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Abstract

Today, the issue of the economical use of energy sources is actual in the world, because of
their significant price increase. Users should choose the heating method and system that is
most effective in terms of safety, components costs, installation and commissioning,
ergonomics, etc. Electric heating systems meet all these requirements. Despite the wide
selection of modern heating elements, working with them is impossible without using a
heating control system. All heating element systems are controlled by measuring the
temperature of the coolant or the surface of the heating element. The high thermal inertia of
the heating element makes it difficult to maintain the thermal regime. Knowing the main
shortcomings of heating element control systems, it is proposed to create a virtual
microcontroller system for the relay power supply of the heating element. This can be
achieved by using a microcontroller for control, which will be able to evaluate the
information and generate control pulses to turn on the DC source. This method of controlling
the heating element will be carried out programmatically, without human intervention. For
the development of a virtual microcontroller relay power system, theoretical foundations
have been developed that take into account the capabilities of the experimental setup. To
check the adequacy of the modeling, a comparison of the processes of heating (cooling) the
heating element and charging (discharging) the capacitor was performed. A block diagram of
the simulation program of two complete heating and cooling circulations has been
developed. To check the operation of the virtual microcontroller system of the relay power
supply of the heating element, the following was performed: simulation of two circulations
of complete heating and cooling on an experimental installation; simulation of a gradual
decrease in the temperature of the heater with three control pulses. Ways of further research
are planned.
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1. Introduction

Currently, in connection with the significant increase in the price of the main energy sources —
electricity, natural and liquefied gas, and diesel fuel — users must choose a heating method and system
that is the most effective from the point of view of safety, component costs, installation and
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commissioning, ergonomics, availability on the market, controllability, the possibility of autonomous
operation, etc. [1-5]. Electric heating systems meet all these requirements.

2. Literature Review

Today there is a need for microcontroller relay power supply systems (MRPS) heating elements.
There are MRPS that are used in everyday life and production and those that are in a state of scientific
development. Therefore, quite a lot of scientific works related to the consideration of this issue have
been published. We will consider only those that characterize different approaches to its solution [6-
13]. The paper [6] describes a fast and high-precision MRPS using a proportional integral derivative
(PID) and a control method using an STM32 microcontroller. In [7], an open-loop MRPS with an
alternative solution is described, which is not based on temperature control but works as a periodic
timer to manipulate the switching of the heating element voltage. The project [8] uses an embedded
system with an ATMEGA 328p microprocessor, temperature, and humidity sensors and a Wi-Fi
module for monitoring and maintaining the necessary parameters. In [9], a smart and low-cost
temperature monitoring and control system is proposed, which combines a DHT22 sensor to detect
the ambient temperature and humidity and a NodeMCU as the main microcontroller for control. In
[10], temperature values are determined by a DHT22 sensor and processed by an Arduino-based
microcontroller, which has a built-in PID control program, the output of which controls the heaters.
Work [11] describes the MRPS, which controls and monitors temperature and other parameters with
the help of a network of intelligent sensors using developed hardware and software. In the article [12],
an automatic temperature control system is designed using a DHT11 sensor and Arduino. The user
can set the minimum and maximum reference temperatures from the keyboard. The DHT11 sensor
detects the temperature of the surrounding room and displays the result in degrees Celsius on the
liquid crystal display (LCD). In the article [13], a control system using fuzzy logic was investigated.
The use of fuzzy logic allows the control to ensure the appropriate temperature and comfortable heat
distribution with low energy requirements. Despite the different approaches to the study and
implementation of MRPS [6-13], none of the above uses the process of modeling the action of the
external environment to study and choose the optimal control method. Most of these systems are quite
expensive and require highly skilled reprogrammers to operate.

3. Analysis of modern electric heating systems

Although there are a large number of electric heating systems, there are common requirements for
the heating elements used in them. Designs of heating elements differ in the material from which it is
made and the features of the manufacturing process, etc. [14]. However, the materials used for the
manufacture of heating elements must have high specific electrical resistance and a low-temperature
coefficient of specific resistance. In addition, the electrical resistance of the heating element during its
long service life should practically not change [15].

All modern electric heating systems can be divided into six groups according to their purpose:

. means for heating insulated from the external environment;
. non-insulated heating means and tools;

. facilities for heating premises;

. means for heating liquids;

. means for cooking;

. means for personal hygiene.

