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Abstract: The continuous increase in the demand for electricity makes it necessary to modernize or
build new transmission lines. This, in turn, results in research that is still being carried out on the
optimal use of power cables. In the paper, an improved analytical method for the determination
of the current rating of power cables was proposed. The method for determining the ampacity of
the power cable presented in the IEC standard assumes that power losses in the phase conductors
and screens are determined by taking into account skin and the proximity effects on the basis of
tabulated coefficients. The methodology proposed in the paper is based on the method presented
in the IEC standard, but the power losses in the conductive elements of the cable are determined
analytically, which offers higher accuracy. In order to validate the analytical method proposed in
this paper, numerical calculations based on the finite element method with very fine mesh were also
performed. Exemplary calculations carried out for three types of cables with use of the proposed
method, IEC standard and finite elements showed very good agreement in the results. The proposed
method requires more computational effort, but it offers more accurate results than the IEC stan-
dard and can be used when higher accuracy is required. It can also serve as a reference point for
simplified calculations.

Keywords: current rating; cable ampacity; XLPE cable

1. Introduction

The progressing electro-mobility and the formation of new wind farms and photo-
voltaic farms entail the need to build new transmission lines. The increase in the power of
transmission lines and high requirements for the reliability of their operation, as well as
difficulties in obtaining land for overhead lines and environmental protection requirements,
especially in large urban agglomerations, force engineers to search for optimal solutions
for electricity transmission devices. Due to the increased load on power grids, the existing
low-power overhead lines and cable networks will have to be replaced with higher-power
cable lines, and thus with a larger cross-section. It is therefore necessary to conduct scientific
research on the optimal use of power cables [1-5].

The XLPE (cross-linked polyethylene) insulated cable is currently the main type of
cable used in power networks. The service life of power cables depends on the condition
of the cable insulation. The temperature of the working conductor has a fundamental
influence on the condition of the cable insulation. There are many factors that determine
the temperature value reached by a cable. These factors include, first of all, the value of
the conducted current, the value of the rated voltage, the ambient temperature and the
environmental conditions in which the cable is placed [6]. The current flowing through the
working conductor generates heat and an electromagnetic field in the insulating layers of
the cable. Thus, there are losses in the cable insulation layers and the generation of eddy
currents in the metal sheath. The greater the value of the current flowing through the cable
core, the greater the amount of heat generated. If a current exceeding the permissible value
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flows for a long time, the heated core melts the insulation and cable sheath, which damages
the cable structure. Damage to any insulation layer of the cable significantly shortens the
life of the cable [7-10].

The calculation, estimation and modeling of cable life (cable aging) are some of the
basic aspects in designing cable lines. The service life of the cable does not change when
the temperature of the cable is lower than the maximum permissible temperature, but it
decreases exponentially when the temperature of the cable is higher [11-13].

In recent years, the use of power cables has been gradually increasing. Due to high
initial costs, as well as the costs of installing and maintaining underground or marine
cables, it seems necessary to use cable systems with the maximum current carrying capacity.
In addition, it is necessary to find a possible fault location and the overall maintenance
or repair time is longer than for overhead lines. Therefore, optimal design, condition
monitoring and proactive maintenance are important to extending the service life of this
type of device [14-18].

The literature on the subject includes many works on the research of cable service life,
ampacity, aging, temperature field, etc. The calculation of power cables” ampacity is also the
subject of several standards [19]. In general, the methods used to determine current carrying
capacity can be divided into two groups: analytical and numerical. The analytical method
is based on the IEC 60287 standard and uses the equivalent thermal resistance method.
The analytical method has high efficiency and accuracy in determining the ampacity of
the direct buried cables, but it is not suitable for forced cooling. Numerical methods are
used for more complex issues. So far, several professional computer programs used to
calculate current carrying capacity have been developed for various cable configurations,
taking into account different soil layers and installation conditions, such as CYMCAP
and CAAS [4,20]. Numerical methods allow one to simulate real working conditions
and perform calculations of coupling of many physical fields. Therefore, in recent years,
numerical methods have become the main approach used to analyze the temperature and
current rating of cables [20,21].

