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THERMAL STABILITY OF UNDERGROUND HIGH-VOLTAGE CABLE LINE
UNDER EMERGENCY CONDITIONS OF OVERLOAD AND SHORT CIRCUIT
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The paper proposes new knowledge in cable engineering by studying the operation of up-to-date high-voltage cable line
under the non-nominal and emergency conditions to ensure its reliability and service life. The temperature conditions
for operation of an underground 110 kV three-phase cable line with cross-linked polyethylene insulated cables in the
nominal and emergency modes of short circuit and short-term overload of cables are studied by computer finite-element
method. A number of practically important problems for designing such cable lines are solved. In particular, the
computation of the three-phase short-circuit mode in the line is carried out taking into account its reconnection after
short circuit with certain delay time (5, 10 or 15 s) and at different loads (50% and 100% of the nominal current). The
results obtained allow determining the permissible operating time for the line operation with the temperature of the
cable conductor not higher than the permissible limiting value. The nature of the increase in the temperature of the
cables within the time of different current overloads varying from 120% to 200% is investigated. The results give a
possibility to determine the permissible operating time of the line when the temperature of the cable conductor does not
exceed 130°C. In the case of the double-circuit cable line, the computational results for non-stationary thermal process
under emergency condition of one circuit failure and the transmission of double power through the other circuit are
presented. It is shown that the limiting conductor temperature of 130°C is reached after 1.3 hours of line operation. The
problems solved in the paper answer the questions regarding the thermal stability of the high-voltage cable line in
emergency modes and are of interest to designers of such lines as well as organizations responsible for their safe
operation and power companies for more efficient use of cable lines. References 36, figures 5, tables 2.

Keywords: cables with cross-linked polyethylene insulation, cable line, emergency mode, temperature conditions, safe
operation.

Introduction. At present the cross-linked polyethylene (XLPE) insulated power cables, particularly
cables of 110 kV and above are widely used in high- and extra-high-voltage power transmission lines This
insulation has the high dielectric strength and plasticity as well as the low dielectric permettivity and
dissipation factor. Its electrophysical characteristics can remain stable even when the temperature rises by
30% or more. However the reliability and service life of cable XLPE insulation depend largely on operating
conditions [1, 2].

For underground cables, their layout, environmental conditions (backfill soil in the trench, natural
soil around it) and compliance with electrical and thermal operating conditions are critical. The exceeding of
reference temperature limits for cable components leads to accelerated degradation of the insulation that
causes a decrease in its dielectric strength [1, 3]. This is particularly important to take into account for high-
voltage cable lines. It should be noted that the XLPE insulated power cables rated for voltage up to 330 kV
are predominantly used in Ukraine. They are produced by PJSC «Yuzhcable Works» (Kharkiv) [1, 4-7]. The
detailed description of the features and characteristics of the cables are given in [6].

The standards and specifications are established for the electrical and thermal characteristics of
power cables [2, 5], specifically: the permissible operating temperature of the conductors during continuous
operation is 90°C; the maximum permissible temperature of the cable conductors during short circuit is
250°C; the maximum admissible temperature of the cable screen during short circuit is 350°C; the
temperature of the conductors under overload conditions is up to 130°C; the duration of cable operation
under overloading is no more than 8 hours per day and up to 1,000 hours over the service life. The nominal
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cross-sections of conductors and screens are selected depending on current load and verified by the
permissible current of the conductor and its current during short circuit [5]. In addition, the correction factors
for practical cable laying are calculated and defined more exactly, for example, to recalculate currents
depending on cable arrangement, ambient temperature and soil characteristics for underground cables [2, 5].

The determination of cable temperature for specific practical applications requires the consideration
of operating conditions and different modes (normal or emergency operation during overloading or short
circuit), and is also a crucial factor to provide the reliability and expected service life of the cable lines, since
their overheating can lead to insulation damage and cable failure. The temperature affects not only the
permissible conductor current, but also power losses.

It follows that the task is to determine the permissible current load (maximum cable conductor
current) when the cable operates without overheating under different conditions. The calculation of the
permissible current and losses is regulated by the IEC international standard [8], which is also valid in
Ukraine [9]. The approaches to computer modeling and solving the coupled electromagnetic and thermal
field problems are presented in [10, 11].

