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SYNTHESIS OF CONSTRUCTIVE-TECHNOLOGICAL DECISIONS OF REGULATION
OF WORKING CAPACITANCE OF CABLES OF INDUSTRIAL NETWORKS

Introduction. Over the past 10 years, the number of industrial networks has more than doubled. At the physical level, all
industrial technology networks are based on twisted pair. Purpose. Synthesis of constructive-technological decisions of
regulation of electric capacitance of the insulated conductor at a stage of manufacturing of twisted pair of cables of industrial
networks. Methodology. The method of secondary charges to determine the capacitance of the insulated conductor by varying the
thickness of the solid and foamed polyethylene insulation. Practical value. Effective regulation is provided on the basis of the
obtained dependencies of the effective dielectric constant, the tangent of the dielectric loss angle and the capacitance of the
insulated conductor on the degree of foaming and the thickness of the protective film of two-layer insulation. At a degree of
porosity of 40 %, the dielectric constant decreases by 25 %, the tangent of the dielectric loss angle — by 33 %, the electrical
capacitance of the insulated conductor — by 20 %. References 18, tables 3, figures 5.

Key words: industrial networks, twisted pair, insulated conductor, foaming, insulation thickness, effective dielectric constant,
electrical capacitance.

Hosedeno binvuty uymaugicmo pe2ynio8ants MexHOI0LIYHO20 Npoyecy GUSOMOGIEHHs I3016b08AHO20 NPOGIOHUKA 8UMOI napu npu
0x010021cenHi y 8001 6 nopieHanni 3 nogimpsauum. Ilpu 3minenni moswunu i3onayii 6 4 pazu erekmpuuna eMHICMb 1301608AHO20
NPOGIOHUKA 3MIHIOEMbCS Olnbute, Hidic 6 2 paszu, ma Ha 5 % npu 3Hax00xceHHi y 6001 ma nosimpi 6ionosiono. Epexmusene
pe2yniosants 3a0e3neuyemvcs Ha NiOCMasi OMPUMAHUX 3ANEeHCHOCMEU eeKmueHoi OleIeKmpUUHOI RPOHUKHOCI, MAH2EHCY KYma
OleIeKMPUYHUX 8MPAm ma EMHOCHI I301b08AH020 NPOGIOHUKA 60 CMYNEHIO CNIHEeHHs. Ma MOGWUHU 3AXUCHOL NIIGKU 080UAPO6OT
isonayii. Ilpu cmyneni nopucmocmi 40 % Oienexmpuuna nponuknicme smenutyemvcs Ha 25 %, maueenc Kyma OieleKmpudHux
empam — na 33 %, enexmpuyna emuicme i301608an020 nposionuxa — na 20 %. bi6n. 18, tabmn. 3. puc. 5.

Knwouosi cnosa: mpoMHCJI0BI Mepexi, BUTa mnapa, i301b0BaHUNl NPOBITHUK, CHiHEHHS, TOBLIMHA i30JsUii, edeKTUBHA
JieJeKTPUYHA NPOHUKHICTh, eJIEKTPUYHA EMHICTD.

Hokazano 601bwyto 4yecmeumenibHOCmy pe2yiupo8aniis MEXHONI02UYECKO20 NPOYecca u320moeieHus U30IUpPOSAHHO20 NPOBOOHUKA
6UMOTL NAPbL NPU OXTAHCOEHUU 8 8600€ NO CPAGHEHUIO ¢ B8030YUIHbIM. TIpu usMenenuy monyunsl U3oIAYUY 6 4 pasa s1ekmpuyeckas
eMKOCHb  U30IUPOBAHHO20 NPOBOOHUKA MeHsiemcsi Oonee yem 6 2 paza, u nHa 5 % npu HaxodxcOenuu 6 800e U 6030yXe
coomeemcmeenHo. Dhekmuenoe pecyruposanue o0becneuusaemcs Ha OCHO8AHUU NOJYYEHHBIX 3asucumocmell p@exmusHol
OUINEKMPUUECKOU NPOHUYAEMOCY, MAHZEHCA Yald OUDIEKMPUYECKUX NOMepb U eMKOCIMU U30TUPOBAHHOZO NPOBOOHUKA OM
cmeneny 6CNeHUBAHUS U MOWUHBL 3AUUMHOL NIeHKU 08yxcaotinou usorayuu. Ilpu cmenenu nopucmocmu 40 % ousnexmpuueckas
npoxuyaemocms ymenvwiaemcss na 25 %, mamzenc yena Oudiekmpuueckux nomepb — Ha 33 %, anexmpuueckas emKOCMb
uzonupogannoeo npogoonuxa — na 20 %. bubin. 18, Tadmn. 3, puc. 5.

