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Destruction of polymer insulation and threshold amplitudes of current pulses of different
temporal shapes for electric wires and cables in the low- and high-current circuits of pulse
power engineering, electrical engineering and electronic devices

Goal. Development of engineering method for settlement of threshold amplitudes I, of single-pulse current iy(t) of different
temporal shapes for electric wires and cables with polyethylene (PET), polyvinylchloride (PVC) and rubber (R) half-length
insulation, used in modern pulsed power engineering, electrical engineering and electronics in their low- and high-current circuits.
Methodology. Basis of the theoretical and applied electrical engineering, electrical power engineering, electrophysics bases of
technique of high-voltage and large pulsed currents, bases of low- and high-current electronics, measuring technique,
electromagnetic compatibility and standardization. Results. Development of engineering method is executed on close calculation
determination of threshold amplitudes I, of single-pulse axial-flow current iy(t) of different temporal shapes for electric wires and
cables with copper (aluminum) current-carrying parts and PET, PVC and R half-length insulation, used in the ow- and high-current
circuits of pulsed electrical power engineering, electrical engineering and electronics. Electrothermal resistibility of half-length
insulation of the examined cable and wire products (CWP), proper maximum to the possible temperatures of heating of current-
carrying and insulating parts of the probed wires and cables and shutting out the offensive of the phenomenon destruction in the
indicated insulation of CWP, was fixed based on this method. Calculation analytical correlations are obtained for finding in probed
CWP of threshold numeral values of I, amplitudes of pulses of current i,(t), time-varying both on aperiodic dependence of type 1,1,
with duration of their front t; and duration of their pulses t, and by law of exponential attenuation sinewave. It is shown that at
Lyp> Lk destruction of their half-length insulation, resulting in the decline of service life of CWP, will come from the thermal
overheat of current-carrying parts of the examined electric wires and cables. The examples of practical application of the offered
method are resulted upon settlement for a radiofrequency coaxial cable RC 50-4-11 with middle sizes is easily soiled with continuous
PET insulation of threshold amplitudes of I, of standard aperiodic pulses of current iy(t) from nano-, micro- and millisecond
temporal ranges of shape of t/t,=5 ns/200 ns, t/1,=10 us/350 us and tv/t,=7 ms/160 ms. It is shown that with the proper growth of
parameter 1,>>1; for flow on a continuous copper tendon and split copper shell of radiofrequency coaxial cable RC 50-4-11 with
middle sizes is easily soiled indicated homopolar pulses of current iy(t) substantial diminishing of their threshold amplitudes of I,
(with 531,2 kA for the nanosecond pulse of current of type 5 ns/200 ns to 1.84 kA for the millisecond impulse of current of type of
7 ms/160 ms takes place). Originality. An engineering method is first developed for close settlement of threshold numeral values of
Lk amplitudes of single-pulse axial-flow current iy(t) of arbitrary peak-temporal parameters for electric wires and cables with
copper (aluminum) current-carrying parts and PET, PVC and R half-length insulation. Practical value. Application in electrical
engineering practice of the offered engineering method for determination of threshold amplitudes I, of the indicated pulses of
axial-flow current iy(t) for the probed electric wires and cables will allow considerably to increase service life of examined CWP.
References 20, tables 2.

Key words: electrical wires and cables with polymer insulation, electrothermal resistance of cable and wire products,
destruction of insulation, threshold amplitudes of current pulses for wires and cables.

3anpononosana indicenepna mMemoouxa 3a pO3PAXyHKOGUM GUSHAYEHHAM NOPO206UX amniimyo I imnyavbcie cmpymy i,(t) pisnoi
4acogoi ghopmu 018 ereKmpuuHux npoeoodie i Kabenié 3 NONIEMUNEHO80I0, NONIGIHIIXIOPUOHON I 2YMOBOI0 130JAYIEI0, WUPOKO
BICUBAHUX 8 2ANLY3E IMNYNILCHOIL eHep2emUKU, 8UCOKOBONbMHOI CUTbHOCMPYMOBOI MEXHIKU, BUMIPIOBANILHOT MEXHIKU | eIeKMPOHIKU, a
MAaKodIc 8 CUCMEeMAx IMNYIbCHO20 eNeKMPOICUBTEHHS, KOHMPOTIO, YNPasnints pobomoio i OiacHOCmuKu cmauy @QYHKYioHy8anHs
e1eKmMpOmMexHiYHUX NPUCMPOI8 Pi3HO20 3a2aNlbHOZPOMAOAHCHKOZ0 i GiliCbK0GO20 NpusHayents. B axocmi 6uxionozo kpumepianvno2o
NOL0JNCEHHA NPU 6UOOPT NOPO206UX AMNAIMYO Ly IMRYILCIE CIPYMY (1) O0BINbHUX AMNAIMYOHO-HACOBUX NAPAMEMPIE Ol 6KA3AHUX
npoeodis i kabenie byia eubpana mepmiuHa cmilKicmy ix noscHoi i301ayii, AKa 8i0N0BIOAE SPAHUYHO OONYCIMUMUM KOPOMKOUACHUM
memnepamypam Hazpiey MIOHUX (AMOMIHIESUX) | [30AYIUHUX 4ACMUK O00CTIONCY8AHUX Kabelnie (npoeodie) i wo He 0onyckae
HacmauHs aeuwa Oecmpykyii 6 i30nayii Ooanoi KabenbHo-nposionukoeoi npodykyii. Ilpusedeni npuxnaou npakmuyHo2o
6UKOPUCIANHS 3aNPONOHOBAHOT MEMOOUKY 3G PO3PAXYHKOBUM SUSHAYEHHM NOPO206UX AMATINYO Ly CIManoapmuux anepiooudHux
imnynocie cmpymy iy(t) uacosoi gopmu 5 nc/200 uc, 10 mxc/350 mxc i 7 mc/I160 mc Onsa padiouacmommozo KOGKCianbHO20
cepeonvozabapumnoeo kabeno mapku PK 50-4-11 3i cyyinbnoro noniemunenogoio izonayicio. biom. 20, tadi. 2.

