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ABSTRACT 

As modern day power protection devices become smarter, more configurable and more 

accurate, they offer users the ability to configure the exact protection elements and settings 

required for a specific network section. This combined with the increased number of power 

systems going underground provides the basis for this research project. As we look to 

optimise our power networks and the protection of our power networks, we must ask, how 

can we ensure that our protection relays have the optimal settings for our underground 

network? 

Presently, when determining the time-dependant over-current protection settings for 

underground cables, all worst-case scenarios are considered, resulting in excessive safety 

margins and over-protective configurations. Whilst these excessive safety assumptions ensure 

adequate protection for the electrical asset, they also potentially work to increase the 

possibility of false fault detection. Such an error leads to unnecessary supply isolation and 

consequently, costly downtime. 

Given these limitations to current methods for determining protection settings, this research 

project develops and implements a simulation model using finite element analysis that 

analyses specific underground cable systems based on operating and environmental 

conditions. By determining the steady-state thermal profile of the underground cable system 

as a result of the load current, the simulation continues to analyse the effect of fault current on 

the system to determine the most suitable protection settings for the underground cable 

system. 

The results presented herein outline the effect that environmental conditions have on the 

required protection settings of underground cable systems, and when used in conjunction with 

the simulation software, provide valuable information to assist design engineers making 

decisions on a system's setting values for numerical protection relays. 
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1)  INTRODUCTION 

Today, underground cables are being used more frequently, particularly in the likes of new 

suburban developments and industrial installations such as coal seam gas plants (Bascom, 

2011). This shift brings aesthetic benefits and reduces the likely impact of disturbances 

caused by bad weather (Navrud & Ready, 2008). Moreover, a report commissioned by the 

Australian government in 1997 found that the principle benefits of burying cables were 

reduced maintenance costs, the avoidance of tree trimming expenses, and the removal of the 

cost associated with motor vehicle accidents with power poles (Janick, 2000). Despite these 

benefits the report identified that only seven per cent of homes in Australia were currently 

served by underground power and that it would cost $50 billion to bury all existing cables 

underground. Despite the high cost associated with the replacement of overhead lines with 

underground cables, Janick (2000, p. 20) argues that these figures should be interpreted with 

care given this move would be óreplacing aged infrastructure with new, modern, energy-

efficient systemsô. Furthermore, he makes the point that the maintenance costs to these new 

systems should be very minimal for a number of years. However, if something were to go 

wrong, finding and restoring faults in an underground cable can be a significant challenge. 

Cigre (2009) observes that locating a fault within an underground network can be time 

consuming and requires specialised equipment. First a fault must be located, then the cable 

must be excavated using vacuum trucks to avoid further damage to plant equipment, such as 

communication, power or gas lines buried in the vicinity. Once the cable has been exposed, 

the cable is then repaired using specialised cable jointing kits. Historical data suggests that 

rectification of an underground XLPE cable takes an average of 20 days (Cigre, 2009). Thus 

the procedure for repairing a cable can be long, onerous and costly for the owner, however, 

these expenses are often insignificant in comparison to the cost associated with the of loss of 

production or supply to consumers. For this reason, it is critical to determine the correct 

protection settings for the over-current devices protecting underground cables.  

In the presence of fault current, ohmic heating due to the current flow through the resistance 

of the conductor material generates a temperature rise within the conductor and ultimately the 

insulating material. The protection settings must be configured to trip the upstream circuit 

breaker before the conductor temperature exceeds the maximum permissible temperature of 
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the insulation. Often, to ensure this is achieved in all possible situations, significant safety 

margins are used to ensure the protection relay will operate the circuit breaker and clear the 

fault before the cable temperature becomes destructive. To achieve this, many general 

assumptions are made on the system to cover all situations and designers have no option other 

than to consider the worst case scenario based on the potential extremes of the environment 

and operating conditions (Naskar, 2013). 