Due to a large number of modern electric heating systems, it is proposed to analyze them in two
stages:

1. analysis of electric heating elements;

2. analysis of heating element power management systems.
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3.1. Analysis of electric heating elements

Electric heating elements can be divided according to the field of application since they are used to
heat various environments [16]. They can be used to heat gases, liquids and solids [17]. Depending on
the environment of use, choose a heater [18]. The main requirement when choosing a heater housing
is the ability to withstand the destructive effects of the external environment.

In addition, when choosing electric heating elements, the operating temperature of the heating
medium is often used.

For the manufacture of heaters with an operating temperature of up to 1500 K, the most common
materials are nichrome, ferals, as well as chrome-nickel heat-resistant alloys.

Heaters made of nichrome and feral can be exposed or protected. In the first case, the design of the
heater must be quite rigid, so it is made of wire and tape in large sections.

Open heating elements are used in furnaces and household heating devices, they can be wire
zigzag, wire spiral and tape. The diameter and pitch of the spiral depends on the thickness of the wire
and tape, as well as on the method of their attachment (Figure 1).

Figure 1: Open heating elements

At working heating temperatures up to 1000 K, tubular heating elements are used. A metal tube of
which is filled with heat-conducting electrical insulating material, in which there is an electric heating
spiral. The electrically insulating material is fused periclase.

Compared to open heating elements, tubular heating elements are more electrically safe, and can
work in water, liquid hydrocarbons, liquid metal, molten salts, oxides and other media. They are
resistant to vibrations and mechanical loads. Power of tubular heating elements — from 100 W to 15
kW, operating voltage — 36-380 V, operating temperature — 400-1000 K. Their service life — 10-40
thousand hours and more.

Molybdenum disilicide heaters are made by powder metallurgy. They can work at high
temperatures up to — 2100 K. In addition, such heating elements can work in an oxidizing
environment. However, their operation in an oxidizing environment at a temperature above 1900 K is
undesirable, as it can lead to the destruction of the heating element.

Ceramic heating elements use the properties of some ceramic materials to acquire high electrical
conductivity with increasing temperature. This material can be zirconium oxide. With the help of
these heating elements, temperatures up to 2300 K can be reached.

High-temperature installations (with an operating temperature of 2300 K and above) use heating
elements made of refractory metals, graphite and coal.

To manufacture heating elements from refractory metals, molybdenum, tantalum, and tungsten are
used in the form of wire, tape, rods, and sheets. Such heating elements work only in an atmosphere of
inert gases: argon, helium, hydrogen, nitrogen, and even in a vacuum.

Graphite heating elements are used in installations with an operating temperature of 1800-2700 K,
while their use is limited due to intensive oxidation in air, starting at a temperature of 800 K. These
heaters are manufactured in the form of rods with a round or square section, as well as in the form of
pipes up to 1000-1500 mm. Heating elements based on graphite fibers (cable heating elements) with a
heating temperature of up to 373 K are also widely used in everyday life.



3.2. Analysis of heating element power management systems

Despite the wide selection of modern heating elements, working with them is impossible without
using a heating control system (CS). That is, to power any electric heating element, a controlled
switch must be included, which regulates the supply of electricity [19].

The simplest CS is the relay power supply of the heating element. Modern relay power supply
systems (MRPS) are widely used in various industrial technological processes in science and
everyday life [20]. It is important that switching on is carried out when there is a need to increase the
temperature of the heating element, and switching off — when it is necessary to reduce the
temperature.

The existing (rather cheap) MRPS of the heating element cannot always support the required mode
of operation, because after the heating element is turned off, it continues to gain temperature for some
time, regardless of the lack of power. When power is supplied to the heating element, on the contrary,
the temperature continues to fall for some time, and only later begins to rise. This is especially
noticeable when the system has high thermal inertia. An example of such a system is water-electric
boilers, in which water directly contacts the heating element and significantly increases the thermal
inertia of the system. Such systems are most often powered by alternating current (AC- alternating
current) [21].

There is also a fairly large group of MRPS heating power elements, which are carried out by direct
current (DC — direct current) [21]. This power supply is made by converting alternating current into
direct current. That is, in addition to the controllable switch, such MRPS heating elements contain an
AC-to-DC power conversion unit. They are more manageable, but also cannot always support the
required mode of operation. Especially when you need to keep the temperature within one Kelvin. For
example, in incubators, installations for scientific research or other high-precision heating devices.

