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The purpose. The purpose is to improve the quality of heat treatment of metal in electric
resistance furnaces by improving automatic temperature control in the furnace. The main quality
criteria of the automatic control system is the minimization of the metal heating time without
exceeding the permissible over-regulation of the transient process at the output of the control system.

Research methodology. Provided that the research tasks are solved, the method of computational
experiments using specialized computer programs for modeling transient processes in automatic
control systems is taken as a basis. When calculating the temperature regulator in the furnace,
methods of modern automatic control theory were used. The requirements for the control process and
the specifics of the operation of the control object are taken into account. Theoretical research
methods (systems analysis and synthesis) were used to study the automatic control system. The
research was conducted on the basis of computational experiments using analytical and computerized
methods of synthesis of automatic control systems. Evaluation of the effectiveness of the automatic
control process was carried out using the methods of mathematical statistics.

Research results. A simulated model of the automatic temperature control system in an electric
resistance furnace for heat treatment of metal was created. The method of synthesis of the automatic
control system was justified taking into account the requirements for the control process and the
features of the control object, and based on it, the calculation of the temperature regulator in the
furnace was carried out. Studies of the dependence of the parameters of the transient process at the
output of the control system on the parameters of the regulator have been carried out, based on which
the regulator settings are determined, which provide rational values of the quality criteria of the
control system.

Scientific novelty. For the first time, it was established that an automatic control system with a
computerized method configured for maximum speed by a PID regulator and a shaper of a linearly
changing temperature set point in the furnace successfully works out the given parameters of the transient
process at its output, but only on the condition that the time for heating the metal significantly (more than
1.5 times) exceeds the time of the transient process of the furnace as a control object. Otherwise, an
unacceptable temperature overshoot occurs in the furnace. It was determined that the dependence between
the maximum level of the control signal at the first switching interval of the speed-optimal regulator and
the duration of the transient process at the system output is inverse and exponential in nature. At the same
time, this dependence is approximated with high accuracy (the maximum relative error does not exceed
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2.5%) by a power of eighth order polynomial. It was found that the accuracy of the proposed modified
regulator, optimal in terms of speed, is a variable value in different sections of the graph of the control
signal level dependence on the duration of the transient process.

Practical value. The method of synthesis of the automatic temperature control system in the
resistance electric furnace for heat treatment of metal is proposed. At the same time, the parameters
of the optimal control algorithm are substantiated according to the criterion of minimizing the metal
heating time without exceeding the permissible over-regulation of the transient process at the output
of the control system.

Keywords: control system synthesis, temperature, resistance electric furnace for metal heat
treatment.

Introduction. For Ukraine, mechanical engineering is a complex and very
important branch of the processing industry, which specializes in the design,
production and operation of machines and tools, and includes 27 types of economic
activity [1, 2]. Some types of mechanical engineering (production of excavators,
equipment for metallurgy, etc.) require a large amount of metal; they are classified as
metal-intensive industries of the complex. Machine-building enterprises in Ukraine
consume a third of manufactured rolled products, as well as 40% of cast iron and 2/3
of steel castings. Most branches of the machine-building complex are labor-intensive.
This is especially characteristic of tool engineering and electronic engineering, where
little metal is consumed, but a lot of labor must be spent to produce products. These
enterprises employ a large number of qualified labor resources.

Currently, there is an urgent need in Ukraine to update and modernize most sectors
of the economy, and it would be appropriate if the domestic machine-building complex
provided these processes with a material base. However, the analysis of the state of the
machine-building industry of Ukraine shows alarming trends in its development. Over
the last decade, the share of large and medium-sized machine-building enterprises has
significantly decreased, while the share of small ones, on the contrary, has increased [2].
Such structural changes lead to a significant loss of gross domestic product.

Under such conditions, any innovative scientific and technical solutions leading
to an increase in the efficiency of technological processes in the field of mechanical
engineering are becoming relevant.

Formulation of the aim of the article. The aim of the work is to improve the
quality of heat treatment of metal in electric resistance furnaces through the
improvement of automatic temperature control in the furnace.

Main part.

On the basis of structural and parametric identification, based on the experimental
acceleration curve, there is obtained the dynamic model of the resistance furnace for
heat treatment of metal as an object of automatic control according to the temperature
regulation channel in the furnace. Based on the result of this procedure, there is devel-
oped a simplified dynamic model of the furnace, shown in Fig. 1.

