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Abstract

The article provides a detailed overview of the history, development and applications of frequency converters,
with particular emphasis on their use in the oil and gas industry. It traces the evolution of frequency converters from
their inception in the late 19th and early 20th centuries to their modern applications, which use microprocessors and
digital signal processing to precisely control the output frequency. In the oil and gas industry, frequency converters
are critical to efficient and accurate induction heating of pipelines. They convert a fixed frequency and voltage
power supply into a variable frequency and variable voltage output, controlling the speed of the induction motors
used in the heating process. The article also covers the design and modeling of frequency converters, discussing the
process of characterizing them, creating mathematical models, and using modeling software tools such as MatLab.
It presents equations for inductive energy, capacitor energy, resonance conditions and power factor, which are
necessary in the mathematical modeling of frequency converters. The article concludes by highlighting the impact
of frequency converters on the efficiency and economics of induction heating systems. It emphasizes the need for
careful design and modeling to ensure optimal performance and safety.

Key words: frequency converters, induction heating, oil pipeline, design and modeling, technological
temperature maintenance.

Introduction

At the present stage of development, the rapid development of science and technology has
brought great changes to various industries, and the oil and gas industry is no exception. One of
the technological advancements that has had a major impact on the industry is the development of
frequency converters. This article examines the history, development, and applications of frequency
converters, especially as they relate to induction heating used to maintain process temperatures in
petroleum pipelines.

The research conducted in this article is highly relevant for the oil and gas industry, where
efficient and accurate induction heating of pipelines is very important. Research focuses on the
evolution, development and application of frequency converters, which play an important role in
this process. The purpose of this study is to provide a comprehensive understanding of frequency
converters, their evolution and application in induction heating. It also aims to explain the technical
aspects of frequency converters, including the mathematical equations that govern their design,
modeling and operation.

The study uses a multifaceted approach combining historical analysis, technical expertise,
applied research and statistical modeling. It begins with a comprehensive review of the existing
literature on the history and development of frequency converters. This study also includes in-depth
technical analysis of frequency converters, detailed study of the electronic components used in these
devices, and the application of mathematical equations to describe energy exchange in LC circuits.
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This study has practical implications as it provides insight into the design and modeling of
frequency converters for heating oil pipelines. The simulation results are suitable for practical
application in oil refineries.

New research focuses on a holistic approach to understanding current frequency converter
applications in the oil and gas industry. It also provides a detailed mathematical model of the
frequency converter, which is a new addition in this field.

This research provides new insight into the role of frequency converters, particularly in the oil
and gas industry where induction heating is used to maintain process temperatures in oil pipelines.
This highlights the need for careful design and modeling to ensure optimal performance and safety
and opens up new prospects for improving the efficiency and economics of induction heating systems.

Literature review

The history of frequency converters dates back to the late 19th and early 20th centuries, when
power systems were just in their infancy.

As alternating current (AC) systems began to dominate direct current (DC) systems, the need
for frequency conversion arose. The first frequency converters (late 1800s to early 1900s) were
mechanical devices such as motor-generator sets, in which an AC motor drove a DC generator and
the output frequency was controlled by the speed of the motor.

Electronic frequency converters began to emerge (mid-1900s) with the invention of electronic
components such as vacuum tubes and later transistors. These devices use electronic circuits to
convert the frequency of electrical signals, providing greater efficiency and control than mechanical
devices.

The development of semiconductor devices such as diodes and thyristors led to the advent of
solid-state frequency converters (late 1900s — early 2000s). These devices greatly improve efficiency,
reliability, and controllability and have become the standard for most applications [1].

Thanks to advances in digital technology, modern frequency converters now use microprocessors
and convert digital signals into frequency converters. These devices are used in a variety of
applications, from electronics to communications.

Throughout history, the need for efficient and precise control of electronic systems has driven the
development of frequency converters.

Induction heating is now widely used in the oil and gas industry for heating or heating oil
pipelines. Frequency converters play an important role in providing sufficient and accurate heating
in oil pipelines.

Water heaters have two main purposes: to compensate for heat loss during oil transportation
and to satisfy other industrial needs, for example, active heating of oil. Induction heating has many
advantages over traditional pipe heating methods. This is a very good way. About 90% of the energy
used is converted into heat. In comparison, the energy conversion rate is 30-50%, which is more
efficient in traditional processes such as heating hot water or oil. Induction heating also provides a
precise and consistent heating system, ensuring the entire pipe is reheated [2].

