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TECHNOLOGICAL MONITORING OF ELECTRICAL RESISTANCE OF PRESSED
CABLE CONDUCTORS IN PRODUCTION CONDITIONS

This paper presents results of control of electrical resistance R production pressed aluminum cable conductors. Control of
electrical resistance in manufacturing of cable production is the most massive non-destructive test, which provides a compromise
between the manufacturer's costs for a high-conductivity material on the one hand and the user's operating costs from
conducting heating losses on the other. For the adoption of technological solutions for the use of hot compression of solid
aluminum wires (instead of cold drawing technology) for a specific size, a reliable determination of the probability of
unacceptable values of electrical resistance R > R (probability of claims) in large masses of products is necessary. The application
of statistical analysis of measurement results using the mathematical apparatus of boundary distributions is considered. In this
case, the subject matter of the analysis is the distribution of the limit values of the control parameter, which makes it possible to
reliably estimate the likelihood of the appearance of inadmissible values (probability of claims). An algorithm for determining the
probability of the appearance of impermissible values of the electrical resistance R > R (probability of claims) for solid aluminum
wires of low and medium voltage cables in the range of the cross-sectional area (120...240) mm’ based on the analysis of the
results of control of the electrical resistance during a long technological period (18 months) manufacturing in production
conditions. The use of the appeal potential of the technological solution as the cost of products, for which R > R is used, is
proposed. The comparison of the appeal potential of the technology of hot pressing of solid aluminum and the technology of cold
drawing (dragging) provided the same level of specific electrical conductivity of the metal is achieved. References 8, figures 5.

Key words: control of electrical resistance, aluminum cable conductors, technological monitoring, probability of claims,
mathematical apparatus of boundary distributions.

Ilpeocmaesneno pesynomamu KOHMPOJIO 6 yMOBAX GUPOOHUYMEA eeKMPUUHO020 0nopy R npecosanux anominiceux kadenvnux
npogionukie. Konmponb R ¢ KabGenvHomy eupoOHuuymei € Haumacosiuium HepyuHiGHUM 6URPOOYBAHHAM, AKe 3abe3neuye
Komnpomic mixe 3ampamamu 6UpoOHUKA HA mamepian GUCOKOI e1eKmponposionocmi 3 00H020 00Ky, I eKcniayamayilinumu
3ampamamu Kopucmyeaua 6i0 empam HaA HAZPIGAHHA NPOGIOHUKIE 3 IHWL020. [INA NPURHAMMA MEXHON0ZIYHUX PiUieHb U{000
GUKOPDUCMAHHA 2aPAY020 NPECYSAHHA CYUIIbHUX AIOMIHIEGUX MHCUN  (3amicmb MEXHONO2I] XO0N00HOT GUMANCKU) OnA
KOHKpemHux po3mipie xcuiu HeoOXiOHe Haliline 6U3HAYEHHA UMOGIPDHOCHI NOAGU HEOONYCMUMUX 3HAUEHDL e1eKMPUYHO20
onopy R > R (iimogipnocmi pexnamauiii) y eenuxux macusax npodykuii. Po3znanymo 3acmocysanns cmamucmuinozo ananizy
pe3yiomamis 6UMIPIOGAHHA 3a OONOMO2010 MAMEMAMUYHO20 anapamy panudunux poznoodinis. Ilpu ybomy npeomemom ananizy
cmae po3nooin ZpaHuvHUX 3HAYeHb KOHMPObHO20 RAPAMEMPY, W0 OAE MOMNCIUGICHbL HAOINHO20 OUIHIOGAHHA HUMOGIpHOCHI
noseu nedonycmumux 3Hauenv (Umosipnocmi pexknamauiit). Po3pooneno ancopumm eu3HAUEeHHA UMOBIPHOCHI nOAGU
Hedonycmumux 3nauenv enekmpuunozo onopy R > R (iimosipnocmi pexnamauiiy) ons cyuinbHux aniominiesux jcun cunogux
Kabenie nu3bKoi i cepeonvoi nanpyau ¢ dianazoni niowi nonepeunozo nepepizy (120...240) mm’ na ocnosi ananizy pesyrvmamis
KOHMPONI0 eN1eKMmPUYHO20 OROPY 6HPOO0SHC MPUBANOZ0 MeXHONo0ziuHoz0 nepiody (18 micauie) euzomoenenna 6 ymoeax
eupodHUYmMea. 3anponoHo6aAHO GUKOPUCHMAHHA DPEKNAMAUIIHO20 NOMEHYIany MexXHON02iUH020 DIWeHHA AK eapmocmi
npodykuii, ons axoi R > R. Buxonane nopienanna peknamayiiinozo nomenyiany mexnonozii 2apauozo npecyeanns cyuyinbnux
anominiceux i MmMexnoa02ii X0n00HOT eumANCKU (60JI0HIHHA) 3a YMOGU OOCACHEHHA O0OHAKO08020 PI6HA RUMOMOL
enexkmponpogionocmi memany. bion. 8, puc. 5.

