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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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DEVELOPMENT AND RESEARCH OF A FREQUENCY
CONVERTER WITH INTELLIGENT CONTROL
SYSTEM WITH INDUCTION HEATER

Abstract. The article has a frequency converter for induction heating of metal. Induction heating is a
technology with low cost, high efficiency, low weight and dimensions, it provides a wide range of frequency control
of the converter, the choice of the minimum number of power transistors, the establishment of the minimum power.
Experienced frequency and inductance converters for metal and wort are designed and manufactured in the work.
Experimental studies and tests of a prototype frequency converter were carried out. The issues of using the developed
models and methods for controlling induction heating are considered.

Frequency converters are known where transformers are used to reduce voltages. The task is to create such a
frequency converter, where the number of transistor modules would be minimum, and the step-down transformer
would have the lowest overall dimensions.

An experimental model of a frequency converter and inductor with a power of 6 kW with a frequency of 2 to
20 kHz was developed and manufactured with power supply from one or three-phase voltage. Experimental studies
and tests of a prototype frequency converter for induction heating of metal in real conditions were carried out.

In the development of technical documentation for the manufacture of a laboratory sample of the frequency
converter and the selection of transistor JGBT modules, the main attention was paid to the topology of the power
buses of the module and how to connect electrical circuits and remove heat. Even with the most advanced chips, the
design of powerful key modules is extremely important to ensure reliability and efficiency. Distributed conductivity
characteristics and parasitic inductance values of communication buses and terminals should have a minimum value
to reduce losses and reduce the level of transient overvoltages.

For a more complete analysis, modeling was performed in the environment of MatLab R12 v.6.0, this package
is intended for solving mathematical calculations of any complexity, for professional analysis and modeling of
processes in electrical and electronic circuits, static processing of measurement results and experiments, as well as
building Charts. In the simulation we used the Simulink Library Browzers library, as well as SimPowerSystems.

Key words: frequency converters, induction heater, transistor module, triacs, three-phase rectifier, inverter.

Introduction. Frequency converters (FC) for induction heating of metal consist of IGBT or
MOSFET transistor modules connected in a specific configuration with control drivers. At the same time,
they have protection against short circuit currents, overloads and protection against excessive
temperatures. Currently, the use of inverters for induction heating of metal in the industry of Kazakhstan is
practically absent, since the unit cost of existing foreign analogues is very high, so their mass introduction
is unprofitable. You should develop your technology with low cost, high efficiency, low weight and size.

Frequency converters can be used in the following technologies:

- for induction heating of metals for stamping,

- for melting metals in induction melting crucible furnaces,

- for induction heating of metals for the purpose of hot volume hardening,

- for induction heating of oil in pipelines and tanks,
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- for induction drying of grain, heating of liquid media, drying of wood and coatings and the
production of milk powder [1,3,7,12].

The main objectives and goals are to create an inverter production technology, which should: provide
the required frequency control range for the inverter, select the minimum number of power transistors,
have high efficiency and low prices, minimum installed power of the entire inverter or its individual
elements with the same given parameters of heating technology.

Research of a frequency converter with an intelligent control system with an induction heater.
Frequency converters are known where transformers are used to reduce voltages. The task is to create such
a frequency converter, where the number of transistor modules would be minimum, and the step-down
transformer would have the lowest overall dimensions. The electrical circuit of a frequency converter on
two transistors with a single-phase power supply for an induction heater is shown in figure 1, consisting of
blocks: a block 1-input triacs, a block 2-three-phase rectifier, a block 3-inverter [5,6].

- r—

1 2

e

Figure 1 — The electrical circuit of the frequency converter of the induction heater with single-phase power

A feature of the inverter is that it is made on two transistors. The inverter direct voltage is converted
to alternating voltage of high intermediate frequency fir (figure 1). Further, from the moment of time t = 0,
one of the two thyristors T-pl opens, and the rectified one-half-voltage of a given frequency fu falls into
the load, and at the time t = T / 2 the first thyristor T-p1 closes.

To form a negative half-wave of the output voltage from the time t =T / 2 to t = T, the second
thyristor T-p2 opens, and the rectified voltage of high intermediate frequency gets into the load and at the
time t = T the thyristor T- P2 closes. This forms a negative half-wave of the output voltage. The thyristor
control unit in the time interval t = 0 - T will adjust the frequency of the voltage at the load to the desired
value [1,7].