The frequency converter plays an important role in induction heating of oil pipelines. It is
responsible for converting fixed voltages and currents into AC and AC currents and controlling the
speed of the induction motor used in the heating system. By controlling frequency and voltage, the
frequency converter can precisely control the induction heating system, ensuring heating efficiency
and uniformity [3, 4].

Research method
The research conducted in this article used an interdisciplinary approach combining historical

analysis, technical research, applied research and mathematical modeling. This study begins with a
thorough review of the existing literature on the history and development of frequency converters.
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This review examines the evolution of these devices from their mechanical origins to the modern
use of microprocessors and digital signal processors. An in-depth technical analysis of frequency
converters was carried out. This includes a detailed study of the electronic components used in these
devices. Also, the study includes an analysis of the use of frequency converters in the oil and gas
industry, in particular for induction heating of pipelines. This analysis examines the importance
of frequency conversion, the benefits of induction heating, and the role of frequency converters
in this process. Shown are the mathematical equations used to describe power transfer, resonance
conditions, and power conditions in LC circuits. The study provides equations to calculate the energy
stored in inductors and capacitors. The operation of the frequency converter was simulated using
software — Matlab.

The research methods used in this article provide an in-depth understanding of frequency
converters, their development, technical aspects, applications and design specifically in the oil and
gas industry.

Results and discussions

Taking the example of oil pipelines, frequency converters are used to power induction heating
equipment for various purposes such as pre-weld heat treatment, post-weld heat treatment, pipe
coating, carbide brazing of drill bits, etc. The use of frequency converters in induction heating
systems allows flexible and efficient heating even in places where water sources are located far away
and difficult to access [5].

Over time, advances in inverter technology have made oil pipeline induction heating systems
more efficient and economical. For example, the development of full-phase inverters using Vienna
rectifiers improves energy conversion efficiency and works in high-frequency induction heating
systems.

The oil and gas industry widely uses induction heating equipment in a variety of processes,
including drilling, pipeline installation and repair, and biofuel processing. Induction heating has
replaced gas welding in many industries due to its reliability, safety, and ability to accurately control
heat [6].

The development of frequency converters plays an important role in efficient and accurate
heating of oil pipelines. The converter, currently under development, converts direct wave energy
into alternating waves to provide better control and uniform heating throughout the pipe. Advances
in frequency control technology have led to efficient and economical heating systems, making them
the number one choice in the oil and gas industry [7].

In this article we will consider a new frequency converter for induction heating of oil pipelines,
manufactured by the authors and colleagues (Fig. 1). The first stage of the development process is the
design stage. This includes determining the characteristics of the frequency converter such as input
and output power, power rating and efficiency. Design also includes component selection and circuit
design.

Figure 1 — Experimental setup
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The design process begins with the understanding that maximum power dissipation occurs when
the inductor power is uniform. This can be achieved by connecting a set of compensation capacitors
in parallel with the inductor. A compensating group of capacitors and chokes forms an oscillatory
load circuit, in which the active energy stored in the magnetic field of the inductor is transferred to
the capacitor and converted into electrical energy [8].

Mathematically, this process can be described as follows: In an oscillatory load circuit consisting
of an inductor (L) and a capacitor (C), a force circulates between the magnetic field of the inductor
and the electric field of the capacitor [9]. This can be expressed using the following equation:

Inductor power (W, ). The energy stored in the magnetic field of the inductor is determined by
the inductor is determined by formula 1:

W,=1/2-L-1? (1)

where L — inductance in henry (H),
I — current through the inductor in amperes (A).
Capacitor Energy (W¢). The energy stored in the electric field of the capacitor is determined by
formula 2:

W.=1/2-C-V? 2)

where C — capacity in farads (F),
V' — voltage across the capacitor in volts (V).
In an oscillatory circuit, the energy stored in the inductor (Wy), transferred to the capacitor (W)
and vice versa. This transfer of energy continues back and forth, creating vibrations.
Resonance. The resonance condition in an LC circuit (where the circuit oscillates at its natural
frequency) is given by Formula 3:

1
‘f B E-Ir-sqrt':L-C':] (3)
where f — oscillation frequency in hertz (Hz),
L —inductance in henry (H),
C — capacity in farads (F).
Power factor. The power factor (PF) of an AC circuit is determined by formula 4:

PF = (8) 4

where 6 — phase angle between current and voltage.

In a DC circuit (such as an LC circuit), the power factor is zero. However, if the inductor's power
factor is 1 (1), this means that the circuit is operating in resonance with the voltage and current being
in phase.

