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Abstract 
T h e use of underground p o w e r distr ibution has 

g rown significantly ove r the years wi th the rapid 

increase in demand for electric energy and the trend 

for large infra-structures and vast expansion of 

highly-populated metropol i tan a reas . Tradit ional 

methods of cable ampac i ty calculat ions a re all based 

on the N e h e r - M c G r a t h analysis which approximates 

the cable circuit configurat ion and assumes uniform 

soil condi t ions a round the cab le . Such 

approximat ions and assumpt ions lead to inaccuracies 

in the calculat ions and often force cab le engineers 

to use un-necessar i ly la rge safety factors and overly 

conservat ive des igns , this paper presents an 

improved technique us ing the f ini te-element method 

to calculate the s teady-state t empera tures at various 

points of the cable system and, therefore , the 

overall cable ampac i ty cor responding to a specified 

m a x i m u m conductor t empera tu re . An application to 

a cable system in the Saudi Consol ida ted Electr ic 

C o m p a n y ( S C E C O - C ) ne twork i s also presented. 

INTRODUCTION 
With the rapid increase in demand for electric 

energy and the t rend for l a rge infra-structures and 

vast expansion of h ighly-popula ted metropoli tan 

a reas , the use of unde rg round p o w e r distribution 

has g r o w n significantly ove r the yea r s , both 

wor ld -wide and in the K i n g d o m of Saudi Arabia . In 

the p o w e r grid of the Saudi Consol idated Electr ic 

C o m p a n y - Cen t re ( S C E C O - C ) , for example , there 

is an extensive underground cable n e t w o r k covering 

thousands of k i lometres and spanning various 

vol tage levels, including the 33 kV distr ibut ion and 

the 132 kV transmission sys tems . 

T h e power losses in the conductor , insulation, 

sheath and other componen t s of the cable system act 

as heat sources and cause the tempera tures of 

var ious cable e lements to r ise above the ambient 

tempera ture . T h e m a x i m u m conductor current i s 

pract ical ly l imited by the m a x i m u m temperature 

which the insulation can withstand. T h e cable 

tempera ture rise is a function of all parameters 

represent ing the thermal circuit of t he cable 

including surrounding soil . 

T h e problem of calculating the p o w e r cable 

tempera ture r ise and ampaci ty has at t racted many 

researchers since the famous w o r k by N e h e r and 

M c G r a t h [1 ] . Since then, considerable research 

efforts have been expended in modifying the Neher-

M c G r a t h method and enhancing its modell ing 

capabili t ies under both steady-state and variable 

loading condit ions [2-9] . H o w e v e r , these traditional 

methods of cable ampaci ty calculat ions approximate 

the cab le circuit configurat ion and assume uniform 

soil condit ions around the cab le . Such 

approximat ions and assumpt ions lead to inaccuracies 

in the calculat ions and often force cable engineers 

to use un-necessari ly large safety factors and overly 

conservat ive designs . 

M o r e recent ly , there has been a g rowing interest 

in using the finite-element method [10] for thermal 

field analysis of underground cables [11-13] . This 

advanced methodology offers a much better 

accuracy in the calculated results as i t models the 

cable system and the sur rounding environment to 

any level of details required. Therefore , complex 

cable configurations and non-uniform soil conditions 

can easily be taken into account . 
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This paper deals with recent advances in p o w e r 

cable thermal modell ing and steady-state 

temperature rise calculat ions which employ the 

f ini te-element method . Special attention will be 

given to modify the finite-element gr id modell ing 

and structuring algori thms to handle genera l 

detailed cable a r rangements and complex 

configurations which often occur in the underground 

networks of electric power utilities. In this regard , 

the finite-element method will be investigated and 

implemented to calculate the steady-state 

temperatures at var ious points of the cable system. 

Therefore , the overal l cable ampaci ty (current 

carrying capabili ty) corresponding to a specified 

m a x i m u m c o n d u c t o r t e m p e r a t u r e can b e 

determined. In addit ion, a genera l -purpose 

automatic grid generat ion method , developed dur ing 

the course of this project, will also be presented. 

Several software modules w e r e developed to 

implement the new automat ic grid genera t ion 

algori thm and to calculate the cable t empera ture 

r ise . These p rog rams opera te on the recent ly-

developed interact ive env i ronment P O W E R ! [14] 

for general power system analysis . 

T h e paper descr ibes the analytical and 

computat ional aspects of the f inite-element method 

for calculating thermal fields of underground cab le 

systems and presents a new method of construct ing 

the finite-element gr ids for general cab le system 

configurat ions. An Applicat ion is also presented 

involving a cable configurat ion used in the local 

Saudi Consol idated Elect r ic Company ( S C E C O - C ) 

network. In addi t ion to evaluating the cable 

ampaci ty , the applicat ion also includes sensitivity 

analyses to invest igate the effects of var ia t ions in 

the soil parameters on the results obtained. 