There are also CS heating elements, which include a device for changing the power supply. Unlike
the previous ones, such CS heating elements can better maintain the temperature regime. However, in
order to reach the required temperature, such CSs are brought to the so-called stationary thermal mode
by the heating element, which consumes a lot of time and thermal electricity.

Control of all the listed CSs of the heating element is carried out by measuring the temperature of
the coolant or the surface of the heating element. The high thermal inertia of the heating element
makes it difficult to maintain the thermal regime.

4. Creation of a virtual microcontroller system of relay power supply of the
heating element

Knowing the main shortcomings of the CS of the heating element that exists, it is proposed to
create a virtual microcontroller (VM) MRPS of the heating element, which will allow:

» simulation of the operation of the components of the heating element's VM MRPS;

e create, edit and execute program code for a microcontroller;

*  receive and store digital modelling information.

It is possible to achieve this by using a microcontroller for control [22]. The microcontroller will
be able to evaluate the information it will receive and create, controlling the pulses to turn on the DC
source. This way of controlling the heating element will be carried out programmatically, without
human intervention (that is, autonomously) [23-25].

It is proposed to supply the VM MRPS with direct current with the verification of two main
parameters:

»  the presence of voltage applied to the heating element;

»  surface temperature of the heating element.

However, it is impossible to develop the proposed VM MRPS without developing theoretical
foundations. Which, in turn, should take into account the possibilities of the experimental installation
of the VM MRPS. The authors determined the components of the experimental installation of the VM
MRPS. The proposed installation is shown in the block diagram (Figure 2).
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Figure 2: Block diagram of the experimental installation of the VM MRPS

AC—DC a circuit converter is designed to convert alternating current to direct current.

A DC switch, which is controlled by a microcontroller, interrupts the power supply or restores it as
needed.

From the block diagram, it can be seen that the connection of the DC switch and the heating
element allows obtaining information for the microcontroller about the voltage consumed by the
heating element. The temperature sensor (represented in the diagram by the connection of the heating
element and the temperature matching unit), which is located on its surface, provides information
about the temperature. That is, the microcontroller receives from two sources the information it needs,
which characterizes the operation of the heating element. All sources of information are connected to
the microcontroller through the appropriate matching blocks. These blocks are designed to protect the
microcontroller from damage and match its inputs [26].

Although the block diagram of the experimental installation of the VM MRPS is quite simple,
writing the software code for its operation is impossible without a clear idea of the process of
controlling the heating element.

VM MRPS should work in automatic temperature control mode. For this, it is necessary to
maintain the appropriate temperature regime, which will further reduce the specific consumption of
electricity [27].

The heating process can be described by the formula:

t
(t) =1, (1 - e_T), (1)
where T(t) - heater temperature, depending on the heating time;
T, —relation heating temperature;
— the base of the natural logarithm;

e
t — heating time;
T — heating time constant.

The heating time constant T is numerically equal to the ratio of the heat capacity of the heater to its
heat output. The dependence of heater temperature on time (heating process) is presented on Figure 3.
The cooling process can be described by the formula:

(2)

t
T(t)=1,"€e T,

where t(t) - heater temperature depending on the cooling time;
T, - relation cooling temperature;
e — the base of the natural logarithm;
t — cooling time;



T - cooling time constant.

TT
Figure 3: Dependence of heater temperature on time (heating)

The dependence of the heater temperature on time (cooling process) is presented in Figure 4.

Figure 4: Dependence of heater temperature on time (cooling)

In order to create a VM MRPS, it is necessary to decide on the existing software for simulating the
work of a microcontroller [28]. The main requirements for choosing a software for modeling the work
of the VM MRPS are:

. creation, editing and execution of microcontroller software code;

» simulation of the operation of the microcontroller and the components of the block diagram of
the experimental installation of VM MRPS (Figure 2);

*  output of graphical information about the modeling process;

»  output of digital information related to the modeling process;

»  free software product;

» the possibility of use is not limited by the time of use;

*  equipment on which it is possible to carry out the modeling process;

e cross-platform software.