The purpose of this design is to achieve unity of power by tuning the LC circuit to air flow. This
ensures high energy transfer between the inductor and capacitor, resulting in efficient use of electro-
magnetic energy in the system.

Load oscillatory circuit with inductor and capacitor.

An oscillating load circuit consisting of an inductor and a capacitor is often called an LC circuit
(Fig. 2). The circuit can circulate without a source of electromotive force (EMF) by transferring the
energy stored in the circuit between the electric and magnetic fields.

334



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 3(70) 2024

+

v wt) L g o

Figure 2 — Diagram of an oscillating load with an inductor and a capacitor

In an LC circuit, an inductor (L) and a capacitor (C) are connected in series or parallel. In a series
configuration, the total voltage across the open terminals is the sum of the inductor voltage and the
capacitor voltage. The current flowing through the active terminal of the circuit is equal to the current
flowing through the capacitor and inductor. In a parallel configuration, the voltage across the open
terminal is equal to the voltage across the inductor and the voltage across the capacitor. The total
current flowing through the positive terminal of the circuit is equal to the sum of the current flowing
through the inductor and the current flowing through the capacitor.

The oscillatory behavior of LC circuits is caused by the transfer of energy between capacitors
and inductors. When the switch closes, the capacitor begins to discharge, creating a current in the
circuit. This current creates a magnetic field in the inductor. The energy is transferred to the capacitor,
where the electric field decreases, to the inductor, where the magnetic field increases. This process
continues, causing a cycle between electricity and magnetism.

It is worth noting that energy loss occurs within the circuit, which reduces fluctuations over time.
These losses can be caused by factors such as the DC resistance of the inductor, the dielectric of the
capacitor, and radiation in the circuit.

LC oscillators are widely used for generating high frequencies and are often used in radio
generators, superheaters, radio and television receivers, etc.

The use of an oscillating load circuit (usually with an inductor and capacitor or LC circuit)
allows energy to be exchanged between electricity and magnetism, creating oscillations without the
need for an external emf source.

High frequency generators, such as transistor frequency converters, are used as power sources in
oscillating load circuits. High frequency induction heaters have an output frequency range of 10 to
40 or 30 to 100 kHz. In this frequency range, the depth of the induction field is 2—5 mm. If additional
heating is required along the depth of the part, the heating time will be increased [10].

When designing an oscillating transformer and considering an oscillating load circuit containing
inductors and capacitors, several factors must be considered:

1. List of repetitions. High frequency induction heaters, including those used in frequency
converters, typically operate in the frequency range of 10 to 40 kHz or 30 to 100 kHz. The specific
frequency range depends on the application and required heating characteristics.

2. Penetration depth. The penetration depth of the guided field in this wavelength range is
typically between 2 and 5 mm. This means that the induced current and heating occur predominantly
in the surface layer of the heated material.

3. Time and depth of heating. If additional heating is required along the depth of the part, the
heating time should be increased. This allows more energy to be transferred to deeper layers of the
material, thereby increasing the depth of heating. However, it is worth noting that increasing the
heating time may increase the overall processing time.

4. Impedance and resonant frequency. The impedance of the load oscillating circuit (including
inductors and capacitors) plays an important role in the frequency converter. Impedance depends on
the operating frequency and the size of the inductor and capacitor. When the impedance is low, a
resonant frequency occurs in the circuit, allowing more energy to be transferred between the inductor
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and the capacitor. The resonant frequency can be calculated using equations and the values of the
inductors and capacitors in the circuit.

For example, as shown in Figure 3, the Hartley oscillator, an oscillator used in electronic products,
is currently in use. It is known for its simple and lightweight design. It produces sine waves and is
used to generate signals. and Colpitts oscillators, which are widely used in wireless communications
to generate high-frequency sinusoidal signals. Known for stability and low harmonic distortion.
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Figure 3 — Hartley Oscillator and Colpitts Oscillator

It is worth noting that the specific design and load parameters of the frequency converter generator
circuit may vary depending on the application requirements and the required heating characteristics.

Next we will look at modern high-frequency transistor transformers for induction installers.
Today's transistor high-frequency sensing modules, especially those integrated into gate bipolar
transistor (IGBT) modules, are widely used in mid- and high-power applications. IGBTs are three
types of power semiconductor devices that combine the power characteristics of MOSFETs and
bipolar transistors. They provide high current density, low power consumption and high performance,
allowing for smaller heatsink size and lower system cost. These devices can drive loads of hundreds
of kilowatts, handle currents up to hundreds of amperes, and withstand voltages in the thousands of
volts range. Their low forward energy loss and impedance make them suitable for power applications
such as converters, transformers and power supplies [11].