Considering all the worst case factors and configuring the protection system accordingly 

presents a new risk, the selectivity1 of the network. Making assumptions and increasing safety 

margins also increases the risk of unnecessarily tripping and isolating sections of a network 

during the event of peak loading, overloading or transient faults resulting in the loss of 

production or supply to consumers. Furthermore, from my experience in the industry, a 

maintenance team must now be deployed to investigate the cause of the protection trip and 

verify the cables are fit for supply restoration. For example, the permissible fault levels may 

vary significantly depending on the conditions of the network prior to a fault existing, the 

seasonal variation of soil moisture content and temperature, or the condition of a network as it 

ages.  

 With this in mind, this research project will endeavour to create a computer model that will 

determine the thermal profile of a cable system during normal operation, and from this point 

determine the protection settings that would provide adequate protection to the cable system. 

This model will then be used to simulate a variety of cable systems with variations of one 

parameter to determine the effect this would have on the required protection settings and 

hence, the capacity of the cable system. These methods could also be used to dynamically 

configure the IDMT protection setting values based on real-time network loading and 

environmental conditions.  

  

                                                 

1 The selectivity of a network is the ability to correctly determine that the component it is protecting is faulty and to isolate 

only that component from the rest of the power system (USQ ELE3804, 2013). 
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2)  LITERATURE REVIEW 

2.1) Overview and the need for further research 

2.1.1) Product datasheets 

Information on how and what products are used within the industry is critical to creating and 

verifying a realistic simulation model that will  accurately analyse the thermal profile of a 

cable system. Product datasheets and application notes provide the basis for material 

properties and cable dimensions, whilst industry standards provide overarching information 

about cable systems and the areas in which they operate. Many standards are written to cover 

a wide range of industry products and applications which will provide a good basis for 

validating the simulation model, however, product datasheets often contain more specific 

information which, if used, will improve the accuracy of the simulation model. For this reason 

the following product datasheets have been selected and will  form the basis of this research 

project:  

�x Gemscab ï The right connection ï HT-XLPE Cables. 

�x NKT Cables ï High Voltage Cable Systems ï Cables and accessories up to 550 kV.  

�x Tyco Electrics ï Installation Instruction ï Raychem Joint for Polymeric Insulated 

Cables. 

 

2.1.2) AS and IEC standards 

AS 3000:2007 �± Wiring rules  

The information from this standard was used to understand the legal constraints on 

underground cable installations to ensure the model reflects common applications within the 

industry.   

 

 

AS 3008.1.1:2009 �± Electrical Installations �± Selection of cables 

The information from this standard was used to validate the accuracy of the simulation model. 
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IEC 60255 �± Measuring relays and protection equipment Part 1: Common requirements  

This standard was used in conjunction with manufacturer information to determine standard 

protection curves and the equations associated with the curves. 

 

 

2.1.3) Key articles influencing the simulation model 

Statistical life data analysis for cable joints 

Mehairjan's (2010) paper examines a 10kV underground power network with specific focus 

on faults that occur within the cables and cable joints. The investigation covers a variety of 

different cable joints including a detailed analysis of failure modes and failure rates. This 

publishing provides the basis for the statistical analysis of cable joints used in this research 

project.  

 

Method for using finite elements to calculate temperature diffusion  

Chapter 2 in Nikishkovôs book outlines the method for using finite elements to calculate 

temperature diffusion within a 2-dimensional system with the inclusion of internal heating. 

The mathematics published will form the basis of the heat transfer model that will be adapted 

into a computer simulation program and used to determine the thermal properties of cable 

systems. 

 

Calculating temperature rise and load capability of cable systems 

The publication by Neher & McGrath (1957) provided a method for estimating the steady-

state temperature of electrical power cables. The method is limited to generic cable 

configurations and uses a complex string of calculations to estimate the thermal conditions of 

a conductor. This method formed the basis for many ampacity de-rating tables and is a 

reoccurring reference in many works published around the analysis of underground power 

cables. 
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2.1.4) Distributed temperature sensing using fibre optics 