Kniouesvie cnosa: MpoMbllJIeHHbIE CeTH, BHTasl NMapa, M30IHPOBAHHBIN NPOBOAHHMK, BCIEHHBAHHE, TOJIINHA H30JISIHH,
3¢ peKTHBHAST AMIJIEKTPHIECKAsS MPOHUIAEMOCTh, YJIeKTPHYECKast eMKOCTb.

Introduction. The rapid growth of digital o . ' Table 1
technologies has prompted cable manufacturers in Characteristics of industrial networks
Ukraine to introduce new technologies and types of Type of industrial Signal Maximum signal
cables, in particular, based on twisted pairs of different |bus topology network| transmission | transmission range, m
categories, with an appropriate set of transmission 5 65151636'3
parameters, both for structured cable systems and for Profibus DP 1 kBlit/ssi 100 — 1200
security systems — video surveillancp, fire anq securi.ty Profibus PA 3125 kBit/s 1900
alarm system [1-6]. At the same time, each industrial e

> - C 62.5 kBit/s 30— 1000

enterprise to ensure the competitiveness of manufactured anopen 1 MBit/s -
products contributes to the automation of both individual DEviceNet 125 — 500 kBit/s 100 — 500

technological processes and production as a whole. For

this purpose it is necessary to enter all active and passive With the advent of Ethernet and the Internet for

devices into a single information industrial-technological
network, where the interaction between the devices takes
place using software-logical communication protocols.
Industrial networks usually do not go beyond a single
enterprise. Over the past 10 years, the number of
industrial networks has more than doubled [7]. By 2025,
it is expected to grow by 280 % compared to 2010 [7]. At
the physical level, all industrial-technological networks
(FieldBus Profibus, LonWorks and others) are based on
twisted pair or optical fiber, and solutions based on
electrical cables are used to a greater extent (Table 1)
[3,4,7].

industrial networks they began to apply the same
classification as for information, structured, local area
networks (Table 2). The industrial Ethernet market is
growing at a rate of 51 % per year [7]. As the network is
modernized, which involves the transition from obsolete
fieldbus to Industrial Ethernet, communication cable
infrastructure becomes the basis for connection to the
communications of the industrial enterprise.

Existing Industrial Ethernet physical level
technologies have a limit on the distance to which the
signal is transmitted — no more than 100 m.
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Due to the fact that process automation
applications require distances of 1 km and even more in
combination with reliable field devices suitable for use
in zone O applications (intrinsically safe), a new
approach to the implementation of Ethernet physical
level technology was needed. Adopted new standard
10BASE-T1L of physical level of Industrial Ethernet
(IEEE 802.3cg-2019 (Table 2)) will radically change the

a highly reliable seamless (without the use of gateways)
connection to Ethernet at the field level, which provides
a variety of devices, including sensors and actuating
mechanisms — actuators, programmable logic controllers
[7]. The 10BASE-T1L Standard solves the problems that
currently limit the use of Ethernet in the field in the area
of process automation: insufficient bandwidth, relative
complexity of cabling, limited data transmission range,