The current flow diagram of the oil pipeline heating process is as follows: In the induction heating
oil pipe, the induction wire is wound on the outside of the oil pipe to form a cylindrical inductor. The
inductor is closed by a compensation capacitor bank and connected to the high-frequency generator
through a damping (shunt) transformer [12].

The inductor is a metal coil surrounded by a tube. It has a cylindrical shape and is designed to
create a strong magnetic field when high frequency alternating current (AC) flows. The inductor
induces eddy currents in the tube conductor, causing resistive heating.

The capacitor compensation section is connected in parallel with the inductor. Capacitors are
used to compensate reactive power in the circuit and increase voltage. This helps improve energy
distribution and increase the efficiency of induction heating systems [13].

A damping transformer is connected between the high-frequency generator and the inductor. It
performs two important functions [14].

336



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 3(70) 2024

- Appropriate harmony. The shunt transformer ensures that the parameters of the high-frequency
generator precisely match the parameters of the load circuit. Controls voltage and current levels for
efficient power transfer between generator and inductor. This helps improve energy transfer and
heating efficiency.

- Galvanic isolation. The shunt transformer provides galvanic isolation between the inductor
and the high-frequency generator. Galvanic isolation is important for safety reasons because it helps
prevent electrical shock and protect equipment and personnel. Electrically isolates the inductor from
the generator to ensure safe operation.

Induction. The process mode of induction technology is controlled by the controller. The
controller monitors and controls various parameters such as temperature, power output, heating
time, etc. The heating process is precisely controlled to ensure uniform and stable heating of the oil
pipes. Therefore, frequency converters designed for induction heating of oil pipelines require careful
consideration of the power supply, inductor design, and use of matching transformer to ensure proper
performance and safety.

After completing the design process, we begin executing the model. After completing the design
of the frequency converter for the oil pipe heating device, measurements of the system are carried
out using software [16]. Calibration allows you to periodically predict the performance of your
transmitter and make necessary design adjustments. In this study, simulations were carried out using
the MatLab software package.

In this work, system modeling can be used to understand and optimize system performance and
reliability. This will help you evaluate different design options, predict system behavior, and identify
potential problems before implementing your design in the real world.

The first modeling step is to create a mathematical model of the installed inverter. This includes
identifying components, their properties and interactions. The model shows the behavior of the
system and allows engineers to simulate its operation under various conditions [17, 18].

Creating a mathematical model of a frequency converter requires a mathematical representation
of the converter components and their interactions [19].

Input voltage source (Vin) is the power source of the inverter. In the model we consider it as a
constant voltage source.

The switching element (S) is the main component of the inverter. You can think of it as a switch
model that turns on and off at a certain frequency. The switching frequency can be expressed as a
model parameter.

The output load (L) is the component that uses the power provided by the inverter. In the model,
this can be expressed as resistance.

Filter (C) is used to smooth the output voltage. In the model, this can be represented as a capacitor.

The mathematical model of the frequency converter can be expressed by Formula 5:

out = Vi - D (5)
where V,u: — output voltage,

Vi — input voltage,

D — switching element duty cycle.

Duty cycle D is defined as the ratio of the switch closing time (T,,,) to the total switching
cycle period (T7), i.e., according to formula 6:

D=T/T; (6)

The simulation result is presented in Figures 4 and 5.
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Figure 5 — Simulation results in the MatLab software package

The simulation results show that as the frequency of the inductive converter increases, the
number of parts, cost, and weight of the device and control system also increase. Unlike most devices
that heat only the surface of the pipe, the transformer heats the entire surface of the pipe.

If the inductor power is 1, the electromagnetic force can be increased. This can be achieved by
connecting a capacitor bank in parallel with the inductor. The compensation capacitor bank and the
inductor form an oscillatory load circuit, and the active energy collected in the magnetic field of the
inductor is transferred to the capacitor and converted into electrical energy [20].

A mathematical model was built in the Simulink environment to visually display the logarithm
of the amplitude-phase frequency response. The simulation results are shown in Figure 6.

'Thiﬁlgfrwi : -' =
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Figure 6 — Simulation results in Simulink environment
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The simulation results of this frequency converter can be used for efficient implementation
in existing refineries. This means that theoretical designs and models can be implemented in real
physical heating systems for oil pipelines. This will also help you understand the working of the
inverter. This understanding can be used to improve the efficiency and effectiveness of induction
heating systems.

