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AUTOMATED EXPERIMENT SYSTEMS FOR STUDYING THE PROPERTIES OF TRANSPORT
POLYMER MATERIALS IN HIGH-FREQUENCY ELECTROTHERMIA

N. G. Filippenko, A. G. Larchenko*

Irkutsk State Transport University
15, Chernyshevsky St., 664074, Irkutsk, Russian Federation
*E-mail:Larchenkoa@inbox.ru

Recent decades have been characterized by increased activity in the use of polymer and composite materials in
transport engineering. In this paper, the authors give a generalizing analysis of previously created systems of scientific
research and analyze the principles of building automated systems of scientific research (ASSR) that allow solving the
problems of determining the parameters of heat exchange, electrophysical parameters and phase transformations in
polymer and composite materials when exposed to the HF field. The authors continue the research of the ASSR HF
developed by the Irgups team, a number of other scientific schools working in the same direction.therefore, within the
framework of the hardware created by these teams, both similar and original developments and solutions are viewed.
The analysis of the software parts of the ASSR HF presented by a number of mathematical models and software
complexes is given. Thus, the analysis of the structure of the developed systems of scientific research allows us to speak
about its dynamic development. The developed and presented flowcharts of automated experiment and automated
research systems allow the author to assert that the systems of automated experiment for studying the properties of
polymer materials in RF electrothermia created for certain tasks, despite the fact that they were conducted
independently and separately, have a single construction methodology. Comparing the results of the research, the
author concludes that the construction of a complex system of ASSR HF polar thermoplastic polymers is generally
complete

Keywords: automated scientific research systems, high-frequency electrothermics, polymer products, methodology
for building research systems.
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Iocneonue decsmunemus Xapakmepuzyomcsi NOGbIUEHHOU AKMUSHOCMbIO UCHONb308AHUS NOIUMEPHBIX U KOMNO-
SUMHBIX MAMEPUANO8 8 MPAHCHOPMHOM MAwuHOCmpoenuy. B Oannoitl pabome asmopamu Oaemcs 0000warouul
amanu3s panee cO30AHHBIX CUCEM HAYYHBIX UCCTIEO08AHUN U AHATUSUPYIOMCA NPUHYUNBI NOCTNPOEHUS A8MOMAMU3UPO-
BaHHbIX cucmem Hayunozo uccaedosanuss (ACHH), nozeonaowue pewiams 3a0auu onpeoenetis napamempos menio-
obMeHa, INEKMPOPUIULECKUX NAPAMEmPOs U (Pa306bIX NpespawjeHUll 6 NOTUMEPHLIX U KOMHOZUMHBIX MAMEPUANAX
npu gozdeticmeuu Ha wux BY-nons. Asmopul npodomicaem ucciedoganus paspabomarnuvix ACHU BY konrexmusom
UpI'VIIC, psoa Opyaux HayumvlX WKO, pabomaiowux 6 mom e HANpAieHul, NOIMOMY 8 PAMKAX annapamuoll
uacmu, CO30aHHOU YMUMU KOJLEKMUBAMU, NPOCMAMPUBAIOMCS KAK CXOdCUe, MAK U OPUSUHATIbHbIE pA3PADOMKU U pe-
wenus. [laemca ananus npoepammuuvix vacmeti ACHU BY, npedcmasnenHbix paoom mamemamuieckux mooenetl U Kom-
naeKcamu npocpammnozo obecneuenus. Takum obpazom, ananus CMpyKmypvl pazpadomanHulX CUcCmem HAy4yHO20
uccnedo8anus N0360aAem 2060pUMb 0 OUHAMUYECKOM ee paseumuu. Paspabomannvie u npedcmasnennvle 610K-cxembl
cucmem a6MOMAMU3UPOBAHHO20 IKCHEPUMEHMA U ABMOMAMUIUPOBAHHBIX UCCIEO08AHUL NO36OAIOM ABMOPAM YHi-
8epacoamp, YUMo co30antvle noo onpedeienHnvle 3a0ayu CUCTeMbl A8MOMAMUSUPOBAHHO20 IKCNEPUMEHMA NO U3yye-
HUIO CBOLICME NONUMEPHLIX Mamepuanos npu BY-snexmpomepmuu, necmomps Ha mo, 4mo Genuco CAMOCMOAMENbHO
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3aeepuero.