Despite the presence of more and more advanced and sophisticated computational
programs, many researchers dealing with the subject of power cables still use more or
less complex analytical methods that can then be implemented in any standard software
to aid engineers. The determination of cable impedance and the assessment of the prox-
imity effect impact on power losses in individual elements of power cables, as shown in
publications [22-26], are conducted using analytical methods. In the case of power losses
in the cable, research is still being carried out to improve the method contained in the
IEC 60287 standard [24,27-29]. There are also ongoing studies on eddy current losses and
hysteresis losses occurring in individual layers of the cable [30]. In addition, a number of
studies on the thermal behavior of cables have been conducted [31].

Determining how much heat is generated in a cable during power transmission is
critical to ensuring the long-term, reliable operation of these devices. The literature in which
the thermal behavior of cables has been presented, both from an analytical perspective
and with the use of various types of numerical techniques, is particularly rich [32-35]. The
literature that deals with the work of HV cables buried under the seabed is somewhat
more modest. Accurate calculations of the current carrying capacity and temperature field
around the submarine cable are of key importance to the optimization of construction costs
and the efficiency of the use of a submarine transmission line [4,36,37].

The determination of the continuous allowable cable current depends on various
factors, which can generally be classified as internal or external. Internal factors include,
among others, the maximum allowable temperature of the individual cable components,
whereas external ones take into account the thermal characteristics of the environment in
which the cable is laid [38,39].

In this paper, an improved analytical method for the determination of the current
rating of the power cable is proposed. The analytical method to determine the ampacity of
the power cable presented in the IEC standard and used by many scientists and engineers
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assumes that the power losses in the phase conductors and screens are determined by
taking into account the skin and proximity effects on the basis of tabulated coefficients. The
method proposed by the authors of this paper is based on the method presented in the IEC
standard, but the power losses in the phase conductors of the cable and the screens are
determined analytically, taking into account the skin and proximity effects. It was assumed
that the phase wires are cylindrical conductors, and the screens are tubular conductors. In
addition to conduction losses, analytical formulas that enable the determination of power
losses in the insulation layers of a power cable are used.

2. Current Rating of the Power Cable
2.1. General Methodology

The amount of energy carried by the cable can vary with time. The frequency of the
voltage or current can be constant or it also change with time. All these factors influence
the current rating of the cable. Common methods used to determine the current rating
assume that the cable temperature reaches a steady state after a long period of continuous
operation. Therefore, a steady state is assumed, to which a substitute scheme is assigned
and calculations are performed for such a scheme. For this load pattern, only the heat
generated, the thermal resistance of the system and the temperature limits need to be
considered. The current rating is usually calculated using an equivalent thermal model
(Figure 1) [2].

Oc T T> Ts Ts @a
' ' I |  —
L J 1 J
Pc Wb A A
conductor sheath armor surrounding
. . medium
insulation bedding jacket

Figure 1. Thermal model of the power cable. Pc: power losses in the phase conductors; Wp: dielectric
losses; ©¢: conductor temperature; ©,: ambient temperature; Ay, Ay: loss factors; Tq, To, T3, Ty:
thermal resistances.

The current rating of a power cable is determined from the commonly known for-
mula [1,2,14]:

)

[— A®7WD-[0.5'T1+n-(T2+T3+T4)]
R-T1+n-R-(14M)- Tp+n-R-(1+A1+Ay)  (T3+Ty)

where

AO is the temperature rise of the conductor above the ambient temperature [K],

R is the conductor resistance determined for the maximum operating temperature [(2/m],
Wp refers to the dielectric losses per length unit [W/m],

T is the thermal resistance between the conductor and the screen [Km /W],

T, is the thermal resistance of the bedding between the screen and the armor [Km /W],
T3 is the thermal resistance of the external jacket [Km/W],

T4 is the thermal resistance of the surrounding medium [Km/W],

A1 is the screen losses factor (ratio of the total losses in the screens to the total conductor
losses or ratio of losses in one sheath to the losses in one conductor),

Ay is the armor losses factor (ratio of the total losses in the armor to the total conductor
losses, or ratio of losses in one armor to the losses in one conductor),

n is the number of conductors in a cable.
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Based on Equation (1), the following methodology for the determination of the rated
current in the cable can be used:

Establishing of the cable type and its geometrical and physical parameters.
Determining the physical conditions in which the cable is laid.

Assuming the acceptable increase in temperature (AG).

Evaluating the thermal resistances of the individual insulation layers of the cable.
Computing the resistance of the phase conductors.

Determining the power ratios A; and A, using tables for specific placement of conduc-
tors, their material and excitation parameters.

