 

kW of heat energy. During the automation of heat pump the process becomes even 

more cost-effective, as installed automatic mechanism regulates the operation of 

compressor depending on the set temperature in the room or in the processing unit.     

1.2. DESCRIPTION OF UNIT OF CO2 -extraction 

Unit for the extraction with carbon dioxide are classified in [13, 14] by 

operating modes:  

- For extraction at subcritical pressure and temperature parameters; 
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- For extraction at a pressure above and temperature below the critical level; 

- For extraction with compressed above critical carbon dioxide; 

- For mixed processes - multistage. 

In the unit of the first type extraction is carried out in a biphasic system, and its 

principle doesn’t differ from the extraction by means of typical solvents: there is an 

extractor, an evaporator, a condenser. The following two types of unit are different 

as certain components may be absorbed from them depending on pressure and 

temperature. The extract is separated from the extractant as a result of process 

parameters (temperature and pressure) changing. Volatile products are better 

separated at liquid gas installations under above critical pressures, whereas semi-

volatile components are better separated at installations under above critical 

pressures and temperatures.  

Equipment and technology, developed at the department of " Information and 

Communication systems in a Control Technological Processes " of Bukhara 

Engineering and Technology Institute, allow to obtain qualitatively new highly 

concentrated extracts from local raw materials. [15]  

Basic operating parameters of the process are the pressure and temperature of 

the extractant in the extraction circuit, where the simple variation of the operating 

parameters allows for directional changes in the composition of the final extract. 

Incombustibility, low toxicity, and chemical inertness are considered as important 

advantages of the liquefied CO2 while its application as the extraction solvent in an 

industrial scale.  

Installation unit (Figure 1.2.1), designed to obtain the herbal ingredients with 

application of liquid CO2, consists from tank  I, heat exchanger II, high pressure 

extractor III, separator IV, coil extract heater V, CO2 gas cylinder VI, compressor 

VII, condenser VIII and heat pump compressor IX.   

Extractant feed system consists of a heat exchanger II, extractor III, tank I, 

separator IV, control valve 1 and shut-off valves 2.  
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Temperature is controlled by the signal coming from temperature control 

system from TSM type resistance thermometers (copper resistance thermometers) 

installed directly at the inlet and outlet of the working chamber of the extractor. 

Extractant consumption can be changed by means of control valve 1, set according 

to the pressure gauge installed at the outlet of the extractor’s working chamber. 

product gathering system includes a separator IV, extract coil heater V and 

shut-off valves 3,4.  

Condensation system consists of the condenser VIII and shut-off valve 5.  

Active agent of the heat pump evaporator is used as refrigerant.  
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Fig.1.2.1. Unit principle diagram 

I-tank; II- heat exchanger; III- extractor; IV- separator; V- extract heater; VI- 

СО2 cylinder; VII- compressor; VIII- condenser; IX- heat pump compressor. 

 

The process of CO2 extraction at the installation unit is performed as follows: 

plant material grinded beforehand is loaded into a mesh container, which is 

installed in the extractor III. After extractor sealing the process system with 

product is purged with gaseous CO2 for air removal.  

Carbon dioxide, compressed by compressor VII to a pressure of 8 MPa at t = 

35
0
C, turns into liquid and enters condenser VIII, where it is cooled by active agent 

of the heat pump to tcr = 30-31
0
C, completely condensed, cooled down to t = 25-

30
0
C, and accumulated into container I. Consequently, it is fed into extractor III 

through heat exchanger II.  After passing through plant material layer, extractant 

withdraws soluble components (e.g., grape seed oil) and miscella exits through the 

bottom part of the extractor. When passing through the expansion valve 4, pressure 

and temperature of above critical CO2 is reduced below the critical parameters (P2 

= 6.0 ... 6.5 MPa and t2 = 20 ... 30°C) and carbon dioxide transfers into gaseous 

state. Settlement of CO2 extract dissolved in SC is performed in separator IV. 

Gaseous carbon dioxide is compressed until the operating pressure, liquefied in the 

condenser unit VIII, and the cycle repeats.  

The flow diagram shows additionally connected heat pump for gaseous CO2 

cooling in the condenser and extract heating in the separator (calculation and 

operating principle of the heat pump is shown in the following paragraphs).  

Basic technical specifications of the test installation: extractor volume - 1,25 l; 

separator volume - 3.0 l.; maximum pressure - 15 MPa; maximum temperature - 

60°C; extractor maximum specific consumption - 4.0 liters of CO2 / (min).  

1.3. ENERGY SAVING IN UNIT OF CO2 -EXTRACTION 
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Application of heat regeneration devices as renewable energy sources (heat 

pumps) significantly affects the efficiency of the extraction process in terms of 

power saving. Thus, in operation [16] there is the analysis of energy consumption 

calculation results in the processing of hops at the enterprise with capacity of 15 

tons per day (parameters of extraction: P = 300 bar, t = 60°C; separation 

parameters: P = 60 bar, t = 20°C, the mass flow rate of carbon dioxide - 10 kg / h 

per 1 kg of hops, extraction time - 4 hours).  

Comparison of energy consumption for various types of above critical 

extraction of hops processes is shown in Fig. 1.3.1. Heat regeneration reduces the 

amount of input and output heat which increases the mechanical work. Figure 

1.3.2. shows energy consumption of various options of above critical hops 

extraction. Cost of energy types, underlying the calculations, had the following 

values: mechanical work- 0.13 CU/ kW-h; input heat - 36.0 CU / MJ; output heat - 

67.0 CU / MJ. In variant C a higher quality product with energy saving is 

supplemented.  

L, kJ/kg q1, kJ/kg q2 kJ/kg 

 

a b              c 

Fig.1.3.1. Energy consumption of the above critical hops extraction [16]: 

a) L- in the form of mechanical work (compressor operation); b) q1 – in the 

form of input heat; c) q2 -in the form of output heat; 

A - without heat regeneration, B – with heat regeneration (heat pump between 

the condenser and evaporator), C – with heat regeneration (heat pump between the 

condenser, heat exchanger and evaporator). 



 
23 

 

 

 

Fig.1.3.2. Cost of energy consumption in the various types of above critical 

hops extraction processes (CU / kg) [16].  

The application diagram of the heat pump in the proposed CO2 extraction 

installation unit is shown in Figure 1.3.3. 
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Fig.1.3.3. The application diagram of the heat pump in the proposed CO2 

extraction unit 

I-heat pump compressor; II- separator for oil bleeding from extractant; III- 

condenser; IV-regulation (expansion) valve 

In our case, the separator’s coil performs as the condenser, where the active 

agent emitting the heat, maintains the desired temperature for the separation of the 

extractant from the extracted oil, whereas, one of the extractant condenser pipes 

performs as the evaporator, where the active agent evaporates by taking heat from 

the extractant. 

1.4. ENGINEERING CALCULATION METHODS’ OF THE HEAT 

PUMP OF UNIT CO2 EXTRACTION 

Fig.1.4.1. (а and b) shows diagram and operation process of heat pump of 

СО2 test installation in chart i(h)-lgP . 

According to numbers of points in Fig. 1.4.1. (a, b) it is possible to check the 

progress of all processes realized in the heat pump cycle. Point 1 in the chart and 

diagrams corresponds to the state of dry saturated vapor formed as a result of 
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complete evaporation of liquid phase of refrigerant in the heat pump evaporator 

И. Boiling of operating medium in the evaporator is performed under constant 

pressure P0 (isobaric process) and under a constant temperature t0. Vaporization 

heat is taken from sources with low temperature. The pressure is typically 

selected close to atmospheric.  

Overheating of vapor from point 1 to point 2 takes place in the pipelines 

leading to the compressor Km. Process 1-2 - isobar with temperature rise up to 

overheating t2 (temperature values in the charts are usually given in 
0
C). 

Overheating by 5.10 degrees or more is provided in the circuit design for 

ensuring reliable operation of the compressor.  

 

a 
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b 

Legends:  

Км (I) – heat pump compressor; 

К-heat pump condenser, simultaneously II-separator for process system; 

И-heat pump evaporator; simultaneously III – condenser for process system; 

РВ – control (expansion) valve; 

IV- accumulator tank; 

НV- oil drain pump.  