field of process automation by significantly increasing which is directly related to cable bandwidth
the operational efficiency of the enterprise by organizing (constructive-technological solutions).
Table 2
International Standards and categories of twisted pair cables for Industrial Ethernet networks [7]
Year of Maximum Cable category
adoption signal Signal Twisted pair | according to the | Number
of the IEEE 802.3 Standard transmission |transmission speed|cable bandwidth | recommendations | of pairs
Standard range, m of ISO/IEC
1999 IEEE 802.3ab 1000BASE-T 100 1 GBit/s 125 MHz Category Se 4
2006 IEEE 802.3an 10GBASE-T 55 10 GBit/s 250 MHz Category 6 4
2006 IEEE 802.3an 10GBASE-T 100 10 GBit/s 500 MHz Category 6 4
2006 IEEE 802.3an 10GBASE-T 100 10 GBit/s 600 MHz Category 7 4
2006 IEEE 802.3an 10GBASE-T 100 10 GBit/s 1000 MHz Category 7a 4
2015 IEEE 802.3 bw | 100BASE-TI 15m UTP 100 MBit/s 66 MHz SPE 1
40 .
2016 IEEE 802.3 bp 1000BASE-T1 15 m UTP 1000 MBit/s 600 MHz SPE 1
10BASE-T1L 1000 .
2019 IEEE 802.3 cg 10BASE-TIS | 25m UTP 10 MBit/s 20 MHz SPE 1
2020 IEEE 802.3 ch Multi-Gig (15m) | (2.5/5//10 GBit/s) - SPE 1
The 10BASE-TIL Standard supports two signal (dielectric loss tangent 7gd) [8].
amplitude modes: 2.4 V for cable lengths up to 1000 m In the high-frequency range, the attenuation

and 1 V at a shorter distance. The 1 V full amplitude
mode means that this new physical-level technology can
also be used in Ex-proof systems, following strict rules to
limit maximum energy. Most importantly, the 10BASE-
T1L Standard provides long-distance transmission thanks
to two-wire technology with power supply and data on
one cable in the form of twisted pair and belongs to the
family of environments with single-pair Ethernet (SPE)
(Table 2).

It should be noted that the enterprises of the cable
industry of Ukraine do not produce cables for industrial
networks. The suppliers of such cables to Ukraine for
industrial automation and control are the world's leading
companies, in particular, ABB, Siemens, Belden,
Helucable [7].

The development of innovative cable products by
Ukrainian enterprises requires solving the problem of
synthesis of design and technological solutions to
establish the production of cables for industrial networks
with the appropriate set of electrical parameters.

The goal of the paper is the synthesis of
constructive and technological solutions for regulating the
electrical capacitance of an insulated conductor at the
stage of manufacturing twisted pair cables of industrial
networks.

Problem definition. The transmission range and
bandwidth of signals in the cable depends on the design
and technological solutions that determine the
attenuation coefficient, which is determined by the
active resistance of conductors R, inductance L, working
capacitance C,, active insulation conductivity G

coefficient has two components: losses in the metal
(conductor) «,, and losses in the dielectric (insulation) a,

fC
a = 8.69- 5 _p+g i =
2V L 2Y\¢C,
C wC, tgd
_ge9.| R |Zp [ OTp O | L |_
2\ L 2 C,

B R |1 wtgd _
_8.69/Cp{3 Tt JL_]_am+ad,dB/m,

where

a,, =8.69 /Cp g\/% ay =8.69 /Cp ,w;géﬁ.(2)

The working capacitance of the twisted pair (Fig. 1),
the conductors of which are twisted with the
corresponding step A4, determines the losses in the
conductors and in the insulation (see (2)).