Kniouoei cnosa: ejaekTpuuHi nposogu i kaleldi 3 mojiMepHOI0 [30.1f1i€10, eeKTpPOTepMiuHa CTiliKicTh KalenbHO-
NPOBiAHUKOBOI MPOAYKIUii, AecTPyKUis i30Js1ii, TOPOroBi aMIIiTyIu iMIyJIbCiB CTPYMY A5 POBOJIB i KadeJIiB.

IIpeonooicena ungicenepnas MemoouKa no pacyemHoMmy onpeoeienuio NOpo20ebiX AMIIUMYO L UMNYIbC08 moka i,(t) pasnuuHol
BPEMEHHOU (YOpMbl ONIsL DNEKMPUYECKUX NPOB0008 U Kabeiell ¢ NOIUIMULEHOBOU, NOTUSUHUIXIOPUOHOL U PE3UHOBOU U30asYUel,
WUPOKO NPUMEHAEMBIX 68 0ONACIU UMNYTbCHOU DHEPEMUKU, 8bICOKOBONLIMHOU CUNLHOMOYHOU MEXHUKY, USMEPUMENbHOU MEeXHUKU U
INEKMPOHUKU, 4 MAKHCE 8 CUCNEMAX UMNYTLCHOZ0 INEKMPONUMAHUS, KOHMPOJA, YAPAGIeHUs pabomou U OUaZHOCMUKY COCMOAHUSA
DYHKYUOHUPOBAHUSA DNEKMPOMEXHUYECKUX YCMPOUCME PA3IUYHO20 00WeSPadCOAHCKO20 U 60EHH020 HasHauenus. B kauecmee
UCXOOHO20 KPUMEPUATbHO20 RONOJICEHUS NPU 6b1O0PE NOPO20EHIX AMAIUNTYO L1 UMPYILCOS MOKA iy(t) NPOU3EOTLHBIX AMNAUMYOHO-
BPEMEHHbIX NApamMempos O YKA3AHHbIX NPoeo00e u Kabenei Oblia 6blOPAHA MePMUYECKds CMOUKOCMb UX NOACHOU U30NAYUU,
COOMEEMCMEYIoWast NPeoenbHO  OONYCIMUMbIM — KDAMKOBPEMEHHbIM — MEeMNEPAmypam Hazpeéd MeOHbX (ATIOMUHUEBbIX) U
UBOAYUOHHBIX Yacmell UCCIedyeMbIX Kabenell (nposodos) u He OONYCKArwdas HACMYNJIEeHUs A6leHUus OeCmpyKyuu 8 U30nsayuu
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paccmampugaemon KabenbHo-npogoOHUK06ol npodykyuu. IIpusedenvl npumepvl NpaKmuuecko20 UCNOIb306AHUS Npeonaaemol
MemooOuKyu no pacuemuomy Onpeoeienuio nopo206blx aMAAUMYO L, CManoapmublx anepuooudecKux UMNYIbcoé moxa iy(t)
epemennoil popmut 5 nc/200 ne, 10 mxc/350 mxc u 7 mc/160 mc 015 paduouacmommozo KOaKCUuarbHo2o cpeone2abapumnozo Kabeis
mapku PK 50-4-11 co cnnowmnou nonusmunenogoii uzonsyuei. budm. 20, tabn. 2.

Kniouesvie crnoea: 3jiekTpH4ecKkne IpoBoAa U Kade/In ¢ NOJMMEePHON H30/11Uel, 2JIEKTPOTepMUYecKas CTOIKOCTL Kade1bHO-
MPOBOIHHKOBOIi NPOAYKINH, 1eCTPYKIUS H30/ISIIHH, I0POroBbie AaMILIMTY/bI HMITYJIbCOB TOKA /ISl IPOBOOB M KaleJleii.