Knouosi crnoéa: KOHTPOJAb €JeKTPUYHOrO OINOPY, AJIOMiHi€BI Ka0edbHi NPOBIAHUKM, TEXHOJOTiYHMHA MOHITOPUHT,
HMOBIpHicTh pexjaManiii, MaTeMaTHYHHI anapaT rPAHUYHUX PO3NOALITIB.

Ilpeocmaenensvt pesynomamovt KOHMPONA INEKMPUUECKO20 conpomueiienus R 6 ycnoeusx npouszeodcmea npeccosannbix
ANIOMUHUEBBIX KaDenbHbIX dcul. Konmpons R 6 Kadenvnom npouszeoocmee ANAMbCA HAUOOTEEe MACCOBLIM HEPAZPYUAIOUUM
ucnsimanuem, Komopoe o0becneuugaenm KOMRPOMUCC MeXHcOy 3ampamamiu U320mMoGumens HA Mamepuan 6biCOKOu
I1eKMPOnRPOOOHOCMU, C O0OHOII CMOPOHbBL, U IKCHIAYAMAUUOHHLIMU 3aAMPAMAMU NOIb306amMeNs Om NOmeps Ha HAZpes
npoBoOHUKO08, ¢ Opy20ul. [Insa npUHAMUA MEXHON0ZUYECKUX PeueHuil OMHOCUMENbHO UCNOIb306AHUA 20PAUE20 NPECCOBAHUS
CRIIOWIHBIX AIIOMUHUEBLIX HCUTL (6MECHIO MEXHOI02UU X0JI00HOU bIMANCKI) 0N KOHKPEMHBIX PA3MEPO8 HCUIbl He0OX00UMO
HadejcHoe onpedeneHue GEPOAMHOCIU NOAGICHUA HEOOMYCHUMBIX 3HAYeHUil eKmpuueckozo conpomuenenus R > R
(6epoamnocmu pexnamayuii) 8 601vMUX maccusax npodykuyuu. Paccmompeno ucnonv3oeanue cmamucmuueckozo ananusa
Pe3yIbmamos usmMepeHuil ¢ NOMOWbI0 MAMeMamuieckozo annapama npeoeibHvix pacnpeoenenus. Ilpu smom npedmemom
aHanu3a Cmanoeumcsa pacnpeodeiienue NPedebHblX 3HAYEHUIl KOHMPONbHOZO0 napamempad, 4mo Odem 603MOMNCHOCMD
HA0EMHCHO20 onpedeleHUs 6ePOAMHOCIU NOAGNEHUA HEOONYCIUMBIX 3HAYeHUll (eposamnocmu pexnamayuil). Pazpaboman
anzopumm onpedeneHue GePOAMHOCHIU NOAGIEHUA HeOOMYCHMUMBIX 3HAYEnuii neKmpuueckozo conpomuenenus R > R
(6epoamnocmu pexknamayuii) 013 CHAOWIHBIX ANIOMUHUEEHIX JHCUTI CUNOGLIX Kabeneil HU3KO20 U CPeOHe20 HAnpANCeHUs 6
ouanazone nnowaou nonepeunozo cevenusn (120...240) mm’ na ocnose anmanuza pesynvmamos KOHMPOAA INEKMPUYECKOZO
COnpomMuGIeHus 6 meuenue 0JIUMmenbHO20 MexXHON02U4ecKk020 nepuoda (18 mecayes) uzeomoenenusn é ycnosuax npou3eoocmea.
Ilpeonosceno ucnonvzoeanue peKnamayuoHHO20 ROMEHYUALA MEXHON0ZUYECKO20 PeuleHUA KaK CIOUMOCmu RPoOyKyuu, 01
komopoii R > R. Ilpouseedeno cpagnenue pekniamaylioHHO20 ROMEHUUALA MEXHONOUU 20PAYE20 NPECCOCANUS CRIIOUIHBIX
AIIOMUHUEBBIX HCUL U MEXHOI0ZUU XO0JIO0HOU GbIMAMCKU (80104eHUs) NPU YCTI06UU OOCHMUNCEHUA OOUHAKOBO20 YPOBGHA
YO0enbHOoIl INeKMPOnRPoeooHocmu memanna. buodn. 8, puc. 5.