Thus, the voltage at the output of the transformerless inverter has the form of a rectified sinusoid,
consisting of single-period rectified high-frequency voltages and this frequency of the voltage at the load
will be equal to

pfo (1)

where fi- is the intermediate frequency at the inverter output, n is the number of rectified voltage periods
of the intermediate frequency.

As can be seen from the last expression, the formation of voltage on a given load occurs from
rectified high-frequency voltages.

For example, with an intermediate frequency at the inverter output fir = 20,000 Hz and with the
number of straightened periods n = 40, the frequency of the voltage at the load will be

fofo 20000 So0p, 2
n 40
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Figure 2 shows the electric circuit of the frequency converter of the induction heater with three-phase
power supply. The three-phase rectifier of block 2 is designed to convert AC voltage to DC, and the
inverter converts direct current into alternating voltage of high frequency [5].

| S U na R
cPRTLL o

Figure 2 — Electric circuit of the frequency converter of induction heater with three-phase power supply

The inductor is designed to convert high frequency electrical energy into heat energy, and the
transformer lowers the voltage to the required value. The rectifier and inverter are presented as a
frequency converter. The output transformer is used to coordinate the parameters of the inductor with the
workpiece with the parameters of the high-frequency inverter, while the overall dimensions of the
transformer are reduced several times.

Input triacs C;, C,, C; of block 1 are made not only for the non-contact inclusion of the frequency
converter in the network, but also for regulating the input voltage. The fact is that during operation of the
induction heater, every few minutes it is necessary to disconnect the frequency converter from the mains,
since the heated metal (billet) should be removed from the inductor and transferred for stamping. Next,
insert the new blank into the inductor and turn on the frequency converter in the network. The half-bridge
inverter of block 3, formed on IGBT transistors T1 and T2 (figure 1), is connected to a DC voltage source,
capacitors Cn (lower and upper) are designed to separate the supply voltage into two equal parts. The
capacitor Cn in the inverter output circuit is made to improve the quality of the output voltage and in order
to achieve a consistent resonance.

In addition, in block 3, for the formation of a positive half-period of voltage at the inverter output, the
transistor T1 opens, and the transistor T2 is closed, while the constant current from the voltage source will
flow through the transistor T1 and the primary winding of the transformer. To form a negative half-period
at the inverter output, the transistor T2 opens, and the transistor T1 closes, and a constant current from the
voltage source will flow through transistors T2 and the primary winding of the transformer in the opposite
direction.

Thus, a step voltage is generated at the inverter output. It should be noted that the frequency of the
step voltage on the inductor is determined by the switching frequency of transistors and can reach tens of
kilohertz. This mode of operation of the inverter with a minimum number of power transistors will
increase the frequency range of the current at the inductor and improve their energy performance, as well
as increase reliability and reduce the cost of equipment.

The bridge circuit of a three-phase rectifier of block 2 is connected to the triac output (figure 1). As
you know, the bridge circuit of a three-phase rectifier provides the least ripple output voltage. In the
bridge circuit of a three-phase rectifier, uncontrolled diodesnopen afterwards with a shift of 60 °, and the

D,,D, nu D, diodes open in positive and the D,,D, u D, diodes open in negative half-periods of phase

stresses. The conduction interval of each diode is 120 °, at each moment of time two diodes are open (one
in the bridge arm) and the voltage across the load is determined by the phase voltage difference, i.e.,
whether —neine voltage. The average value of the voltage at the load with a sinusoidal mains voltage has
the following form,

_6\2

U,=—U,sin %cosa =1,35U ,cosa = 2,34U ;cosa 3)
T

where U = J3U N is the effective value of the linear voltage of the secondary winding of the transformer.
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Test results of the manufactured experimental sample of the frequency converter and inductor,
data processing. An experimental model of a frequency converter and inductor with a power of 6 kW
with a frequency of 2 to 20 kHz was developed and manufactured with power supply from one or three-
phase voltage. Experimental studies and tests of a prototype frequency converter for induction heating of
metal in real conditions were carried out.

Figure 3 shows the process of induction heating of a metal billet with a diameter of 44 mm and a
length of 80 mm. At the beginning of the induction heating process, the metal did not heat up uniformly,
i.e. in the middle of the workpiece, the temperature was lower than at the edges. This meant that the
penetration depth of the electromagnetic wave is not significant, so you should choose a lower current
frequency, however, this will increase the heating time of the metal. The time of heating the metal with a
frequency converter to a temperature of 600-6500C was 3.5 minutes at a frequency of 8 kHz and at a
frequency of 10 kHz - 2.41 minutes (figure 4). At the same time, the transistors did not overheat, which is
required by the operating conditions.