(1)

AL R
a—r

r

Fim, 3)

where y is the twist coefficient of pair conductors to
reduce electromagnetic influences, y is the coefficient
that takes into account the effect on the working
capacitance of adjacent pairs and the metal screen, « is the
distance between conductors determined by the radius 7,
of the conductor (1) and insulation thickness A; (2), ¢ is
the dielectric constant of the insulation (Fig. 1).
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The working capacitance of unshielded and shielded
twisted pairs is determined based on the calculation of the
electric field [9-13]. For example, in [11] the working
capacitance of unshielded twisted pair is determined on
the basis of the application of the method of conformal
mappings and finite elements in the ELCUT environment.
In [12, 13] the working capacitance and the influence of
the thickness of the layers of three-layer polyethylene
insulation on the working capacitance of the shielded
twisted pair of category 7 were determined by the method
of secondary charges.

A

r

a

Fig. 1. Twisted pair design

At the technological stage of manufacturing an
insulated conductor, as the main structural element of
twisted pair, the electrical capacitance is measured. The
conductor is a capacitor, one of the covers of which is a
metal core of the wire, and the other one is water that
cools after applying the insulation, which is in electrical
contact with the tubular electrode, through which the
controlled insulated conductor moves continuously. This
method of control is implemented in the development of
leading companies specializing in the production of
control devices for the cable industry: Sikora, Zumbach
(Table 3) [14, 15]. Electronic units of the measuring
system are equipped with modern data ports for
connection to display processors or to the main computer
(local computer network) by means of industrial
interfaces (cables) Profibus DP, Rs-232, -432, -485 [1].

Table 3
Technical characteristics of measuring systems
of electric capacitance of cables at technological stage [14, 15]

Company| Device type | Range of Range of  |Accuracy,

diameters, | capacitance pF/m

mm values,

pF/m
Capacitance | 5 0-300 | =045

. 2010
Sikora C -
apacitance
2025 1-25 0-300 +0.45
0-300 0.1

Zumbach| CAPAC® - 0-600 +0 3 Y
0-1800 =

Continuous control of the electrical capacitance of
the insulated conductor along its entire length allows to
make timely decisions on the regulation of the
capacitance at the technological stage of manufacture.

Influence of design decisions on the electrical
capacitance of an insulated conductor. Based on the
application of the method of secondary charges [12, 13],
the electrical capacitance of the insulated conductor is
determined by varying the thickness of solid and foamed
polyethylene insulation, the environment in which the
conductor is at the technological stage of manufacture.

Figure 2 shows the results of calculations of the
electrical capacitance of an insulated conductor with
constant diameter »; of the conductor and varying the
thickness A, of solid insulation for two cases: when in air
(curve 1) and in water (curve 2). The dielectric
permittivity of the technical cooling water is assumed to
be equal to 100 [13].

Figure 2,a shows the absolute values of capacitance,
Fig. 2,b — relative values regarding the calculated
capacitance in the case r=A;,. At this scale, the
capacitance calculations coincide for the three values of
the conductor diameters 2r; = 0.511; 0.57 and 0.64 mm.
Curve 1 refers to the case of cooling the insulated
conductor in air, curve 2 — in water.

When cooling in water, the electrical capacitance of
the insulated conductor changes more than 2 times, with
air cooling — no more than 5 % when varying the
thickness of the solid insulation (compare curves 1 and 2,
Fig. 2,a,b).

Increasing the insulation thickness by 50 % relative
to the radius of the conductor (curve 2, Fig. 2,a,b) leads to
a decrease in the capacitance of the insulated conductor
by 20 %. Such a constructive solution causes growth of
mass and dimensions of the twisted pair as a whole. A
more effective design and technological solution is the
use of foam insulation [12].

-9
=
Cr

, F/m

0.5 1 1.5 Ir

tvar” 1

Fig. 2. Influence of solid insulation thickness on electrical
capacitance of insulated conductor in air (curve 1) and water
(curve 2)
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Foaming insulation as an effective solution for
capacitance regulation. Insulation foaming technology
has recently become widely used, including in twisted
pairs [12, 16-17]. The most well-known chemical
foaming agent is azodicarbonamide, an exothermic
chemical foaming agent. It releases a large amount of
nitrogen gas into the polymer together with a smaller
amount of carbon dioxide.