The operational characteristics of each specific cable line under typical operating conditions,
including emergency situations are revealed over a sufficiently long period of operation and require further
study of the steady-state and transient thermal processes as well as consideration of cable temperature
variations and consequently the development of practical measures to correct the current loads in order to
ensure the stable and long-term operation of the cable line.

The objective of this paper is to obtain new data regarding the operation of high-voltage cables in
emergency modes through a quantitative study by computer modeling of the thermal field and temperature
characteristics of underground 110 kV cable line with XLPE insulation under the nominal condition, current
overload, short circuit and then to compare them with existing standard specifications.

The problems solved were revealed during the long-term (10-year) operation of high-voltage cable
lines in Ukraine and are of scientific-and-practical interest to both cable manufacturers and organizations
responsible for cable operation.

The three-phase cable line under study consists of single-core cables of [1BErally 1 x 500 /95(150)
type with copper conductor (cross-section of 500 mm?) and copper screen around the conductor, has the
longitudinal and transverse screen sealing with water-blocking fabric and polyethylene shell [S]. According
to manufacturer specifications, the cross-section of the copper screen can be 95 mm? or 150 mm?. The cables
are laid in a trefoil (triangle) configuration in the ground within a trench at specified depth of 1.5 m
(Fig. 1, a). The three-phase cable system is modeled as an idealized system of three cables with balanced
currents leaving out of account the cable accessories and joints.
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The modeling is performed using the finite-element method by COMSOL Multiphysics software
[12]. Depending on the specific aims, the two-dimensional steady-state or transient temperature field is
numerically calculated and analyzed within the cable cross-section taking into account the mechanism of
heat conduction. The convective and radiant heat transfer mechanisms do not considered. All cable
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characteristics and input data for the computations are set by the manufacturer and correspond to power
cables which are in service for a long time (10 years).

Grounds for investigation. It is extremely important to ensure that the power cables operate within
the temperature limits for safe operation. The permissible current of the cables can be calculated using the
method described in detail in IEC 60287 [8]. However this standard provides only formulas for the rated
current or maximum permissible current under stationary conditions and the maximum temperature rise, but
does not take into account the heat transfer equations (unlike IEC 60287-2-1:2023 [13], which is applied to
various cable installations, including underground laying cables up to 5 kV). Exactly the same is related to
the IEC 60853 standard [14], which proposes the methods for determining the cyclic and emergency currents
of power cables, but does not provide their temperature rise. The IEC 60986 standard [15] determines the
temperature limits of cables at short circuit, provides the tables with maximum permissible temperature to
limit the heating, but does not allow for determining the time-varying cable temperature.

The calculations of the rated current require the determining the temperature of the cable
components or the permissible current for given cable temperature [16]. Such calculations involve the heat
sources and their heat dissipation beyond the cables that depend on the current level, cable dimensions,
installation and cable arrangement. With this approach, it is necessary to solve the heat conduction equations
using numerical methods [16].

The two- and three-dimensional methods are widely used for numerical computations [17-20],
which are a powerful and realistic approach to solving the electromagnetic and thermal problems for power
systems [21]. For example, the international standard IEC TR 62095 [16] recommends to use the finite-
element method when the methods presented in IEC 60287 (for steady-state conditions) and IEC 60853 (for
cyclic conditions) cannot be applied.

In general, there are various approaches to calculate the temperature of power cables with XLPE
insulation under nominal and emergency conditions. The most well-known approaches are the use of
1) analytical expressions [22], 2) thermal equivalent circuits (or electrothermal analogs) [10, 23-25] and
3) finite-element analysis [1, 10, 11, 26].

As noted above, the analytical methods do not allow for a detailed analysis of temperature variations as
functions of the duration of emergency operation. The modeling of thermal processes in cable lines based on
thermal equivalent circuits at three-phase short circuit in a load [10] involves the fairly complex
MatLab/Simulink models and provides the computation of coupled electromagnetic and thermal processes in
cable lines. The most widely used method for comprehensive steady-state and transient thermal processes based
on the heat conduction equation is computer finite-element modeling which is chosen as a tool for this study.