Evaluating the dielectric losses in a similar manner.

Calculating the rated current of the cable.

SR N

* N

More precise results can be obtained if the resistances, power losses in conductors and
dielectric losses are calculated directly for the specific cable using analytical formulas. We
deal with this problem by considering a three-phase cable.

2.2. Three-Phase Cable with Round Conductors

The parameters in Equation (1) are defined individually depending on the type of
cable and the environment in which the cable is located. To be more specific, let us consider
a three-core cable, the general layout of which is shown in Figure 2. For the cable shown in
Figure 2, the thermal resistance T is determined by the following formula [2,16,19]:

f

T = %G +0.031(05 — i) ?)

where p;,;s and pr are the thermal resistances of the insulation and the filling material,
respectively; t; is the material thickness between the conductor and the screen; d. is the
diameter of the conductor; and G is a geometrical coefficient, which also depends on the
t1/d, ratio and can be obtained from the geometrical coefficient curve in [19].

Figure 2. Layout of the three-core power cable. 1: braided conductor; 2: insulation; 3: copper tape
screen; 4: filler; 4: armor bedding; 5: armor; 6: jacket.

In turn, thermal resistances T, and T3 are given by the following relationships [16,19]:

1
T, = Etoins 11‘1(1 + 7) (3)
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and 1 o
3
T; = 5 Pins In(1+ E) 4)
where t; is the thickness of the armor bedding, D; refers to the internal diameter of
the armor bedding, t3 is thickness of the outer jacket and D, is the external diameter of
the armor.
Moreover, if a single cable is buried in the ground, then the resistance T} is given by

formula [19]:
1 ———
Ty = Epsoil ln(u +Vu? - 1) ®)

in which pgy is the thermal resistivity of the soil and parameter u equals:

oL

U*E (6)

where L is the distance from the surface of the ground to the cable axis and D, is the external
diameter of the cable.

As can be seen from Equation (1), the parameters determining the amperage of the
cable, apart from the thermal parameters, represent the resistance of the cable core and
dielectric losses in the insulation. Thus, the resistance is the main parameter determining the
power losses in the cable core. The structure of the cable core has a decisive influence on the
method of determining its resistance. The resistance of the cable core is usually determined
using simple analytical relationships. In more complex designs, it is usually determined
using numerical methods or measurements. The accurate analytical determination of
resistance is fully possible only for solid cylindrical conductors. The complexity of the
structure of the cable core implies the necessity of the experimental verification of the results
of calculations of its resistance [1,40]. The frequency of the current flowing through the
cable also determines the resistance of the cable core. In the case of a sinusoidal alternating
current, it is necessary to take into account the skin and proximity effects [41]. The analytical
determination of the core resistance of the cable shown in Figure 2 is possible if we assume
that the phase conductors are cylindrical wires (Figure 3).

Ry

R

Re

Figure 3. Simplified model of power cable.
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Using Maxwell’s equations under standard assumptions (sinusoidal currents, linear
media, neglecting the displacement currents, infinitely long straight wires), one obtains
the Helmholtz equation for the vector magnetic potential in conductive regions and the
Laplace equation for non-conductive regions. The solutions yield the determination of the
current density in each phase conductor of the cable shown in Figure 3. In the cylindrical
coordinates (7, 6,z) system related to conductor 1, the total current density (its complex
phasor) in the conductor can be expressed as follows:

J,(r,0) =1 [111 (r) +1123(r,9)] =1.],(r,6) @)

where 1; is the versor of the z-axis, J,,(r) and ] ,,(r,0) are discussed below, and the
underbars indicate complex notation. The current density J,, (r) takes into account the skin
effect and has the following form:

'L L(Ir)

In() = 57k, LRy ®

where I; refers to the complex rms value of the phase current; Iy(Lr), I;(I'R;) are the
modified Bessel functions of the first kind, order 0 or order 1 [42]; ' = /jwuy7y is a
complex propagation constant; j is the imaginary unit; w is the angular frequency; 7 stands
for the electrical conductivity of the conductor; and py = 47 10~7 H- m~! is the magnetic
permeability of the vacuum.