Fig.1.4.1.  i(h)-lgP graph (a) and principle diagram (b) of heat pump 

operation for test unit of СО2-exctraction 

Furthermore, compression occurs in the compressor (process 2-3) within a 

line which in a real case could be called "polytrophic". In order to determine the 

position of the end point 3 after compression in real compressor it is convenient 

to use, first, the compression line for ideal compressor (2-3 '), which is an is 

entropy (ideal compressor compresses adiabatically with entropy s2 = s3 = const). 

Constant entropy lines allow to find point 3
/
 at the intersection of is entropy 2-3' 

with condensation isobar Pk in any coordinate charts. The pressure Pk is 
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determined by the required heating temperature of heat carrying agent for the 

heat consumer.  

Transition from point 3' to point 3 is performed by indicated efficiency of 

real compressor compression ηi. This efficiency can be calculated with sufficient 

accuracy by a rough estimate: 

 

where Т0 and Тк – evaporation and condensation temperatures, respectively, 

K.  

Enthalpy of operating medium in the ideal compressor during compression 

changes to Δiid = i3’ - i2, and in the actual compressor increases by  

 

Thus, enthalpy of point 3: 

 

Overheated vapor in state 3 is fed at a sufficiently high temperature t3 in the 

condenser where it is first cooled in isobar until dry saturated state (point 3 '') 

and then condensed to a liquid state (point 4), thus giving a total heat energy qk. 

Quantity qk equals to the amount of energy received during boiling of the 

refrigerant in the evaporator, q0 and energy equivalent to compression work of 

the refrigerant in real compressor lB. Refrigerant’s compression work is called 

internal work lв and is determined by the difference in enthalpy lв = i3-i2.  

Thus, refrigerant’s heat output in condenser and heat input by heat carrying 

agent,  

qk=q0-lb=i3-i4, kJ/kg. 

Condensed and cooled liquid is under pressure Pk. In order to reduce pressure 

to P0 liquid refrigerant passes through control expansion valve РВ, whereas 

refrigerant’s temperature decreases.  

Constant enthalpy process takes place practically adiabatically, for this 
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reason the process 5-6 is considered isenthalpic with great accuracy, ie 

i5=i6=const. Point 6 is located at the intersection of isenthalpic line (in 

coordinates i-lgP it is vertical) with isobar P0. Herewith, the refrigerant is 

partially vaporized.  

In the evaporator, the liquid boils at temperature t0 (lower than the low 

potential source temperature), taking the heat of vaporization from heat emitter:  

Calculation of the heat pump cycle is performed in the following sequence:  

1. Temperature head between heating mediums in condenser and evaporator 

is selected. They are shown in Fig. 1.4.1. (b);  

2. Refrigerant is selected. R-21 (fluorodichloromethane) CFCL2H is used as 

active agent, which refers to a high-class safety, has a low cost, relatively high 

value of heat transformation ratio, and its flow rate allows application of piston 

and centrifugal compressors. Compression ratio and the condensing pressure can 

be easily adjusted. [17]. 

3. Overheat temperature (point 2) of active agent is selected . 

4. Compression efficiency of real compressor is estimated 

 

5. Parameters of all characteristic points are determined and put in table. 

Point 

number 

Pressure, 

mPa 

Temperature Enthalpy, I, 

kJ/kg Т, К t, 
0
С 

1 1.08 285 12 295 

2 1.53 293 20 307 

3 2.55 308 35 347 

4 1.84 298 25 311 

5 1.53 293 20 178 

6 0.88 279 6 178 

6. Heat transformation and conversion ratio is determined - μ.  
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This ratio shows the ratio of thermal output of the heat pump to the consumed 

work:  

 

where qt – heating capacity of heat pump, kJ/kg; l – consumed work in heat 

pump considering all losses at drive unit, kJ/kg, l=lb/ηm , where ηm – drive 

efficiency, ~0,9. 

Thus, value of μ can be calculated using parameters from design table: 

 

 

In the numerator - difference between the enthalpy includes vaporization heat 

q0 and heat equivalent with internal operation of the compressor, and in the 

denominator - only operational cost (including ηm). Thus, heat transformation 

ratio (sometimes called as thermal efficiency ratio or heat pump performance) is 

greater than one, which means thermal efficiency > 100%. However, 

transformation ratio shall not be mixed with unit efficiency.  

Specific operating consumption of real heat pump:  
 

 

Reciprocal value of the specific work is considered as heat transformation 

ratio: 

 

7. Electric drive power for heat pump compressor is calculated:  

 

where Qt- heat load of heat pump, kW; Эt – specific operating consumption 

of real heat pump. 

Electric drive power is selected with allowance of 10 ... 15% of the design 
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value.  

Evaluation of heat pump effectiveness, characterized by the value of the heat 

conversion efficiency is 4 times that can significantly reduce energy costs for 

condensation and maintain the desired temperature in process of extracting 

removing. 
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Сhapter II. AUTOMATIZATION OF СО2-EXTRACTION UNIT WITH 

HEAT PUMP APPLICATION 

2.1. DEVELOPMENT OF AUTOMATIZATION FUNCTIONAL 

SCHEME 

Main purpose of automatization functional design – is the selection of the 

devices and automation means with functions which promote the best conditions 

for production process: maximum outcome of production with the best quality 

under the full-proof operation. To accomplish this, process equipment shall be 

equipped with the following devices and automation means: 

- measuring converters (MC); 

- secondary measuring devices (SMD); 

- programmable a logic controllers (PLC); 

- actuating mechanisms (AM); 

- regulating units (RU). 

Flow meter (pos.1-1) which sends a unified signal of 4 ... 20 mA to Arduino 

UNO R3 controller (pos. 1-2) and shows the miscella consumption in situ is 

installed at the separator inlet.  The controller transmits the processed signal to the 

AWS (pos. 1-3).  When the flow parameter is higher than the set value, controller 

sends discrete signal to the compressor starter (pos. 1-4) of heating pump. Data 

logging is carried out in AWS and, if necessary, data printing is also possible.    

To maintain a desired temperature for the separation of the extractant from the 

extracted oil, temperature in separator should be between 30 - 30 ° C. Temperature 

sensor (pos. 1.2) which indicates the value at the place and directs 4 ... 20 unified 

signal to the controller is installed in the separator. Sensor signals if there is 

deviation from the set values. 

Level sensor (pos.3-1) which sends standardized signal 4 ... 20 mA to the 

controller and shows the level in-situ is installed in separator. When the flow 



 
32 

 

parameter is higher or lower than the set value, controller sends discrete signal to 

the starter switch-off valve (pos. 3-2) installed at the inlet pipeline to the separator.   

Pressure release by means of throttle valve is carried out in order to reduce the 

temperature of the active agent and measure its aggregation state. To measure the 

active agent pressure sensor (pos. 4-1) is installed in front of the throttle valve.  

Sensor sends a unified signal of 4 ... 20mA to controller and shows pressure in-

situ. Controller delivers discrete signal 230В to the drive of the throttle valve (pos. 

4-2). 

 

2.2. SELECTION OF SENSORS AND ACTUATING MECHANISMS 

Measuring device SITRANS TF2 of SIEMENS production (Germany) is 

used for temperature measurement.     

Temperature-measuring transducer   SITRANS TF2 (fig. 2.2.1.) integrates 

three components in one device: resistance thermometer Pt100 in the protective 

tube from stainless steel; 

 case from stainless steel with high protection class; 

 integrated, parameterized by three buttons measuring converter with LCD. 

Used for indication and control of measured temperature in the installation place.  
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Fig.2.2.1. Temperature measurement SITRANS TF2 with output signal 

4...20 mA of company Siemens 

 

Copper is used as a sensing element; It is very convenient because it has a low 

cost, high temperature coefficient, it is easily obtained in pure form. Resistance 

thermometers are preferred for low temperature, have high accuracy and reliability. 

Measuring range: from -50 to + 200 °С; 

There +/- alarm limit value on the LCD, as well as with red light-induced diode 

(LID). 