Knroueswvie cnosa: cucmemoi aAsmomamusupoBaHHblX HAYUHbIX uccnec)oganud, BblCOKOUACMOMHAS dNEeKmpOomepMUusl,
noaumepHole u3deﬂuﬂ, Memooonoaus nocmpoeHust cucmem uccnedo8anull.

Introduction. The driving force of the growth of the
polymer industry is still the ever-increasing standard of
living of mankind. It should be noted that continuous
growth is primarily demonstrated by the transport sector
of the engineering industry.

In the modern world, polymer industry companies are
building new capacities with minimal capital expenditures
due to the use of advanced technologies that can reduce
costs by reducing electricity consumption rates, and this
primarily refers to high-frequency electrothermal tech-
nologies [1-15]. However, the introduction of these tech-
nologies is constrained by the lack of reliable data on the
electrophysical properties of modern materials necessary
for the organization of control processes. Therefore,
the solution of this problem is an important national eco-
nomic task.

In this regard, the aim of this work was to analyze ex-
isting scientific research automation systems (ASSR) and
experimental automation systems (SAE) of the effects of
high-frequency electrothermia on the properties of poly-
meric materials processed in the HF field over a wide
temperature range.

Analysis of the state of ASSR and SAE HF-
electrothermics. In plastics processing, the HF heating
method, as has been repeatedly noted, is one of the most
advanced. The effectiveness of the use of HF heating is
judged by the value of the dielectric loss factor of the
dielectric constant —¢', and the dielectric loss tangent —tgd
[16-23]. The authors of an automated research system for
determining the permittivity — €&’ and dielectric loss
tangent —tgd, polyamide-610 performed the work using an
E9 meter (Q-meter) using two and three-dimensional
resonance methods [5]. The functional measurement
scheme and the location of the processed material are

presented in fig. 1 and 2, respectively, where a sample of
material placed between two plates of the working
capacitor 2 was affected by an HF field. Temperature
control was carried out by pyrometer 3 and thermocouples
TE 4-1. The calculation of dielectric indicators was
carried out by computing device 1.

The results of the work were the obtained data on the
characteristic changes in the electrophysical parameters of
PA-6 polyamide (¢’ and tgd) depending on temperature.
Nevertheless, even the authors themselves in the work
point out the difficulties of using such a research system
in determining the melt moment of a material, referring to
a difficult to control process accompanied by gas
formation at the time of a phase transition. The obvious
drawbacks of the developed automated experiment are
also the absence of immunity systems, and the
mathematical model does not correspond to the real
technological system and consists of one layer of material
to be welded.

The mathematical apparatus of the HF heating model
proposed by the authors [15; 20] describes the tempera-
ture distribution in the thickness of the thermoplastic,
taking into account the design features of technological
equipment (fig. 3).

The calculation of the welding process was carried out
by numerically solving the equation for variable values of
y and dependencies obtained by calculation and experi-
mental methods were used.

The disadvantage of this system, as with previous au-
thors, is also associated with the mathematical model. The
model underwent changes, was expanded, but considers
only a special case of processing, namely welding.
The schematic diagram of the experimental setup is
shown in fig. 4.

3

1 CuQ

Calculation Calculation

tgd £

Fig. 1. Functional measurement scheme:
1 — computing device; 2 — upper and lower plates of the working capacitor;
3 — windows for temperature pyrometry

Puc. 1. ®ynkuuonanbHas cxeMa U3MEpeHuit:
1 — BBIYHCIIUTEIBHOE YCTPONCTBO; 2 — BEPXHSS M HIKHSS OOKIIaIKH pabovero
KOH/IeHcaTopa; 3 — OKHA I IMPOMETPUH TeMIIepaTyphl
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Fig. 2. The location of the welded material
in the working capacitor:
1 — materials to be welded; 2 — electrodes

Puc. 1. PacnionoxeHnue cBapuBaeMOro Matepuana
B pabodeM KOHJIEHCATOpe:
1- CBapuBacMbIC MaTCpHUaJIbl; 2— SJICKTPOAbL

7%z \

A=) Azt
) X1 X: T X - X
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Fig. 3. High-frequency welding of plastic parts in industrial
equipment with one insulated electrode, where 4y, 4
is the thickness of the high potential and grounded electrodes;
h, is the thickness of the insulating liner; 1 = 43/2 — thickness
of the welded part; x; is the coordinate of the layer boundary;
X, is the coordinate of the weld; y is the distance from
the weld; U, is the voltage at the working capacitor