Figure 3 — Induction heater during the test period

The test results showed that the created induction heater was operational, passed a successful test, and
the cooling system of the inductor was working properly. The process of induction heating of the metal
can be carried out to the desired temperature.

Figure 4 — The process of induction heating of metal to a temperature of 731° C

In the development of technical documentation for the manufacture of a laboratory sample of the
frequency converter and the selection of transistor JGBT modules, the main attention was paid to the
topology of the power buses of the module and how to connect electrical circuits and remove heat. Even
with the most advanced chips, the design of powerful key modules is extremely important to ensure
reliability and efficiency. Distributed conductivity characteristics and parasitic inductance values of
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communication buses and terminals should have a minimum value to reduce losses and reduce the level of
transient overvoltages.

Figure 5, 6 shows the waveform of the voltage at the inverter output without a capacitor in the
primary circuit of the transformer. As can be seen from the graph, the voltage waveform is oscillatory in
nature, which means that the transistors are in active mode. In this case, they will heat up and ultimately
fail. In order for the transistors to switch to the key mode, it is necessary to turn on the capacitor Cn in
series in the output circuit of the inverter, improve the quality of the output voltage and achieve a
consistent resonance.

Figure 5 — Voltage waveform at Figure 6 — Waveform of the voltage at the output of the

inverter output without capacitor in inverter with a capacitor in the primary circuit of the
transformer primary circuit transformer

Figure 6 shows the waveform of the voltage at the inverter output with a capacitor in the primary
circuit of the transformer. As can be seen from the graph, the voltage at the inverter output has a
rectangular shape, which means that the transistors work in key mode, while they will not heat up. In
addition, by choosing experimentally the value of the capacitor Cn, it is possible not only to improve the
quality of the output voltage, but to achieve a consistent resonance. At resonance, the active power of the
inverter will be transferred to the inductor, i.e. blank for heating.

Induction heating of metal products is carried out using a special device called an inductor. When an
alternating current is passed through an inductor, a magnetic field appears around its wire, the intensity of
which periodically changes in time in magnitude and direction. The magnetic field strength, and,
consequently, the magnetic flux density - induction - will be greatest inside the coil of the inductor near
the wire.

If a metal cylinder is placed inside the inductor, then the alternating magnetic flux penetrating this
cylinder will cause the appearance of an induced current in it. The induced current due to the proximity
effect will be concentrated under the inductor wire, and its path will have an annular shape. The higher the
frequency of the current, the more current flows in the cylinder in a thinner layer, i.e. the stronger the
surface effect.

The main part of the inductor is an induction wire, the design of which largely determines the result
of heating. The heating time of each element of the surface of the cylinder passing under the induction
wire, the longer, the greater the width of the wire and the lower the speed of grain movement relative to
the inductor. Therefore, the concept of heating time (formula 3) of a cylindrical surface is similar to the
concept of heating time with a simultaneous heating method.

t,=afv “4)

where Ty - is the heating time of the cylindrical surface, s; a- is the width of the induction wire, cm; v- is

the speed of movement, cm / s.
The specific power on the surface of the cylinder covered by the inductor is calculated by the formula

Do = By
¢ mDya’

)
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where Frs- is the total power of the frequency converter on the cylinder surface, kW; Pz ameter of the
part, see.

For a given power of the frequency converter for induction heating, we obtain the following relation
for determining the maximum width of the induction wire:

_ B
& = ]
D3Py
or, expressing the power of the cylinder through the power of the frequency converter, we obtain

= '?HJ}'Tanq
nDoa ' (6)

where Fu is the power of the frequency converter, kW; - the efficiency of the inductor; Drp.
Efficiency of a step-down transformer.

On average, you can take 17y~ Tfzp = 0.38. Then the width of the inductor (cm) will be
_ 0,645,
w4
or
0,25
T Do’ @)

Estimated values of the heating time and specific power depending on the depth of the heated layer,
diameter and frequency can be determined.

Since at a given depth of the heated layer, the heating time is a known quantity, the inductor width
can be determined by the formula

a=vt, (3
In this case, the required power of the frequency converter (kW) based on the formula (8) is equal to
K mE 5‘“32390 (®)

The current induced in the surface layers of the cylinder causes it to heat, and the surface temperature
and depth of heating depend on the power supplied to the inductor, the frequency and time of heating. On
the other hand, the width of the heating strip, its shape and uniformity of surface heating depend on the
shape of the inductor.