There is the possibility to display according to the place at different 

temperature units (° C, ° F, ° R or K). 

Output signal 4 ... 20 mA, 2-wired, that allows the connection to the controller 

without secondary instruments. 

Measurement deviation at the temp. 23 ° C is equal to - 0.2%. 

 

Electromagnetic flow meters Rosemount 8700 series (Fig. 2.2.2.) are 

designed to measure the volume flow of liquids, gases etc. 

 

Fig. 2.2.2. Electromagnetic flow meter Rosemount 8700. 
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Used in automatic control and process control systems in power industry, 

chemical industry, food industry, paper industry and other industries as well as in 

the systems of liquids commercial metering.  

Main advantages: 

 Application for measurement the aggressive media consumption; 

 Wide range of sizes; 

 Variety of electrode materials and linings; 

 High accuracy of measurements; 

 No moving parts; 

Measured medias: liquids, gases etc. 

Nominal diameter (Dу) 4...900 мм 

Limits of the basic relative inaccuracy up to ±0,25% (option ±0,15%) 

Measured media speed flow range from 0,3 to 10 m/s  

Pressure of the measured media 0,05…15 МPа 

Output signals: 4…20 мА, HART, pulse-frequency, Foundation Fieldbus. 

Flange and flange-less models have explosion-proof design. 

Pressure sensor Metran-150 (Fig. 2.2.3.) is used for pressure measurement.  

Pressure sensors Metran-150 are designed for operation in automatic control 

systems, regulation and control of technological processes and provide continuous 

transformation   of measured values - excess and absolute pressure, pressure 

difference hydrostatic pressure of neutral and aggressive medias to the unified 

current output signal of remote transmission and digital signal on the basis of 

HART- protocol. 
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Fig. 2.2.3. Pressure sensors Metran-150 with output signal 4…20мА. 

Sensors Metran-150 are designed to convert pressure of active medias: liquid, 

steam, gas into a unified current output signal and a digital signal on the basis of 

HART-Protocol. 

Pressure difference sensors can be used in devices intended to convert the 

value of liquid level, liquid consumption, steam or gas to the unified current output 

signal and digital signal on the basis of HART-protocol.     

Measured medias: liquids, including oil products; steam, gas, gas mixtures; 

Ranges of measured pressures: from 0,025 кPа – to 68 МPа; 

Output signals: 4-20 мА with HART-protocol; 0-5 мА; 

Basic mentioned inaccuracy is up to ±0,075%; options up to ±0,2%; ±0,5%; 

Environment temperature range is from -40 up to 80°С; from -55 up to 80°С; 

Readjustment of measurements ranges is up to 100:1; 

High performance stability; 

Floating level sensor (fig. 2.2.4.) with analog output signal 4...20 мА 

OWEN ПДУ-И is used for level measurement. 
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Fig. 2.2.4. Floating level sensor with analog output signal 4...20 мА OWEN 

ПДУ-И. 

Magnetic floating level gauge structurally consists of a measuring rod and a 

magnetic float moving along the rod. Seal switches with spacing 1 seal switch for 

10 mm length are installed inside the rod. Output resistance of sensor which is 

processed by measuring circuit and converted into the analog current signal 4 ... 20 

mA changes due to the rise or fall of liquid level while changing the float vertical 

position.  Thus, the output signal of the analog level gauge is directly proportional 

to the liquid level. Seal switches are used in sealed plastic cases as sensitive 

elements.   

Shut-off electromagnetic valve 

Solenoid-operating valves Series ZS (Fig. 2.2.5) are intended for control of 

active media flow (liquid, vapor, gas, oil), at existing active media temperature 

from -5 up to +80°С. 

 

Fig. 2.2.5. Solenoid-operating valves Series ZS 

Operating pressure is from 0 up to 20 bar; 
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Valves series with direct control is actuated directly by solenoid magnet. 

Brace case (steel if required, allows to use valve for aggressive medias); 

Valve’s action is based on the opening or locking of the wired valve’s hole in 

the valve pair.   

Two-lined, on-off position 

Normally locked / normally opened 

Different versions of coils voltage: 12V, 24V, 220V 

The starter of brand SIRIUS 3RW30 (fig. 2.2.6.) of Siemens production 

(Germany) is used as actuating mechanism to get the ingredients from plant 

material by liquefied carbon dioxide for heat pump engine activation and throttle 

valve ZM.  

 

Fig. 2.2.6. The starter of brand SIRIUS 3RW30 of Siemens (Germany). 

Starter SIRIUS 3RW30 type 141BB14 provides inrush current control of 

three-phase asynchronous motors from 0.25 to 55 kW. Also, the starter can be used 

in single-phase networks. In the standard application the Soft Starter controls the 

voltage on two phases, maintaining a minimum current value during acceleration. 

3RW30141BB14 series devices allow you to adjust the time of acceleration and 

coasting in the range from 0 to 20 seconds. 

The equipment is simple to configure. Required parameters (duration and start 

voltage) are set using potentiometers located on the front of the starter. LEDs are 

responsible for an indication of the current operating modes. Device fastening is 

carried out on 35 mm DIN-rail. Sirius 3RW30 soft starter equipped with built-in 

bypass contactor of power semiconductors, which help to minimize power loss. 
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Soft starter 3RW30141BB14, standard size s00, 6.5a, 1,5кW/250v, 40 deg., 

rated operating voltage 200-480 VAC, rated voltage of control circuit us 110-230v 

ac/dc, screw terminal. 

The throttle valve ZM (fig. 2.2.7.) is switch-off valve, which consists of 

flangeless throttle and electric drive.  It can be included to the automatic cut-off 

system which prevents the danger of natural gas, biogas, hydrogen or ammonia 

explosion in industrial facilities. Electrical control allows you QUICKLY AND 

EFFECTIVELY to block the flow of gas or air through the pipes of large diameter. 

Main Specifications 

Nominal pressure of the valve: 0.6 – 1.6 MPa 

Operating temperature range: -40 ° C ... + 70 ° C 

Power supply: 220-230 V (for unlocking and locking the valve) 

Unlocking / locking valve: electric, while 12 

Medium: natural gas, biogas, hydrogen, ammonia, etc. 

 

 Fig.2.2.7. The throttle valve ZM  

2.3. SELECTION OF PROGRAMMABLE LOGIC CONTROLLERS 

AND ITS JUSTIFICATION   

While development the functional automatization diagram of unit for obtaining 

ingredients from plant material by liquefied carbon dioxide programmable logic 

controller (PLC) Arduino Uno R3 company «Arduino» (Italy) has been used for 

the control of process parameters.  
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Arduino Uno R3 PLC (fig.2.3.1.) collects data from the process control item, 

distribution of control signals to the actuating mechanisms. Controller is a 

computing device designed for use in the industry considering the requirements of 

reliability, operational safety, ease of maintenance. 

 

Fig .2.3.1. Arduino UNO R3 PLC 

Arduino Uno controller is built on the ATmega328. The platform has 14 digital 

input / outputs (6 of which can be used as PWM outputs), 6 analog inputs, 16 MHz 

crystal oscillator, USB connector, a power connector, the ICSP connector and the 

reset button.  For operation the platform is necessary to be connected to a computer 

via a USB cable or power shall be supplied using the AC / DC adapter or battery. 

Power supply 

Arduino Uno can be powered via the USB connection or with an external 

power source. The power supply is automatically selected. 

External power supply (not USB) can be supplied through a voltage converter 

AC / DC (power supply unit) or battery. The voltage converter is connected by 

means of connector 2.1 mm with a central positive pole. The wires from the battery 

terminals are connected to the Gnd and Vin power connector. 

Platform can operate at the external power supply from 6 V up to 20 V. When 

the supply voltage is below 7 V, 5V output provides less than 5 V, in this case the 

platform can have unstable operation. In case of more than 12 V, voltage power 

regulator can overheat and damage the board. Recommended range is from 7 V to 

12 V. 

Power terminals: 

http://arduino.ru/sites/default/files/ArduinoUnoFront.jpg
http://arduino.ru/sites/default/files/ArduinoUnoFront.jpg
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 VIN. Input is used for power supply from external source (without 5 V from 

USB connector or another regulated power source). Voltage supply takes place via 

this output. 

