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1. INTRODUCTION

In a single-core power transmission cabtgmally a metallic sheath is coated outside tisailation
layer to prevent the ingress of moisture, protbet tore from possible mechanical damage, servenas a
electrostatic shield (the electric field is encib&e between the conductor and the sheath), andsagtreturn
path for fault current and capacitive charging ents [1].

When an isolated single conductor cable carriesgradting current, an alternating magnetic field is
generated around it. If the cable has a metallash the sheath will be in the fielthe sheath of a single-
conductor cable for A.C service actsaasecondary of a transformer; the current in thedootor induces a
voltage in the sheath. When the sheaths of singhehector cables are bonded to each other, the étluc
voltage causes current to flow in the completeduiir This current causes losses in the sheath®fg]zone
may be formed around the underground cable andnigad thermal failure of cable insulation [3]. Muc
work has been done, for the purpose of minimizimgash losses by introducing various methods of mand
and other solutions as has shown in [2, 4, 5, 6n@,8]. Due to the importance of sheath losse@igle-core
underground power cables with two-points bondihg,factors affecting them are investigated.

2. SHEATH BONDING ARRANGEMENTS
The IEEE Standard 575 [3] introduces glingés into the various methods of sheath bonditg most
common types of bonding are single point, two-moott multiple points and cross bonding.
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2.1. Sheath bonded at two-points

In which the sheaths of three separatdesalwill be connected together at both ends of the
run. For safety reasons one end of the sheaths nmlsb be earthed. This system
doesn’t allow high values of the induced voltagesthe metallic sheaths. In this situation, sheath
circulating currents appear because of there islosed circuit between the sheath and the return
path through the ground. This scheme is studig¢bisnpaper.

2.2.  Sheath bonded at one end only

In which the sheaths of three separatdesalwill be connected together and earthed at one
point only along their length. At all other pointg voltage will appear from sheath to
ground that will be a maximum at the farthest pdiam the ground bond. Since there is no closed
sheath circuit current no sheath circulating curréoss occurs, but sheath eddy loss will still be
present.

2.3.  Sheath crossbonded

Cross bonding of single-core cable sheashsn use for many years. In which, each sheath
circuit contains one section from each phase shelt the total voltage in each sheath circuit sums
to zero. If the sheaths are then bonded and eadhdHbe end of the run, the net voltage in the loop
and the circulating currents will be zero and th@lyosheath losses will be those caused by eddy
currents.

3. FACTORSAFFECTING THE SHEATH LOSSESIN SINGLE-CORE UNDERGROUND
POWER CABLESWITH TWO-POINTSBONDING

Sheath losses are current dependent, aad be divided into sheath eddy
loss due to the voltage difference between extemuad internal sides of metallic sheath and
circulating loss when both ends of the sheath ameugded [1, 9].

The study is carried out by using ssagbre cable made of a stranded copper conductbr 890
mn¥ insulated by XLPE and covered by a lead screen&§( Hz, 66 kV, which its parameters [10] areskist
in table I. The calculations of sheath circulatargl eddy current losses have been carried outihg USC
Standard 60287 [11], [12].

Table 1. Single-core cables 800 M@ with lead screen parameters
Cable parameters

Conductor size (mf 800
Diameter of the conductor (mm) 34
Mean sheath diameter (mm) 62.6
Outer diameter of cable (mm) 80

DC Resistance of the copper conductor at 200¢km 0.0221
Lead electrical resistivity at 20°C Q.m 21.4x 10
Copper electrical resistivity at 20°C Q.m 1.7241 x 16
Temperature coefficient of copper per K at 20 °C 4 x10°
Temperature coefficient of lead per K at 20 °C 3.93 x 10°

The cable data in Table 1 are given at:

Ground temperature 20°C
Laying depth 1.0m
Ground thermal resistivity 1.0 Km/W

Assuming the sheath temperature equalsto C70 °
Current rating (A) for copper conductor 95A
Distance “S” between cable axes laid in flat forimaDe (De: the external diameter of the cable)

3.1. Cablelayoutsformation

Trefoil and flat formations are usuallyedsn practice, so they are used in this paper.