Krouesvie cno6a; KOHTPOJIb 3JIEKTPUYECKOr0 COMPOTHBJICHHS, ATIOMUHHEBbIE KadeJbHble MPOBOAHNUKH, TEXHOJOTHYECKHIl
MOHUTOPHHT, BEPOATHOCTH peKJIaMaluii, MATeMAaTHYEeCKHIi aNNapaT PAHUYHBIX pacipeaeaTeHUul.
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Introduction and problem definition. The
introduction of technological changes in the production of
cable and wire products, which increase the economic
efficiency of production, always requires the analysis of
the impact of these changes on the relation of interests of
the manufacturer and consumer of products. Here, it is a
matter of solid aluminum wires made by hot pressing
(SSAP — solid soft aluminum pressed), instead of the
technology of cold drawing, which in practice of cable
technology is called dragging. Hot pressing provides the
highest electrical conductivity of the metal with the
simultaneous elimination of the cost of annealing, which
is necessary for recrystallization of the structure of the
conductor due to the cold deformation of compression
during dragging. Providing a high level of electrical
conductivity corresponds both to the interests of the
manufacturer and to the interests of the consumer, since
this characteristic is the basis for providing the electrical
resistance R of conductors. But the value of R is
influenced by a number of structural and technological
factors. Therefore, the monitoring of the electrical
resistance R for conductors is the most massive non-
destructive test in the cable industry, which provides a
compromise between the manufacturer's costs on the
material of high electrical conductivity on the one hand
and the user's operating costs from the losses of heating of
conductors on the other.

Corresponding maximum limit values R are
normalized to provide a sufficiently small electrical
resistance, which determines the energy losses in the
cable, and hence the temperature of its elements and by it,
the durability and reliability of cable insulation in both
operating and emergency modes [1]. In order to make
technical decisions on the use of hot pressing of solid
aluminum wires (instead of the cold drawing technology)
for a specific size of the wire, it is necessary to reliably
determine the probability of unacceptable values of
electrical resistance R > R (probability of claims) in large
masses of products based on the results of technological
monitoring of R.