 5V. Adjustable voltage source used to power the microcontroller and the 

components on the board. Power can be supplied from the output VIN through the 

voltage regulator, or from the USB connector, or another regulated 5V voltage 

source 

 3V3. Voltage at the output 3.3 to the generated by integrated voltage 

regulator on the board. Maximum current consumption is 50 mА. 

 GND. Grounding terminals. 

 

Memory 

 ATmega328 microcontroller has 32 Kb of flash memory, 0.5 Kb of which is 

used for loader storage, and 2 Kb of data RAM (SRAM) and 1 Кb EEPROM. 

Inputs and Outputs 

Each of 14 digital outputs Uno can be configured as input or output, using 

functions pinMode(), digitalWrite(), and digitalRead(). Outputs operate at the 

voltage 5 V. Each output has pull-up resistor (disconnected by default) 20-50 kilo-

ohm and can transmit up to 40 мА. Some outputs have specific functions: 

Serial bus: 0 (RX) and 1 (TX). Outputs are used to obtain (RX) and transmit 

(TX) data TTL. These outputs are connected to the corresponding microchip 

outputs of serial bus ATmega8U2 USB-to-TTL. 

External interrupt: 2 and 3. These outputs can be configured for the interrupt 

call or on the lower value, or on the leading or trailing edge, or while value 

changing. Detailed information can be found in the function 

description attachInterrupt(). 

PWM: 3, 5, 6, 9, 10, и 11. Any of the outputs provides PWM with 8-bit 

resolution using analogWrite() function. 

http://arduino.ru/Reference/PinMode
http://arduino.ru/Reference/DigitalWrite
http://arduino.ru/Reference/DigitalRead
http://arduino.ru/Reference/AttachInterrupt
http://arduino.ru/Reference/AnalogWrite
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SPI: 10 (SS), 11 (MOSI), 12 (MISO), 13 (SCK). SPI connection is carried out 

by means of these output pins, for this purpose SPI library is used.   

LED: 13 Built-in LED is connected to digital output pin 13. When the value on 

the output has a high potential, the LED lights up. 

 Platform Uno has 6 analog inputs (denoted as A0 ... A5), each of them has 10-

bits resolution (in other words they can have1024 different values). Basically, 

outputs have measuring range up to 5 V relative to the ground, however it is still  

possible to change the upper limit by means of output AREF and 

function analogReference(). Some outputs have additional functions: 

I2C: 4 (SDA) and 5 (SCL). Connection I2C (TWI), created with help of Wire 

library, is implemented by these outputs. 

 Extra platform outputs pair: AREF. Base voltage for analog inputs. Used with 

function analogReference(). 

Reset. Lowsignal level at the output resets the microcontroller.  Usually it is 

used to connect the reset button on the expansion board, covering the button access 

on the Arduino board itself. 

Pay attention to the connection between the outputs Arduino and ports 

ATmega328. 

Connection 

Platform Arduino Uno has several devices for connection with computer, other 

devices Arduino or microcontrollers. ATmega328 operates on serial interface   

UART TTL (5 В), implemented by outputs 0 (RX) and 1 (TX).  

Microchip ATmega8U2 installed on the board directs this interface through the 

USB, programs on the computer side "COMMUNICATE" WITH THE BOARD 

THROUGH THE VIRTUAL COM PORT.  

Firmware ATmega8U2 uses standard drivers USB COM, no third-party driver 

is not required, Windows needs ArduinoUNO.inf file for connection. Serial bus 

monitoring (Serial Monitor) of Arduino software allows you to send and receive 

text data while connection to the platform.  TX and RX LEDs will blink on the 

http://arduino.ru/Reference/AnalogReference
http://arduino.ru/Reference/AnalogReference
http://arduino.ru/Hardware/ATMega168pins
http://arduino.ru/Hardware/ATMega168pins
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platform while data transferring through USB connection or FTDI chip (but not in 

case of serial transmission through terminals 0 and 1). 

By means of Software Serial library it is possible to create serial data 

transmission through any of the digital outputs. 

ATmega328 operates on the interfaces I2C (TWI) and SPI. The Arduino 

software includes a Wire library for the convenience of using the I2C bus. 

Programming  

The platform is programmed by Arduino software.   «Arduino Uno» (according 

to the installed microcontroller) is selected from the Tools > Board menu. Detailed 

information can be found in the handbook and instructions.   

 ATmega328 microcontroller is delivered with loader, facilitating record of 

new programs without external programmers use. Connection is carried out by 

original protocol STK500. 

To program the microcontroller through the outputs ICSP (on-board 

programming) without loader is also possible.  Detailed information is in these 

guidelines. 

2.4. REGULATING SYSTEM DEVELOPMENT AND INVESTIGATION 

Creation and investigation of control loop on the control channel P→t 

 MATLAB includes Simulink package, which is necessary for dynamic 

systems modeling. While investigation of automatically-controlled dynamic 

systems and due to the implementation of automatic control theory the possibilities 

of this system are very broad. Therefore, it is appropriate to use Simulink package   

while automatic-controlled systems modeling. 

Functional diagram of control loop is provided on the fig. 2.4.1. Here throttle 

valve is a target of control. Throttle valve is connected with pressure sensor by 

means of pipeline. Heat pump agents moves over the pipeline and pressure is 

transmitted. Here S(τ) changes to P(τ). P(τ) is the input signal for pressure sensor. 
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Output signal Y(τ) from the pressure senor comes to the signal summator, where 

this signal is compared with the set signal Yset(kT{τ}). 

 

Figure 2.4.1. Functional diagram of control loop 

Fault X(τ) is generated as a result of comparison and comes to the logic unit    

PID-controller.  At the output of controller signal U (τ) which opens the throttle 

valve is generated. 

Transfer functions of control loop elements  

Rewrite all the elements found in the functional circuit via the transfer 

functions. Elements used in the summators system shall be taken as elements 

which don’t have any influence on the other elements, it means they have single 

transfer function.  

Pressure sensor. Smart Pressure Sensor Metran-150 is installed on the Freon 

transmission line. Sensors Metran-150 are multirange sensors and adjusted for the 

upper limit of measurement or measurement range from Pmin до Pmax. In 

accordance with the standard setting the sensor is configured to Pmax in kPa or 

MPa, due to it the lower limit of the measurement is zero.  According to technical 

data sheet sensor has time Тс= 0,045s. Sensor has electronic damping of the output 

signal which is characterized by averaging time of the measuring results (Td).  

Averaging time of the measuring results increases the settling time of the output 

signal, smoothing the output signal while rapid changing of the input signal. 

Td=1,2 c.  

It means that generation span of output signal by sensor: 

                             Тdd=Тc+Тd=0,045+1,2= 1,245 с.        (2.1) 



 
44 

 

Processing unit installed in the sensor, allows to regulate the influence of 

external factors and non-linearity. It means that sensor can be represented as 

unified relaxation circuit:  
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Coefficients shall be determined kdd based on the following conditions: 

actuating mechanism – throttle valve – actuates when signal comes from pressure 

sensor  Ymax=20 mА at Pmax=1,53 МPа.  Minimum signal Ymin=4 mА corresponds 

to the pressure Pmin=0, when there is no active agent in the pipeline.  
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Substituting the values (2.1) and (2.3) to the (2.2) and obtain the transfer 

function in numerical value: 
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Pipeline. Pipeline distance between the pressure sensor and actuating 

mechanism is small, hence delay and reduction of active agent operating pressure  

in the pipeline is not taken into consideration.  Based on this, we assume that  pipe 

is a typical amplifying component. Amplification factor  is equal to 1.  
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Throttle valve. According to the data, mentioned in the technical data sheet  

valve is a typical oscillating circuit. It shall be taken as constant temporary 

component: 

                             Т1v = 0,28 с;      Т2v = 0,45 с. 