The current density ] ,,(r,0) takes into account the proximity effect and can be ex-
pressed as follows:

_ _I'Ly Ri\" _Li(Lyr)
J13(r,0) = 7Ry n:1Qn ( d ) Ii—1(I1Ry) ®
where 9 5
. . T
D, = exp {]371} cosnf + exp {]34 cosn(@ — 5) (10)

If the phase currents form a symmetrical three-phase system of the positive sequence,
ie, I, = exp[—j3n|I; and I3 = exp[j37|I;, then the current density in the second
conductor has the following form:

L'l | IIr) o " Li(L
L (10) = Ln(r) + Lglr,0) = 5 | 20020 <2 6, () In_l((;f;l)] a
where
G, =(-1)" {exp [}én} cos nf + exp {—jgn} cosn(@—i— 7;)} (12)

In turn, the total current density in the third-phase conductor can be expressed by
the formula:

Io(L7) " L(Lyr)
I,(TRy) _ZZM ( )MW] 9

n=

Il
J3(1,8) = ]33 (r) + 51, (r, 0) = zij;

where 5
Mn=<—1>”exp[—j3n] cos"(9—3)+exp[l "] cosn(0+43) (49

The resistance of the individual phase conductors can be determined based on the

following formula:
27t Ry

Il
1
I|2///]r6 ) rdr d6 dz (15)
-0 0 0
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Moreover, if we take into account that:
21 27 2
/G,%d@:/M,%d@:/Dﬁde (16)
0 0 0
then, it can be proved that the resistance of each phase conductor is equal to:
Ry = Ry1 + Rizs (17)
where resistance Ry, taking into account the skin effect, has a form:
Rit — Ll Io(CRy) [ (L Ry) —jIg (L Ry) (L Ry) (18)
" 4Ry (L Ry) (L Ry)
and resistance Ryp3, due to the proximity effect, can be written as follows:
R — r*1 i (Rl>2" L;(LRy) Iny1(CRy) +j In(CRy) Iy, 1 (CRy) (19)
BT 2aaR =\ d Li—1(LCRy) I} 4 (IRy)

In addition to the resistance determined above, the quantity that determines the
permissible value of the current flowing through the cable is the losses in the insulation
layers. These dielectric losses are described by the following equation:

W, = 27tfCU? tan & (20)

where f is the frequency, U is the operating voltage, C is the capacitance of the insulation
layer, and tané is the loss tangent. If w is the angular frequency, -y is the electrical con-
ductivity of the insulation and ¢ is its electrical permittivity, then the loss tangent can be

expressed as follows:

_r
tand = e (21)

In the case of the three-phase cable, there are several partial capacitances between
individual conductors (Figure 4) as follows: the capacitance between the phase conductor
and the screen; mutual capacitances between the screens, capacitances between screens and
armor; and the capacitance between the armor and the outer surface of the cable. Using
the method of specular reflections, it can be proved that the capacitance between the phase
conductor and the screen is equal to [43]:

271eq

Ci = (22)

In turn, the mutual capacitance between screens can be written as follows:

27'[82 C3
V3 d(R3—d?) 3
R3 \/R}+d*+R3d?

The capacitance between the screens and the armor has the following form:

C, = (23)

3In

27e
Cr= o2 24)
In =2

3R3R3d2

In addition, the capacitance between the armor and the outer surface of the cable can
be expressed by the formula:
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(25)

Figure 4. Partial capacitances in the considered power cable.

In order to determine the allowable current carrying capacity of the power cable based
on Equation (1), the coefficients A; and A, must first be calculated. It is therefore necessary
to determine the power losses in the phase conductors and the losses in the sheaths and
armor. Power losses in the phase conductors can be calculated from the following formula:

Pc = I,°R (26)

where the resistance R is given by Formula (17). If we assume that the screens are made of
non-magnetic material, then the power losses in the screens will be given by:

Ps = Ps; + Pa3 (27)
in which: I
_ _isth 0]
M Ty B R dy )
and
ap = b() %{Ig(EsRi’))Il (£5R3) +j IO(ESRB)IT(ESR?)) ,Bs [IO (F RZ)Il(F RZ) +] IO(FS 2 R ] }
—co o1 K§ (LsR3) K1 (IsR3) +j Ko(LsR3) K7 (LsR3) — Bs [K§ (LsR2) K1 (LsR2) +j Ko(LsR2) K3 (IsRa)] } — (29)
—co by {15 (LsR3)K1(LsR3) — j Ko(LsR3) I} ([sR3) — Bs [ I5 (LsR2) K1 (LsR2) —j Ko(LsRa) 1* T Rz )]
by ¢ { 11(LsR3)K5 (LgR3) —j Io(LsR3)K; (LsR3) — Bs[ I (LsR2) K (LsRa) —j Io(Ls Rz)Kl (LRy)]}
dy = h(LsR3) Ki(LsRz) — Ii(LsRz) K1 (LsR3) (30)
by = Bs K1(LsRa) — K1(LsR3) (31)
¢o = Bs [1(LsR2) — I1(LsR3) (32)
ﬁszﬁ (0<Bs<1) (33)