Analysis of literature. Cable production is
characterized by significant lengths of products with high
requirements for the uniformity of length parameters,
therefore the value of R per unit of length is standardized
[2]. The monitoring of homogeneity of R in length is the
subject of technological monitoring. The problem of
organizing active technological monitoring is conceptual
for automated mass production not only in cable
technology, since between the tasks of receiving and
current technological monitoring there is a significant
theoretical and technical difference [3]. For the key
electrical engineering parameters of mass production,
one-way restrictions are used: for electrical resistance of
conductors — no more than; for electric strength — not less
than, etc. Therefore, for the evaluation of the guaranteed
level of technical parameters of products that ensure its
reliable functioning, it is expedient to wuse the
mathematical apparatus of boundary distributions [4]. The
difference in the technological monitoring from the
receiving one is that possible changes in the technological
process should be recorded by it [4]. That is, the
measurement result is an element of an unknown

statistical array. Therefore, for the purposes of
technological monitoring, it is expedient to use the
mathematical apparatus of the boundary distributions. In
this case, the subject matter of the analysis is the
distribution of the limit values of the control parameter,
which makes it possible to reliably estimate the
probability of the appearance of inadmissible values
(probability of claims).

The number of structural and technological factors
that affect the value of R is very significant. The first is
the cross-sectional area of the conductor. The larger the
area of the section of the continuous wire, the economic
efficiency of the application of hot pressing technology is
higher because of the unnecessary further annealing. On
the other hand, in the process of crystallization of the
metal, after compression its density changes and its
shrinkage [5] is observed, which depend on the
compression mode and the cross-sectional area of the
wire. For a specific size of the wire, a reliable
determination of the probability of the occurrence of
impermissible values of electrical resistance R > R in
large masses of products based on the results of
technological monitoring of R is necessary.

Reliable determination of the probability of the
appearance of inadmissible values of random variable is
still the subject of the search for specific solutions for
specialists in the field of mathematical statistics [6]. It is
obvious that such a determination in production
conditions should take into account the volume of output
and be based on sufficiently well-known and indisputable
statistical models. Known statistical models of
distribution of boundary values correspond to these
obvious requirements [4]. The one-time, even massive,
statistical stability study can not be practically carried out,
the concept of solving applied probabilistic problems is
the well-known Mises concept [7]: the frequency f*(4) of
event 4 is the proportion of the number of events m*(4)
arising from the number of independent attempts »* under
the identical conditions that they may have occurred in:
f*(A4) = m*(A)/n*. Here and further the mark «*» is used
for the values determined experimentally. The
requirement of reproducibility of a phenomenon with the
definition of frequency acquires a quantitative expression
in the form of the principle of constancy of frequencies:

m*(A)/n* = my*(A)/ny* = my*(A)/ns* =.. m*(A)/n*, (1)
that is, the frequency of this event in a series of
independent attempts must be sufficiently identical.

The relation (1) is precisely the principle, since
sufficient uniformity of frequencies can be accepted only
within the framework of a specific problem, but the
requirement of constancy of frequencies naturally follows
from the requirement of the reproducibility of the event.
This requirement is successfully used in practical
statistics [8]. Therefore, it is necessary to reliably
determine the probability of the occurrence of
impermissible values of resistance R > R that should be
performed for the largest cross-sectional area produced
and tested during a long technological period in a series of
independent attempts.

The goal of the work is the development of an
algorithm for determining the probability of the
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appearance of impermissible values of the electrical
resistance R > R (probability of claims) for solid
aluminum wires of low and medium voltage cables in the
range of the cross-sectional area (120 ... 240) mm? based
on the analysis of the results of the electrical resistance
monitoring during a long technological manufacturing
period in a production environment. Determination of the
probability of unacceptable values of electrical resistance
in the current production conditions is the basis for
establishing economically justified guarantees for the
user, first of all, regarding the bandwidth of the cable,
which is guaranteed by the manufacturer in nominal
operating conditions.

Main results. Figure 1 shows the results of the
monitoring of the electrical resistance R under the
conditions of production and, in accordance with the
current certification documentation, for 18 months of
2017 and 2018, of solid aluminum wires of low and
medium voltage power cables made by pressing in the
range of the cross-sectional area (120 ... 240) mm®.