A technology that should not be overlooked when determining how to best protect 

underground HV assets is the use of fibre optics to determine the temperature profile along a 

cable run. To achieve distributed temperature sensing (DTS), a fibre optic cable is embedded 

within the HV cable, or next to the cable in a trench. Light is then pulsed along the fibre and 

the effect of light scattering causes a small portion of the light to reflect back as it travels 

down the fibre. The amount of light scattered, and therefore reflected, is dependent on the 

temperature of the medium through which it is travelling (Peck & Seebacher, 2000). This 

technology offers real-time monitoring of a cable system and can help to detect the onset of 

hotspots within the cable system. Williams (1999), states that often cable systems are loaded 

with a 10% safety margin to account for the worst case conditions. It also outlines a cable 

installation that was retrofitted with DTS allowing the operation to increase the load by 8% 

using the real-time thermal monitoring. Figure 2.1 shows the magnitude of temperature 

variation along a cable system and highlights the criticality of understanding the 

environmental conditions throughout the entire cable run. 

 

 

 

Figure 2.1 �± DTS analysis of an underground cable system (Williams, 1999) 
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2.1.5) Similar published works 

Nguyen (2010) 

Nguyen uses a mesh approach to determine the temperature rise and ampacity of underground 

cables as shown in Figure 2.2. The author states that a mesh approach was adopted to 

maintain accuracy whilst reducing the processing time of the model. The model used here 

predetermines the power output from the cable and disperses this power evenly about the 

outer circumference of the cable system. While this method will provide valuable information 

on the thermal field surrounding the cable system, it does not analyse the temperature profile 

within the cable to accurately determining the maximum temperature of the conductor and 

therefore the potential for material damage within the cable.  

 

 

 

Figure 2.2 �± Discrete field domain using mesh layout (Nguyen, 2010, p. 3) 
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Zang (2012) 

Zang, uses triangular mesh nodes, similar to that used by Nguyen, to determine the current 

rating of cables as shown in Figure 2.3. The model created by Zang is used to complement 

temperature sensors placed near underground duct banks. By understanding the temperature 

profile of the system, a more accurate assumption could be made about the temperature of the 

cable using results from indirect temperature sensors.  

 

 

 

Figure 2.3 �± �0�H�V�K���R�X�W�O�L�Q�H�V���R�I���I�L�Q�L�W�H���H�O�H�P�H�Q�W�V���L�Q���=�K�D�Q�J�¶�V���P�R�G�H�O (Zang, 2012, p. 4) 
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Naskar (2013) 

Naskar uses an arc approximation to determine the current rating of cable layouts, shown in 

Figure 2.4. Naskar acknowledges the fact that approximations and assumptions lead to 

inaccuracies in the calculations and often force cable engineers to use unnecessarily large 

safety factors leading to over-conservative designs. The model developed by Naskar uses 

finite elements to model a 6.6 kV 3-core underground cable. The symmetry of this model 

limits the applications as it could not be used to interact with the heat generated by other near-

by cable systems.  

 

 

 

Figure 2.4 �± Two-dimensional arc analysis (Naskar, 2013, p. 99) 
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2.1.6) Extension beyond these works 

The ultimate goal of this research project is to develop a simulation program that can be used 

to determine the IDMT settings and the current capabilities of direct buried underground cable 

systems. The works mentioned above model the temperature profile of cable systems which is 

useful in determining the ampacity of the cables, however, they do not consider the 

requirements for protecting the cables and ensuring they operate within the specified 

operating limits at all times, especially during fault scenarios.  

Cable protection will be the primary focus as this research project endeavours to extend the 

above works. Another dissimilarity to the above works is the use of a square matrix of finite 

elements which will increase the configurability for the user and allow the system to cover 

more cable system variations. As part of the research, simulations will be conducted on the 

cable variations to gain an understanding of how environmental and operation changes within 

the cable system affect the operational capacity and minimum protection settings of cable 

systems. This information may assist protection engineers as they undergo protection studies 

to determine the required protection settings of underground cable systems.  

 

 

2.2) Fundamentals of underground cable systems 

2.2.1) Underground cable construction 

The construction of underground power cables vary depending on the intended application, 

however, the common components are best shown as a single core cable in Figure 2.5. Whilst 

some elements shown here may not be present in all cable designs, the critical components to 

provide basic function of a power cable are; a core conductor which will carry the load 

current, a screen which provides an electrical return path for any insulation failures, and an 

insulating medium to encompass the voltage potential of the core conductor. These 

components are extruded within the outer sheath, typically polyvinyl chloride (PVC). 