Rj3
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e = Inta (£5R4) KH+1(£SR3) [I*

In the above formulas, Iy(Lsr), Ko(Lsr), I1 (Isr) and Ky (Lsr) are the modified Bessel
functions of order 0, 1, calculated for r = Ry and ¥ = R3. The symbol * denotes the complex

conjugate value, whereas ' = \/j wuys = /@ [fys explj 7] is the complex propagation
constant in the screen, ;s is electrical conductivity of the screen, and !/ is the length of

the cable.
In turn, the power Pg123 can be expressed by the following equation:
1B 2 7T2 Vs R3 n= bye brle
where 5 )
. . s
D, =exp {—]371} cos nf + exp {]37[} cosn (9 - 5) (35)
and

i1 (LsR3) Kiy(LgRe) + L; (LRy) Kjr 1 (LR3) |+

+j In(LsRa) Kns1(LsRs) (L4 (LsRa) Ky (DR3) — I (DR3) Ky (L5Ra) | =

_I}’l+1(FsR3){ Kni»](r R3) [I;;(*£5R4) KTZ+1(F R4) ]In+1<F R4) KH(F R4)]+ }
+1 1 (IsR3) [K5i(LsRa) K1 (DRa) + j K5y 4 (TsRa) Kn(LsRy)]

by = In—1(LsR3) K1 (L5R2) — Iny1(LsR2) Ky—1(LsR3) (37)

(36)

If we also assume that the armor consists of infinitely many filaments, then the power
losses in the armor will be equal to:

— l£a* 112R5 - d 2 Ayn
= e S (x) e .
where
dy = I, _1(L4Rs) Ky 1(LaRy) — Ly 1(FaRy) Ky—1(L,R5) (39)
U, =3—3cos ZHTH (40)
and
an = K?’l*l (EaR5) K?’l*l*(ﬂaRS) X
Bl o R @R )
—BalL;i(LaRa) I, 1 (L4Rs) + 1, (LaRa) Iy, 1 (L4Rs)]
+In71<£aR5) Infl (£ R5>
{ IR kTR 000 K R Y
_ﬁﬂ[Kfl(EaR‘l) Kn+1(r R4)+]K (F R4) n+l( a 4)] (41)
+Ky—1(L4Rs) In—1"(L4Rs) ¥
f By (LR R ) T
,Ba[ n+1(F R4) K3 (£ R4) ]In( )Kn+1(£aR4)]
—Iyp-1(L4Rs) Kyy—1*(L,Rs) X
X{ [I;(L4Rs) K, 1 (IyRs) — jK, ([yRs) I (C,Rs)] + }
_ﬁﬂ[I;(EaR‘l) Kn+1(r R4) ]'Kn(Ea ) n+1(r R4)]
Bo= 4 (0<p, <1) (2)
Rs

In Formulas (38)—(42), ', = \/jwiy, refers to the complex propagation constant in
the armor, and 7, is the electrical conductivity of the armor.

The knowledge of power losses in the phase conductors, screens and armor allows
factors A1 and A, to be determined as follows:

3P,
3Pc

A = (43)
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and
P,

~ 3DPc

where P is given by Formula (26), Ps by Formula (27) and P, by Formula (38).

When determining the permissible current of the cable, it should be remembered that
the physical properties of the individual layers of the cable also change with temperature.
The thermal conductivity of the individual layers of the cable can be determined using
physical tables. In turn, the electrical conductivity of the conductors, screens and armor
should be calculated from the commonly known equation:

A2

(44)

720
= ————— 45
7= 11 a(@—20) (45)
where 7y is the electrical conductivity at 20 °C, « is the temperature coefficient and © is
the temperature.