For example, figure 3 shows the developed transistor - thyristor frequency converter, which can be
used depending on the power and productivity of grain drying. The frequency converter operates as
follows. The temperature of the grain can be measured with thermometers. The remaining parts are
auxiliary, and their construction usually does not cause difficulties.

The bridge circuit of the inverter formed by transistors T1, T2, T3 and T4 (figure 2) is connected to
the first voltage source Un. At the time tl, transistors T1 and T4 open and direct current from the voltage
source Um will flow through transistors T1 and T4. This is the formation of a positive half-cycle of the
stepwise voltage at the load.

To form a negative half-cycle of the stepwise voltage on the load at time t1 + T / 2, where T is the
voltage period, transistors T2 and T3 open and the direct current from Um will flow through transistors
T2 and T3, in the opposite direction.

Thus, the formation of a negative half-cycle of voltage and step voltage at the load. It should be noted
that the frequency of the step voltage at the load is determined by the switching frequency of the
transistors and can reach up to hundreds of kilohertz [11].
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Figure 7 — Transistor-thyristor frequency converter with a higher frequency link for drying grain

Inverter direct voltage is converted into alternating voltage of high intermediate frequency fir (figure 7).
Then, from the moment of time t = 0, one T-p1 of two thyristor rectifiers opens, and the rectified two-half-
voltage of a given frequency fout falls into the load, and at the time of t = T / 2, the first thyristor rectifier
T-pl closes [16,17].

To form a negative half-wave of the output voltage from the time t =T / 2 to t = T, the second
thyristor rectifier T-p2 opens, and the rectified voltage of a high intermediate frequency gets into the load
and at the time t = T the second thyristor rectifier T-p2 closes. This forms a negative half-wave of the
output voltage. The thyristor control unit in the time interval t = 0 - T will adjust the frequency of the
voltage at the load to a predetermined value. The advantage of this circuit is that the output voltage will be
twice as high as in the first case (figure 7), since there is a two-half-wave voltage rectification circuit.

For a more complete analysis, modeling was performed in the environment of MatLab R12 v.6.0, this
package is intended for solving mathematical calculations of any complexity, for professional analysis and
modeling of processes in electrical and electronic circuits, static processing of measurement results and
experiments, as well as building Charts. In the simulation we used the Simulink Library Browzers library,
as well as SimPowerSystems. Figure 8 shows a simulation circuit of a transistor - thyristor inverter with a
purely active load. The simulation results are shown in figure 9 with a net active load. As can be seen from
the figure, with a net active load, the voltage and current in the load have a clearly defined graph. The
principle of operation of a transistor - thyristor frequency converter with a half-wave voltage rectification
circuit is confirmed.

|
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Figure 8 — Simulation scheme of transistor — thyristor frequency converter

— 157T——



N E W S of the Academy of Sciences of the Republic of Kazakhstan

ruStmpeZ E]@
g3 |Pler AEBE Ba R «

i

A

[ JNE TR SR Y
|'WI |"1]| I\I I| 'Il\

...II‘.!ll....‘I."ll....ll.'l....lﬂ‘. ..INI. ”,"ﬂr| __‘“ ""II'| N

1

)

| A

1 | R IR T I S VR L T A

[ [ I |

S "'|'1|"|""""\"|" 1L

VA
|||

sl
¥

| II”I i
I (I
e VL fhind |
.\.|..|.L.. I II"" I I 2 1 WO OO Y I O A
'I‘|||‘|II\|‘|‘ ||‘|||‘||‘

|
| |

(e
[.\.

\‘ |
W
)

R

1 1 ool
| ! WA

[ ] |
P !

-100
1) 0.005% 0.01 0.01% 0.02 0.035

Time offzet: 0

Figure 9 — Results of simulation of a frequency converter under active load

An alternating voltage was applied to the input of the frequency converter. Formation of the voltage
form at the inverter input is carried out by dividing into several steps with different voltage levels, and
program-controlled switching time. The transistor inverter was assembled by a bridge circuit. The bridge
circuit consists of four transistors (figure 7). At certain points in time, at each stage it is necessary to
switch a pair of transistors to form a positive and negative half-wave of a sinusoidal voltage. The
switching mode of the transistors is organized in such a way as to exclude a short circuit of voltage
sources.

Conclusion. SKYPER 52 drivers will be used in transistor frequency converters of induction heating,
which is the conversion of a low-current logic controller signal into a gate control signal, the power of
which should be sufficient for quick recharging of IGBT shutter capacities. Since the power switches
operate at voltages significantly exceeding the potentials of the controller signals, the gate control device
must carry out a high-voltage level shift or galvanic isolation of control pulses and pulses arriving at the
gates. In addition, the modern SKYPER 52 drivers contain numerous protective and service functions
necessary for IGBT uptime in all operating modes, including emergency.