Important specifications of the cable are the voltage rating and current carrying capability 

which are determined, respectively, by the properties of the insulator and the core conductor.  
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Figure 2.5 �± Single Core XLPE Cable (NKT cables, 2009) 

 

 

The core conductor, usually soft copper or pure aluminium, carries the load current to the 

downstream equipment. Due to the inherent properties of the conductor material, as current 

flows through the core conductor, heat will be generated within the metal. The conductor 

cross-section is a major factor determining the current rating of a cable as the resistance and 

therefore the power loss within the conductor will increase at a reduced cross-section due to 

the removal of available paths for electron drift.  

The outer shield is bonded to potential earth at one or both ends of the cable run providing a 

critical electrical path for fault current to flow should the insulating medium break down or 

damage occur by an external source such as an excavator. The fault current is then detected by 

a protecting device monitoring the system and isolated from its source to ensure safe voltage 

potential around the cable system in the event of a failure.  

A semiconductor layer exists at both the inside and outside of the insulating medium. This 

layer ensures a uniform electric field exists across the insulation. If the electric field within 

the insulation is not uniform, points of increased electric field can induce excessive stress on 

the insulation leading to early fatigue and failure.  
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The insulating material used and the thickness of the insulation determine the magnitude of 

the electric field that can be sustained between the conductor and the shield and therefore the 

voltage limitations of the conductor. The insulation also provides a means for heat to be 

drawn away from the core conductor and into the surroundings. The maximum permissible 

temperature of the insulation is much lower than that of the conductor material and therefore 

quantifies the maximum temperature at which core conductor can operate, ultimately defining 

the load and fault current levels of the cable. This research project will focus on cross-linked 

polyethylene (XLPE) insulated cables which were first developed in the 1930s. XLPE is 

commonly used in power cables as it has excellent dielectric properties making it useful for a 

large range of voltage applications from 600 V to 500 kV (Orton, 2013). 

 

2.2.2) Impurities in cable construction 

As with all manufacturing processes, cable manufacturing has a risk of defective products. 

One issue that can result from poor manufacturing is the presence of physical voids within the 

insulation. This can result in a reduced service life for the cable due to the reduction of 

insulating dielectric between the conductor and shield. The voids create sections where the 

electric permeability is reduced and the voltage gradient across the void is low in comparison 

to healthy insulation. This increases the voltage potential across the remaining insulation thus 

increasing the electrical stress on the insulation. Testing of the insulation at the manufacturing 

site is critical to ensure that the cable meets the required standards and is fit for purpose. 

However, it is never possible to manufacture the perfect cable and the presence of voids and 

insulation impurities are common sources for the initiation of breakdown in cables 

(Mehairjan, 2010). 

 

2.2.3) Cable Joints 

On-site cable jointing is often required as there are limitations to the maximum drum size that 

can be transported to installation sites. For example, a 10 km cable run using cables that have 

a drum length of 400m, will require 25 cable joints. Over time, these joints may deteriorate 

due to environmental and electrical conditions. This can lead to an increased resistance and 

above average temperatures at the cable joint, accelerating the deterioration of the cableôs 
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insulation. Once the insulation is damaged, the electric field can no longer be contained 

between the conductor and the screen and the faulted section must be repaired. In my 

experience, this requires cutting out and replacing a 10m section of the cable and the addition 

of another joint and another potential point of failure.  

According to Mehairjan (2010), cable joints are subject to more failures than the cable itself 

for the following reasons: 

�x they are subject to higher electrical, mechanical and thermal stress 

�x they are mounted in the field under non-ideal circumstances, particularly during 

outage situations 

�x they are not subjected to extensive reliability testing procedures like the cable itself 

�x the quality of installation of the accessories is reasonably sensitive to workmanship, 

experience and care of the involved employee. 