3. Exemplary Computations

Using the analytical formulas presented in the previous sections, exemplary calcula-
tions of the rated current of cables laid in the soil with different thermal resistivities and
at different depths were made. The calculations were carried out for three different cable
types, i.e., for 11 kV 400 mm?, 22 kV 240 mm? and 22 kV 500 mm? [44]. In each case, it
was assumed that the cables operate in a three-phase balanced mode with a frequency of
f =50 Hz. The geometric dimensions and thermal parameters of the individual layers of
these cables are included in Tables 1 and 2.

Table 1. Power cable parameters.

Cable 11 kV Cable 22 kV Cable 22 kV

Cable Parameters Unit 400 mm> 240 mm2 500 mm?2
Operating voltage kv 11 22 22
Number of cores - 3 3 3
Conductor cross-section area mm? 400 240 500
Conductor diameter mm 23.6 18.5 26.5
Insulation diameter mm 35.3 34.1 42.5
Insulation thickness mm 5.85 7.8 8
Screen diameter mm - - -
Screen thickness mm - - -
Armor bedding diameter mm 81.2 78.5 97.1
Armor bedding thickness mm 2.56 2.51 2.76
Armor diameter mm 87.5 84.8 103.4
Armor thickness mm 3.15 3.15 3.15
Jacket diameter mm 95.5 92.6 112.5
Jacket thickness mm 4 39 4.55

The results presented in this section were obtained, taking into account the dielectric
losses and assuming the dielectric constants of the insulation layers €1 = ¢y = €3 =2.25
and conductivity y = 10712 S/m. The screens and armor of the cable were assumed to
begrounded. The ambient temperature was assumed to be +20 °C.

Table 2. Thermal properties of power cables.

Structure Material Thermal Resistivity (Km/W)
Conductor Copper -
Insulation XLPE 3.5
Filler PP 5
Armor bedding PVC 5
Armor Aluminum -
Jacket PVC 5
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Figure 5 shows the temperature rise of the cables as a function of the rated current.
The calculations were made for cables buried at a depth of 1 m in the ground (thermal
resistivity of pgo; = 1.25 Km/W). The calculations presented in Figure 5 were performed
assuming that the temperature rise of the conductor above the ambient temperature A®
was in the range of 10 to 50 degrees. This resulted in the rated current of 372 A to 795 A
for a 11 kV 400 mm? cable. In the case of a 22 kV 240 mm? cable, the rated current for
this temperature range was from 295 A to 622 A. As for a 22 kV 500 mm? cable, the rated
current for this temperature range was from 398 A to 853 A.

I [A]

800 -
[ Cable 22kV 500mm? o

700 F \ ) -

600 [ _— Cable 11kV 400mn?

500 g

Cable 22kV 240mm?

300}

1 L L L L 1 L L L L 1 L L L L 1 AG®[ C]
20 30 40 50

Figure 5. Cable temperature rise as a function of rated current.

The traces included in Figure 6 show the dependence of the rated current of the cables
on the thermal resistivity of the ground. The curves shown in Figure 6 were made for
cables buried at a depth of 1 m. It follows that the transmission capability of the cables
decreases with an increase in soil resistivity. This is related to the fact that the higher
thermal resistivity of soil lowers the dissipation of heat generated in the cable.

1 [A]

600 [
L Cable 22kV 500mn?

\

Cable 11kV 400mm?

550
500 F

450

i Cable 22kV 240mm?
400 |-

e L L e e e L g [ Km/W]
1.0 12 14 16 18 2.0

Figure 6. The dependence of the current rating of the cable on the thermal resistivity of the soil.

Figure 7 shows the dependence of the rated current of the cable on the depth of
burial. The calculations were made for cables buried in the soil of thermal resistivity
Psoil = 1.25 Km/W. The thicker the soil layer around the cable, the lower the transmission
capability of the cable. The soil plays the role of thermal insulation around cable. Thus, the
thicker the layer of insulation around the cable, the lower the rated current.
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Figure 7. The dependence of the current rating of the cable on the depth of burial.