The analysis of the static characteristic by the temperature control channel in the
furnace showed that in the working range of the change of the controlled value, this
characteristic can be considered as linear (Pearson's coefficient of linear correlation
between the controlled and control values is more than 0.9).
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Fig. 1. Dynamic model of the control object

The technology of heat treatment involves the selection of operations and modes
of heat treatment in accordance with the conditions of processing and operation of
machine parts, constructions, tools, as well as requirements related to the structure and
properties of materials, taking into account technical conditions [3, 4]. Technological
processes of heat treatment are based on the theory of phase transformations during
heating and cooling process. Processing modes for specific parts are determined ac-
cording to reference books.

One of the main tasks when choosing modes is the acceleration of heat treatment
processes, which can be achieved by reducing the heating time. The total heating time
consists of the time of heating to a given temperature and the time of exposure to it,
which is determined by structural transformations in the alloy, and does not depend on
other factors.

Taking into account the described requirements, from the point of view of the
features of the technological process, the following requirements for the quality of the
system operation in time come first, primarily the requirements for the transition
process at the output of the automatic control system, when the temperature in the
furnace is transferred from one level (the initial one, which is taken as zero, taking into
account the normalization of the initial value of the temperature) to another (the
specified value of the temperature at which the metal is hardened):

— the time of the transition process (must be equal to the value specified by the
operator with a minimum error);

— the amount of overregulation (should not exceed 2.5%);

— established (steady-state) error of the system (must be zero).

Taking into account the requirements for the automatic control process, the
synthesis of the automatic control system was carried out on the basis of a
computerized method using a setpoint generator in the form of a linear time-varying
signal with the simultaneous use of a PID controller in the furnace temperature control
circuit (Fig. 2) [5]. Thus, the specified steel heating time will be implemented through
the setting of the corresponding rate of change in time of the temperature setting.

In order for the actual temperature in the furnace to reproduce as accurately as
possible a linear change in the temperature setting time, the PID controller is set to the
highest speed of the control system.
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Fig. 2. Structure of a simulation model of an automatic control system with a PID
controller and a setpoint shaper in the form of a linear time-varying signal

The results of simulation of the control system are presented in Fig. 3. At the same
time, there is considered the case of setting the metal heating time that is significantly
longer than the time of the transient process at the output of the control system (the
metal heating time is set to 120 s., and the temperature level to which the metal is
heated is 1400 °C, i.e. 46.67% of the control effect) .
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Fig. 3. Change in time: a — control signal (relative capacity of furnace heaters);
b — controlled value (temperature in the furnace)

From the analysis of the simulation results in Fig. 3, it can be concluded that the
automatic control system with a computerized method set to maximum speed by a PID
controller and a shaper with a linear time-varying temperature setting in the furnace
successfully gives out the given parameters of the transient process at its output. From
Fig. 3b, we see that the actual temperature, changing linearly in time, reaches a value
of 1400 °C in exactly 120 seconds, that is, without error. Then there is an
overregulation of 14 °C (1% in relative units), but it does not exceed the permissible
level of 2.5%.
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From the analysis of Fig. 3, we see that the control signal at the beginning of the
transient process reaches its maximum value, which ensures a minimum lag of the
graph of the change in time over time of the actual temperature from the graph of the
set point, then the control signal changes linearly in time according to the change of
the set point, and at the end “braking” occurs — it sharply decreases to zero with a
successive transition to the level corresponding to 1400 °C.

Now we examine the operation of the control system with a PID controller set to
maximum speed and a molder with a linearly time-varying temperature setting in the
furnace under the condition of setting a metal heating time that is commensurate with
the time of the transient process at the system output (the metal heating time is set to
60 s).
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Fig. 4. Change in time: a — control signal (relative capacity of furnace heaters);
b — controlled value (temperature in the furnace)

From the analysis of the simulation results of the control system in Fig. 4, we can
see that due to the significant dynamics of the change in the set point, the PID controller
does not have time to “brake” and an unacceptable overregulation appears, much
higher than the level of 2.5% (in Fig. 4, the horizontal lower dash-dotted line).