State-of-the-art and urgency of the problem. In
the field of traditional electric power engineering, there is
an electrical engineering approach to the engineering
selection of the cross-sections Sc of electrical wires and
cables with polymer insulation, used for both long-term
and short-term modes of their operation [1]. This
approach is based on the thermal stability of such a cable
and wire product (CWP) under conditions of direct
exposure to it of short-circuit (SC) current with specified
amplitude-temporal parameters (ATPs). In this case, the
thermal resistance of electric cables (wires) of any design
is limited by the maximum permissible short-term
temperature 6,5 of heating of their metal and insulating
parts in the mode of one-, two and three-phase SC in the
electrical network [1]. According to electrical data from
[1], the specified temperature 6,5 should not exceed for
those used in power circuits with alternating current of
power frequency 50 Hz of non-insulated (bare) copper
and aluminum buses (wires) in the SC mode of the
highest level of 250 °C and 200 °C, and for cables
(insulated wires) with copper (aluminum) cores,
polyvinylchloride (PVC), rubber (R) and polyethylene
(PET) insulation — respectively, the temperature level of
150 °C and 120 °C. In addition, it is known that in the
field of industrial power engineering, the long-term
permissible heating temperature 6; of conductive
(insulating) parts of various electrical wires and cables is
limited by the conditions of reliable operation of electrical
contacts and contact connections of their circuits, as well
as by the operating conditions of their insulation [1].
Here, the maximum long-term permissible heating
temperature 6 for the main types of bare wires (buses)
and cables (wires) with PVC, R and PET insulation,
which are under current load in industrial electric power
circuits, should not numerically exceed the level of 70 °C
and 65 °C, respectively [1]. Taking into account the above
electrical data and the fulfillment of those initial
conditions that the cable (wire) before the AC current acts
on it was fully electrically loaded and had temperature ¢,
and upon the onset of the SC mode, it heated up to
temperature g, in [1] to select the minimum permissible
cross-section Sy, of the electric wire (cable), the
following  calculated analytical relationship s
recommended:

1/2

Simin = Bx ~/ Cy (1)

I
where B, = J' i (t)dt is the Joule (action) integral of the SC

0
current iy(f) with its duration #; of flow in the CWP, A2~s;

Cy is the constant coefficient, A-s"*/m’.

We point out that the engineering method for
calculating the Joule integral By in (1) and the numerical

values of the coefficient C; corresponding to the indicated
operating conditions of wires and cables in power electric
circuits for the CWP are given in [1]. The values of the
cross-sections Sy, of the CWP found by (1) will
correspond to the operating mode in the electric power
circuits of wires and cables when the heating temperature
of their current-carrying and insulating parts does not
exceed the maximum permissible short-term temperature
6;s and when the thermal resistance of the indicated CWP
is ensured.

ATPs of current pulses i,(f) of nano-, micro- and
millisecond time ranges generated and used in the field of
high-voltage pulse technology (HPT) [2] and in other
areas of modern pulsed low- and high-current power
engineering, electrical engineering and electronics (for
example, in equipment of pulse electrical technologies
and accelerator technology [3]) to achieve various
scientific and technological goals, usually do not
correspond to ATPs of AC SC current in industrial power
circuits. In this regard, the practical application of
relationship (1) for the calculation determination of the
cross-sections Sc of wires (cables) in low- and high-
current electrical circuits of the indicated pulse
technology is fundamentally impossible. In addition, the
indicated electrical engineering approach to the choice in
the industrial electric power industry of the cross-sections
Sc of electric wires (cables) does not allow determining
the threshold amplitudes 7, of pulse currents i,(f) with
various ATPs, above which destructive processes in its
polymer insulation will begin to manifest in the
considered CWP. As is known, the phenomenon of
destruction of such insulation, accompanied by
irreversible  violations of its electrical insulating
properties, can be caused by an external (internal)
damaging or destabilizing effect on wires and cables of
various physical factors (for example, an alternating
(pulsed) current flowing through their current-carrying
parts, ionizing and electromagnetic radiation) [1, 4, 5].
Within the framework of the applied problem we are
solving, only one destabilizing factor is considered, due to
the pulse current i,(f) flowing through the electric wires
and cables with various ATPs. At certain (threshold)
values I, of the amplitude 7,,, of current pulses i,(¢) of
one or another temporal shape flowing through the
current-carrying parts (inner core and outer shell) of the
CWP, due to the intense Joule heating of these metal parts
of the wires (cables), processes of thermal destruction in
their belt insulation can occur [1, 6, 7]. It should be noted
that at values of the amplitudes /,,, of pulse currents i,(¢)
of hundreds of kiloamperes, destructive processes in the
polymer insulation of the studied CWP can also arise
from the action of large electrodynamic forces on cables
(wires) [2]. In practice, it is important to know such
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threshold values 1/, of the amplitudes /,, of current
pulses i,(f) of various temporal shapes, leading to a
violation of the electrical insulating properties of wires
(cables) used in the field of HPT, measuring technology,
electronics, in systems of power supply, control, operation
control and diagnostics of the state of functioning of
electrical devices, and a decrease in their service life.