F 1 M T E - E L E M E N T M E T H O D 

In the applicat ion of the finite-element method to 

a system of buried cables involves , the conduc tor , 

insulation and o ther internal cable components as 

well as the sur rounding soil a r e all d iv ided into 

small t r iangular e lements . T h e resulting gr id (mesh) 

would then const i tute many nodes (points) 

representing ver t ices of different t r iangles. T h e 

desired degree of accuracy m a y be obta ined by 

adjusting the size of the grid e lements . 

Tempera tures at some of these nodes can be 

specified together with other boundary condi t ions . 

T h e f ini te-element formulation starts with the 

general equat ion for steady-state heat conduct ion 

div(k V T) + q = 0 (1) 

in which k is the conduct ivi ty coefficient and q 

denotes the ra te of heat generat ion. The solution of. 

this equat ion with appropr ia te boundary condit ions 

gives the va lue of the unknown tempera ture T. In 

the finite e lement method [10] , equat ion (1) is 

solved by us ing the energy functional concept and 

dividing the region in which the problem is to be 

solved into t r iangular e lements leading ult imately to 

the set of l inear equat ions [2 ,12] 

[HI {T] = {k} ( 2 ) 

In this equat ion [H] is the heat conduct ivi ty matrix 

and {T} is a vec tor containing the steady-state nodal 

t empera tures . A l so , {K} is vector which expresses 

the distr ibution of heat sources and heat sinks over 

the region under considerat ion as well as its 

boundary condi t ions . In construct ing the matrix [ H ] . 

and vector {K} , the boundary condi t ions of the 

cab le the rmal circui t a r e taken into account . In the 

paper , the fol lowing boundary types a re considered: 

a) Constant t empera ture T ( isothermal) 

b) Zero no rma l gradient dT/dn (non-conduct ive) 

c) Constant heat flux Q p e r unit a rea 

d) T h e convect ion loss at the boundary is equal to 

a . f T - T J , w h e r e T a i s the ambien t tempera ture 

and a is the heat transfer coefficient. 

In essence , the finite e lement method reduces the 

p r o b l e m to that of solving a n u m b e r of s imultaneous 

a lgebra ic equa t ions . T h e solution of these equations 

yie lds the s teady-state t empera tu re distribution 

wi th in the a rea under considera t ion. 

T h e heat conduct iv i ty mat r ix [H] is a sparse 

mat r ix . Fas te r execut ion t ime as well as higher 

o r d e r weight ing factors for the layers , which would 

lead to m o r e accura te resul ts , can be achieved by 

us ing s o m e special handling techniques for sparse 

mat r ix manipula t ions . S o m e of the techniques 

avai lable inc lude the l inked list and the band-matr ix 

formula t ions . I t is the au thor s ' belief that much 

h igher o rder grid size can be handled with the 

adopt ion of such techniques . 
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AUTOMATIC GRID GENERATION 
In pract ice , many underground cables have 

complex configurations and are often buried in non­

uniform soil. Direct-buried cables a re usually 

surrounded by a layer of backfill of low thermal 

resistivity which in turn is surrounded by the nat ive 

soil. In addi t ion, several other heat sources and heat 

sinks may be present near the cable system which 

accordingly al ter the thermal field around the 

cables . Such complex medium must be modelled 

proper ly in the finite-element analysis in order to 

attain an accurate representat ion of the resulting 

thermal circuit . 

Dur ing the course of this project , a new 

methodology for automat ic creation of the entire 

finite-element grid has been developed. T h e 

methodology can handle the majority of practical 

cable a r rangements and soil/backfill configurat ions 

and, therefore , is applicable to most underground 

cable sys tems in pract ice. The idea is based on the 

novel concept of objects and layers defining var ious 

entit ies and zones of the cable system and the 

surrounding media . A set of rules are then 

established which uniquely define the shapes and 

locat ions of var ious objects and layers and 

de te rmine the relationships between the resulting 

grid e lements and nodes . Us ing this set of ru les , 

very fast genera l -purpose computer ized a lgor i thms 

has been developed which automatical ly generate 

customized finite-element gr ids for most cable 

installations as will be illustrated next . 

F i n i t e - E l e m e n t G r i d E n t i t i e s : 

In the present methodology, the ent ire a rea of 

the cable installation and surrounding med ia is 

assumed to consti tute different entities, each of 

which occupies a zone in the overal l study area . 

T h e entit ies may represent , for example , cables , 

water p ipes , dra inage, sewer l ines, soil b locks , 

backfil l , concre te layers , duct- banks , e tc . We shall 

use the te rm "object" to denote an entity (or , in 

some cases , a part of an entity) in the finite-element 

grid. T h e objects should possess the following 

proper t ies : 

1. They are rectangular in shape 

2. T h e object sides are aligned horizontally and 

vertically in the grid 

3 . There should be no over lapping between objects 

Each object consists of a number of "layers" (at 

least one) which represent its internal parts having 

different thermal proper t ies (conductor, insulation, 

e t c . ) . A weight ing factor of multiples of four (4, 8, 

12 , . . . ) is assigned to each layer indicating the level 

of model l ing details required . 

S o f t w a r e D e v e l o p m e n t ; 

Dur ing the course of the present project, several 

software modules w e r e developed to implement the 

new automat ic grid generat ion algorithm and to 

calculate the steady-state cable temperature rise. 