R, Q/km
$J
p <0,027 pQm = .
0.1
M, kg/m

0
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Fig. 1. The dependence of the electric resistance R on the unit
length of the aluminum wire, made by hot pressing, from the
mass M in the range of the cross-sectional area (120 ... 240) mm®:
points — experimental values; solid curves — the dependencies
R = f{M), calculated for the specific electric resistance
0f 0.027 uQ-m (lower) and 0.029 puQ-m (upper)

The dependence R = f{M) of the lateral resistance R
on the particle mass of the conductor is universal,
inversely proportional and its parameter is the specific
electrical resistance p of the wire metal. The results of the
control over 18 months are in accordance with the current
standards regarding the specific electrical resistance of the
wire metal, which confirms the starting thesis that
pressing provides the necessary electrical conductivity of
the metal with the simultaneous exclusion of the cost of
annealing.

A feature is the presence of samples with an
abnormally low mass for each of the nominal cross
sections studied. Such samples appear evenly throughout
the long technological observation period, representing a
relatively small, but substantial part of the tested samples
(from 5 % to 8 %). In accordance with the principle of the
reproducibility of the Mises, the technology of
manufacturing of continuous aluminum wires by hot
pressing ensures the reproducibility of the electrical
conductivity of the metal, but in this particular case does

not ensure the reproducibility of the particle mass of the
metal.

Therefore, in the further development of the
algorithm for determining the probability of the
appearance of impermissible values of electrical
resistance R > R (probability of claims) for solid
aluminum wires of low and medium voltage cables, has
been carried out on the basis of analysis of the data array
(238 values), which corresponds to the principle of the
reproducibility of the event. Data that does not correspond
to the principle of reproducibility of an event are used to
analyze the reasons for the appearance of specimens with
an abnormally low mass.

Figure 2 shows the characteristic functions of the
distribution of electrical resistance of SSAP samples. The
functions of the distribution of the maximum values of
R...x are obtained in two ways: analytically by the formula
(2) and by the computer statistical experiment as the
distributions of the largest values in the corresponding
normally distributed random variables. Both methods
gave the same result, presented in Fig. 2.

Function of the distribution
of electrical resistance F(R)
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Fig. 2. Functions of the resistance R distribution of SSAP
samples: 1 — empirical distribution function (points) and its
approximation by normal distribution (solid line); 2 — function
of distribution of maximum values R,,,, in 24 samples at 24
normally distributed values; 3 — function of distribution of
maximum values R, in the corresponding 250 samples;

4 — arbitrarily selected impermissible value

The results presented in Fig. 2 testify:

1) according to the results of measurements of the
electrical resistance, it is possible to determine the
probability of the appearance of impermissible values of
the electrical resistance R > R (probability of claims) by
means of the known mathematical apparatus of
distributions of maximum values R, for solid aluminum
wires of low and medium voltage cables;

2) parameters of the boundary function of the
distribution of the maximum values R, [4]:

F(Rmax) = exXp {_ exp[— (Rmax - Bn)/An]}a (2)
where B, is the shift parameter equal to R, less than
37 % of the samples with #n; 4, is the scale parameter that
depends on the initial distribution and does not depend on
n; the parameters of the function (2) depend on the
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division of the batch into statistical groups according to
the requirement of constancy of frequencies (1); to
determine the parameters we double-log the function
F(Ryax), obtain a linear relationship between the double
logarithms of the distribution function and the values
of Rinax;

3) the larger the statistical groups in accordance with
the requirement of constancy of frequencies (1), the
greater the number of inadmissible values of the electrical
resistance on the curve of the function of the distribution
of maximum values (see curves 2 and 3 in Fig. 2), but this
increase is rather fast decelerating and there is a limit
distribution and, accordingly, the boundary parameters
that do not depend on the volume of the batch of products
or its division into statistical groups.