The basic methods and approaches for determining the operational characteristics of high-voltage
cable lines, including cable current load are presented in [27-29].

Further development and improvement of the methods for evaluation of cable thermal stability is of
practical importance for the power industry.

Mathematical models for thermal processes in underground cables. The computer simulation of
temperature field is carried out for 2D model under the assumption that the underground cables are long and
laid parallel to the ground surface at specified depth. The installation conditions remain permanent along the
entire length of the cable routing. In addition, it is assumed that the soil around the trench and the backfill
soil in the trench are homogeneous throughout the depth. In a more general case, the physical properties of
the soil are heterogeneous because they change during the operation
of the underground cable as well as under the influence of weather
factors.

The heat sources are the electric currents flowing in the
conductors and induced in the cable screens.

Steady-state temperature field. The distribution of 2D
temperature field in the cross-section of the cable line under steady-
state conditions is described by heat conduction differential equation:

-V-(AWVT)=0, (1

Conductor

o
honductor

screen

J Insulation
screen

where A is the thermal conductivity; QO is the power density of the y 053223 e
heat sources, including the Joule heat generated in the conductors of -
the cables and losses due to current in the copper screen of each Fig. 2

cable (Fig. 2).
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The specific heat generation is calculated as follows:
J? /6, in conductors;

e @)
Q=<J. /0o, inscreens,
0 inother elements.
Here J., J; are the current density in the cable conductors and screens, respectively; o., o, are the electrical
conductivity of the conductor and screen, which varies with temperature [30, p. 315].
The energy losses in the insulation are not presented in (2). They can be evaluated by [31].
Transient temperature field is determined by the next equation:

Cpi—f—V-(XVT)=Q, 3)

where C and p are the specific heat capacity and density of the corresponding material. The temperature
dependencies A(T), C(T) for polyethylene are given in [32]. The dependencies A(T), C(T) and p(7) for

copper are presented in [33]. The

heat generation rate Q in (3) is  Table 1. Characteristics of [TsErally 1 x 500 cable and the cable line
determined by (2). based on it

The dimensions of the - —
R K Geometric characteristics
computational domain are chosen to Cable diameter. mm 74
be significantly larger than the  Conguctor diameter, mm’ 26.5
dimensions of the Cable_s_ (Fig. 1, a), Thickness of XLPE insulation, mm 15.0
so the boundary cond.ltlons on all Thickness of conductor screen, mm 1.4
external boundaries are Thickness of insulation screen, mm 1.0
T =T, =20"C (ambient temperature Layer of water-blocking fabric, mm 0.3
—20°C). The initial temperature in the ~ | Lhickness of screen, mm 1.13
computational domain is equal to the Thickness of polyethylene shell, mm 4.5
ambient temperature — 7[ =T, Depth of cable laying in the gFound, m _ 1.5
t=0 Electrical characteristics

Computational results. The Cable with screen of 95 mm”
trench for cable laying is shown in Current in conductor / electrical resistance, A /€/km 687/0.048
Fig. 1, a b. The computational Current in screen/ electrical resistance, A / Q/km 154 /0.230
domain contains a three-phase cable Cable with screen of 150 mm”
line in the trench with special backfill Current in conductor / electrical resistance, A /€Q/km 666 /0.048
soil and natural soil around it. Current in scr.een / electrical resistance, A / Q/km 226 /0.148

The structure of the cables |-<able grounding at both ends
under study is shown in Fig. 2. The Frequency, Hz — >0

. .. Thermal characteristics
main characteristics of the cable - - . -
. . . . Specific thermal resistance of polyethylene (insulation, 3
line under consideration with )
Jiff . shell, screen), K-m/W
1ferent scrg:en CI‘(.)SS—SC.CUOI’IS (95 Thermal resistance of copper (conductor, screen), K-m/W 0.0025

and 150 mm?) are hsted m T.able L. Thermal resistance of water-blocking layer, K-m/W 50
The cable screens in the line are Thermal resistance of backfill soil, K-m/W 1.0
grounded at both ends. The Thermal resistance of soil around the trench, K-m/W 1.5

resistance of the grounding
conductors does not taken into account.