Puc. 2. Bricoko4acTOTHas cBapKa JeTayeil U3 miacTMace
B TEXHOJIOTUYECKON OCHACTKE C OHUM H30JIMPOBAHHBIM
9NIEKTPOJIOM, TAE Ay, 4 — TONIIHHA BEICOKOIIOTEHIUAIEHOTO
Y 3a3€MJICHHOTO 3JICKTPOIOB; /i, — TOJIIMHA H30ISIUOHHOTO
BKJIabIIa; | = /13/2 — TONMIIMHA CBApUBACMOM JICTAIIN;

X; — KOOp/IMHATA TPAHUIIBI CIIOS; X; — KOOPAWHATA CBAPHOTO
IIBA; ) — PACCTOSIHME OT CBApHOro 1Ba; U, — HANpsKeHUe
Ha paboyeM KOHIEHCATOpe
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Fig. 4. Schematic diagram of the experimental setup:

1 is a product sample; 2 is a product sample; 3 is for electrodes of the working ca-
pacitor; 4 is an insulating liner; 5-1 is an acoustic sensor; -2 is an analog-to-
digital converter (ADC); 6 is a computing device; 7 is a HF generator;

8 is an ammeter of the anode current; 9 is a “START” button

Puc. 4. IlpunnunuanbHas cxema dKCIIepUMEHTaIbHON YCTaHOBKH:
1 — obpazen m3nenust; 2 — oOpaser n3aeius; 3 — 3JIeKTPoIbl pabouero KOHIeH Ca-
TOpa; 4 — N30JSIMMOHHBIN BKJIABII; 5-/ — aKyCTHYECKHN IaTUHK;
5-2 — ananoroBo-1udposoii mpeodpaszosarens (ALI); 6 — BeruKCIUTETBHOE YCT-
poiictBo; 7 — BU-reneparop; 8§ — amnepmerp aHOAHOTO ToKa; 9 — kHOnKa «I[TYCK»

hy h

h;

.

S

><
&

Fig. 5. Applience for high-frequency processing of parts:
hy, hy are thickness of high-potential and grounded electrodes; /4 is the thickness
of the insulating liners; / is the thickness of the processed (welded) part; x is the
coordinate of the layer boundary; x; is the coordinate of the connection; y is the
distance from the junction; U, is the voltage at the working capacitor

Puc. 3. Ilpucniocobenue a1 BRICOKOYaCTOTHON 00pabOTKH eTajei:
h1, hs — TOMIIMHA BBICOKOTIOTEHIIMAIBHOTO U 3a3eMJICHHOTO DJICKTPOJIOB;
h; — TONIIMHA N30JSILMOHHBIX BKJIA/IBIIICH; / — TonrHa 00pabaTeiBaeMoii (cBapu-
BaeMOﬁ) JAC€TalIi; X — KOOpAUHATa 'paHULbI CJI0s; Xy — KOOpANHATa COCAUHECHUS;
Y — pacCTossHUE OT MECTa COCIMHCHUSI; U p— HaIIpsDKCHUC Ha pa60qu KOHAEHCATOpE

n [12], the shortcomings indicated in previous ver-
sions of automated experiments are not so obvious, but
nevertheless, the presented SAE has limited capabilities
and is applicable only in the study of polar thermoplastics.
The device for high-frequency processing of parts is
shown in fig. 5.

A solution was found to organize the calculation
and measurement of temperature on the surface and inside
the material and to protect the electrodes from break-
down, which was implemented both in the hardware and
in the mathematical program part of the research system
[4; 14; 23].
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The ASSR hardware also underwent changes. Switch-
ing systems and control units were added.

Nevertheless, the presented model, although it ex-
panded the capabilities of the technological system (the
quantity of layers of material is increased up to five), but
the possibility of its application is limited by a number of
HF processing processes such as welding, drying, and
acclimatization.

A feature of the works presented [7; 8] is the expan-
sion of the capabilities of scientific HF research regarding
diagnostic processes. A mathematical model was devel-
oped for measuring the capacitance of a working capaci-
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tor, and a software package was created for calculating
the effective diagnostic parameters (fig. 6) under HF ex-
posure, depending on the shape and size of the samples
[7; 14; 22].