Based on this, throttle valve transfer function is: 
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Oscillating coefficient kv  is determined on the basis of the following 

conditions: at the input Umin= 4 mA corresponds to the minimum output signal 

Smin=0 of the valve. At the input signal Umах= 20 mA corresponds to maximum 

output signal of the valve Smах= 1,53 MPа. Thereat: 
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Equaitation (2.5) and Т1v=0,28 s;  Т2v=0,45s shall be substituted to (2.4) to 

determine the transfer function of throttle valve: 
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PID-controller. Controller performs the functions of regulator. Using the 

method of linear systems, we will analyze a simple way to perform control tasks. 

Since the controller processor has the ability to operate at high speeds. 

Three parameters shall be found for PID-controller in the regulation process:   

the amplification factor of the proportional channel kp, enhanced coefficient of 

integral channel ki and enhanced coefficient of differential channel kd. Taking into 

consideration that controller consists of accelerated circuit of the second order we 

can write the following:  

  

                  
р

рТрТ
kpk

p

k
kрW РР

id

i

pP

1
)( 2

22

1


      (2.6) 

   here:  

                  
i

d

Р
k

k
Т 2

1            

i

p

Р
k

k
Т 

2     

 Now there is no possibility to write the numerical format of the expression 

(2.6). Since the parameters   Т1Р and Т2Р are unknown, they are determined while 

correction of regulation. 

Structural diagram of the pressure regulation loop is on the Fig 2.4.2.  
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Figure 2.4.2. Structural diagram of the pressure regulation loop 

Closed system is necessary for application of automatic control theory 

methods, it means the existing structure shall be converted into signal structure 

with feedback. This change is carried out by summator moving and exclusion of 

factious circuit as Yset(τ) has unknown origin.   

Structural diagram received after correction is shown on the figure 2.4.3. 

 

              Fig 2.4.4. Structural diagram after correction 

Legends of structural diagram shall be added with concrete numerical values of 

transition functions (where it is possible). Final structural diagram is given on the 

figure 2.4.5. 

 

Figure 2.4.5. Final structural diagram 

Investigation of control loop 

Investigation of control loop shall be carried out in the MATLAB system, 

which has model package of dynamic systems Simulink This system is designed 

for analysis and synthesis of automatic control systems. Investigated system is 

represented in the form of structural diagram. Elements are selected from typical 
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circuits that are available in the Simulink library.  Simulink allows you to calculate 

the transfer functions of a given regulatory structure, presentation as a graph of 

frequency characteristics and transient processes. 

Structural diagram of control loop shall be inserted to the modeling window, 

following the program requirements (fig. 2.4.6.). 

 

 

Fig. 2.4.6. Structural diagram in MATLAB 

To eliminate the negative influence of valve oscillation characteristics it is 

necessary to select such parameters of controller for the system, that correspond to 

the engine parameters, it means: 
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With such regulation the expression in brackets in the numerator of controller  

transfer function and expression in the denominator of valve transfer function are 

reduced. With the help of this the oscillation features of valve are compensated.  

In the first stage of the investigation the amplification factor of the integrated 

channel is assumed equal to ki = 1. Then, according to the expressions (2.7) and 

(2.8) we have:  
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kp=0,45; kd=0,0784. 

 

 

Fig 2.4.7. Graph of transitional period for the PID-controller at the single 

step excitation  

The graph (Fig 2.4.7) shows that the oscillating transition process is 

sustainable. Time of transition process tpp = 1,48 s. Deregulation is 1.44%. Static 

error is zero. 

According to the results the following conclusions shall be made: the investigated 

system is stable and process quality is satisfactory (y <15%). 
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          Fig 2.4.8. Graph of transitional period for the PID-controller at the 

impulse excitation (reaction for impact) 

From the figures above (2.4.7., 2.4.8) It can be seen that while single step 

excitation  or impulse excitation the object has self-regulating function , it means 

that the automatic control system has the ability for stable operation.  

 

 

Fig. 2.4.9..Ampitude-and-phase characteristic of automatic control system  

 

For stable operation of automatic control system amplitude and phase 

characteristics while changing the frequency from zero to infinity shall not achieve 

critical point (-1;0). Graph shown on the fig. 2.4.9. claims for system stability. 
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Fig. 2.4.10. Logarithm-amplitude-frequency L() and logarithm -phase-

frequency  () characteristics of automatic control. 

 

Figure 2.4.10 shows the logarithm - amplitude-frequency L () and the 

logarithm - phase-frequency  () characteristics of the automatic control system. 

These curves, confirm the conclusions about stability and sustainability made on 

the amplitude-phase characteristics (the intersection of the boundary line is not less 

than 0.6 dB, the inflection line 20 dB / decade). 
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Chapter III. DEVELOPMENT OF INFORMATION - 

COMMUNICATION CONTROL SYSTEM 

3.1. DESCRIPTION OF THE PROCESS CONTROL STRUCTURE 

Information - communication system (ICS) of control of CO2 -extraction unit 

with heat pump application consist of three levels (fig.3.1.1.):  

 First layer (lower layer) - a level of process object includes sensors, 

converters, actuators, and local control stations.  

 Second level (middle level) - a controller level, consists of programmable 

logic controllers.  

 Third level (upper level) - the level of the operator, includes an automated 

workstation (AWS) of the operator and production and process information storage 

server.  
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Fig. 3.1.1. Three levels of Information - communication control system 

At first level the ICS performs the following functions:  

 Collection and primary processing of process data received from sensors and 

converters;  

 Rebroadcasting of the data received from programmable controller, 

integrated in local stations and units for monitoring and control of process units 

and installations;  

 data exchange (send and receive) with second level of the system;  

 process control based on the collected data and commands coming from the 

second level of control;  

 self-testing of local automation elements, programmable controllers of local 

control stations.  

At the second level the ICS performs the following functions: 

 Collection and concentration of data from the first system level on the 

process operation, as well as from control panels and local control stations; 

 formation and transfer to the lower level of control actions; 

 diagnostics of process equipment, hardware and software management 

systems; 

 internal processing and storage of data, creation of databases; 

 Data displaying and recording, implementation of the dialogue with 

operators; 

 preparation of operational summaries, report and reference documents; 

 receiving and processing of related system data; 

 transmission of data to the top level of control. 

At the third level ICS performs the following functions: 

 Collection and concentration of data from the second level of control on 

process operation of the object; 

 Automatic generation of reports and work (operator’s) sheets by the 

approved form for a certain period of time. 
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3.1.1. Communication of the lower and middle levels 

Measuring tools of systems (sensors and metering devices) have a standard 

unified output signal 4 ... 20 mA. 

The connection between the sensor and the controller is performed by a 

physical line (two cables). 

The actuators (actuator and valve) are operating under the voltage of 220-230 

V. Since the output digital signal of the provided controller equals to 5V, 

installation of the relay (SRD-05VDC-SL-C) of galvanically isolated digital 

outputs of the controller is provided. 

Relay SRD-05VDC-SL-C (fig. 3.1.2.) for Arduino is used to control various 

devices with high input current. 

To use the relay module, need to connect the control unit. Then you need to 

connect the 5V power to the terminals Vcc and module Gnd. Then to the control 

pins ln1 - ln2 relay module is necessary to connect the microcontroller, computer 

or other control device, and start to work. To each of the 2 relays connected to a 

red LED that lights up when the relay is energized. 

 

Fig. 3.1.2. The relay (SRD-05VDC-SL-C) of galvanically isolated digital 

outputs of the controller 

Module is controlled by a microcontroller, microprocessor or other computer 

control device. The board of the relay module has a jumper to switch between 

Gnd-Vcc and Vcc-JDVcc (Arduino 5V and 5V power supply). 
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Scheme of connection between of the sensor and the PLC is shown in fig. 

3.1.3. 

The relay module has two interfaces - for connecting the control device 

(microcontroller, a computer) and for connecting the managed devices to the 

switch: 

 relay module for connection to the control device uses a 4-pin interface. 

Contact GND and VCC to connect + 5V, ln1 conclusions - ln2 to connect the 

control signal; 

 for connection of controlled devices to switch on the card is present 6-pin-

clips (3 on each relay). 