Table 1l shows the values of sheath cusrand their losses factors for touch trefoil amath flat,
where:
Acs : The circulating sheath loss factor percentage nflaotor loss
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Ics : The circulating current in the sheath in A
Ase : The sheath eddy loss factor percentage of ariadloss
Ise : The eddy current in the sheath in A

Table 2. Sheath currents and their losses fautibihslead screen
—————————————————————————————————————
Touch flat

Touch trefoil @oo
Phase
NS 7Y RN Y 8 PO Y AT

2132 | 116 A | 282 | 421 A 4738 | 1129A | 14l 298 A
2132 | 116 A | 282 |41 A 1218 | 877 A| 564 | 96 A

2032 | 116 A | 282 | 421 AJ5279 | 1825A | 141 | 298 A

|Hmw

From Table 2, it is noticed that: For diefayout the eddy losses are equal in all calilasps sheath,
while for flat layout the eddy losses in the owtable sheaths are equal and usually smaller tleanalue of
the middle cable sheath, But it must be notice, tiwat total sheath eddy losses per circuit in trefi@ equal
that in flat formation.

For trefoil layout the circulating lossa® equal, while for flat layout the sheath cirtiniglosses have
unequal magnitude, the least value occurs in teatbiof the middle cable, values in sheaths ofraigtbles
are of unequal magnitude too. Thereby, the caldatshof the lag phase has a higher value. In genéia
trefoil formation has lower total sheath lossestfiat formation.

3.2. Cableconductor resistivity

Copper and Aluminum of metals are commonsed for cables conductors, so the effect of
conductor resistivity on the sheath losses is emachi by calculating the sheath losses for
aluminium and cooper cables with the same dimession

Table 3 shows the values of sheath otsreand their losses factors for touch trefoil and
touch flat in two single-cores cables, one of thesmmade of a stranded copper conductor and the
other is made of a stranded aluminium conductor.

Table 3. Sheath currents and their losses faatsmgle-core cables for copper and aluminium cotats

Cable layout arrangement
Touch flat

Conductor )
material Touch trefoil Phase

Acs oo [ Tes(A) ] s oo J Ts(A) N s oo JIes(A) J e o ] Tsu(A)
2132 | 116 A | 2.82 | 42.1 A | 4738 |1729A | 141 | 298 A

Cu 21.32 | 116 A | 2.82 | 42.1 A [ 12.18 | 87.7A | 5.64 | 59.6 A
2132 | 116 A | 2.82 | 42.1 A | 52.79 [182.5A | 141 | 29.8 A
13.78 | 92,6 A 1.82 | 33.7 A | 30.62 | 138.1A | 091 | 238 A
AL 1378 | 92.6 A | 1.82 | 337 A | 787 |70 A | 3.64 | 476 A
13.78 | 92.6 A | 1.82 | 33.7 A | 34.11 |1458A | 091 | 238 A

- | (JAl- || R

From table 3, it is noticed that: Both afe circulating loss factors and sheath eddy loss
factors decrease as the conductor resistivity as@e i.e. the sheath losses factots: (& Acg) are
inversely proportional to the conductor resistivittso when the advantages of copper are
mentioned as its conductor loss is lower than alumi loss for the same cable size, its
disadvantages in sheath losses must be mentiosed al
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3.3. Cablespacing
The effect of spacing on the sheath citind losses and sheath eddy losses in single-core
cable can be shown in Fig.s 1, 2, 3 and 4.
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Fig. 1 Sheath circulating loss factor vs. conduspmacing- trefoil formation
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Fig. 4 Sheath eddy loss factor vs. conductor sgacitat formation

From Fig.s 1 and 2 it can be seen that: Sieath circulating losses are proportional tsgaeing
between phases. The sheath circulating losses beuldached to more than two times the conducsse®
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depending on the spacing between phases. The dieatlating losses could be reached to more ttsan i
double values with duplicating the spacing betwglesmses.