The online service Autodesk TinkerCAD [28] meets all the conditions listed above. That is why it
was chosen to create a virtual mock-up of the experimental installation of the VM MRPS. Autodesk
TinkerCAD is an online service and modeling environment for working with 3D objects and
electronic circuits. Distinctive features are openness, free access, rich functionality. Because
TinkerCAD is often used in education, our privacy and security practices are carefully designed to
protect students and provide a safe learning environment [29].

TinkerCAD contains several types of microcontrollers and many different peripheral components
designed for modeling various technological processes. During a detailed analysis of the operation of
the selected software, it was established that there is a possibility of creating all the components of the
block diagram of the experimental installation of VM MRPS (Figure 2). However, the process of



modeling such an installation will be complicated, since the heating element (which can be created
with existing components in TinkerCAD) will be quite difficult to model in the program code.

This is due to the lack of a model of the heating element, which will change its temperature
depending on the action of electric current on it. However, there is a simpler way of modeling the
heating process, which is associated with replacing the process of heating (cooling) the heating
element with the process of charging (discharging) the capacitor. However, for such a replacement,
one must first analyze its adequacy [30]. Table 1 was compiled to compare the specified processes.

Table 1

Comparison table of the processes of heating (cooling) the heating element and charging
(discharging) the capacitor

Heating element Capacitor
_t _t
Heating 7(¢t) = 7, (1 —e T) Charging U(t) = U, (1 —e RC)
t t
Coolingt(t) =17, T Discharge U(t) = U, e rC

Table 1 shows that by three symbolic substitutions:

* RCtoT,

. Ur to o,

o U(t) to 7(2).

It is possible to convert the equations related to charging (discharging) the capacitor into the
equations related to heating (cooling) the heating element.

This confirms the adequacy of the proposed model of replacing the process of heating (cooling)
the heating element with the process of charging (discharging) the capacitor.

After a detailed analysis of the block diagram of the experimental installation of VM MRPS
(Figure 2), the following electrical scheme is proposed for modeling the process (Figure 5).

Figure 5: Electric scheme of the experimental installation of the VM MRPS

The electrical diagram of the experimental installation of the VM MRPS contains (Figure 5):

1. board — Arduino UNO;

2. resistor;

3. capacitor.

Board — Arduino UNO in the electrical circuit of the installation is intended for modeling almost
all elements of the block diagram of the VM MRPS installation (Figure 2).

The external elements of the resistor and capacitor circuit are designed to simulate heating and
cooling. The connection is made according to the classic scheme, designed to study the process of
charging and discharging the capacitor (Figure 6).



Figure 6: Electrical diagram of the connection of the capacitor and resistor in the experimental
installation of VM MRPS

Control of the discharge and charge of the capacitor is implemented through output — 5, which is

supplied with power or turned off. Imitating the position of the switch in Figure 6:

1. the capacitor is supplied with power;

2. the capacitor is powered off.

For this, a red wire was used between output — 5 and the resistor (Figure 5). The green wire
connecting the capacitor, resistor and input AO is designed to control the charge voltage of the
capacitor.

The pink wire connecting output — 3 and input Al is designed to control the presence or absence of
capacitor power. The black wire connects the capacitor and GND.

A fairly simple electrical scheme of the experimental installation of the VM MRPS assumes that
the main load on the simulation process will be taken over by the control program.

5. Creation of the software of the virtual microcontroller system of the relay
power supply of the heating element

The operation of the experimental installation of VM MRPS is impossible without the creation of
appropriate software.

The presented block diagram provides for the creation of software code for modeling two complete
heating and cooling circulations (Figure 7).

At the beginning of the program, it is necessary to initialize the variables and enter the constants
that are necessary for the operation of the scheme. Pin numbers of ports are assigned to such
constants:

. input_AO0;
. input_Al;
e output_3;
e output_5.

It is also necessary to enter the initial and final values of the circulations:

» circulation_0 (end values of the circulations);

e circulation_1 (initial value of the circulations).

In addition, two one-dimensional arrays are used to form the time of heating/cooling and turning
on/off the heater:

e timel [200, 2200, 4200, 6200] (heater heating/cooling time);

e PWM [255, 0, 255, 0] (heater power on/off).

A value of PWM = 0 is used for full power off and a value of PWM = 255 is used for full power
on.

Next, the serial port is configured for the exchange of alphanumeric information, namely, the
exchange rate is set.