 

Fig. 3.1.3. Scheme of connection between of the sensor and the PLC 

Power relay module is carried out or by the control device, or from an external 

power supply (power supply, battery packs). If you need full optical isolation, 

connect Vcc to the output of + 5V Arduino, but not connected to Gnd. 

Specification: 

 Relay operating current: 15 – 20mА; 

 Relay control voltage 5V; 
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 High-current relay SRD-05VDC-SL-C AC250V 10A, AC125V 10A, 

DC30V 10A, DC28V 10A; 

 LED status indication of each relay; 

 a standard interface through which you can control relay module with the 

Arduino controller, 8051, AVR, PIC, DSP, ARM, ARM, MSP430, TTL logic, or 

from a computer; 

 Dimensions: 49.3 x 38.2 x 20.0 mm; 

 Weight: '30 

All equipment of the lower and middle levels is electrified from an external 

power source. 

3.1.2. Contact of the middle and upper levels. 

 Communication of controller level with an upper level is performed via the 

network based on the Ethernet (100BASE-T) protocol and USB cable. 

 «Arduino Ethernet Shield» is provided for remote control and monitoring of 

the process, which is connected to the modem by Ethernet protocol. Further, the 

mobile PC monitors the process operation through the Internet at any point of the 

earth. 

Ethernet /ˈiːθərnɛt/ is a family of computer networking technologies commonly 

used in local area networks (LANs) and metropolitan area networks (MANs). It 

was commercially introduced in 1980 and first standardized in 1983 as IEEE 

802.3, and has since been refined to support higher bit rates and longer link 

distances. Over time, Ethernet has largely replaced competing wired LAN 

technologies such as token ring, FDDI and ARCNET. 

The original 10BASE5 Ethernet uses coaxial cable as a shared medium, while 

the newer Ethernet variants use twisted pair and fiber optic links in conjunction 

with hubs or switches. Over the course of its history, Ethernet data transfer rates 

have been increased from the original 2.94 megabits per second (Mbit/s)[3] to the 

latest 100 gigabits per second (Gbit/s), with 400 Gbit/s expected by late 

https://en.wikipedia.org/wiki/Help:IPA_for_English
https://en.wikipedia.org/wiki/Computer_network
https://en.wikipedia.org/wiki/Local_area_network
https://en.wikipedia.org/wiki/Metropolitan_area_network
https://en.wikipedia.org/wiki/IEEE_802.3
https://en.wikipedia.org/wiki/IEEE_802.3
https://en.wikipedia.org/wiki/Bit_rate
https://en.wikipedia.org/wiki/Token_ring
https://en.wikipedia.org/wiki/Fiber_Distributed_Data_Interface
https://en.wikipedia.org/wiki/ARCNET
https://en.wikipedia.org/wiki/10BASE5
https://en.wikipedia.org/wiki/Coaxial_cable
https://en.wikipedia.org/wiki/Shared_medium
https://en.wikipedia.org/wiki/Twisted_pair
https://en.wikipedia.org/wiki/Optical_fiber
https://en.wikipedia.org/wiki/Ethernet_hub
https://en.wikipedia.org/wiki/Ethernet_switch
https://en.wikipedia.org/wiki/Megabits_per_second
https://en.wikipedia.org/wiki/Ethernet#cite_note-Alto-3
https://en.wikipedia.org/wiki/Gigabits_per_second
https://en.wikipedia.org/wiki/Terabit_Ethernet


 
56 

 

2017. The Ethernet standards comprise several wiring and signaling variants of 

the OSI physical layer in use with Ethernet. 

Systems communicating over Ethernet divide a stream of data into shorter 

pieces called frames. Each frame contains source and destination addresses, 

and error-checking data so that damaged frames can be detected and discarded; 

most often, higher-layer protocols trigger retransmission of lost frames. As per 

the OSI model, Ethernet provides services up to and including the data link layer.  

Since its commercial release, Ethernet has retained a good degree of backward 

compatibility. Features such as the 48-bit MAC address and Ethernet frame format 

have influenced other networking protocols. The primary alternative for some uses 

of contemporary LANs is Wi-Fi, a wireless protocol standardized as IEEE 802.11.  

The Ethernet physical layer evolved over a considerable time span and 

encompasses coaxial, twisted pair and fiber-optic physical media interfaces, with 

speeds from 10 Mbit/s to 100 Gbit/s. The first introduction of twisted-pair 

CSMA/CD was StarLAN, standardized as 802.3 1BASE5;[41] while 1BASE5 had 

little market penetration, it defined the physical apparatus (wire, plug/jack, pin-out, 

and wiring plan) that would be carried over to 10BASE-T. 

The most common forms used are 10BASE-T, 100BASE-TX, and 1000BASE-

T. All three utilize twisted pair cables and 8P8C modular connectors. They run 

at 10 Mbit/s, 100 Mbit/s, and 1 Gbit/s, respectively. Fiber optic variants of 

Ethernet offer high performance, better electrical isolation and longer distance 

(tens of kilometers with some versions). In general, network protocol 

stack software will work similarly on all varieties. 

For distance control and monitoring of the process to the controller «Arduino 

UNO» optional card installed «Arduino Ethernet Shield» (fig. 3.1.4.), Which is 

using the Ethernet protocol connects to the modem. Further, the mobile operator 

shall monitor and oversee the process through the Internet at any point of the earth. 

https://en.wikipedia.org/wiki/Category:Ethernet_standards
https://en.wikipedia.org/wiki/Physical_layer
https://en.wikipedia.org/wiki/Frame_(networking)
https://en.wikipedia.org/wiki/Frame_check_sequence
https://en.wikipedia.org/wiki/Retransmission_(data_networks)
https://en.wikipedia.org/wiki/OSI_model
https://en.wikipedia.org/wiki/Data_link_layer
https://en.wikipedia.org/wiki/Backward_compatibility
https://en.wikipedia.org/wiki/Backward_compatibility
https://en.wikipedia.org/wiki/MAC_address
https://en.wikipedia.org/wiki/Ethernet_frame
https://en.wikipedia.org/wiki/Wi-Fi
https://en.wikipedia.org/wiki/IEEE_802.11
https://en.wikipedia.org/wiki/StarLAN
https://en.wikipedia.org/wiki/Ethernet#cite_note-50
https://en.wikipedia.org/wiki/Ethernet_over_twisted_pair
https://en.wikipedia.org/wiki/Ethernet_over_twisted_pair
https://en.wikipedia.org/wiki/Optical_fiber
https://en.wikipedia.org/wiki/Protocol_stack
https://en.wikipedia.org/wiki/Protocol_stack
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Fig.3.1.4. The board «Arduino Ethernet Shield» for sending information 

from Ethernet protocol. 

Technical specifications 

 Operating voltage 5V (supplied from the Arduino Board) 

 Ethernet Controller: W5100 with internal 16K buffer 

 Connection speed: 10/100Mb 

 Connection with Arduino on SPI port 

The Arduino Ethernet Shield allows an Arduino board to connect to the 

internet. It is based on the Wiznet W5100ethernet chip. The Wiznet W5100 

provides a network (IP) stack capable of both TCP and UDP. It supports up to four 

simultaneous socket connections. Use the Ethernet library to write sketches which 

connect to the internet using the shield. The ethernet shield connects to an Arduino 

board using long wire-wrap headers which extend through the shield. This keeps 

the pin layout intact and allows another shield to be stacked on top. 

The most recent revision of the board exposes the 1.0 pinout on rev 3 of the 

Arduino UNO board. 

The Ethernet Shield has a standard RJ-45 connection, with an integrated line 

transformer and Power over Ethernet enabled. 

There is an onboard micro-SD card slot, which can be used to store files for 

serving over the network. It is compatible with all the Arduino/Genuino boards. 

http://www.wiznet.co.kr/Sub_Modules/en/product/Product_Detail.asp?cate1=5&cate2=7&cate3=26&pid=1011
https://www.arduino.cc/en/Reference/Ethernet
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The on-board micro SD card reader is accessible through the SD Library. When 

working with this library, SS is on Pin 4. The original revision of the shield 

contained a full-size SD card slot; this is not supported. 

The shield also includes a reset controller, to ensure that the W5100 Ethernet 

module is properly reset on power-up. Previous revisions of the shield were not 

compatible with the Mega and need to be manually reset after power-up. 