The simulation results can be used to develop inverter control strategies. This ensures precise
heating by precisely controlling the output frequency.

Therefore, the obtained simulation results are not only of theoretical significance, but also have
practical application value and can contribute to the development of efficient, safe and effective
heating systems in the oil and gas industry.

Conclusions

This article provides a comprehensive overview of the evolution, design and application of
multiphase conversions, especially in the context of the oil and gas industry.

This article traces the development of the Time-Turner from its origins in the late 19th and early
20th centuries to the present day. Modern inverters use advanced technologies such as microprocessors
and digital signal processing to provide precise control of the output frequency.

In the oil and gas industry, frequency converters play an important role in heating pipelines
efficiently and accurately. Converts a fixed frequency and voltage source to a variable frequency and
voltage output to control the speed of induction motors used in heating systems.

This article describes in detail the design and simulation of frequency converters. We describe
the process of characterizing these devices, creating mathematical models, and using software
modeling tools such as MatLab. This article presents the equations of inductor power, capacitor
power, resonance conditions and power factor required for the mathematical model of a frequency
converter.

The article concludes by highlighting the impact of frequency converters on the efficiency and
economics of induction heating systems. It emphasizes the importance of careful design and modeling
to ensure optimal performance and safety. The simulation results are applicable for practical use at
operating oil refineries.

To summarize, the evolution of variable speed drives has paved the way for more efficient and
cost-effective induction heating systems, making them the preferred choice in the oil and gas industry.
However, the design and modeling of frequency converters requires careful consideration to ensure
optimal performance and safety.
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MYHAM KYBBIPBIH MHIYKIUSIJIBIK KbI3IBIPYFA APHAJIFAH
KUK TYPIEHIIPTIIIIH O3IPIEY YPIICI

AHjaarna

Makanana SKUUTIK TYpJICHAIPTiITEPiHIH TapuXbl, JaMybl >KOHE KOJJIAHBUIYbI Typajbl erKeH-TerKeii
IOy YCHIHBUIBIN, SPEKIIe Ha3ap OJNapIblH MYHai-Ta3 cajachlHIa KOJIAHBUIYbIHA aynapburad. JKUUTK Typ-
neHmiprimrepinia 19 raceipabH coHsl MeH 20 FachIpAbIH OachlHAA JKacalyblHaH OacTarl, Kasipri Ke3le MUK-
porporieccopiaap MEH CHTHAIAapasl NUGPIBIK OHACY apKbUIbl IIBIFY JKHAUTTIH A7 Oackapyra IeHiHTi 3BO-
JIOUHMACH KapacThIpbUIaabl. MyHai-ra3 cajachblHAa SKHUTIK TYPIACHIIPTIITEPT KYOBIpIapabl THIMII JKOHE IO
MHJIYKIMSUTBIK JKBUIBITY YIIIH MaHbBI3IbI pen arkapaiasl. Onap TypakThl JKHUIIK IEeH KepHey KO3iH alHbIMabl
JKUUTIK TICH alHBIMAJIBI KEPHEY CUTHAJJAPbIHA TYPJICHAIPIN, JKbUIBITY YPIICIHIC KOJIAHBLUIATBIH aCHHXPOHJIBI
KO3FaJITKBIIITApABIH KBUIIaM/IBIFBIH OacKapanel. Makanaaa COHBIMEH KaTap JKUUTIK TYPICHIIPTIIITEPiH )obanay
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JKOHE MOJICNIBICY MOceieaepi KapacThIPbUIAbl, OJNAPIbIH CHIIATTaMajiapbhlH aHBIKTAYy YPIICi, MaTeMaTHKAJIBIK
MoJenbAepIl Kacay xoHe MatlLab cusKTBI OarmapiaMaiblK Kypajaapisl NaiiiaiaHy TalkbUiaHaabl JKuimik
TYPJICHAIPTIMTEePiH MaTeMaTHKAIBIK MOJICITBACY Ke3iH/Ie KaXKeT OONaThIH HHAYKTHBTLIIK SHEPTUACH], KOHICHCATOP
SHEPTHUsIChI, PE30HAHC MIAPTTAPHI )KIHE KyaT K03 (DHUIMEHTIHE KATHICTHI TEHJICYIEP YChIHbIIFaH. MaKaia COHbIH/IA
JKULUTIK TYPICHAIPTIIITePiHIH HHAYKIUIIBIK JKBUTBITY XKYHENepiHiH THIMIUTIT MEH SKOHOMHUKACHIHA dCepi aTalabl.
CoHBIMEH KaTap, OHTANIBI OHIMIUTIK MTeH KayiNCi3AiKTI KaMTaMachl3 €Ty YIIiH MYKHUSAT )Ko0aiay MeH MOJIENbICY/IiH
Ka)XKETTLTIrHE epeKIle MoH OepijireH.