This automated system (fig. 7) of scientific research
has expanded the possibility and list of technological
processes of HF electrothermics, but concerns only one
type of research, namely diagnostics

An analysis of one of the latest works of scientific re-
search systems [8; 12] on the study of the interconnec-

tions of electrophysical parameters of electrothermal
equipment and polymer materials widely used in transport
engineering shows that a number of problems that were
not included in the work of previous authors were solved.

A mathematical model of the technological system
was developed in a 3D setting (fig. 8, 9), which included a
variable number of electrodes, insulators and processed
materials, and the developed algorithm made it possible to
calculate the temperature field taking into account the

heating of the technological system.
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Fig. 8. 3D five-layer high-frequency processing technological scheme.
The first group of the technological scheme consists of:

1 —low-potential electrode of the working capacitor; 2 — insulator; 2nd group: 3 — proc-
essed polymer (internal heat source); 3rd group: 5 — high-potential electrode of the working
capacitor; 4 — insulator; X, Y, Z are coordinates of the boundaries of the layers; U, is the
voltage at the working capacitor

Puc. 8. 3D marucnoiinas TexHonorudeckas cxema BU-00paboTkm.
1-51 rpymIIa TEXHOIOIHYECKOH CXeMBI:
1 — HU3KOIOTCHIMANBHBII 3IEKTpo] pabouero KOHAEHCaTOpa; 2 — U30IATOp; 2- TPyIIa:
3 — obpabaTbiBaeMBlil HOIMMep (BHYTPEHHHI HCTOYHUK TEILIa); 3- TPYIa: 5 — BBICOKO-
MOTEHIUATIBHBIH 3IIEKTPO pabouero KoHaeHcaropa; 4 — uzossirop; X, Y, Z — KoopAUHATHI
rpaHuI cioes; Up — HanpsbKkeHHe Ha pabodeM KOHIEHCAaTope

N |
| 0

3 2 6
T 8
7
9 TE N
7-1
j— ¢
8-2 6-2 11-2

Fig. 9. Scheme of an automated experimental setup for determining
the amperometric dependence of dielectric loss in polymeric materials:

1 is a processed sample; 2, 9 are heat-electric insulators; 3 is for electrodes of the working
capacitor; 4 is a HF generator; 5 is a device for contact heating of the sample; 6 is an
electric heating element; 7 is a thermocouple; 7-/ is a thermocouple thermometer;

8 is a protective screen; §-1 is a current sensor; /0 is a computing unit; //-/ is a linear
thermal expansion sensor

Puc. 9. Cxema aBTOMaTH3MPOBAaHHON HKCIIEPUMEHTAILHON YCTaHOBKH
IO OIIPEJEICHUIO AMIIEPOMETPUYECKON 3aBUCUMOCTH AUIIEKTPUUECKUX IOTEPh
B IIOJIMMEPHBIX MaTepUaiax:

1 — obpabatbiBaeMblit 00paselr; 2, 9 — TeIIo-, AIEKTPOU3OISTOPHI; 3 — FIMEKTPOIBI
pabouero koHnaeHcaropa; 4 — BU-reneparop; 5 — npucnocoOaeHue 1uisi KOHTAaKTHOTO
HarpeBa o0pasia; 6 — AIEeKTPOHATrpeBaTEIbHBIN IEMEHT; 7 — TepMonapa; 7-1 — TepMo-
napa-TepMoMeTp; 8 — 3alUTHBIN 3KpaH; 8-/ — naT4yuk Toka; /() — BBIYUCIUTENBHBIH OJIOK;
11-1 — 1aTYMK JIMHEHHOrO TEINIOBOTO PACIIMPEHUS
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To date, a full-fledged automated system of scientific
research (ASSR HF) developed at the Irkutsk State
Transport University (IrGUPS) can be considered the
most system-developed one. It was finally formed and
indicated in [1; 8; 12].

Two versions of the ASSR HF with different hardware
have been developed chronologically. An industrial HF
processing unit of the UZP-2500 model was used as a
source of electromagnetic radiation. The developed and
patented automation unit [4], performed registration,
processing and transmission of information. It was im-
plemented on the basis of the programmable controller
ATmega 328.

We should note that this system, in addition to the
hardware, was also provided with a software component,
consisting of a number of software systems that imple-
ment automated research programs.

The basic principles for constructing a fully functional
ASSR HF hardware and its structural scheme for studying

the process of heat treatment of polymeric materials are
presented in fig. 10.