At the third level ICS is: 

1. Server and mobile PC - Intel Core i7, 2.5GHz, RAM DDR3 - 6 GB; 

2. Displey - 19"; 

3. Network printer; 

4. Network commutator. 

Automated workstation has been developed on the basis of Microsoft Windows 

10 operating system. 

3.1.2. Description of the measurement functions operation  

The measured value is measured by the sensor and converted into an electrical 

signal of 4-20 mA. The signal is then transmitted over the analog line to the analog 

input of the controller. In the controller the electric analog signal is converted to 

digital (ADC) code. Considering the conversion rate of the physical value, this 

digital value is converted programmatically into a real value of the process 

variable. 

The actual value of the process variable (hereinafter, value) is recorded in the 

historical values database with related time stamp. 

Under this condition the value is calculated, depending on the settings: alarm, 

warning, normal. The event is generated according to the state. All related 

animation links in SCADA system are redrawn based on the new value. 

3.1.3. Description of control functions operation  

When the command button is clicked at the automated workstation the value of 

the new status of the device is sent to the programmable controller. In the 
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controller this state is analyzed for validity and then is either confirmed or denied. 

If the new state is confirmed, the programmable controller issues a sequence of 

control signals through the digital outputs to the actuator. Herewith, DCS 

subsystem controls every stage of control signals sending and blocks the state 

transition in case of error. 

3.1.4. Description of regulating functions operation 

Regulating process is a fully automated process. The system user enters a 

regulating task.  Subsequently, the converter of process variables measures the 

input value. This value is sent for processing into programmable controller by PID 

algorithm. This algorithm calculates the state of operating member for the output 

parameter and produces a series of control signals to set the mechanism in the 

appropriate state.  

 

3.2. DEVELOPMENT OF THE PROCESS CONTROL SOFTWARE 

For configuration the Programmable Logic Controller Arduino (onwards 

board) we used Arduino Software IDE (onwards Software). 

The open-source Arduino Software (IDE) makes it easy to write code and 

upload it to the board. It runs on Windows, Mac OS X, and Linux. The 

environment is written in Java. 

 For configuration the board on OC Windows we need to do the following:  

1. Download and install the Software; 

2. Connect the board; 

3. Install the board drivers; 

4. Launch the Software;  

5. Select board; 

6. Select serial port; 

7. Upload the program 

We need a standard USB cable to get started (fig.3.2.1.):  

https://www.arduino.cc/en/Guide/Windows#toc2
https://www.arduino.cc/en/Guide/Windows#toc3
https://www.arduino.cc/en/Guide/Windows#toc4
https://www.arduino.cc/en/Guide/Windows#toc5
https://www.arduino.cc/en/Guide/Windows#toc7
https://www.arduino.cc/en/Guide/Windows#toc8
https://www.arduino.cc/en/Guide/Windows#toc9
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Fig.3.2.1. The standard USB cable for connection controller with PC 

 

1. Download and install the Software 

We can the latest version Software from the download page. We can choose 

between the Installer (.exe) and the Zip packages. We use the first one that installs 

directly everything you need to use the Arduino Software (IDE), including the 

drivers. With the Zip package we need to install the drivers manually. 

When the download finishes, proceed with the installation and allowed the 

driver installation process. 

Chosen the components to install (fig.3.1.2.) 

 

Fig.3.1.2. Window (1) Arduino software installation. 
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Chosen the installation directory (we keep the default one) (fig. 3.1.3.) 

 

Fig.3.1.3. Window (2) Arduino software installation. 

The process will extract and install all the required files to execute properly the 

Software (fig. 3.1.4.) 

 

Fig.3.1.3. Window (3) Arduino software installation. 

 

2. Connect the board 

The USB connection with the PC is necessary to program the board. The board 

automatically draw power from either the USB or an external power supply. 



 
62 

 

Connect the board to computer using the USB cable. The green power LED 

(labelled PWR) should go on. 

3. Install the board drivers 

OS Windows - from XP up to 10 - will install drivers automatically as soon as 

we connect your board. 

4. Launch the Arduino Software (IDE) 

Double-click the Arduino icon (arduino.exe) created by the installation 

process.  

The program window is presented in Fig. 3.1.5. 
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Fig.3.1.5. Window Arduino software. 

 

5. Select board 

We selected the entry in the Tools > Board menu that corresponds to our 

Arduino board (fig. 3.1.6.) 

 

Fig.3.1.6. Window Arduino software. 

 

6. Select your serial port 

Selected the serial device of the board from the Tools | Serial Port menu. Our is 

COM3. 

7. Upload the program 
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Now, clicked the "Upload" (fig. 3.1.7.) button in the environment. Waiting a 

few seconds - you should see the RX and TX leds on the board flashing. If the 

upload is successful, the message "Done uploading." will appear in the status bar. 

 

Fig.3.1.7. Window Arduino software. 

A few seconds after the upload finishes, we should see the pin 13 (L) LED on 

the board start to blink (in orange). The download process is completed. 

After configuration, we beginning to write a program listing (fig 3.1.8. a, b, c). 

   

a b c 

Fig. 3.1.8. Print screen window ARDUINO Software with listing  

      

   

3.2.1. DESCRIPTION OF PROGRAM LISTING 

At first  we get our variables: 

 

String inputString; 

float Flow, Temp, Level, Pressure, readAmpsADC; 

int val; 

 

For setting port: 
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void setup() { 

DDRB = B00111111;                

pinMode(2, OUTPUT); 

pinMode(3, OUTPUT); 

pinMode(4, OUTPUT); 

Serial.begin(9600);  

} 

 

 

 

-- For activation port Analog in A2  

-- For activation port Analog in A3 

-- For activation port Analog in A4 

-- For activation identification mode to 

display 

float fmap(float x, float in_min, float in_max, float out_min, float out_max) { 

  return (x - in_min) * (out_max - out_min) / (in_max - in_min) + out_min;} 

For continuous execution of commands:  

void loop() {  

  readAmpsADC = analogRead(2);   -- For reading information from port 

Analog in A2 

  Flow = fabs(fmap(readAmpsADC, 0.0, 1023.0, 0.01, 5.0));   -- For converting 

the electrical signal to a digital 

  Flow = Flow * 10; 

 

  if (Flow>4) {  -- If the electrical signal is greater than 4 mA, then it 

sends the signal to the digital output 3. 

      digitalWrite(3, HIGH);     

      digitalWrite(3, LOW);    

    } 

  readAmpsADC = analogRead(3); -- For reading information from port 

Analog in A3 

  Level = fabs(fmap(readAmpsADC, 0.0, 1023.0, 0.01, 5.0)); -- For converting 

the electrical signal to a digital 

  Level = Level * 10; 
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  if (Level>20) {   -- If the electrical signal is 20 mA, then it sends the signal to 

the digital output 4 

      digitalWrite(4, HIGH);  

      digitalWrite(4, LOW);        

    } 

  readAmpsADC = analogRead(1);   -- For reading information from port 

Analog in A1 

  Pressure = fabs(fmap(readAmpsADC, 0.0, 1023.0, 0.01, 5.0)); -- For 

converting the electrical signal to a digital 

  Pressure = Pressure * 10; 

 

  if (Pressure>20) { -- If the electrical signal is 20 mA, then it sends the signal 

to the digital output 2 

      digitalWrite(2, HIGH);     

      digitalWrite(2, LOW);       

    } 

  synch();   -- For identification to display 

  inputString = "";   

  while (Serial.available()) { 

    char digit = Serial.read();    

    inputString += digit;          

    delay(2);                     

    val = inputString.toInt();    

  } 

 

switch(val) { 

   case '0' : 

      digitalWrite(2, HIGH);     
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      digitalWrite(2, LOW);  

      break;  

   

   case '1' : 

      digitalWrite(3, HIGH);  

      digitalWrite(3, LOW);  

      break;  

 

   case '2' : 

      digitalWrite(4, HIGH);     

      digitalWrite(4, LOW); 

      break;  

} 

 

  delay(1000);   -- For to get information an interval 1 sec.  