An attempt to reconfigure the PID regulator to a lower speed resulted in failure to
meet the condition for ensuring the specified duration of the transition process (Fig. 5).

From the results of the simulation of the automatic control system with a
reconfigured PID controller in Fig. 5, we can see that, under the condition of a metal
heating time of 60 s, due to a decrease in the speed of the control system, it was possible
to keep the overregulation within the permissible range of +2.5% of the temperature
setpoint (the range is marked in horizontal dash-dotted lines in Fig. 5), but at the same
time it produces significantly worse heating time — instead of 60 s, it is 93.81 s (relative
error 56.3%), which is unacceptable.
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Fig. 5. Change in time: a — control signal (relative capacity of furnace heaters);
b — controlled value (temperature in the furnace)

Taking into account this shortcoming, a method of automatic temperature control
in the furnace based on the use of a speed-optimized regulator is proposed. At the same
time, the input data for the calculation of the regulator are adjusted in such a way that
the transition to the specified level of temperature in the furnace is carried out in a
certain specified period of time. This can be achieved by artificially limiting the
maximum value of the control signal.

For this, through a series of computational experiments on a simulation model of
an automatic control system with a speed-optimal regulator, there was established the
dependence between the maximum level of the control signal at the first switching
interval of the speed-optimal regulator and the duration of the transient process at the
output of the system (after the transient process, we take the time when the temperature
reaches the level —2.5% of the set point). The analysis of this dependence showed that
it is inverse and has an exponential character. Taking this into account, its
approximation was carried out by a power polynomial (Fig. 6).

From the analysis of Fig. 6, it can be concluded that the dependence between the
maximum level of the control signal at the first switching interval of the optimal
regulator in terms of speed and the duration of the transition process at the output of
the system with high accuracy (the maximum relative error does not exceed 2.5%) is
approximated by a power polynomial of the eighth order.

Taking into account the established regularity, a simulation model of the
automatic control system was implemented using a modified speed-optimal regulator
capable of ensuring the specified duration of the transition process at the output of the
control system (Fig. 7).

139



Automation and Computer-Integrated Technologies

Select data: datal ...

Center and scale x data

Plot fits
Check to display fits on figur

spline interpolant

shape-preserving interpolan

linea

qua d atic

cubic

4th degree polyno

Sth degree polyno

6th degree polyno

Tth degree polyno
7] Bth degree polyno

9th degree polyno

10th degree polynomial

333333

nt

ety o B .

PT*X2 + DE*X +
po

= 3.0044e-06
= -0.00030565

File Edit View Insert Tools Desktop Window Help

D de| h|AS

IR EL- (S 0E) D

¥ = 1.5983e- 15 x - 1.6542e- 13 %"

ﬂ 73795" + 13.385

7.426-117%" - 1.8926e-08"%" + 3.0044e- UE %

T datal .
8th degree

p7 = 0.019619 50 100 150 200
pé = -0.73795
10 residuals
] Show equations 5 T
8th degree: norm of residuals = 0.00076048
Significant digits: |5 - B i
/| Plot residuals
Bar plot 2r B
Subplot . -n -
V| Show norm of residuals
— 2+ 4
Help Close
4L i
1 !
50 100 150 200

Fig. 6. Results of the approximation of the experimental dependence of the control
signal level on the duration of the transition process
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Fig. 7. Structure of the simulation model of the automatic temperature control system
in the furnace with a modified speed-optimal regulator

In Fig. 7, the approximating function obtained above, which determines the
maximum level of the control signal at the first switching interval of the speed-optimal
regulator, is implemented using the “Fcn” function block. And with the help of the S-
Function block, the method of calculating the optimal speed of the regulator is
implemented.

In order to study the quality of the automatic control system under the condition
of its synthesis in various ways, combined models of systems with a PID controller and
a speed-optimized controller were developed in the Simulink application of the
MATLAB program (Fig. 8).
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Fig. 8. Structure of simulation models of control systems synthesized in different
ways

The results of simulation of the operation of the control system under the
condition of the metal heating time setting close to the time of the transient process of
the furnace, are shown in Fig. 9.