These p r o g r a m s w e r e developed using the recently-

developed interact ive comput ing environment of 

P O W E R ! [14] which uses the M A T L A B computer 

package [16] . A f low-chart describing the set of 

the f ini te-element software modules for steady-state 

thermal analysis of p o w e r cables, is shown in 

F i g u r e 1. 

F i g . 1 F l o w - C h a r t of F i n i t e - E l e m e n t Analys is 
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APPLICATION 
A pract ical application is presented here to 

demonstrate the powerful features of the finite-

element method for solving the heat equat ions and 

determining the hot spots in the cable sys tem. This 

cable installation in the S C E C O - C p o w e r system 

consists of a double-circui t three-phase underground 

cables as shown in F igure 2. 

EXISTING CIRCUIT NEW CIRCUIT 

s 

3 5 0 3 5 0 1 5 0 

Fig. 2 A Doubles-Circui t S C E C O - C C a b l e S y s t e m 

This cable configurat ion has resul ted from 

adding a new three-phase cab le circuit to an exist ing 

one in o rder to meet the g r o w i n g demand for p o w e r 

in one sector of the S C E C O - C p o w e r ne twork . All 

dimensions in F i g u r e 2 a re in m m . 

As shown in the f igure, the cables a r e laid 

horizontally in non-uni form soil and at different 

circuit depth. Such a c o m p l e x configurat ion suits 

the f ini te-element analysis very well as was 

explained earl ier in the p a p e r . In this regard , the 

use of convent ional the rmal analysis methods for 

this cable configuration wou ld , undoubtedly , lead to 

gross er rors in the calculated tempera tures because 

of the complexi ty of cab le a r rangement as wel l as 

the non-uniformity of the sur rounding soil which 

involves a backfill mater ia l of thermal resistivity 

different from that of the na t ive soil. 

Because of the re la t ive closeness of the two 

cable circuits of F i g u r e 2 , the mutual thermal 

coupling be tween the two circuits is expected to 

have some effect of the calculated t empera tu res , 

especially at those poin ts in the midd le por t ion 

between the tow cable c i rcui ts . 

T h e finite-element grid configurat ion used to 

analyze this consists of 10 objects and 22 layers. 

T h e ground surface in this s tudy was modelled as 

an isothermal boundary at 35 °C. 

I t is of interest to note h e r e that the max imum 

temperature n o d e on the conduc to r surface of the 

new cable circuit did not occur at the bot tom central 

conductor as is a lways assumed in the conventional 

methods . I t ra ther occur red on the left-most 

conductor closest to the exis t ing circuit . This is 

mainly due to the thermal coupl ing effect between 

the two circui ts . Th i s effect is a l ready taken into 

account in the f inite-element analysis but is 

inherent ly neglected in the convent iona l methods . 

Therefore , the cur rent -car ry ing capabil i ty of the 

cab le system est imated by tradit ional methods 

would , in this case, be more than the actual value. 

T h e effect of var iat ions in the soil thermal 

resistivity on the m a x i m u m conduc to r tempera ture 

of the new cable circuit , for a r ange of cable 

current va lues , was invest igated in this applicat ion. 

F igu re 3 shows the results obtained for three 

different values of soil the rmal resist ivity, namely 

1.0, 2 .0 and 4 . 0 °C m / W . T h e results of F i g u r e 3 

show that the conductor t empe ra tu r e at a cable 

current of 1.1 kA , for e x a m p l e , would increase 

from 83 to 91 -C as the thermal resistivity of 

nat ive soil a round the cable increases from 1.0 to 

4 . 0 -C m / W . 

1 3 0 

0 4 0 6 0 8 1 1.2 1 / » 

Cable Current. (kA) 

F i g . 3 C o n d u c t o r T e m p e r a t u r e v s C u r r e n t 
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CONCLUSIONS 
T h e genera l -purpose automatic grid generat ion 

methodology, presented in this paper permi ts a 

simpler, yet more automated, implementa t ion of the 

finite-element method for thermal field analysis of 

underground cable systems. T h e computa t ional 

a lgor i thms presented offer adjustable model l ing 

details coupled with fast computat ional schemes 

which can effectively handle complex cab le 

configurat ions and non-uniform soil condit ions to 

any desired level of accuracy al lowed by the 

hardware capabil i t ies. 

T h e applicat ion presented has demonst ra ted the 

versatility and general i ty of the formulat ion and 

computat ional a lgor i thms developed. I t was noted in 

the application that the effect of the thermal 

coupling between cables in close proximi ty has 

caused the max imum tempera ture to occur in a 

point different f rom the one expected and used in 

convent ional me thods to de termine the cable 

ampaci ty . T h e significant effects of var ia t ions in the 

thermal resist ivity of local soil on the calculated 

cable ampaci ty have also been demonst ra ted . Such 

variat ions a re ex t remely important in cab le design 

and operat ion studies whe re the soil pa ramete r s in 

s o m e par ts of system may exper ience wide 

variat ions due to the effects of the sun heat , 

seasonal ra in , e tc . 
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