Figure 2.6 shows data extracted from Mehairjanôs (2010) statistical analysis of an 

underground power network which reveals that the majority of internal failures2 occur at the 

location of cable joints.  

 

 

Figure 2.6 �± Internal failures on an underground HV network (data: Mehairjan, 2010) 

                                                 

2  those failing under normal operation without external influences i.e. excavation error 

Underground cable failure location

Termination Cable Joint Cable
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Figure 2.7 shows a typical cable joint. As depicted, the shield of the cable is moved to one 

side of the joint to allow for the insulating heat-shrink to be placed over the conductive joint. 

This reduces the integrity of the electric-field distribution and can result in increased electrical 

stress on sections of the insulation. Another challenge that lies with cable joints of this nature 

is ensuring the joints are water tight as water ingress is a common cause of failures at these 

joints (Megger, 2003).  

 

 

 

Figure 2.7 �± Cut-away representation of a cable joint (Tyco Electronics, 2000, p. 11) 

 

 

Quantifying the resistance of cable joints is difficult as there is no method for testing the joint 

resistance without destroying the cable. Fournier & Amyon, (2001) measured the resistance 

for a healthy electrical cable joint to be 15 ɛÝ while workmanship defects such as insufficient 

torque values or incorrect crimp settings increased the resistance to 48 ɛÝ.  

An interesting phenomenon that exists within defective electrical joints is the effect of self-

healing (Fournier, 1998). When a cable joint is degrading, hotspots form which lead to 

microscopic melting at the point of high impedance. This can resulting in welding, or self-
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healing, of the substandard cable joint. Fournier also noticed fluctuations in the contact 

resistance of the cable joint during this phase, resulting in resistance instabilities and 

unpredictable thermal profiles. Due to this effect, Fournier outlines the unreliability of results 

when periodically performing infra-red scanning of cable joints.  

 

2.2.4) Operational and environmental stress 

As the underground cable system ages, it is exposed to operational and environmental stress. 

These increase the likelihood of internal defects and ultimately cable faults. Figure 2.8 shows 

the increase in cable joint failures as the service life of the cable reaches 20-40 years. 

 

 

 

Figure 2.8 �± Joint failures over time (Mehairjan, 2010, p. 66) 

 

 

Environmental conditions, such as; ground humidity, ground pollution, thermal resistance of 

surrounding material, ambient temperature at the surface of the cable, can all contribute to the 

degradation of the cable system (Megger, 2003, p. 2). Moisture can penetrate the cable 
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insulation decreasing the insulating properties, this is a major issue at cable joints as water can 

track under the additional joint insulation. In many cases, the location of the underground 

cable is determined by the layout of electrical plant or existing infrastructure and this defines 

the environmental conditions the cable will be exposed to. The effect of this can be reduced 

by using bedding sand with known and consistent thermal properties when backfilling the 

cable trench.   

Throughout an average day, it is likely that the operating conditions of a cable will change. 

This is often due to daily load cycles and peak loading conditions which result in the 

fluctuation of the conductorôs temperature. These thermal fluctuations cause cable materials 

to expand and contract imposing mechanical stress on the cable joints. Over time, the 

mechanical forces may lead to a reduction in contact area and an increase in resistance. An 

increased joint resistance will result in a óhotspotô which is likely to accelerate the 

deterioration of insulation properties. Sudden temperature increases due to over-current 

conditions result in high temperatures within the cable, especially if this occurs with a high 

initial temperature following a period of heavy loading. As the conductor undergoes sudden 

temperature changes, movement can stress the XLPE material making the material more 

brittle and increasing the risk of void formation within the insulation.  

This research project endeavours to utilise the operating and environmental conditions of a 

cable system to determine the required protection settings to avoid excessive operational 

stress that may lead to rapid degradation of the cable insulation. 

 

2.2.5) Protection systems for  underground cables 

Modern numerical protection relays offer multiple protection elements in one device. 