To calculate the effective dielectric permittivity of
foam insulation, which is a statistical mixture (chaotic,
disordered in space), the Lichtenecker formula [18] is
used — the logarithmic law of mixing.

For a foamed mixture of two components of solid
insulation based on polyethylene filled with a large
number of small gas pores, the dielectric constant of
which is equal to ¢ = 1, the effective dielectric
permittivity €p.n is determined by the dielectric
permittivity of solid polyethylene €pr and the ratio of the
density of foamed pp.n and solid ppp insulation,
respectively

1g‘c"foam :pfﬂlg €PE - “)
PPE
Figure 3 shows the dependence of the effective
dielectric permittivity of foamed polyethylene insulation,
the tangent of the angle of dielectric loss and the electrical

capacitance of the insulated conductor on the value

inverse to the degree of porosity L _ pre .
P foam P foam

At the degree of porosity of 40 % (the relative
content of solid polyethylene is 60 % = Fig. 3), the
dielectric permittivity of the mixture decreases in
2/1.6 = 1.25 times. Accordingly, the tangent of the
dielectric loss angle decreases by 33 % and the electrical
capacitance of the insulated conductor decreases by 20 %,
which proves the effectiveness of the use of foam
insulation.

The presence of a large number of pores in the solid
polyethylene insulation requires a solution to protect the
pores from moisture penetration during cable operation.
The most attractive is the use of an additional continuous
film on the surface of the foam insulation, which acts as a
barrier to the penetration of moisture into the foam
insulation [12] (Fig. 4).

The influence of the film thickness depending on the
degree of porosity of the polyethylene insulation on the
effective dielectric permittivity (a), the effective tangent
of the dielectric loss angle (b) and the electrical
capacitance (c) of the insulated conductor is presented in
Fig. 5. Curve 1 in Fig. 5 corresponds to the solid
polyethylene insulation, the thickness of which is equal to
the radius of the conductor and remains unchanged when
foamed Ag,,. The step of the degree of foaming is equal
to 0.05 (curve 11 corresponds to 50 % of the polyethylene
content and 50 % of the gas pore content). The thickness
of the solid protective film Ay, varies from 0.5 % to
60 % relative to the main insulation.

The use of an additional layer of solid film on the
surface of the core to ensure the «rigidity» of the structure
with a constant total thickness of insulation leads to an
increase in the capacitance of three-layer insulation by no
more than 5 % compared to two-layer insulation.

g 2
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0'3.5 0.6 0.7 0.8 0.9 p 1
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C

Fig. 3. The effect of the degree of porosity of polyethylene ps,qm
on the effective dielectric permittivity (), effective
dielectric loss tangent () and electric
capacitance (c) of the insulated conductor
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etk
a
Fig. 4. Structure of foamed polyethylene insulation without
protective film (@) and with protective polyethylene film (b):
1 — film, 2 — transition zone, 3 — proper foam insulation [16]
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Fig. 5. 3D-diagram of the influence of the degree of porosity of
polyethylene and the thickness of the protective solid
polyethylene film on the electrophysical characteristics and
electrical capacitance of the insulated conductor

Conclusions.

The location of the insulated conductor in the
cooling water provides a high sensitivity to the settings of
the technological process for regulation of the capacitance
when varying the thickness of the insulation. When the
insulation thickness changes 4 times relative to the
diameter of the conductor, the electrical capacitance
changes more than 2 times. When in the air — by 5 %.

For the first time, nomograms of effective dielectric
permitivity, dielectric loss angle tangent and relative
capacitance values depending on the degree of foaming of
solid polyethylene insulation and protective film thickness

are obtained, which allow to effectively regulate the
electrical capacitance of twisted pair conductor insulation.

The methodology of synthesis of constructive-
technological solutions for regulating the capacitance of
twisted pair cables of industrial networks at the
technological stage of manufacturing an insulated
conductor is substantiated.

The developed technique can be used to adjust the
technological process of manufacturing insulated
conductors of cables for various purposes, including
power ones.
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