H. T. UcembGeprenos', A. %K. Carbiuauxoa’, I1. Jackamnos

lSa'[bayev University, Anmmarsl, Kazakcran;
T'ymapGex J{aykeeB aThHIarbl AJIMAaThl SHEPIeTHKA JKoHe OailiaHbIC yHHBepcHTeTi, AnMaThl, KasakcraH;
3 Anren Kpnues ateiaars Pyce yaupepcureri, Pyce, bosrapus

TOMEHI'T OHIIPY YHFBIMAJIAPBIHJIA MYHAWM KbI3JIBIPYJIGIH MHY KITASLJIBIK SIICI

AHHoTanus. Makanana TOMEHII OHIpY YHFbIMAAPbIHIA MYHaW KbI3ABIPYIbIH HHIYKIMSIIBIK O/1iCi KapacThi-
poutaabl. On yIIiH WHAYKOUSIIBIK KBI3JIBIPFBIII MIEH JKUUIIK TYpJACHAIpriim naiinananyasl ycbiHaasl. 1-1,5 k' Tok
JKULUTITT Ke3iHIe WHIYKIUSIIBIK, KBI3IBIPFBINI KOHE WHBEPTOP JKUUTIK TYPJICHIIPTilli MyHAW YHFBIMACBIHBIH TYOiHIIE
OpHATBUTYBl MYMKiH. MHBepTOp Oip MBIH BOJBTKE JEHiH KEpHEY, XKY3IEreH aMmIep ’KoHe OHJaraH KWIOBATT Kyar
TOrbl KoMMyTauusiaiTeiH JGBT TpaH3ucTOpIbIK MOLyIsIUuUsIIapaa OpblHAATAbL.

MyHalIp! )KBUTBITY YIIiH IIAFBIH, KBI3MET KOPCETYTe bIHFAMIBIIBIK TIEH ap3aH 3JIEKTP YHEPTHACHl O0JFaH Ke3ze
naiaa 60JIaThIH AIIEKTP KBUIBITY KYPBUIFBUIAPHI KOJIIAHBUIA/IBL.

JKyprizinren 3epTreynepaiH MakcaThl — MYHAHIBI KQKETTI TeMIlepaTtypara IeiiH jKyMcaJaTbH JEKTp dHep-
TUACHIH OapblHIIA THIMII HaiianaHa OTBIPHII, AlIBIK OTTHI (IIel, KaHAPFBI) KouAaHOai, )KbITy 3J1€KTP KbI3ABIPFBILI
acnanrapbeiachi3 (TEN) sxone ITOK 60-80% acnaiThIH KBITY aIMaCTBIPFBINI KYPBUIFbUIAPABI KONIAHYCHI3 KBI3IBIPY.
By nHOYKIMAIIBIK KBI3ABIPY OAICIH maiiganaHy GapbIChIHAA XKY3ere achIpblIabl.

WHIyKUMsUTBIK  KBI3ABIPY TEXHOJIOTHSUIBIK JKaOABIKTHI (MyHail KyOBIpBI, KYOBIP, CBHIABIMIBUIBIK JKoHE T.0.)
JKBUIBITY, CYHBIK OpTaHbl KbI3ABIPY, MaTepHalapAblH (MbICANbI, CYpeK) >KaObIHBIH KENTIpy YLIIH KOJAaHBUIAMIbL.
WHIyKUnsuIbIK, KBI3ABIPY KOHIBIPFBUIAPBIHBIH MaHBI3/Ibl ApaMeTpi — KUK, OpOip yaepicKe Y3IiK TEXHOJIOTHSIBIK
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JKOHE JKOHOMHUKAJIBIK KOPCETKIIITEepAi KaMTaMachl3 €TeTiH OHTAMIBl JKUINIK Juama3oHsl Oap. WHAYKIUSIIBIK
KbI3AbIpy YImiH S0 -TeH SMrii-ke IeiiHTi )KUUTiK KOJIIaHbBUTa b