Protection relays are connected to current and voltage transformers which provide linear 

conversions from the system level (i.e. 800 A, 11 kV) to levels measurable by sensitive 

analogue to digital converters within the device (i.e. 1 A, 110 V). The numerical protection 

relay uses these measured values in conjunction with protection algorithms to monitor power 

systems and determine when they are operating outside of permissible limits. Once abnormal 

operation is detected, the protection device will issue a trip command to the relevant circuit 

breaker isolating the supply to the faulted part of the network.  
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Time dependant over-current �± 51 

The most common protection applied to a feeder is over-current protection. This protection 

uses the measured current values to determine if the current flowing to the downstream 

equipment is acceptable or if the levels exceed normal operation. In this scheme, time delays 

are used to discriminate against faults that may exist within another protection device's 

primary protection zone as it is desirable for the protection device closest to the fault to isolate 

the fault and reduce the extent of the supply outage. 

 

Instantaneous over-current �± 50 

Instantaneous over-current protection uses measured current values to determine when the 

current in the system has exceeded a specified threshold. If this occurs the relay will initiate a 

trip command instantly, i.e. without the use of a protection curve.  

 

Earth fault �± 51N 

A significant unbalance in the 3-phase current vectors shows that current is leaking to earth 

and exiting the 3-phase system. Historically this was monitored by using a current transformer 

measuring the summated current flowing through all conductors, however, modern numerical 

relays are able to virtually summate the three individual current vectors and determine if an 

unacceptable amount of current is leaking to earth and initiate a protection trip accordingly.  

 

Line differential protection �± 87L 

Line differential protection is a unit protection scheme with the ability to confidently detect 

any fault within the zone it is protecting whilst ignoring any faults outside the zone. A current 

transformer is placed at either end of the underground cable defining the protection zone. 

Current values measured by the upstream and downstream protection relays are 

communicated between the protection relays, usually by sending digital current values over a 

fibre-optic communication link. When the protection relay detects a significant discrepancy in 

current values, the protection will operate. 
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Distance protection �± 21 

Distance protection uses the measured current and voltage waveforms to calculate the 

impedance of the downstream system. The magnitude of the current and voltage are used to 

determine the value of the impedance whilst the phase shift between the current and voltage 

waveform is used to determine the ratio of resistance to reactance. These values are used to 

determine if a downstream fault is within the primary zone of the protection relay, initiating a 

trip command instantly, or if the fault exists within another deviceôs protection zone, allowing 

sufficient time for the downstream protection to clear the fault prior to initiating a trip 

command. 

 

Underground cable protection summary 

In underground cable systems, differential protection is the most reliable scheme for clearing 

faults that occur within the underground cable as the protection system can be certain fault 

current is escaping between the two current transformers. If a fault was to occur outside the 

differential protection zone, the differential scheme would still register Iin å Iout and would not 

offer any protection to the underground cable. In this case, over-current protection would be 

required to determine if the upstream circuit breaker should trip. This is usually determined by 

an IDMT curve to allow for longer tripping times at lower fault levels as the fault may be 

transient or cleared by a downstream protection device. This would see the current values 

return to normal operating levels before damage occurs to the cable system, thus maintaining 

supply to the downstream system.  

As discussed earlier, the point at which damage may occur to equipment depends on the 

condition of the equipment prior to the fault occurring. To be safe, protection engineers will 

often take the worst-case conditions to determine the protection settings of the numerical 

relay. This will ensure safe protection under all conditions, however in many situations, the 

system will  be over-sensitive and may unnecessarily isolate supply to the downstream 

equipment. To overcome this, engineers require smarter, more sophisticated tools to better 

understand and analyse the protection levels required to accurately protect aspects of a power 

system. 
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2.2.6) Inverse Time Protection Curves  

Figure 2.9 shows how fault current relates to the tripping time in an IDMT scheme. To 

interpret data from this graph, the reader should track up from the fault current level to the 

curve and across to find the protection operating time. This is the time the protection system 

will allow a fault of this magnitude to be present on the system before the protection will 

operate. It is important to note that the circuit will not isolate instantly as there is a mechanical 

delay for the circuit breaker mechanism to open the contacts enough to extinguish any arcing. 