At present, when developing and creating in the
world new polymeric insulating materials with various
nano- and microstructural structures of electrical
engineering and other (including medical and biological)
purposes, the issues of behaviour of polymer insulation
under conditions of the action of destabilizing (damaging)
physical factors are given increased attention [8-11].

The goal of the paper is the development of an
engineering methodology for calculating the threshold
amplitudes 7, of single current pulses i,(f) of various
temporal shapes for electrical wires and cables with PET,
PVC and R belt insulation used in modern pulsed power
engineering, electrical engineering and electronics in their
low- and high-current circuits.

Problem definition. Consider insulated wires and
cables with copper (aluminum) inner cores (i=1) and
outer shells (=2), with PET, PVC and R belt insulation
used in electrical circuits of HPT and other low- and high-
current electrical engineering (electronics) [1, 12]. We
assume that single current pulses i,(f) flow in their
longitudinal direction along the round solid or split copper
(aluminum) cores and shells of the indicated wires and
cables of electrical circuits of pulsed electrical
engineering (electronics) devices, the ATPs of which can
correspond to nano-, micro- and millisecond time ranges
with amplitudes /,,,, varying in a wide range from 1 A to
1000 kA [2, 3]. We assume that wires and cables of finite
length [, are placed in the surrounding air with
temperature equal to 6, = 20 °C [13]. Let us use the
condition of the adiabatic nature of electrothermal
processes flowing at the time of action of the pulsed axial
current i,(f) no more than 1000 ms in the materials of the
cores (shells) of the studied CWP, in which the effect of
heat transfer from the surfaces of their current-carrying
parts, having current temperature 6c>6,, and their thermal
conductivity of their electrically conductive materials and
insulation for Joule heating of the metal parts of the cores
(shells) of wires (cables) are neglected. We believe that
the thermal resistance of wires (cables) of circuits of HPT
and other above-mentioned electrical engineering
(electronics) devices when exposed to pulse current i,(?) is
limited by their maximum permissible short-term heating
temperature 0¢;s, which depends on the degree of decrease
in the mechanical strength of the core (shell) material and
thermal conditions of operation of the insulation of the
CWP in the mode of its short-term heating by current
pulses of nano-, micro- or millisecond duration, flowing
through their current-carrying parts. As in [14], we
assume that the temperature value 65 corresponds to the
known from [l1] maximum permissible short-term
temperature 65 of heating of wires and cables by SC
currents of power frequency. Then, in accordance with the

data from [1], in the electrical low- and high-current
circuits of the considered electrical engineering for their
insulated wires (cables) with copper and aluminum
conductors (shells) and PVC (R) insulation, the value Oc;s
will be numerically approximately 8;s~150 °C , and for
their CWP with the indicated cores (shells) and PET
insulation — O¢;s = 120 °C . It is required to calculate in an
approximate form the threshold amplitudes 7, of single
current pulses i () of various ATPs from nano-, micro-
and millisecond time ranges flowing through electrical
wires and cables with copper (aluminum) cores (shells)
and PET, PVC and R belt insulation.

Electrical engineering approach to the selection
of the permissible minimum cross-sections S¢; of wires
and cables with pulse current of various ATPs. For the
permissible minimum cross-sections S¢; of the current-
carrying conductors (shells) of the investigated electrical
wires (cables) with pulse current i,(f) of arbitrary ATPs,
from the equation of their heat balance in the adiabatic
mode of the CWP operation in low- and high-current
circuits, the following approximate calculated relationship
can be obtained [14 ]:

Scir =Ue)'?1Cy, 2

Iy

where Joy = j i; ()dt —the action integral of a single
0
current pulse i,(f) with its duration ¢, and given ATPs,
Ars; C = Jas — JC,,)”2 is the constant coefficient,
A-s"*m%; Jes, Jop are the current integrals for current-
carrying conductors (shells) of electrical wires (cables) of
low-current and power circuits of various -electrical
devices, the permissible short-term and long-term
permissible heating temperatures of the CWP material
which correspond to the values adopted above: 05 = O¢;s
and 6, A>s/m”.
To find the numerical values of the current integrals
Jas and Jgy included in (2), the following analytical
expressions can be used [14]:

Jeis = 70i8oi nleoi Boi (Grs —0p) +1]; (3)

Jen = 70:oi nleoi Boi (O — 6p) +1], 4
where yq;, coi, Poi are, respectively, the specific electrical
conductivity, specific volumetric heat capacity and
thermal coefficient of specific electrical conductivity of
the material of the core (shell) of the wire (cable) of the
electric circuit before the impact on the considered CWP
of the pulsed current i,(#) with arbitrary ATPs.

Table 1 shows the numerical values of the
electrophysical parameters yy;, co; ¥ fo;, included in the
calculation relationships (3), (4), at room temperature of
the air surrounding the electrical wires and cables under
consideration, equal to 8, = 20 °C [13].