MyHa#t eHIipyAi YIFaWTy VINIH MyHal XBUIBITYIBI JKY3€re acelpy KakeT. by kemrereH mMyHail eHmipymri
KOMIaHUSIAp/Ia MaHBI3IbI Opi JKaH KaKThl Macelne 0oJbIn caHanaabl. JKBUIBITY YIIiH Cy OyBl, BICTBIK CY, BICTBHIK a3
KOHE MYHall eHIMIepi, 3JEKTP SHEPrusiChl ChIHIBI TYPJl JKbUTy TAChIMAJIAFBIIITAP KOJAAaHbUIAABL. JKOFaphbl KbLTy
MeJIIepl MeH JKblly Oepriin 0Oap, »ail FaHa TachIMaJJlaHATBIH JKOHE OPT KayIl KOK Cy Oybl KOl KOJIaHbUIAJIbI.
Mymnaii enimin 80-100°C neitin Kbi3apipsir, 0,3 - 0,4 MIla KpichIMIarbl KAHBIKKAH OY/IbI MaliaaHa bl

MyHaii yHFBIMAJapbIHIAFBl MYHAWIbl KbI3IABIPYIBIH MyHIai tocimi JlareiH Amepukacel engepinze
KOJIIaHbUIaAbl. ONeOueTTep MEH KY)XKaTTaMaHbl LIOJy opi Tajjay >KYMBICTapbhl KOPCETKEHIEH, YKbUIBITKBIIITHIH
HIeTeI/IIK KOHCTPYKLMSCHIHBIH YJIECTIK KYHBI oTe >korapbl. Ocblran OaianbicTel Kasakcranja merennik eHIipic
JKBUIBITKBIIIBIH CHTI3MCH THIMCI3 CaHalaJbl, OUTKCHI OTEeNIMAUIIK Mep3iMi OH Kbpurra >xeteni. COHIBIKTaH
WHAYKIVSUTBIK  OKBUTBITKBIIIBIH 3KOHOMHUKAJIBIK JKaFbIHAH THIMAI OONATHIH ©3iHe TOH o3ipiieMelNiep HeTi3iHIe
KETUIIIPY KaXKeT. DIEKTP SHEPTUACHIHBIH KYHbI MIETENCT] 37IeKTP SHEPTUSIChIHBIH KYHBIMEH CAlIBICTBIPFaH/Ia TOMECH
OonraH Karjaijga, COHAal-ak OYKiJd KOHJABIPFBIHBIH YJIECTIK KYHBIH TOMEHACTY, HHIYKIHSJIBIK YKbUIBITKBIIITHI
J3ipIIey KOHE SHTI3y ©3€KTi Moceie OOJBIN caHallaIbl.

TexHUKaNbIK Ky)XaTTaMaHbl o3ipjiey Ke3iHAe >KUUIIK TYPJACHIIPTIIIiHIH 3epPTXaHAIBIK YJTICIH )Kacay KoHe
tpausucropibik JGBT Monyneaepai tangay kesiHae 0acTbl Ha3ap MOAYJBIIH KYLITIK IIMHAIAPBIHBIH TOIMOJIOTHS-
CBhIHA JKOHE JIIEKTP Ti30€KTEepiH KOCY KOHE KbUIyIbl Oypy TociiiepiHe aymapbuiasl. Kaszipri 3amaHfbl 4unrepii
KOJIIaHFaH/1a 1a KyaTThl HEeTi3r1 MOAYJIbAEPIH KOHCTPYKIHSACHI CEHIMIUTIK MeH TUIMALTIKTI KAMTaMachI3 eTye oTe
MaHbI3/ibl. baiifaHpic IIWMHAJIapbl MEH IIBIFAPBUIFaH OTKI3TIIITIriHIH O6JIHreH CHIIATTaMachl MEH MNapasuTTIK
MHIIyKTUBTUIIMHIH MOHI BICBIPANTHI a3aiiTy MEH aybICHalibl KEPHEYIIH apTy ACHICHiH TOMEHJIETY YILIIH a3 MOHTe He
Oouys!I THIC.

CoHBIMEH KaTap, TOHKIPHOEIIK KOJIMEH C KOHAEHCATOPHIHBIH MOHIH TaHAad OTBIPHIN, WIBIFY KEpHEYiHiH
camachlH JKaKCapTHIIT KaHa KONMaii, JoWeKTI pe30HaHCKa KOJ KeTKizyre Oomaapl. PesoHaHc Ke3iHae WHBEPTOPABIH
Oencen i KyaTsl MHIYKTOpFa Oepiyeni, SIFHU KBI3ABIPY YIIiH JalbIH O0Ia bl

Tyiiin ce3mep: WHAYKIMUIBIK omic, TOK »xuimiri, JGBT TpaH3UCTOPIBIK MOAYNbIEpi, KEpHEY, KaKeTTi
TeMIIepaTypa.