IOGU ! %

\
80 \ /
\/

60

40

m /
/

0

1500

t,C

100 150

b
Fig. 9. Change in time: a — control signal (relative capacity of furnace heaters);
b — controlled value (temperature in the furnace): solid line — control system with a
PID controller; dashed line — control system with the proposed modified speed-
optimal regulator; dash-dotted line — temperature setpoint
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From Fig. 9D, it can be seen that under the condition of a heating time of 60 s, the
automatic control system with a modified speed-optimal regulator ensures the duration
of the transient process (time to reach the level — 2.5% of the set point) in 59.8 s (the
relative error is 0.3%) with a slight over-regulation of less than 0.5%. And under the
condition of using a PID controller with a shaper of a linearly changing temperature
setpoint in time, we have a duration of the transient process of 61.1 s, but at the same
time the overregulation exceeds the permissible overregulation of 2.5%.

Simulation of the operation of control systems synthesized in different ways was
also carried out, under the condition of the metal heating time setting, which is much
longer than the time of the transient process of the furnace (Fig. 10) - 190 s.
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Fig. 10. Change in time: a — control signal (relative capacity of furnace heaters);
b — controlled value (temperature in the furnace): solid line — control system with a
PID controller; dashed line — control system with the proposed modified speed-
optimal regulator; dash-dotted line — temperature setpoint

From Fig. 10b, it can be seen that, under the condition of a metal heating time of
190 s, the automatic control system with a modified speed-optimal regulator ensures
the duration of the transient process in 197.8 s (the relative error is 4.1%) with no over-
regulation. And under the condition of using a PID controller with a shaper of a linearly
changing temperature setpoint in time, we have a duration of the transient process of
187.7 s (the relative error is 1.2%), while the overregulation is less than the permissible
level of overregulation of 2.5%, and is less than 0 .2%.

Thus, given the setting of metal heating time, which significantly exceeds the time
of the transient process of the control object, both automatic control systems,
synthesized in different ways, provide qualitative indicators of the transient process by
the temperature in the furnace. However, from Fig. 10b, we can see that under the
condition of using the regulator that is optimal in terms of speed, we have a much lower
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degree of uniformity of heating parts in comparison with the operation of a PID
regulator with a shaper of a linearly changing temperature setpoint over time, which
speaks in favor of the latter option.

Also, based on the analysis of Fig. 9 and Fig. 10, the following conclusion can be
drawn. The accuracy of the proposed modified regulator, optimal in terms of speed,
depends on which part of the graph of the dependence of the control signal level on the
duration of the transition process we are (Fig. 6). If it’s a section with dynamic change,
under the condition that the first switching interval of the optimal regulator is not very
long (Fig. 9, a), and the transient process at the output of the system does not reach the
relative level of 0.606 from the set value of the controlled value (the time differential
of the controlled value near the maximum value ), then the error is up to 0.2-1 s in
absolute values and up to 1% in relative values. And it’s a flat section, under the
condition that the first switching interval of the optimal regulator is long (Fig. 10, a),
and the transient process at the output of the system exceeds the relative level of 0.606
from the set value of the controlled value (the time differential of the controlled value
begins to tend to zero), then the error is up to 5-8 s in absolute values and up to 5% in
relative values.

Conclusions.

1. The automatic control system with a computerized method configured for
maximum speed by a PID regulator and a shaper of a linearly changing time
temperature set point in the furnace successfully produces the given parameters of the
transient process at its output, but only under the condition that the time for heating the
metal significantly (more than 1.5 times) exceeds the time of the transient process of
the furnace as a control object. Otherwise, an unacceptable temperature overregulation
occurs in the furnace.

2. The dependence between the maximum level of the control signal at the first
switching interval of the speed-optimal regulator and the duration of the transient
process at the system output is inverse and exponential in nature. At the same time, this
dependence is approximated with high accuracy (the maximum relative error does not
exceed 2.5%) by a power polynomial of the eighth order.

3. The accuracy of the proposed modified regulator, optimal in terms of speed,
depends on which part of the graph of the control signal level dependence on the
duration of the transition process we are. If it’s a section with dynamic change, under
the condition that the first switching interval of the optimal controller is not very long,
and the transient process at the output of the system does not reach a relative level of
0.606 from the set value of the controlled value (time differential of the controlled
value near the maximum value), then the error is up to 0 ,2-1 s in absolute values and
up to 1% in relative values. And if it’s a flat area, under the condition that the first
switching interval of the optimal controller is long, and the transient process at the
output of the system exceeds the relative level of 0.606 from the set value of the
controlled value (the time differential of the controlled value begins to tend to zero),
then the error is up to 5-8 s in absolute values and up to 5% in relative terms. In
addition, with an increase in the given time of metal heating, under the condition of
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using an optimal regulator, the non-uniformity of the temperature change over time
increases quite significantly.