Table 2 shows calculated according to (2) — (4)
taking into account the quantitative data of Table 1
numerical values of the coefficient C,; for insulated wires
and cables with copper (aluminum) cores (shells) with
PVC, R and PET insulation for two cases possible in real
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practice of their exploitation: the case of their preliminary
current load (J¢; # 0) and the case of their complete de-
energizing (Joy = 0).
Table 1
Basic electrophysical parameters of the material
of current-carrying cores (shells) of insulated wires
and cables in low- and high-current circuits of modern
electrical engineering (electronics) at 6, = 20 °C [13]

Material of the

Numerical value of the parameter

core (shell) of Yois Cois Pois
the wire (cable)| 107-(Qm)™" | 10%J/(m*-°C) 10-m*/J
Copper 5,81 3,92 1,31
Alunimum 3,61 2,70 2,14
Table 2

Numerical values of the coefficient C; for insulated wires and
cables with copper (aluminum) cores (shells) in low- and high-
current circuits of modern electrical engineering (electronics)
with nano-, micro- and millisecond current pulses #,(f) of
various ATPs

Type of insulation in a wire | Material of the | Numerical value
(cable) of a low- and high- | core (shell) of of C,,
current circuit of electrical the wire 10° A-s"*/m?
engineering and electronics (cable) Ja0 | Ja#0
Copper 1,506 | 1,160
PVC, R Aluminum 0,972 | 0,745
Copper 1,355 | 0,957
PET Aluminum 0,877 | 0,616

As for the calculated definition in (2) of the action
integral J¢;y of a single current pulse i,(f) with one or
another ATPs, we first consider the case of a change in
this type of electric current in time ¢ according to the
aperiodic law of the following form [2,15]:

i,(t) = kil lexp(-at) —exp(-ayt)],  (5)

where a; = 0.76/7,, a, = 2.37/1; are the shape coefficients
of the aperiodic current pulse with the given ATPs,
flowing in low- and high-current circuits of HPT, pulsed
electrical engineering and electronics; k, = [(ai/ay)” —
— (ar/on)'T" is the normalizing factor; m = a/(0—ay);
n = oa/(ar—on); 74 T, are, respectively, the rise time at the
level of (0.1-0.9) 7,,, and the duration of the current pulse
at the level of 0.5 1,,,; I,,, is the amplitude of the current
pulse i,(¢) flowing through the wire (cable).

In this electrophysical case, the expression for the
action integral Jc;; flowing in low- and high-current
circuits of the considered technique of the current pulse
i,(t) takes at t,=37, according to (2), (5) the following
approximate analytical form:

Jcia = koL, 10,6587, —0,6337 1. (6)

Next, consider the electrophysical case when
changes in time ¢ of the pulse current i,(f) acting on the
electric wires (cables) of the indicated -circuits of
electrical engineering (electronics) occur according to the
law of a damped sinusoid [2, 13]:

ip )= kpzlmpl exp(—ot)sin(awt) , (7

where 6=A,/T,, is the current damping coefficient; w=27/T,
is the circular frequency of current oscillations; 7}, is the

period of current oscillations; A,=In(l,,1/l,p3) 1is the
logarithmic decrement of pulse current i (f) oscillations
with the first /,,,; and the third /,,; amplitudes in electrical
circuits; kp2=[exp(—Ap/27r'arcctgAp/Zﬂ)sin(arcctgAp/27r)]’1 is
the normalizing factor for the damped sinusoidal current
i,(t) flowing in the wire (cable).

For the temporal shape (7) of the change in the wire
(cable) of the current pulse i,(f) at #,=37, in (2), the
calculation expression for the action integral Jg;, of the
current pulse i,(f) flowing in the investigated low- and
high-current circuits of modern electrical engineering
takes the following approximate analytical form:

Jcia = kpalm [T, (40 ) = AT, (445, +1677) 711, (8)

Knowing the numerical values of 1, L1, 75 T, A,
and 7, from regulatory documents or experimental data,
taking into account the calculated estimate of the values
of the normalizing coefficients &, and £k, for the
indicated temporal shapes of changes in the pulse current
i,(f) according to (2) — (8) we can in approximate form
calculate (with an error of no more than 5 %), the
permissible minimum cross-sections S¢; of cores (shells)
of electrical wires and cables used in circuits of HPT,
power electrical engineering and electronics.

With regard to the applied problem being solved, the
threshold values 7, of the amplitude 7,, of the current
pulse i,(f) of the given temporal shape will correspond to
the permissible short-term heating temperature Oc;s = ;5
with this pulse current i,(f) of the electric wire and cable
with the selected insulation. Therefore, from (2), taking
into account (6), (8) and the data of Table 2, when the
relation S¢; = S¢y is fulfilled, the calculated threshold
values I, of the amplitudes /,, and I,, of the axial
current pulses i,(f) for the time shapes indicated according
to (5), (7) flowing along the investigated insulated wires
and cables in low- and high-current circuits of electrical
engineering and electronics can also be determined in the
considered approximation.