H.T. I/IceM6epreH031, A. XK. Carbm;:[mconaz, 1I. I[acxanon3

1Satbayev University, Anmmatel, Ka3axcras;
* AJIMATHHCKHI yHHBEPCHTET SHEpreTHKH u cBssu uM. I'ymapbeka Jlaykeesa, Anmatsl, Kasakcran;
Yuusepcutet Pycy Anren Kanues, Pyce, bonrapus

PASPABOTKA U NUCCJIIEJOBAHUE NNPEOBPA3OBATEJISA YACTOTbBI
C MHTEJUIEKTYAJIBHOI CUCTEMOM YIIPABJIEHUSA
C THAYKIMAOHHBIM HAI'PEBATEJIEM

AnHoTtounmsi. B crarbe paccMaTpuBaeTcs HMHAYKIMOHHBIH CIOCOO HarpeBa HEe(TH B HHU3KOJCOMTHBIX
CKBaXMHAX. JJsl 3TOTO IpeasyararoT HCIOIb30BaTh WHIYKIMOHHBIM HarpeBarenb M INpeoOpa3oBarellb YacTOTHI
[MToxazano, uto mpu yactorax Toka 1 — 1,5 k['1 HHAYKIMOHHBIA HarpeBaTeNlb U HHBEPTOP-TIPeoOpa30BaTENb YaCTOTHI
MOT'YT OBITh YCTAHOBJICHBI Ha AHE HedreckBakiH. VIHBepTOp Oyner BoimonHeH HAa JGBT TpaH3UCTOPHBIX MOAYIIAX,
KOTOpBbIE MOTYT KOMMYTHPOBaTh HANpSDKEHHSA [0 ThICA4a BOJBT, TOKM — COTHM aMmmep M JAECSITKH KHJIOBAaTT
MOIIHOCTH.

Jns mogorpeBa HE(TH HCMONIB3YIOT JIIEKTPOHArPEBATENbHBIE YCTPOWCTBA, KOTOPBIE Pa3IMYAIOTCS KOMIAK-
THOCTBIO, YI0OCTBOM B OOCITY’)KHBaHUH U BBITOJIOW NPH HAIMYHMH JICHIEBON 3JIE€KTPOIHEPTUH.

Lenp NpoBOIUMBIX HCCIIEAOBaHUI — HAarpeB He(TH 10 HEOOXOAMMOI TeMIepaTypbl, ¢ MaKCUMaJIbHO d(deK-
TUBHBIM HCIOJIb30BaHUEM 3aTPAuNBACMOMN JIIEKTPOIHEPTHH, O€3 TPUMEHEHHsT OTKPBITOTO OTHS (T1e4H, rOpesKu), 0e3
TEIUIOBBIX BJIEKTpoHarpeBarenbHbIXx npubopoB (TOHoB) m 6e3 ucnonb3oBaHMs TerIooOMeHHBIX ycrpoiict, KIT/]
KOTOpBIX He npessbimaet 60-80%. ITo BOZMOXKHO ITPH MCIOIB30BaHUHM HHIYKIIMOHHOTO CIIOC00a Harpesa.

WHyKINOHHBIN HarpeB NPUMEHSIOT JUI 000rpeBa TEXHOJIOTHYECKOTo 000pyroBaHus (HedrenpoBoa, Tpyoo-
IPOBO/IA, €MKOCTH M T. [.), HarpeBa >KUIKUX CPEHd, CYLIKH IOKPBITHH MaTepHaloB (HampHMep, APEBECHHBI).
Baxneimuii napamMerp yCTaHOBOK MHAYKLHMOHHOTO HarpeBa — yactoTa. Jlisg Ka)XAoro mpolecca CyLECTBYET OIl-
TUMAJIBHBIN MANa30H 4acTOT, 00ECIEUNBAIOIINI HAMTYUIIINE TEXHOJIOTHYECKHE 1 SKOHOMUYECKHE ToKa3arenu. [
WHAYKIIMOHHOTO HarpeBa MUCIOJIB3YIOT 4acToThl oT S0l 1o SMr.