The cable and soil Table 2. Calculated cable temperature for screens with different

cross-sections

characteristics in Table 1 as well as the Screen Curront. A/ Curront. A .
current Values. are the data of producer in CrosS- resistance resistaI;ce, Maximum
accordance with IEC 60287 standard [8] section S O/km ’ Q/km temperature,
and serve as initial conditions for the i 5 in conductor i1 screen Trnax
computations. The res1stan(.:es of the 95 6877 0.048 1547023 5023
cable conductor and screen in Tables 1 150 666 /0.048 22670.148 90.13

and 2 are given for 50 Hz frequency and
maximum temperature of conductor (90°C). The changes in the soil characteristics around the cables are
disregarded, although in reality the thermal resistance and heat capacity depend on the soil composition,
moisture content, weather conditions and temperature variations in time [34].
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1. Computer program verification by comparing the conductor temperature obtained with numerical
calculation and IEC standard [8], regulating data by analytical methods. The results of the numerical
calculation of the steady-state thermal process in the cable line with screen cross-section of 95 mm? are
shown in Fig. 1, a, b, where the temperature field distribution (in color and by isolines) around the cables is
given for conductor/screen current — 687/154 A, screen cross-section — 95 mm?. The temperature variation
along the radius of the upper cable from the conductor surface to the external point of the screen is given in
Fig. 1, c. The highest temperature of the conductor is 90°C, it exactly complies with IEC standard [8].

Below we consider a number of problems that arose due to a long-term (over 10 years) operation of
high-voltage power lines in Ukraine and are important for cable manufacturers and designers.

2. Evaluation of current-carrying capacity of the cables as the screen cross-section increases. The
computations are carried out for cables with screens of 95 mm? and 150 mm?. The numerical results are
listed in Table 2. The table shows that as the screen cross-section increases, the current in the screen
increases (from 154 to 226 A) and the losses in it increase too. Consequently to keep the conductor
temperature at 90°C, the current in the conductor should be reduced (in this case, from 687 to 666 A). The
ratio of these values is equal to 666/687 = 0.97 and corresponds exactly to the recommended correction
factor [9]. Thus the numerical results in Table 2 confirm the correction factor (0.97) at the transition to
screen cross-section of 150 mm?.

The problems 1 and 2 conform to the steady-state heating of cables. The problems 3-5 involve the
study of transient temperature field in the cable.

3. Thermal stability of cables to three-phase short-circuit currents at the output of cable line, when
the automatic recloser (AR) operates, in a practical scenario of relay protection against cable short circuit
under different current loads. It is assumed that the relay protection clears the external short circuit and after
a certain delay time the AR operates and then the line is reconnected to the power source. In this case, two
scenarios are possible: either the line subsequently operates under normal conditions, or the repeated short
circuit occurs. Such emergency conditions of the cable line in power network require the study of cable
thermal stability. This is important for both designers and companies responsible for the maintenance of
cable lines.

Fig. 3 shows the time-dependent conductor temperature of the upper cable in the line with screen
cross-section of 150 mm? and for different delay times #; (5, 10, 15 s) after one-second short circuit and the

automatic reconnection of the cable line after such delay period, when the short circuit occurs again. The
computational results are presented for two values of current in the cable conductors: a) 50% of conductor
current (333 A); b) 100% of conductor current (666 A). Fig. 3, a shows the characteristic red points: 1 —
short-circuit emergence, 2 — line disconnection after 1 second, 3 — reconnection of the cable line operating at
short-circuit condition. The specified current values (333 and 666 A), the conditions both for short-circuit
and connection of the cables shown in Fig. 3 are stated by the cable producer and found to be practically
significant for the cable under investigation.

350 350
2507
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200¢
200
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100! 150
504 100
0 L " " "
0 10 20 30 40 500 10 20 30 40
Time, s Time, s
a b
Fig. 3

The thermal stability of the cable line within the relevant time interval is evaluated by data in Fig. 3,
taking into account the exceeding of the specified maximum conductor temperature of 130°C under
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overloading and 250°C at short-circuit mode [2, 5]. The results in Fig. 3 allow determining the permissible
operating time of the cable line when the conductor temperature does not exceed the limiting values.