Calculation estimation of threshold amplitudes
L« of current pulses i,(f) of various ATPs for
electrical wires and cables. In accordance with the above
expressions (2), (5), (6) for the threshold value 7, of the
amplitude /,,, of the aperiodic (unipolar) pulse of the axial
current i,(f), acting on the current-carrying and insulating
parts of the investigated electrical wires (cables), under
the condition Sc=Sc;, the following approximate
calculated analytical relationship can be obtained:

Lok = SciCrkp1[0,6587, —0,6337 172, (9)

From (9) it can be seen that for given temporal
parameters of the front 7; and duration 7, of the current
pulse i,(f), known structural characteristics of wires and
cables (values of their cross-sections S¢;) and the selected
operating mode of the CWP with the studied polymer
insulation and the specified materials of its cores and
shells (the known value of the coefficient C; according to
the data in Table 2), finding the desired value of
the amplitude 7,,; will be reduced to determining,
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according to (5), the numerical value of the normalizing
coefficient k,>1.

From (2), (7), (8) under the condition S¢; = S¢; for
the threshold value 7, of the first amplitude /,,, of the
damped sinusoidal pulse current i,(¢) in the insulated wire
and cable, the following approximate calculated analytical
expression follows:

Lupie = SciCRoAI T, (40 ,) ™ = A, T (48, +167°) ' T2 (10)

Similarly to (9), using (10) to find the calculated
value 1, for a particular wire (cable) with known
characteristics S¢; and C; (see Table 2) at given temporal
parameters A, u T, for the discharge pulse current i,(f)
flowing through the CWP will actually be reduced to the
calculation according to (7) of the numerical value of the
normalizing coefficient k,,>1.

According to (9), (10), the threshold values 7, of
the amplitudes 1, of aperiodic and damped sinusoidal
current pulses i,(¢) are directly proportional to the cross-
sections S¢; of the metal cores (shells) of the electrical
wires and cables under study. In addition, the sought
values of /,, are actually inversely proportional to the
temporal parameters Tp” u T p”z for current pulses
»(O)flowing through the CWP.

Note that the calculated relations (9), (10) for
determining the threshold values 7, of the amplitudes /,,,
of the axial current pulses i,(f), varying in time ¢
according to (5), (7) according to the aperiodic
dependence and the law of the exponentially decaying
sinusoid, cover a wide nomenclature of temporary shapes
and ATPs of used in electrophysical practice single
current pulses #,(f) flowing through current-carrying parts
of wires and cables with PVC, R and PET belt insulation
in modern pulsed power engineering, electrical
engineering and electronics.

In low- and high-current circuits of the considered
power engineering, electrical engineering and electronics
with the temporal shapes of current pulses i,(f) flowing
through their CWP used according to (5), (7) at L,> L,
thermal overheating of the current-carrying parts of wires
and cables will lead to destruction of their insulation,
which reduces the working life of the CWP used in them.

Calculation  estimation of the heating
temperature 6O of electrical wires and cables by
current pulses i,(¢) of various ATPs. For the purpose of
computational verification of the formulas (9), (10) for
choosing the threshold amplitudes /,,,; of the pulse current
in the considered CWP, let us estimate the temperature ;
of the Joule heating of the current-carrying parts of cables
(wires) through which single current pulses i,(f) with
specified ATPs flow. For this, we use the well-known
nonlinear dependence of the electrical conductivity yy; of
the material of the core (shell) of the wire (cable) on its
current temperature 6¢; [13]:

-1
70i = 720ill+ oiBoi (Oci = 00)] (11)
where y,; is the specific electrical conductivity y,; of the
conductive material of the current-carrying parts of the CWP
at the temperature of the surrounding air 6-=6,=20 °C

(for copper and aluminum these values of y,y are
indicated in Table 1).

For used in CWP of pulsed power engineering,
electrical engineering and electronics basic metals, (11)
describes the temperature changes in their parameter yy;
with an error of no more than +5 % [13].

Taking into account (11) and data from [13], the
solution of the inhomogeneous differential equation of
thermal conductivity applied to the metal parts of the
investigated cables (wires) of the adopted length /, with
pulse current i(f) of various ATPs for the current
temperature O¢; of their Joule heating by the specified
current under the initial condition [Ocil=0—6p] = 0 can be
written in the following approximate form:

Oci ~ 0y +(coiBor)” [exp(J ciara0iBoi | SE) -1 . (12)