Dependencies of the parameters of the distribution
function (3) of the maximum values R, on the division
of a batch into statistical groups by the results of
measurements of electrical resistance (1 in Fig. 2) are
presented in Fig. 3.
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Fig. 3. Dependences of the parameters of the distribution
function F(R.x) (3) on the division of a batch into statistical
groups by the results of measurements of electrical resistance:
dependence B, (n) — nonlinear, the value of the parameter B,
reflects the maximum distribution density F(R.y) (see Fig. 4)
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Fig. 4. Characteristic points of the first (solid line f{R ) and
the second derivative (dashed line df{R yax)/dRnayx) Of the
distribution of the maximum values of electrical resistance
reflect the unambiguous technical meaning of the corresponding
values of R, the minimum of the second derivative — the
appropriate technical characteristic of the upper bound for
technological monitoring by R, depends on #, but the
corresponding probability of exceeding this bound does not
depend on n, which gives an opportunity to analytically assess
the appropriate level of technical guarantee

Figure 5 illustrates the application of different upper
bounds for technological monitoring of the distribution
function of Ry, in 24 samples with 24 normally
distributed values determined experimentally.

Number of samples with R,,x>Ry.

)
- 4.l ®®
Ry =126-10"Qm"™ &
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[ X )
[ X )
[ ) [ )
cccopo00000
0 Mﬂ;"' g ™ 1,29-10* Qm!

Number of samples in the control batch

Fig. 5. An illustration of the possible practical application of
different upper bounds for technological monitoring of the
distribution function of R, in 24 samples at 24 normally

distributed samples of SSAP with a cross section of 240 mm®

According to Fig. 5 within the array of a control
batch, from several tens to several hundreds, the
monitoring sensitivity provides the use of the upper limit
for Rpw < Rp = 126107 Qm™' in sampling for 24
samples. In this case, for batches with a sample size of 50
and larger, the relative number of samples with R, > Ry,
is stable and remains at 2.5 % if there are no obvious
changes in the technological process.

It is important that the limit R, = 1.2610* Qm' is
not arbitrarily chosen. This value corresponds to the
minimum of the second derivative — an expedient
technical characteristic, when the decrease in the density
of the distribution is sharply slowing down and practically
does not affect the number of violations of the established
limit. This gives an opportunity to analytically assess the
appropriate level of technical guarantee.

Conclusions.

1. The results of the monitoring over 18 months in
the conditions of the production of electrical resistance R
of solid aluminum wires made by hot pressing confirmed
the starting thesis that hot pressing provides the required
electrical conductivity of the metal with the simultaneous
exclusion of the cost of annealing.

2. An algorithm for determining the probability of
unacceptable values of electrical resistance R > R
(probability of claims) is developed for continuous
aluminum wires, made by hot pressing, using the known
mathematical apparatus of distributions of maximum
values Ry.x. The algorithm includes:

e separation of the control batch into statistical groups
in accordance with the known requirement of constancy
of frequencies (1);

e determination of the parameters of the initial
distribution by standard statistical procedures (in this
case, by normal distribution);

e determination of the distribution parameters of the
maximum values R,x by the least squares method in the
linear coordinates of the distribution function of the
maximum values;

e determination of the critical value of the electrical
resistance Ry, which corresponds to the minimum of the
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second derivative — the appropriate technical
characteristic, when the decrease in the density of the
distribution is sharply slowing down and practically does
not affect the number of violations of the established limit
(in this case R, = 1.26107* Q-7 ");

e determination of the level of technical guarantee as
the ratio of the number of samples with R.x > Ry, to the
control batch volume (for example, 5/200 = 0.025 or
2.5 %, see Fig. 5).

3. The developed algorithm, tested in production
conditions and in accordance with valid certification
documentation during 18 months of 2017 and 2018,
makes it possible to technically assess the claim potential
of the achieved level of specific technology as a product
of the probability of unacceptable values R.x > Ry, in the
control batch for (3) for the accepted the critical level Ry,
to the corresponding technological cost of the samples in
the control batch.

4. The use of the claim potential of the technological
solution as the cost of products, for which R > R is
proposed. The comparison of the claim potential of the
technology of hot pressing of solid aluminum wires
(0.025x1 = 0.025 USD/km) and the technology of cold
drawing (0.025x1.2 = 0.03 USD/km) provided the same
level of specific electrical conductivity of the metal is
carried out.
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