4. Thus, when setting a time for metal heating that significantly exceeds the time
of the transient process of the furnace as a control object (by more than 1.5 times), it is
advisable to use a control system with a PID controller set to maximum speed and a
shaper of linearly changing times of temperature setting in the furnace. Otherwise, it is
better to use a control system with the proposed modified speed-optimal furnace
temperature controller.
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AHOTANIA
MeTta. MeTor0 € IIiIBUIIIEHH] SIKOCTI TEPMOOOPOOKH METAITy B €JIEKTPHYHUX IT€YaX OMOPY 33 PaXyHOK
BJJOCKOHAJICHHSI aBTOMAaTUYHOI'0 KEPYBaHHs TEMIIEPATyporo y 1eui. '0JIOBHUMU KPUTEPIsMU SIKOCT1
pOOOTH CHCTEMH aBTOMAaTHYHOT'O KEPYBaHHS € MiHIMi3allis yacy HarpiBaHHS MeTairy 0e3 IepeBH-
IIEHHS J0MYCTUMOTO NepeperyItoBaHHs MEePEeXiJHOI0 MPOoLecy Ha BUXO/Ii CHCTEMH KepyBaHHS.

MeToamnka gocaiaxeHb. 32 yMOBU BUPILICHHS 3aBJlaHb JOCIIIPKEHHS 32 OCHOBY B3SITUH METOA 00-
YUCIIOBAJIbHUX €KCIIEPUMEHTIB 3 BUKOPHUCTAHHSAM CIIELIaTi30BaHUX KOMII IOTEPHUX IporpamM s
MO/IEJIIOBAHHS MEPEXiTHUX MPOLIECIB B CHCTEMaX aBTOMAaTHYHOr0 KepyBaHHs. [Ipu po3paxyHKy pe-
ryJsiTopa TeMIepaTypu y Iedl BUKOPUCTaHI METOAM CY4YacHOi TeOopii aBTOMATUYHOIO KEPyBaHHS.
ITpu nboMy BpaxoBaHi BUMOTH JI0 IIpOIiecy KepyBaHHs i 0cOOIMBOCTI pOOOTH 00’€KTa KepyBaHHS.
JUis nOCHiAKEeHHS CUCTEMH aBTOMAaTHYHOI'O KEPYBAaHHSI BUKOPUCTaHI TEOPETUYHI METOAM JI0CIIi-
JDKEHHS (aHawi3 ¥ cuHTe3 cucteMu). JlocikeHHs IpoBeieH] Ha OCHOBI OOUMCITIOBAJIbHUX €KCIIEpH-
MEHTIB 3 BUKOPUCTAaHHSM aHAJITUYHUX Ta KOMII’ FOTEPU30BaHUX METO/IIB CHHTE3Y CUCTEM aBTOMAaTH-
YHOTo KepyBaHHs. OLiHIOBaHHS €()eKTUBHOCTI MPOLIECY aBTOMAaTUYHOI'O KEpyBaHHs 3/[IICHEHE 3 BH-
KOPHUCTAHHSAM METO/]IIB MaTEMaTHYHOI CTaTUCTHKU.

PesyabTaTi nociaigxennsa. CTBopeHa iMiTaliiiHa MOJE€Nb CHCTEMH aBTOMAaTUYHOTO KEPYBAaHHS Te-
MIEpaTypolo B €IEKTPUYHIN Teui onopy A TepMooOpodku MeTany. OOrpyHTOBaHMM METO/ CHH-
T€3y CUCTEMH aBTOMAaTHYHOI'O KEpyBaHHS 3 ypaxyBaHHSIM BUMOT JI0 IIPOLIECY KepyBaHHS i 0co0In-
BOCTeH pOOOTH 00’€KTa KepyBaHHS, Ta HA OCHOBI HbOT'O NMPOBEJCHUN PO3PAXyHOK PEryJsiTopa TeM-
neparypu y nedi. [IpoBeseni AoCiIKeHHS 3aJI€KHOCTI TapaMeTpiB MEPEX1JHOTO MPOLecy Ha BUXO1
CHCTEMH KepyBaHHS BiJl TapaMeTPiB PEryJIsITOpa, Ha OCHOBI IKUX BU3HAUEH1 HACTPOUKH PETYIIITOPa,
IIpU SIKUX 3a0€3MeYyI0ThCsl palllOHaIbH1 3HAYeHHS KPUTEPIiB IKOCTI pOOOTH CUCTEMH KEPYyBaHHS.