From Fig.s 3 and 4 it is clearly appegtimat: The sheath eddy losses are inversely ptiopal to the
spacing between phases, so it can be deducedtHatde cables the effect of spacing on total $hiesses
is much less than that on the sheath circulatiegds alone. The sheath eddy losses reduce rapldiyex
spacing, while reduce very slowly at large spacirte sheath eddy losses can be neglected at jpaging.

3.4. Sheath resistance
The effect of sheath resistance on thatbheirculating losses and sheath eddy lossesnglestore
cable can be shown in Fig.s 5, 6, 7 and 8.
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From Fig.s 5, 6 and 7 which indicate tffea of sheath resistance on the sheath circgjdtisses it is
seen that: At the maximum sheath current, equéllitaconductor current, (i.e., for the case of zstwath
resistance), the circulating-current loss is obsipwzero. While the sheath current falls with irasieg
sheath resistance, i.e. the sheath current is selyemproportional to the sheath resistance, theatbhe
circulating loss first rises to a maximum, and tli@lis again approaching zero at infinite sheatistance,
so the sheath circulating loss would be eliminatdén the sheath resistance tends to either zeirdioity,
so it can be said that the sheath resistance playeat role in controlling the values of sheattsés. The
sheath circulating losses could be reduced by lergease in sheath resistance or large redudeeisteath
resistance. By increasing the sheath resistancshibath current and sheath circulating losses eceedsed,
this can be achieved by using a suitable metalnigaairesistivity several times that of lead suclstamless
steel Psainess-steet 3-2Plead OF reducing the sheath size as using copperdagepper wire, while reducing
the sheath resistance can be achieved by one tfitheays: 1. Adding nonmagnetic armouring mateita
will be investigated later), the sheath circulatingses could be less than the sheath circulalisges with
no armoring. On another hand armor increases thie cast. 2. Using aluminium as metallic sheatlt iB
two previous ways, the sheath circulating curreilt approach the conductor current in magnitudee Th
value of sheath resistance which gives maximumtkhemculating-current loss is called critical stiea
resistance, values of sheath resistance higheoveer|than this critical value will give lower cideting-
current losses than those for the critical sheasistance, so the cable designer must be awanit #is
value.

Attention is also called to the fact, indicatedFig. 11, that the critical sheath resistance faiven
cable is diminished when the spacing between phaseduced.
The critical value of sheath resistance in flanfation differs from conductor to other in flat faation as
shown in Fig. 7.

From Fig.s 8 and 9 which indicate the &ffif sheath resistance on the sheath eddy Iassas be
seen that: The sheath eddy losses are inversghppimnal to the sheath resistance. The sheath leddgs
can be neglected at large values of sheath resestaBheath eddy losses could be reached to usldlesir
values at lower sheath resistance values.

3.5. Phaserotation

The above calculations are carried ouflanarrangement with phase rotation R-S-T. To exenthe
effect of phase rotation on sheath circulatingdss®r two-points bonding, calculations are cardetusing
S-T-R and S-T-R configurations. The results arevshim table 4. In this table the sheath circulalioggses in
each phase of single-core cable are calculated witltesponding to three different phase rotation
arrangements of the cable.

From the obtained results in table 4, it is notitedt: Always the central conductor has the lowest
sheath circulating loss value due to magnetic diiimm. The sheath circulating losses of the outer
conductors are depending on the phase rotatioitsadangement.

3.6. Conductor current

To examine the effect of conductor curremtt the sheath losses, the sheath losses are
calculated at two different values of conductorrent (full & half conductor rating). The results
are shown in Table 5.

From table 5, it is noticed that: The sheath cusrefeddy and circulating) duplicate with
duplicating the conductor current. The sheath bsketors (eddy and circulating) did not changed
because the ratio of sheath current and conduateent is fixed.