The curves presented in Figures 5-7 were determined for cables with a rated voltage
of 11 kV and 22 kV, respectively. From a practical point of view, it is extremely interesting to
present calculations for cables with a higher rated voltage. For this purpose, further calcu-
lations were made for the cases of 38 kV 400 mm? and 87 kV 800 mm? cables (Table 3) [29].
The temperature rise of these cables as a function of the rated current is presented in
Figure 8. The thermal parameters of the individual layers of these cables are included in
Table 2. As shown in Figure 5, calculations were made for cables buried at a depth of 1 m
in the ground. An increase in the rated voltage of the cables caused an increase in dielectric
losses in the insulation layers. As a consequence, these losses caused an additional increase
in temperature in relation to cables with the same cross-section but with a lower rated
voltage. The curves presented in Figure 8 were drawn assuming that the temperature rise
of the conductor above the ambient temperature A® was in the range of 10 to 50 degrees.
This resulted in the rated current of 365 A to 775 A for a 37 kV 400 mm? cable. In the case
of an 87 kV 800 mm? cable, the rated current for this temperature range was from 486 A
to 1030 A.

Table 3. Power cable parameters.

Cable Parameters Unit Cable 38 kV 400 mm? Cable 87 kV 800 mm?
Operating voltage kv 38 87
Number of cores - 3 3
Conductor cross-section area mm? 400 800
Conductor diameter mm 23.6 34.8
Insulation diameter mm 47.6 77.2
Insulation thickness mm 12 21.2
Screen diameter mm 48 82.2
Screen thickness mm 0.2 25
Armor bedding diameter mm 122.5 194
Armor bedding thickness mm 2.5 2.5
Armor diameter mm 130.5 206
Armor thickness mm 4 6
Jacket diameter mm 136.5 212

Jacket thickness mm 3 3
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Figure 8. Cable temperature rise as a function of rated current.

4. Validation

— AO[ C]
50

In order to validate the analytical method presented in this paper, numerical calcula-
tions based on the finite element method were performed. For this purpose, calculations
of the temperature reached by the core conductors of the cables were carried out using
Comsol software. As part of the Comsol computations, the Heat Transfer in Solid module
with two interfaces, namely Heat Transfer in Solid and Heat Transfer in Fluid, were used.
The computational model for the cable buried in the soil is presented in Figure 9. During
the computations, a finite element mesh called “Physics-controlled mesh” was used with
the size of the elements set as “Extra fine”. The same cable models as in the previous
section and the same parameter values were used in the calculations. The calculations were
repeated for various currents. The results obtained using the analytical method and the

finite element method are presented in Table 4.

Air
Ambient temperature

©=+20°C

Diffuse surface

Surface emissivity e = 0.7

P 125 KmiW

Figure 9. Computational model for cable buried in the soil.
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Table 4. Temperature rises in the cable core above the ambient temperature.

Cable 11 kV 400 mm?

1[A] 372 520 630 719 795
AM 10 20 30 40 50
AO [°C]
FEM 12 23 34 44 54
Cable 22 kV 240 mm?
I[A] 295 411 496 564 622
AM 10 20 30 40 50
AG [°C]
FEM 11 22 32 42 51
Cable 22 kV 500 mm?
I[A] 398 557 675 771 853
AM 10 20 30 40 50
A® [°C]
FEM 11 22 32 42 52

AM: analytical method (this work); FEM: finite element method.

The results shown in Table 4 indicate that the values of the temperature rises of
the cable cores above the ambient temperature determined by means of the proposed
analytical method are slightly lower than those calculated by the finite element method.
The differences between the values of the temperature rises, however, do not exceed 10%.
These differences may be caused by the accuracy of mapping individual cable layers in
both methods.

In addition to numerical calculations, a comparison of the analytical method proposed
in this paper with the method contained in the IEC 60287 standard was also performed.
For this purpose, calculations of the temperature rise of the cables as a function of the rated
current were performed, the same as is shown in Figure 4. The same cable models as in the
previous section and the same parameter values were also used in the calculations. The
results obtained by the analytical method and the method based on the coefficients given in
the IEC standard are shown in Figure 10. The results obtained with the analytical method
proposed in this paper are represented as solid lines, whereas the results based on the IEC
standard are plotted with dashed lines. It follows that the differences between the two
methods are relatively small. For a better assessment, Table 5 shows more precise values.

Cable 22kV 240mn?
400

I [A]
800 } :
[ Cable 22kV 500mmn? .
700 :* \ _ //ﬁ _
| / |
- Cable 11kV 400mm
500 } ////

300

r I I I I AG [ C]
20 30 40 50

Figure 10. Cable temperature rise as a function of rated current.
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Table 5. Cable temperature rises as a function of rated current.

Cable 11 kV 400 mm?

A® [°C] 10 20 30 40 50

I[A] AM 372 520 630 719 795

IEC 370 516 624 712 787
Cable 22 kV 240 mm?