Jnst yBenuueHust [oObIMHM He(hTH HEOOXOAMMO OCYLIECTBUTH OAOTPEB HEGTH. ITO MHOTOIPaHHAs M Cephe3Hast
npobiema aist MHOTHX He(TenoObIBaronx Kommanuii. [y oborpeBa HCIIOIB3YIOT pa3HbIE TETIOHOCHTEIH: BOAS-
HOW map, *apKylo BOJy, >KapKue ra3bl M HeTenpomyKThl, 3JeKTpodHepruto. Haubonbliee mpuMeHEHHE HMEET
BOJISTHOH map, o0Jajaronuii BHICOYaNHIIIM TEIIOCOAEPIKAHUEM U TEIUIOOTauei, IPOCTO TPAHCIIOPTHPYEMBIH U HE
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MPECTABIIOMNN TOKApHOW Yrpo3bl. YHOTpeOsitoT HacwimeHHBI map masineHueM 0,3-0,4 MIla, obecneumBas
HarpeB Hedrenpoaykra go 80-100 °C.

Takolt cmocod HarpeBa HepTH B HeTECKBaXMHAX IpHUMEHseTcs B crpaHax JlatmHckoit Awmepmku. Kak
MOKA3bIBaET 0030p M aHANM3 JINTEPATYPHI, a TAKKE TEXHUYECKHE JOKYMEHTAINH, YACIbHAS CTOMMOCTD CYIIECTBYIO-
IMX 3apyOeXHBIX KOHCTPYKLHUI HarpeBaTelell O4eHb BBICOKA. B CBSA3M ¢ 3TUM, BHEIpEHHE HarpeBareied B
Kazaxcrane MHOCTpaHHOTO TPOWM3BOJCTBA HEBBITOJHO, TAK KaK CPOK OKYIA€MOCTH TOCTHUTAET OKOJIO JECATH JET.
[TosToMmy cienyer pa3pabaTbiBaTh CBOM MHIYKIMOHHbIE HATPEBATEIN Ha OCHOBE COOCTBEHHBIX pa3pab0TOK, KOTOpbIE
OyZyT SKOHOMHYECKH BBITOJHBI. YUHTBIBas, YTO IIPH HU3KOH CTOMMOCTH ODJIEKTPOIHEPIHMHU MO CPAaBHEHHUIO CO
CTOMMOCTBIO 3JICKTPOIHEPTHH 32 PyOEeKOM, a TaK)Ke CHIIKEHHE yJIeNIbHOI CTOMMOCTH BCEH YCTAaHOBKH pa3paboTKa u
BHEJ[pEeHHE MHIYKIMOHHBIX HarpeBaTesel sBIsSeTCs] akTyalbHON po0IeMo.

[Ipn pa3paboTke TEXHHYECKOW NOKyMEHTAIMH Ul W3rOTOBJIEHHS JlabopaTopHOro obpasua npeodpasoBares
4acTOTHl U BBIOOpe Tpan3ucTopHbIXx JGBT Moxyineit ocHOBHOE BHUMaHKE OBIIO y/EJIEHO TOMOJIOTUH CHIIOBBIX LIMH
MOIyJISl W CIIOCO0aM TIOAKITIOYCHUS SJICKTPUUSCKUX IIeTell W oTBoja Terwia. Jake IpW HMCMOJIB30BAHUU CaMBIX
COBPEMEHHBIX YHIIOB KOHCTPYKIHMS MOIIHBIX KJIFOYEBBIX MOIYJNEH MMeeT 4Upe3BBIYaifHO OOIBINOE 3HAUYCHHE IS
obecrieueHHs HAAEKHOCTH W I(PPEKTHBHOCTH. PacmpeneneHHbIe XapaKTEPUCTUKHA MPOBOJUMOCTH W 3HAYCHUS
Mapa3uTHBIX WHAYKTHBHOCTEH IIMH CBA3M M BHIBOJOB JOJDKHBI MMETh MUHHMAJIHHOEC 3HAYCHHE IUISI yMEHBIICHUS
MOTEPh U CHIKCHHUS YPOBHS IIEPEXOIHBIX MEPEHANPKCHAH.

Kpome Toro, moxbupasi 3KkCriepuMeHTAIbHBIN ITyTeM 3HadueHue KoHaeHcatopa C MOXXHO HE TOJBKO YIyYIINTh
Ka4yeCTBO BBIXOJHOTO HANpPSDKEHHs, HO M JOOUTHCS IIOCIENOBaTEIbHOTO pe3oHaHca. [Ipu pe3oHaHce aKTHBHAs
MOILIHOCTh HHBEpPTOpa OYJET NepeaaBaTbCsi HHAYKTOPY, T.€. 3arOTOBKE JUIsl HarpeBa.

KiloueBble cioBa: MHAYKUMOHHBIA METOH, 4acToTa ToKa, TpaH3uctopHble moayiu JGBT, nampsbkenwue,
Tpebyemas TeMreparypa.
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