IJECE Vol. 2, No. 1, February 2012 : 7 - 16
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Table 4. Sheath circulating losses factors fdied#t configuration in flat formation
CABLE CONFIGURATION

SHEATH
CIRCULATING
LOSS FACTOR (%)

1138 | nas | s
s | s | ars

52.79 38 | s

Table 5. Sheath current and their losses factorsifigle-core cables with full rating current arsdhalf
value

Cable layout arrangement

Touch flat

Current Touch trefoil eeﬂ Phase
no.

Acs o Tes(A) [ se o] st (A) | desos Jocs (A e o 1se (A

21.32 | 116 A | 2.82 | 421 A 4738 | 1729 A | 141 | 298 A R
rI:‘gllllg 21.32 | 116 A | 2.82 42.1 A 12.18 | 87.7 A | 5.64 | 59.6 A S

21.32 | 116 A | 2.82 | 42.1 A 52.79 | 1825 A | 141 | 298 A T

2132 | 58 A [ 282 |21 A 4738 | 864 A | 141 149 A R
rIi;I:l‘lllfg 21.32 | 58 A | 2.82 21 A 12.18 | 43.8 A | 5.64 | 298 A S

21.32 | S8 A [ 282 | 21 A 52.79 [ 912 A | 141 14.9 A T

3.7. Cablearmoring

In order to protect cables from mechanicddmage cable armoring is employed [13]
Armored single-core cables for general use in AyStesns usually have nonmagnetic armor. This
is because of the very high losses that would oceurclosely spaced single-core cables with
magnetic armor [14]. To calculate the sheath andoar losses for single-core cables with
nonmagnetic armor, IEC 60287 is used [11], but widing the parallel combination of sheath and
armour resistance in place of single sheath remisteand the root mean square value of the sheath
and armour diameter replaces the mean sheath diaret

Rs RA
- 1
R Rs + R, @
2 2
d= /9 @)
2
So
Is = (R/Rg)lsa Q)
Ia = (R/Ra)lsa (4)
Where:

Re: The equivalent resistance of sheath and armopairallel Q/m)

Ra: The resistance of armour per unit length of calbliés maximum operating temperatu€g)
d: The mean diameter of sheath and armour (mm)

ds: The mean diameter of sheath (mm)

da: The mean diameter of armour (mm)

Is: Sheath current (circulating or eddy) in A

Ia: Armour current (circulating or eddy) in A

Isa: Sheath-armour combination current in A

Factors Affecting the Sheath Losses in Single-Cimm@erground Power Cables .... (Osama Elsayed Gouda)
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Table 6. Armored single-core cable 800 mf6 kV CU with lead covered and aluminium wire
armored parameters

Outer diameter of cable (mm)
Mean armour diameter (mm)
Mean sheath diameter (mm)

SD)ﬁl(mResstance of the copper conductor at 20°¢ 0.0221

diameter of the conductor (mm)
Thickness of lead (mm)

Thus the addition of the armour is at feaquivalent to lowering of the sheath resistanae,
from discussion in clause (3.4), if¢Rs lower than the critical value of sheath resise&g the
addition of the armour may be tends to reduce a@regse the combined sheath-armour circulating
losses, if R is higher than the critical value of sheath resise, the addition of the armour, tends
to increase the combined sheath-armour circulatingses, while for combined sheath-armour
eddy loss as well as combined sheath-armour curte expected increasing them because they
are inversely proportional to sheath resistance.

Fig. 10 shows the effect of armour resista on the sheath and armour currents, if the
armour resistance equals the sheath resistanrgejs| equally divided between sheath and armour
resistance i.e. the armour current will be equa #heath current (intersection point in Fig. 10),
and if the armour resistance is lower than the teheasistance, the armour current will be higher
than the sheath current and vice versa. The cadila dsed in these calculations is listed in table 6
Rs= 0.5Q /km, Ry = 0.39Q/km and R= 0.22Q/km.