A® [°C] 10 20 30 40 50

I[A] AM 295 411 496 564 622

IEC 294 409 493 560 617
Cable 22 kV 500 mm?

A© [°C] 10 20 30 40 50

I[A] AM 398 557 675 771 853

IEC 397 555 672 767 848

AM: analytical method (this work); IEC-IEC 60287 standard.

The results presented in Figure 10 and Table 5 indicate that the values of temperature
increases in the cable cores above the ambient temperature determined by the method based
on the coefficients contained in the IEC 60287 standard are achieved for rated currents are
slightly lower than in the case of the analytical method proposed in this paper. However,
the differences between the current values do not exceed a few percent. Therefore, both of
these methods can be successfully used by designers of cable networks. Nevertheless, the
analytical method presented in the paper uses more accurate formulas for the resistances
of the conductors, which can give larger differences in certain cases.

5. Conclusions

This paper presents an improved analytical method to determine the permissible
rated current of a power cable operating in a three-phase system. The method is based on
analytical formulas contained in the IEC 60287 standard; however, the resistance of phase
conductors and power losses in screens and armor are determined analytically, taking into
account the skin and proximity effects more accurately. The analytical determination of
resistance and power losses was possible under the assumption that the phase conductors
are cylinders, while the screens and armor are tubes. The results obtained via the proposed
method were also compared with those by the finite element method using Comsol software.
In addition to numerical calculations, the analytical method proposed in this paper was also
compared with the method based on the coefficients contained in the IEC 60287 standard.
Three models of power cables, i.e., 11 kV 400 mm?Z, 22 kV 240 mm? and 22 kV 500 mm?,
were used in the exemplary calculations.

The analytical method of cable amperage determination presented in the paper can be
used to validate calculations made with other methods. Many engineers and designers of
cable systems use commercial software such as Ansys, Comsol or Flux. When designing
cable lines, it is also important to confront the results obtained numerically with measure-
ments or another computational method. Measurements are often impossible to carry out,
especially at the design stage; therefore, the presented method can be a reference point. The
results of the cable temperature rise calculations presented in Table 3 show that the values
obtained for the analytical and numerical methods are close. This means that the analytical
method of determining the cable ampacity presented in this paper can be successfully used
by engineers and designers of cable lines.

The specific formulas presented in this paper are for single cables operating in three-
phase balanced mode. However, the method may be developed for more complex config-
urations. It is possible to develop an analytical method to determine the amperage for a
system of cables laid in the ground in the following arrangements: vertical; horizontal; or



Energies 2023, 16, 1821

16 of 18

triangular. In addition, under certain assumptions, the proposed method can be further
extended with formulas yielding a determination of the power losses in the armor if it is
made of ferromagnetic material.
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Abbreviations
C capacitance of the insulation layer
D, external diameter of the cable armor
D, external diameter of the cable
D; internal diameter of the armor bedding
d distance between the conductor axes
dc diameter of the conductor
f frequency
G geometrical coefficient
I complex rms current
I, modified Bessel function of the first kind and of n order
] complex rms current density vector
; imaginary unit
K, modified Bessel function of the second kind and of n order
L distance from the surface of the ground to the cable axis
l length of the cable
n number of conductors in the cable
Pc power losses in the phase conductors
1,8,z  cylindrical coordinates
Wy dielectric losses
ON ambient temperature
C conductor temperature
AO temperature rise of the conductor above the ambient temperature
R conductor resistance
Ry radius of the phase conductor
R; internal radius of the screen
R3 external radius of the screen
Ry internal radius of the armor
Rs5 external radius of the armor
Rg radius of the cable
T thermal resistance between conductor and screen
T, thermal resistance of bedding between screen and armor
T3 thermal resistance of external jacket
Ty thermal resistance of surrounding medium
t material thickness between the conductor and the screen
t thickness of the armor bedding
t3 thickness of outer jacket
operating voltage
o temperature coefficient for resistivity
€ electrical permittivity
% electrical conductivity of the conductor

Ya electrical conductivity of the armor
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Vs electrical conductivity of the screen

r complex propagation constant

M screen losses factor

A2 armor losses factor

Pins  thermal resistance of the insulation

Pf thermal resistance of the filling material
Psoil  thermal resistivity of the soil

Ho magnetic permeability of the vacuum

w angular frequency of current and voltage
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