Then on the output ports, output_3 and output_5 are programmatically set — 0 V (disconnect).

It is clear that the previous actions should be performed at the beginning and only once.

After that, the main circulation of the program begins, which will be executed until the
circulation_1 change reaches the value of the circulation_0 constant.



input_AQ, mput_Al,
output_3, output_35,
time 1 [200, 2200, 4200, 6200],
PWM [255, 0,255, 0],
circulation_0 =4,
circulation 1 =0

I

serial speed = 9600

|

output_3 =0, output_5 =0

[}
read input_AQ, input_Al

I

input_A0 = input_A0/204.6
input_A1 = input_A1/204.6

|
C print input_AQ, input_A1l C

time > timel [circulation_1]

yes

circulation_1 = circulation_1 + 1

l

circulation_1 = circulation_0

no
output_3 = PWM [circulation_1]
output_5 = PWM [circulation_1]

-

Figure 7: Block diagram of the simulation program of two complete heating and cooling circulations

The time before the first power change on the output ports output 3 and output 5 is 200
milliseconds, this will lead to the fact that the same ports will be programmed to — 5 V. The time
before the next change is 2000 milliseconds. At the same time, simulations of full heating (up to the
stationary stage) take place. Then programmatically set again — 0 V. Time until the next change -
2000 milliseconds. At the same time, complete cooling is simulated (to the stationary stage).

Next, the circulations of heating and cooling will be repeated once again. After that, the program
will be completed because the variable circulation_1 will reach the value of the constant
circulation_0.

6. Results & Discussion

In Ukraine, in connection with the significant increase in the price of the main energy carriers,
users should choose the method and system of heating that is the most effective and has the possibility



of autonomous operation. Therefore, Ukraine should develop and implement an efficient, ecological
and safe heating system for the further development of the country. The development and use of such
heating systems are important factors in strengthening energy security and reducing the negative
human-made impact on the environment. To create effective heating systems, it is necessary to have a
virtual microcontroller system of relay power supply of the heating element.

The result of the simulation of two circulations of full heating and cooling on the experimental
installation of the VM MRPS is presented in Figure 8.

Figure 8: Modeling of two circulations of full heating and cooling on the experimental installation of
VM MRPS

Figure 9 shows the result of a gradual decrease in the temperature of the heater with three control
pulses.

Figure 9: Modeling the gradual decrease in the temperature of the heater with three control pulses

There is also the possibility of using simulation data (after saving in a file) with other software
tools: LibreOffice Calc, MicrosoftOffice Excel, etc. Such software tools can be used for reprocessing
and comparison with the data obtained in the process of conducting experiments (Figure 10).



Figure 10: Using a piece of simulation data after saving it to a file (software — LibreOffice Calc)

The authors plan to continue work on the further improvement of the experimental installation of
the VM MRPS.

7. Conclusions

The article examines the theoretical and practical foundations of creating a virtual microcontroller
system for the relay power supply of the heating element. The basis for the creation of VM MRPS is
the analysis of modern electric heating systems, which is performed in two stages.

The authors determined the components of the experimental setup for the creation of the VM
MRPS. However, writing the software code for its operation is impossible without understanding the
process of controlling the heating element.

The authors paid special attention to the selection of software for simulating the operation of the
microcontroller, for which the main selection requirements were formed. Autodesk TinkerCAD, an
online service, was chosen as the modeling environment.

After analyzing the capabilities of the selected software, a method of modeling the heating process
was proposed, which involves replacing the process of heating (cooling) the heating element with the
process of charging (discharging) the capacitor. To verify this modeling method, the authors analyzed
and checked the adequacy of the proposed model.

Using the capabilities of the selected process modeling software, an electrical circuit was also
proposed.

In addition, to check the operation of the electrical circuit, the appropriate software VM MRPS
was created. The results of the work can be used in the educational process and scientific activity.

In the future, the authors plan to check the conformity of the results of the VM MRPS with a real
heater with similar input parameters.

In addition, the authors plan to devote further research to the implementation of the PID regulator
in the VM MRPS. The next step will be the implementation of the program for the automatic selection
of the PID regulator coefficients depending on the change of actions on the heater of the external
environment. The purpose of this study will be the creation of an automatic microcontroller PID
regulator.
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