The work of the unit is organized as follows. Simulta-
neously with turning on the high-frequency generator, the
control unit and the automation unit are turned on. A lin-
ear Hall sensor measures the anode current of a high-
frequency generator, and acoustic sensors detect partial
discharges that occur on the polymer during HF process-
ing. Data on anodic current of high frequency generator
and partial discharges is transmitted to the computing
device of a microcontroller assembled on the basis of the
ATmega8 processor [2].

The microcontroller calculates the magnitude of the
change in the anode current; drying time; interdischarge
time; number of partial discharges. Installation of the unit
and sensors was carried out without re-equipment of ex-
isting electrical circuits of HF installations [6; 17; 18].

The integration of ACS elements with reference to the
HF equipment scheme of the UZP-2500 model is shown
in fig. 11.

Fig. 10. Block diagram of the ASSR HF hardware:

1 is an automation unit; 2 is a shielding case; 3 is a coaxial cable;
4 is a constant voltage source; 5 is a high-frequency generator; 6 is an
alarm control system; 7 is a generator control circuit; & is an actuator;
9 is a linear current sensor; /0 is a computing device; 1/ are acoustic

sensors for detecting partial discharges; /2 is a computing device;

13 is anti-interference housing; /4 is power supply; /5 is a variable

capacitor; /6 is a microcontroller; /7 is a working capacitor

Puc. 10. CtpykrypHas cxema annaparnoit vactu ACHU BY:

1 — 610K aBTOMATH3ALUH; 2 — SKPAHUPYIOLIUI KOPITyC; 3 — KOAaKCHAIIbHBIN
Ka0elb; 4 — HICTOYHUK MTOCTOSIHHOTO HAPSDKEHHsT; 5 — BBICOKOYACTOTHBII
TeHepaTop; 6 — CUCTeMa yIPaBJICHHUs CUTHAIH3AKEeH; / — [eNb yIpaB-
JICHUS] TEHEPAaTOPOM; 8 — UCIIOJIHUTENBHBIA MEXaHU3M; 9 — JINHEHHBIH
TOKOBBIN aTuuK; /() — BBIUUCIUTEILHOE YCTPOUCTBO; /] — aKyCTHYECKUE
JIATYUKH PETUCTPALIN YACTHYHBIX Pa3psiioB; /2 — BBIUMCIUTEIBHOS
YCTpO#CTBO; /3 — MOMEXO03aIIUIIEHHBIN KOpITyc; /4 — OJIOK MUTaHuUS,
15 — nepeMeHHBIH KOHJIEHCATOD; /6 — MUKPOKOHTpOJLIep; /7 — pabounii
KOHZIEHCATOp
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Fig. 11. Integration of ACS elements with reference to the HF scheme
of the installation of the model UZP-2500

Puc. 11. Unrerpauus snementoB ACY ¢ npuBsizkoi
k cxeme BY ycranoBku monenu Y3I1-2500

The unit of the registration and control device was
implemented with the following technical characteristics:

—number of measurement channels — 6;

—measured current: 0.01...10 AC, VC;

— measured voltage: 100...4000 V AC;

— measurement interval: 0.005 s,
8.10-6 s is possible);

— maximum measurement error: £ 1.5 %;

— non-volatile memory, 64 Kb;

—power —100...380 in VC;

— power consumption — 50 mA.

As it was mentioned above, along with the team of
IrGUPS, a number of other scientific schools work in the
same direction, therefore, within the hardware created by
these teams, both similar and original developments and
solutions are viewed. The software parts of ASSR HF are
also represented by a number of mathematical models and
software complexes.

Thus, the analysis of the structure of the developed
systems of scientific research allows us to talk about its
dynamic development. To date, comparing the research
results, it is safe to say that the construction of an inte-
grated ASSR HF system as a whole is completed. As can
be seen from the block diagrams of automated experiment
and automated research systems presented below, al-
though they were created separately, specifically for cer-
tain tasks, a specific construction methodology is seen in
all the works.

Conclusion. Thus, an analysis of the structure of the
developed scientific research systems allows us to con-
clude that the dynamic development of ASSR and SAE
by various scientific schools of electrothermists has led to
a uniform methodology for constructing ASSR HF.

(expansion to

Comparing the research results, it can be argued that
the construction of an integrated system of ASSR HF of
polar thermoplastic polymeric materials as a whole is
completed.
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