} 

 

float temp;  

void synch(){ 

  if (my_timer(1000,0)) 

    { 

    Flow = analogRead(2)*5/1024.0; 

    Flow = Flow - 0.5; 

    Flow = Flow / 0.01; 

    Serial.print('!'); 

    Serial.println(Flow+'|'); 

     

    temp = analogRead(0)*5/1024.0; 

    temp = temp - 0.5; 
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    temp = temp / 0.01; 

    Serial.println(temp+'|'); 

     

    Level = analogRead(3)*5/1024.0; 

    Level = Level - 0.5; 

    Level = Level / 0.01; 

    Serial.println(Level+'|'); 

 

    Pressure = analogRead(1)*5/1024.0; 

    Pressure = Pressure - 0.5; 

    Pressure = Pressure / 0.01; 

    Serial.println(Pressure+'|'); 

    Serial.print('#'); 

    } 

  } 

unsigned long millis_old[1]; 

  

boolean my_timer(unsigned long time, byte nomer) 

{ 

  unsigned long current_millis; 

  current_millis=millis(); 

  if (current_millis-millis_old[nomer]>time)  

  { 

    millis_old[nomer]=current_millis; 

    return true; 

  } else return false; 

} 

The end. 
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3.2. DEVELOPMENT OF HUMAN-MACHINE INTERFACE 

 Human-machine interface (HMI) — is a broad concept, encompassing 

engineering solutions that ensure the interaction of the human operator with 

controlled machines [43]. 

In industrial conditions HMI is mostly implemented with application of 

standard tools: operator interfaces, computers and standard software. 

HMI for operation process control of the heat pump installation CO2-extraction 

is developed in Delphi programming 

The operator interface is shown in Fig. 3.3.1. 

 

Fig. 3.3.1. Operator interface. 

Since the process in basic mode occurs automatically, operator via the interface 

can observe the process implementation. 

 The interface is designed so that the operator receives information about the 

status of the actuators, the results of sensors installed on site. 

In interface operator observes the process in the form of diagram. (fig. 3.3.2.)  
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Fig. 3.3.2. Process diagram. 

 

If necessary, operator can manually control the process. For this purpose, in the 

left part of interface there are special buttons for manual control (fig.3.3.3).   
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Fig. 3.3.3. Control area of interface operator 

 

Start/stop button is intended for start or stop the compressor engine. If the 

motor is on, blue signal will indicate this on the operator interface.  (fig. 3.3.4.). If 

it is off red signal will indicate this on the operator interface. 
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Fig. 3.3.4. Separator. 

By pressing «Close LV» button operator is able to close normally open switch-

off valve LY 3-2, thereby to block the flow of miscella into the separator. 

Sensors values of level LT 3-1, flow FT 2-1 and temperature TIT 1-1 are 

identified in the interface. 

By pressing the «OPEN THROTTLE VALVE» button operator is able to open 

the throttle valve PY 4-2, thereby relieve the pressure of active agent (fig.3.3.5.). 
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Fig. 3.3.5. Condenser 

Pressure parameters are shown in the interface in digital form PIT 4-1. 

«Setting ComPort» button is used to set the computer port, connected with 

controller or another device which connects the upper level with the intermediate 

level (fig.3.3.6).    

 

 

Fig. 3.3.6. Port configuration window  
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CONCLUSION 

Structure particularities of vegetable raw of our region, fruit kernels, grape 

seeds, ginger root et al., suggest the development of extraction manufacturing 

modes using liquid carbon dioxide, kinetics and dynamics of the condensation 

process, extraction and separation for the amount and quality of the produced 

product      

Implemented analysis of scientific and technical literature has shown that for 

the last ten years in the developed countries of the world strategy for rational use of 

substances in supercritical state in a closed technological cycle and other high 

technologies is being actively developed. In the supercritical state the substance 

expands, occupying the entire volume like gas, but has high density, like liquid. 

The main problem is energy consumption of the process, which can be solved 

through the application of the heat pump in the process unit and the introduction of 

heat pump operation automatic control. 

While implementation this master work, the following operations have 

been carried out: 

1. Research task has been implemented on the basis of literature review.    

2. Electric power calculation of heat pump for CO2 extraction experimental 

unit has been carried out.  Energy conversion coefficient and required power for 

heat pump compressor have been identified. 

3.  The functional diagram of heat pump automation has been developed. The 

choice of microcontroller and touch actuator equipment has been justified. 

4.  Investigation of the pressure control loop of heat pump active agent has 

been carried out. 

5. A three-level structure of the ICS process control has been developed. 

6. A listing for PLC Arduino programming has been developed. 

7. A program interface for control and monitoring of the process has been 

developed. 
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8. The developed process control ICS allows as to control, manage and monitor 

the heat pump remote access 
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  Appendix 2 

Specification for measuring devices and automation means  

 

№ 

pos. 

Measuring 

Parameter 

 

Characteristic 

of 

measured unit 

Installation 

place 

Name 

and characteristics 

of automation 

means 

 

Type 

A
m

o
u

n
t 

 Producer-

factory 
Note 

1 2 3 4 5 6 7 8 9 

1-1 

 

Miscella 

consumption 

regulation   

Fluid Aggressive 

media; 

t=32-35°C 

Pipeline at the 

inlet to the 

separator  

Electromagnetic flow meter. 

Output signal 4-20 mА;  

Speed range of measured media 

flow from 0,3 to 10 м/s  

Pressure of measured media 

0,05…15 МPа; 

Inaccuracy ±0,25 %. 

Rosemount 

8700 

1 «Metran» 

Russia 

 

1-2 

 

 

  CPU Programmable logical controller, 

Operating voltage 5V, 

Analog inputs 6 pcs, 4…20mА, 

digital outputs 14. 

Arduino 

Uno R3 

1 «Arduino» 

Italy 

 

 

1-3 

 

  CPU Processor Intel Core i7, 2.5GHz, 

RAM DDR3 6 Гб, ОS Windows 

10, monitor 19” 

PC 1 «ASUS»  

1-4   On the panel Starting device. 6.5A, 

1,5кW/250 V, rated operation 

voltage Ue 200-480 VAC, 

nominal voltage of control 

circuit Us 110-230V AC/DC, 

terminal screws. 

3RW30141

BB14 

1 «Siemens» 

Germany 

 

2-1 Temperature 

measurement in 

the separator  

Fluid; 

Aggressive media; 

t=32-35°C 

Separator  Measuring temperature 

transducer.  

Output signal 4-20 mА 

Measuring range: from -50 to + 

200 °С; 

Inaccuracy 0,2 % 

SITRANS 

TF2 

1 «Siemens» 

Germany 

 

3-1 Level regulation Fluid; aggressive  Separator  Floating level sensor with ПДУ-И 1 «Oven»  
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in separator media; 

t=32-35°C 

analog output signal 4...20 mА, 
Level measuring range, from 0 to 

300 мм, Temperature of  

actuating medium is from - 60 

до +125 °С; 

Pressure of actuating medium is 

not more than 10 МPа, 

Additional measurement 

inaccuracy from temperature  for 

10 °С, is at least 0,2 % 

Russia 

3-2   Pipeline at the 

inlet to the 

separator  

Universal valve with 

translational current movement.  

BAUMAN

N 

24000SVF 

1 «Fisher»  

4-1 Pressure 

regulation  

Fluid; 

Aggressive media; 

t=30°C 

On the pipeline Pressure sensor, Measure range  

from 0,025 кPа to 68 МPа; 

Output signal: 4-20 mА;  

Inaccuracy ±0,075%; 

Metran-150 1 «Metran» 

Russia 

 

4-2   On the pipeline Switch-off throttle valve with 

electric drive STA, Nominal 

valve pressure: 0,6 – 1 МPа; 

Operating temperatures range: -

40 °С…+70 °С; Power supply: 

220-230 V (only for valve 

opening and locking) 

Valve openings/valve lockings: 

electric, time 12 s; Media: 

natural gas, biogas, hydrogen, 

ammonia etc 

ZM 1 «GAZEX» 

Poland  
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Appendix 3 

The architecture of ICS 
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