4. The overload of a double-circuit cable line with screen cross-section of 150 mm? The cable line
consists of two circuits similar to those in Fig. 1, b. It is assumed that the emergency takes place in one of the
circuits and then all power is transmitted through the other circuit that is the conductor current increases
2 times. For this case, Fig. 4 shows the time-varying

o
temperature of the conductor of the upper cable in the |, T C‘
overloaded circuit with current of 2 X 666 A. As can be
. ° o
seen from Fig. 4, the conduptqr temperature of 130°C that 70| S | 130°C___________ _/_,z{
corresponds to the permissible level under overload /
conditions is achieved after 1.3 hours of cable line

&2
=

operation. This means that the double-circuit cable line
with one disconnected circuit can operate and transmit the
total rated power in an emergency within 1.3 hours.

5. Temperature of overloaded cable line. This
problem corresponds to the case when the cable line
operates with power transformer. It is known that the
power transformer at the output of the power line can 0 900 1800 2700 3600 4500 5400
withstand the overloads for a given period of time, for Fig. 4 Time, s
example, 110-120% overload — for an indefinite period,

130% — for up to 6 hours, 150% — for half an hour, and 200% — for 5 minutes. The designers of the power
line should be confident that the cables in the line can take the possible overloads.

The computed data for time-dependent conductor temperature at given overloads are presented in
Fig. 5. As assumed, the initial conductor current is 666 A, the cross-section of the screen is 150 mm? and the
initial temperature of all cable components is equal to steady-state temperature. The dotted lines in Fig. 5
indicate the permissible operating time of the power transformer. It can be seen that during this time the
conductor temperature increases, but does not exceed the admissible temperature (130°C). Moreover even if
the current increases up to 2 times during the specified operating intervals, there is still a load reserve.
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The problems 4 and 5 take into account the temperature variation along the thickness of XLPE
insulation of the cables as shown in Fig. 1, c. This is particularly important for cyclic heating of cables, as it
is associated with the thermal aging of the insulation and the electrothermal stresses inside the cable [35, 36].

It should be noted that this work stipulates the further study with consideration of cable joints,
grounding connections, current state of polyethylene insulation and so on.

Conclusions. This paper presents new data on the operation of 110 kV power cables under
emergency conditions. They are important for improving the reliability and stability of cable lines in power
supply systems.
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Using the finite-element method, the temperature conditions of underground three-phase cable line
with 110 kV XLPE insulated cables are investigated under normal operation and under the emergency
conditions such as short circuit and transient cable overloads.

A number of the problems practically important for the designing of such cable lines are solved. In
particular, the computations are fulfilled for three-phase short-circuit condition, taking into account the
automatic reclosing of the line after short circuit with different delay times (5, 10, and 15 s) and under
different loads (50 and 100% of the rated current). The results allow determining the operating time of the
line when the cable conductor temperature does not exceed the permissible limiting values.

The cable temperature variations under different current overloads (ranging from 120 to 200%) are
studied. The results give a possibility to find the operating time of the line when the cable conductors do not
heat up above the admissible temperature of 130°C.

For the double-circuit cable line, the computation of the transient thermal process in an emergency of
one circuit is carried out. As shown, the maximum conductor temperature of 130°C is achieved after
1.3 hours of cable line operation.

The developed methodology and the obtained data regarding the thermal stability of high-voltage
cable lines at the overload and short-circuit conditions are of interest to the cable designers, organizations
responsible for the safe operation of power cables and can show the ways to use the cable lines more
efficiently.

The paper was realized within the framework of state fundamental program «Elresy, state
registration number 0123U100693, KPKVK 6541030.
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TEPMIYHA CTIMKICTh BUCOKOBOJIbTHOI NIJIBEMHOI KABEJIBHOI JITHIT
B ABAPIMHUX YMOBAX INEPEBAHTAKEHHS I KOPOTKOI'O 3AMUKAHHSA

A.A. l]lepﬁal* akazemixk HAHY, O.J1. IToosibueB' ", JOKT. TexH. Hayk, L.M. quepm;al, JIOKT. TEXH. HayK,
T.IO. AnTOHeub” , KA. TEXH. HAYK

! InctutyT enexkrponunamiku HAH Yxkpainn,
np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina,
e-mail: podol@ied.org.ua.