HaykoBa HoBH3HA. YIiepilie BCTAHOBJIEHO, 10 CHCTEMa aBTOMaTHYHOTO KEpyBaHHS 3 HACTPOEHUM
KOMIT I0T€PU30BaHUM CIIOCOOOM Ha MakcHUMaibHy ImBHAKonito ITI/[-perynsaropom Ta ¢popmyBaueMm
JHIAHO 3MIHIOBAaHOI Y Yaci yCTaBKU TeMIepaTypH Yy Medl YCHIIIHO BIIPalbOBYE 3a/laHl TapaMeTpu
MEepexiTHOro MpoIiecy Ha il BUXOJI, alie TUIbKU 32 YMOBH, SIKIIIO Yac HarpiBaHHIO METaly CyTTE€BO
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(Oinbm HIX y 1,5 pa3u) nepeBuILye 4ac MepexiAHOro MpoLecy mnevi gk 00’ ekTa KepyBaHHs. Y IPOTH-
BHOMY BUIIQIKY 3’ SIBIIIETbCS HEJOIyCTUME NIEPEPEryI0BaHH 3a TEMIepaTyporo y nedi. BusHaueso,
10 3JICKHICTh MK MaKCUMaJIbHUM PiBHEM KEPYIOUOT'O CHTHANy Ha MEpIIOMY iHTEpBalli IMepeMH-
KaHHS ONTUMAJIBHOTO 3a IIBUKOJIEI PETYISATOPa Ta TPUBATICTIO MEPEXIAHOTO MPOLECY HA BUXO1
CUCTEMH € 3BOPOTHOIO Il Ma€e eKCTIOHEHIIaTbHIUI Xapakrep. [Ipu 1boMy 1151 3aJIeKHICTh 3 BUCOKOIO
TOYHICTIO (MakCUMasbHa BIIHOCHA MOXUOKA He NepeBUILye 2,5%) anpOKCUMY€ETbCS CTYIIEHEBUM I10-
JIHOMOM BOCBMOTO TOPSIIKY. BUsIBIIEHO, 110 TOYHICTH pOOOTH 3aPOIIOHOBAHOTO MOAN(IKOBAHOTO
peryisTopa, ONTUMAIBHOTO 3a IIBUIKOIIEI0, € 3MIHHOIO BEJIMUYMHOIO HA PI3HUX AUISIHKAX rpadiky
3aJIeKHOCTI PiBHA KEPYIOYOTr0 CUTHAITY BiJl TPUBAJIOCTI MEPEXiTHOTO MPOIIECY.

IIpakTHyHe 3Ha4YeHHS. 3aIIPONIOHOBAHA METOMKA CHHTE3y CHCTEMH aBTOMAaTUYHOTO KEPYBaHHSI Te-
MITEpaTypoOIO B €JIEKTPUYHIN TTeUi OMopy JJIsl TEpMO0oOpoOku MeTany. [Ipu 1boMy OOIpyHTOBAHO Ta-
paMeTpu ONTHUMAJIBHOTO aIrOPUTMY KEpYBaHHS 3a KpUTEpieM MiHIMi3allli yacy HarpiBaHHS MeTaly
0e3 NepeBUIIICHHS IOIyCTUMOTO TIEpEPEryITFOBaHHS TIEPEXiTHOTO MPOLIECY Ha BUXO/Ii CHCTEMH Kepy-
BaHHS.

Knwuoei cnosa: cunmes cucmemu Kkepy8auHs, memnepamypad, eieKmpuyHa niu onopy 0. mepmoo-
OpoOKU memary.
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