1000

: : armour current
“ === sheath current
800 > ' :

600

400

200

Sheath current, armour current A

i i i
0 0.0005 0.001 0.0015 0.002
Armour resistance (ohms/km)

Fig. 10 Sheath, armour current vs. armour resistanc

Table 7. shows the values of sheath currants armor currents with their corresponding logees
armored single-core cable in case of touch trefiod touch flat.

Where:

lesr lcs.s les.t: Circulating current in sheath of phase no. R,STanespectively
Acs-r hcs-s Acs.t: Circulating loss factor in sheath of phase no.&\&T respectively
Ise-r Ise-s Ise.r @ Eddy current in sheath of phase no. R,S andfedaively

Ase-r Ase-s Ase.t :Eddy loss factor in sheath of phase no. R,S amdspectively

lacr: lac-s: lact :Circulating current in armor of phase no. R,S @ntespectively
lae-rs laE-s lae-T :Eddy current in armor of phase no. R,S and T rasmde

haer Me-s Mae-1: Eddy loss factor in armor of phase no. R,S ane3pectively

Iacrs lac-s: lac.t & Circulating current in armor of phase no. R,S @ntespectively

IJECE Vol. 2, No. 1, February 2012 : 7 - 16
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From the obtained results with using ardosingle-core cable instead of unarmored single-cable
which its results are listed in Table 7, it canrimdiced that: The combined sheath-armour circuakirsses
(Acs+ Aac) and the combined sheath-armour edidy € Aae) increased due tofs higher than the critical
value of sheath resistance. The sheath circulddsges and the sheath eddy losses are lower tharmiour
circulating losses and the armour eddy losses ctisply because the armour resistancg £F0.39)/km) is
lower than the sheath resistance €R0.52 /km). The sheath current value in arrmored sitgles cable is
depending mainly on the (fRg) ratio.

Table 7. Sheath, armour currents and their lolssars for nonmagnetic armored single-core cable

Parameters | Cable layout arrangement I
Touch trefoil I Touch flat

Acs R +AACR 46.01

Acs-s+AAC-s 46.01

Acs-T +hac-T 46.01

AsE-R+ME-R 6.59

AsE_s+ AAL-s 6.59

ASE-T +AME-T 6.59

Icsr 112.1 A

Ics-s 112.1 A

IcsT 112.1 A 173.9 A
Aos-r 20.10 38.16
Acs-s 20.10 11.71
Acsor 20.10 48.39
Isg r 42.4 A 30 A
Isk-s 42.4 A 60 A
IseT 42.4 A 30 A
AsE-R 2.88 1.44
AsE-s 2.88 5.76
AsE-T 2.88 1.44
Tacr 144.5 A 199.1 A
Iac-s 144.5 A 110.2 A
TIac.T 1445 A 2242 A
Arc-r 25.91 49.19
AacC-s 25.91 15.09
Aac-r 25.91 62.37
Lacr 547 A 38.6 A
Lak-s 54.7 A 77.3 A
Tag-T 54.7 A 38.6 A
AAk-R 3.71 1.86
AAL-s 3.71 7.43
AAE-T 3.71 1.86

4. CONCLUSION
The following are briefly analyzing the im@onclusions of this paper:

1. It must pay attention to sheath losses in singhe-coables with two-points bonding as their
values could be reached to more than the condlagses.

2. The sheath eddy losses could be neglected w.r.tstieath circulating losses at high sheath
resistance values and high conductors spacing

3. Sheath eddy losses are inversely proportional teatbh resistance, cable conductor resistivity
and conductors spacing, while they are proportitmabnductor current.

4. Sheath circulating losses are proportional to tlendactors spacing, and conductor current
and can be reduced by large increase in sheatlstaese or large reduce in the sheath
resistance but the later leading to high circutatorrent.

5. Phase rotation plays a great role in determinatainthe sheath circulating losses in flat
layout.

6. Trefoil formation introduces symmetrical values Mkfsses in its sheathes than flat formation
addition to the total sheath losses in the trefoal lower than flat layout.

Factors Affecting the Sheath Losses in Single-Cimm@erground Power Cables .... (Osama Elsayed Gouda)
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