I[IAT «3aBoj «IliBgenkadeany,

BYyJ. ABTOreHHa, 7, M. XapkiB, 61099, Ykpaina.

Pobomy npucesueno ompumanHio HOBUX OQHUX V 2aky3i KAOENbHOI MEXHIKU WLISIXOM BUBYEHHS poOOmuU CYYACHOT
BUCOKOBOIbMHOL KAOETbHOT NIHIT 6 a8apiliHux pexcumax 3a0is 3a0e3nedents HadluHocmi [ pecypcy QyHKyionyeanHs. 3
BUKOPUCIMAHHAM ~CKIHYEHHO-EJIEMEHMHO20 AHANIZY OO0CIIONCEHO MeMNEpamypHi pedcumu niosemuoi mpughaznoi
KabenvHOI MMl 3 Kaberamu 3i 3WUMO-NOIeMmuLeHo8or0 izonayiero Hanpyeor 110 kB 6 HOMIHATbHOMY pedcumi ma 6
ABAPIUHUX  PENCUMAX KOPOMKO20 3AMUKAHHA [ KOPOMKOYACHO20 nepesanmagicenus kabenie. Posse’azano pso
NPAKMUYHO BAJCIUBUX 3A0AY, WO GUHUKAIOMb NIO YAC NPOEKMYBAHHA MAKUX KaDenbHux JNiHii, 30Kpema nposedeHo
PpOo3paxyHox pexcumy mpugasznoeo K3 6 ninii 3 ypaxysanuam ii nosmoproco exnouenus nicia K3 3 neenum yacom
sumpumku (5, 10 ma 15 ¢) ma 3a pisnozo nasanmagicenns — 50% i 100% 6i0 nominanvnozo cmpymy. Pesyasmamu
daroms 3M02y BUHAYUMU OONYCMUMUL Yac pobomu JNiHii 3 memnepamypoi dcuil Kabenig He suuje 0ONYCMUMO20
2panuuHo2o 3HayeHHs. J[ocniodceHO Xapaxkmep 3pOCMAHHA V yYaci memnepamypu xabenigé 3a pi3HO20 CMPYMOB020
nepesanmas’icens, wo 3minioemvcsa 6 oOianazoni 6i0 120% oo 200%. Pesynomamu Oaiome 3M02y GU3HAYUMU
oonycmumuil yac pobomu ninii, koau memnepamypa sicunu kabenig ne nepesuwye 130°C. YV eunaoxy osonranyrozoeoi
Kabenvbroi 1iHii HagedeHo pe3yibmamu po3pPaxyHKy HeCMAayioHAPHO20 MENL08020 NPOYeCy V pasi asapitiHo2o pPexlcumy
NOWIKOOJICEH ST 00HO20 JaHYlo2a ma nepeodaganHi Nooeitnoi nomyxchocmi no inwomy nauyiocy. Iloxkasano, wo
epanuuna memnepamypa sxcunu 130°C docseaemoucs nicas 1,3 2o0unu pobomu maxoi ninii. Pose szani 6 pobomi 3a0aui
0arms MONCIUBICIb OMPUMAMU BIONOBIOI HA NUMAHHS W00 MEPMIUHOL CMITIKOCMI 8UCOKOBOILMHOT KAOeNbHOI NIiHIT 6
ABaAPIIHUX PeXcumMax i npedCmasiAomy iHmepec 015 NPOEKMYSAIbHUKIE MAKUX JIHIN, OpeaHizayill, 8ION0GIOATbHUX 3d
iXHIO be3neuny excniyamayiro, eleKmpoeHepeemudHuUx KOMNAanii Ons Oinbl e(peKmusHo20 8UKOPUCTIAHHS KADETbHUX
qinit. biom. 36, puc. 5, Tabm. 2.

Knwwuosi cnosa: xabeni 3i 3IIUTO-NOJIETHICHOBOIO 130JISI[i€10, KabesbHA JIiHIis, aBapiiiHUl pexuMm, TeMIeparypHi
PEeKHMH, Yac poOOTH Kabeto B OE3[EYHOMY PEIKHIMI.
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