It follows from (12) that the current temperature 6c;
of heating by pulsed current i,(f) of various ATPs of
current-carrying cores (shells) of the considered CWP is
inversely proportional to the specific volumetric heat
capacity c(; (heat capacity per unit volume of metal) of
their conductive materials, which for most metals in the
solid phase varies depending on their temperature within
+10 % of its average numerical value [13]. We point out
that for the thermophysical parameter cy;, an equality of
the form [13] is fulfilled: co=c,;p;, where c,; is the heat
capacity per unit mass of the homogeneous conductive
material of the CWP (J/kg-°C) with its density p; (kg/m’).
Therefore, in the investigated electrophysical case, we can
say that the overall parameters of the CWP (except for the
cross-section S¢; of its cores and shells) at given ATPs of
current pulses i i,(f) flowing through its metal parts do not
affect the heating of cables (wires). This thermal process
is attended, according to (12), by mainly the specific
thermophysical parameters of the CWP (yy, co; and By;)
and the ATPs of the pulsed current i,(f) [13]. For short
(with extremely small values of 7, and 7,) current pulses
i,(f), the heating zone of the CWP will be localized in
very thin layers of its metal cores and shells. Taking into
account the accepted assumptions and (12), we can
conclude that in the considered adiabatic approximation,
the length /, of the cable (wire) and, accordingly, the total
mass of the metal parts of the CWP at +<37, or 1<3T, does
not have a noticeable effect on the pulse heating
temperature ¢; of these parts of the CWP. This influence
on the temperature level f¢; will increase after the passage
of the considered current pulses 7,(f) through the current-
carrying parts of the CWP, when, due to the thermal
conductivity of their metal, the temperature will begin to
equalize along the thickness of these parts.

In the case when the relation S¢; = S¢;; is fulfilled for
the current-carrying metal parts of the cables and wires
under consideration, taking into account (2), expression
(12) is simplified and takes the following form:

Oci = Oy +(coifoi)” lexp(ra0ifoiC)~11. (13)
where C; is the constant coefficient, the numerical values
of which for the considered polymer insulation of cables
(wires) and the specified operating modes of their
electrical circuits are given in Table 2.
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Relation (13) can be just used in the calculated
verification of the obtained expressions (9), (10) to find
the numerical values of the threshold amplitudes 1, of
the pulse current i,(f) in the considered CWP. According
to the conditions we have adopted, at S¢; = S¢y, the
calculated according to (13) temperature 6c; of heating of
the current-carrying parts of the studied CWP should not
exceed the accepted normalized permissible short-term
temperature fc;s for it.

Examples of calculating the threshold amplitudes
I, of current pulses i,(f) of nano-, micro- and
millisecond temporal ranges. As the investigated CWP,
we choose a short radiofrequency coaxial medium-sized
cable with solid PET insulation, brand RC 50-4-11 [12],
having, at /<10 m, a round solid copper core with diameter
of 1.37 mm (S¢;~1.474 mm?) and tinned braided copper
shell (braid with twisting density of at least 95 %) with
inner diameter of 4.6 mm and wall thickness of 0.15 mm
(82~2,059 MM2). We assume that this cable is placed in
an air atmosphere at room temperature 6,=20 °C with the
fulfillment of the condition for the current integral J;=0
in its electrical circuit (without preliminary current load of
the cable at 8,~6,). From the given design data, it can be
seen that the copper core of the selected RF cable brand
RC 50-4-11 with cross-section Sc~1.474 mm’ in
comparison with its reverse external current conductor
(copper braid with cross-section S»~2.059 mm?®) will be
less resistant to the electrothermal action of a current
pulse i,(¢#) longitudinally flowing through them in
opposite directions with specified ATPs. Let a single
current pulse #,(f) flowing through the current-carrying
parts of the adopted coaxial cable has an aperiodic
temporal shape. Therefore, the specified core of the cable
of the RC 50-4-11 brand can be an internal local hotbed
of overheating of the current-carrying parts of this cable.
In this regard, the continuous belt PET insulation adjacent
to the copper core of the RC 50-4-11 radiofrequency
cable may experience the effect of increased levels of the
temperature field caused by the Joule heating of this
copper core by the adopted current pulse i,(f) flowing
through it. It is the copper core and the adjacent
cylindrical zone of PET insulation of the RF cable of the
adopted in applied calculations values 7, that will be the
weak «links» in a possible chain of destructive processes
in the cable under consideration. Taking into account the
above, it can be concluded that the calculation estimation
of the threshold values 1, of the amplitude /,, of the
used current pulse i,(f) of a given time shape for a
radiofrequency cable of the brand RC 50-4-11 should be
tied to the electrothermal state of a single-wire round
copper core (Sci=1.474 mm?) of this cable experiencing
the thermal effect of an aperiodic current pulse i,(?).

1. First, we use a standard nanosecond current pulse
of a temporal shape 7/7,=5 ns/200 ns, which was used in a
number of countries when simulating in high-current
discharge electric circuits of HPT with multi-wire air
systems of field formation and, accordingly, in their
working air volumes with those tested for electromagnetic
compatibility (durability) technical objects of various

dimensions of a powerful electromagnetic pulse of a high-
altitude nuclear explosion [4, 16]. From (5) we find that
for this calculation case, the shape factors a; and a, of the
nanosecond current pulse i,(f) take the following
numerical values: 0,~3.8:10° s7'; 0,=4.7-10% s”'. In this
case, for a given temporal shape of a unipolar current
pulse i,(f), the normalizing factor k,; according to (5)
turns out to be approximately equal to k,;=1.049. Then
from (9) at k,=1.049, C~1.355-10° A-s"*/m’ (see the
corresponding data in Table 2) and S¢=Sc=1.474 mm?
(cross-section of the copper cable core) for the threshold
numerical value 1, the amplitude /,, of the considered
aperiodic current pulse i#,(f) of the temporal shape
7/7,=5 ns/200 ns in relation to the RF coaxial cable of the
brand RC 50-4-11, we find that /,,,,~531.2 kA.