Tipek ce3mep: >XKHUUIIKTI TypreHIIprimTep, WHIYKOMSUIBIK KBI3ABIPY, MyHail KyOBIpbI, »oOamay >KoHE
MOJICITBJICY, TEXHOJIOTHSITBIK TeMIIepaTypaHbl yCTay.
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IMPOLHECC PASBPABOTKHU ITPEOBPA3OBATEJISA HACTOTHBI
NHHAYKOUOHHOI'O HATPEBA HE®TEITPOBOJA

AHHOTAIUA

B crarbe npezacraBneH noapoOHBI 0030p UCTOPHUH, Pa3BUTHS M IPUMEHEHHUS IIPeoOpa3oBareieii YacToThI C
0COOBIM aKI[EHTOM Ha WX HCIOJb30BaHUE B HedTerazoBoii orpaciu. [IpociexuBaeTcst IBOMIOIHS peodpa3zoBare-
JIeH 9acTOTHI OT MX CO37aHus B KoHIle 19 — Hagane 20 BB. IO MIX COBPEMEHHOTO MMPUMEHEHUS, KOT/a UCTIOIB3YIOTCS
MHUKPOTIPOIIECCOPBI U IH(poBasi 00padboTKa CUTHAJIOB I TOYHOTO YIIPABIICHHUS BBIXOIHOW "acToToi. B Hedrera-
30BOM OTpaciii MPeodpa3oBaTey YacTOTHl UMEIOT pelaronee 3HadeHne st 3QGEKTUBHOTO U TOYHOTO HHAYKIH-
OHHOTO Harpesa Tpy0ornpoBoaoB. OHU MPeoOpa3yroT UCTOYHUK ITUTaHUS ¢ PUKCUPOBAHHOW YaCTOTOM W Harpsike-
HHUEM B BBIXOIHOW CHUTHAJI IEPEMEHHOM YacTOTHI 1 IEPEMEHHOT0 HAPSDKEHHMS, YIIPABIISIS CKOPOCTHIO aCHHXPOHHBIX
JIBUTATEIeH, NCIOIb3yeMbIX B IPOIECCe HArpeBa. B crarbe Takke pacCMaTpPUBAIOTCS BOIIPOCHI MPOSKTUPOBAHUSI U
MOJICTIMPOBAHUS MTPpeo0pazoBaTesieil YacToThl, 00CYKAAETCs MPOLECC UX OIPEIS/ICHNs] XapaKTePUCTUK, CO3IaHUs
MareMaTH4eCKuX MOJIeJIel U HCIIOIb30BaHMsI IIPOrPAMMHBIX HHCTPYMEHTOB MOJICIIMPOBaHMsI, TakuX kak MatLab. B
HEM IIPE/ICTaBIICHbI YPABHEHHUS JUIsl SHEPTUH HHAYKTHBHOCTH, SHEPTUH KOHJIEHCATOPa, YCIOBUIT pe3oHaHca U KO3 (-
(unyeHTa MOIHOCTH, KOTOpbIe HEOOXOIMMBI ITPU MaTEeMaTHUECKOM MOJCINPOBAHUH ITPe0oOpa3oBareseii 4acToThI.
B 3axioueHne craTbu MOAYEPKUBACTCS BIMSHHE IpeoOpa3zoBarenell 4acToThl Ha 3(P(HEKTHBHOCTh M 3KOHOMHKY
CHCTeM MH/IyKI[HOHHOTO HAarpesa. B HeM moguepKkuBaeTcst HEOOXOMUMOCTD TIATEIBHOTO MPOSKTUPOBAHUS U MOJIC-
JMPOBAHUS JUIsl 00ECIICYCHUs ONITUMAIbHON MPOU3BOANTEIBHOCTH U O€30MaCHOCTH.

KaioueBble ciioBa: rmpeoOpa3oBarenn 4acToThl, HHAYKIIMOHHBIA HarpeB, HEQTEPOBOJ, MPOCKTUPOBAHHE U
MOJEIMPOBAHKE, TEXHOJIOTNYECKOE NOAACPKAHUE TEMIIEPATYPBL.
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