2. Next, consider the standard microsecond
aperiodic current pulse i,(f) of the time shape
17/7,=10 ps/350 us, which is now used in accordance with
the requirements of the current International Standard IEC
62305-1-2010 [17] when testing power electrical
equipment for resistance to the direct action of powerful
short lightning electric discharges on it [18]. From (9) at
ky = 1.054 (o = 2.17-10° s a, = 2.37-10° s,
C;=1.355-10* A-s"*/m* and section of a solid copper core
Sc=Sc1=1.474 mm? of the RC 50-4-11 RF cable under
study for the threshold numerical value 1,, of the
amplitude /,,, of the considered aperiodic pulse of the
axial current i,(¢) of the time shape 7,/7, = 10 us/350 ps in
the adopted cable we find that /,,,, = 12.66 kA.

3. At the end of the examples of applied calculations
of threshold amplitudes /,,. for the CWP, we use the
standard millisecond aperiodic current pulse i,(¢) of the
temporal shape 7,/7,=7 ms/160 ms, which is now used in
accordance with the requirements of the current US
regulatory document SAE ARP 5412: 2013 [19] during
full-scale electromagnetic tests of the main units and
systems of aviation equipment for lightning resistance to
direct exposure to them by the long-term component of
the artificial lightning current [20]. For this current pulse
i,(f)in accordance with (9) at k,;=1.078 (a;~4.75 s
20,73.3810% s, C; = 1.355:10° As"*/m’ and a given
cross-section of a copper core S¢; = S¢; = 1.474 mm? of a
radiofrequency coaxial cable of the RC 50-4-11 brand, it
follows that the threshold numerical value I,,; of the
amplitude /,,, of the specified axial current pulse i,(f) of
the temporal shape 7,/7,=7 ms/160 ms for it will be equal
to about /,,,,~1.84 kA.

One of the indicators of the reliability of the
electrical engineering approach used by us and the
approximate calculated relationship (9) obtained on its
basis, used in the above examples of determining the
threshold values /,,; of the amplitudes /,, of unipolar
current pulses #,(f) of nano-, micro- and millisecond
duration for a radiofrequency coaxial cable brand
RC 50-4-11, is that the performance according to (13) in
relation to these practical cases of finding the numerical
values /,,; of the estimated calculation of the heating
temperature 6¢; (at 6y = 20 °C and J¢; = 0) of the round
solid copper core of the specified cable leads to a result
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equal to f¢; = 119.9 °C. It can be seen that the calculated
temperature level 6¢; of Joule heating of the CWP in the
cases under study does not exceed the permissible short-
term temperature O ~ 120 °C, which is typical for
electrical cables with PET insulation.

Conclusions.

1. An engineering technique has been developed for
the approximate calculation of the threshold amplitudes
L,y of single pulses of axial current i,(f) of various
temporal shapes for electrical wires and cables with
copper (aluminum) current-carrying parts and PET, PVC
and R belt insulation used in low- and high-current pulse
circuits of power engineering, electrical engineering and
electronics. This technique is based on the electrothermal
resistance of the polymer insulation of the considered
CWP, which corresponds to the permissible short-term
heating temperatures of current-carrying and insulating
parts of its wires and cables and does not allow the
occurrence of the phenomenon of thermal destruction in
the belt insulation of the CWP.

2. Calculation analytical relationships (9), (10) are
obtained for finding the threshold numerical values 7, of
the amplitudes /,,, of the current pulses i,(f), which vary
in time ¢ according to the aperiodic dependence and
according to the law of the exponentially decaying
sinusoid, in the studied CWP. It is shown that at 7,,>1,,,
due to thermal overheating of the current-carrying parts of
the wires and cables under consideration, destruction of
their belt insulation will occur, leading to a decrease in
the service life of the CWP.

3. Examples of practical application of the proposed
engineering methodology for the calculation definition for
a radiofrequency coaxial medium-sized cable of the RC
50-4-11 brand with solid PET belt insulation of threshold
amplitudes /,,,, of standard aperiodic current pulses i,()
from nano-, micro- and millisecond temporal ranges of
the shape 7/7,=5 ns/200 ns, 7/7,=10 ps/350 ps, and
7/1,=7 ms/160 ms are presented. It was found that with a
corresponding increase in the parameter 7,>>7, for the
indicated unipolar single pulses of current i,(f) flowing
through a round solid copper conductor and a hollow split
tinned copper braid of this cable, there is a significant
decrease in their threshold amplitudes /,,,; (from 531.2 kA
for a nanosecond current pulse of 5 ns/200 ns to 1.84 kA
for millisecond current pulse of 7 ms/160 ms).
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