 

 

Figure 2.9 �± IEC 60255 tripping curve characteristics (My Electrical, 2014) 
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Both the IEC and IEEE have standards outlining generic inverse definite minimum time 

(IDMT) tripping curves. These curves are typically drawn on a logarithmic scale plot with 

current along the horizontal axis and time on the vertical axis. Table 2.1 outlines the 

coefficients that vary the shape of the IEC protection curves shown in Figure 2.9. Once the 

curve shape has been determined, two variables, pick-up current and time multiplier setting 

(TMS), define where the curve will sit within the axis. The TMS shifts the curve upward to 

provide an additional time delay across all values whilst the pick-up current forms a vertical 

asymptote representing the maximum continuous current level shifting the curve left or right. 

The following equations and coefficient values shall form the basis of the IDMT curves that 

will be used within the simulation model. 

 

 

 

Equation 2.1 �± IEC IDMT curve equation  (Schneider Electric) 

 

 

 

Table 2.1 �± IEC IDMT curve coefficient values (Schneider Electric) 
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Equation 2.2 �± IEEE IDMT curve equation (Schneider Electric) 

 

 

 

Table 2.2 �± IEEE IDMT curve coefficient values (Schneider Electric) 
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2.3) Physical properties of materials 

2.3.1) Conductor 

The most common materials used for underground conductors are copper and aluminium. 

Aluminium is often used as it offers a cheaper solution with a lower material and 

transportation cost compared to copper. The conductor cross-section and resistance values 

shown in Table 2.3 will form the basis for the resistance values used within the simulation 

model. A DC resistance value is used as the power loss within the conductor will come from 

the active current component. 

 

Conductor 

cross-section (mm2) 

Conductor 

material 

DC resistance 

Ý/km 
Current 

Ratings (A) 
20 °C 90 °C 

185 
Cu 0.0991 0.1270 368 

Al  0.1640 0.2110 289 

240 
Cu 0.0754 0.0973 420 

Al  0.1250 0.1610 332 

300 
Cu 0.0601 0.0781 469 

Al  0.1000 0.1290 371 

400 
Cu 0.0470 0.0618 525 

Al  0.0778 0.1010 420 

500 
Cu 0.0366 0.0492 586 

Al  0.0605 0.0791 474 

630 
Cu 0.0283 0.0393 649 

Al  0.0469 0.0622 533 

800 
Cu 0.0221 0.0326 706 

Al  0.0367 0.0500 591 

1000 
Cu 0.0176 0.0232 999 

Al  0.0291 0.0375 791 

1200 
Cu 0.0151 0.0201 1074 

Al  0.0247 0.0319 859 

1400 
Cu 0.0129 0.0175 1155 

Al  0.0212 0.0275 929 

1600 
Cu 0.0113 0.0156 1226 

Al  0.0186 0.0240 997 

1800 
Cu 0.0101 0.0142 1285 

Al  0.0165 0.0213 1058 

2000 
Cu 0.0090 0.0129 1346 

Al  0.0149 0.0193 1114 

Table 2.3 �± Standard design conductor properties (NKT cables, 2009, p. 9) 
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2.3.2) Insulating media 

The insulating material surrounding the conductor of the cable dissipates the heat from the 

conductor core. The rated maximum conductor temperature of XLPE-insulated cables is 90°C 

(AS 3008, 2009). Cables insulated with XLPE also have a permissible conductor temperature, 

during a five second short-circuit fault, of 250°C (Orton, 2013). The thermal transfer through 

the insulating material is affected by the thickness of the insulation which is dependent on the 

voltage rating of the cable.  

 

Voltage rating Ph-E/Ph-Ph (kV) XLPE Thickness (mm) Reference 

1.9/3.3 2.2-3.0 

(Gemscab, 2014) 

& 

(Nexans, 2010) 

3.8/6.6 2.5-3.6 

6.35/11 3.4-5.5 

12.7/20 5.5-6.0 

19/33 8.0-8.8 

76/132 14-22 

(NKT cables, 2009) 
127/220 19-25 

230/400 26-33 

290/500 31-35 

Table 2.4 �± XLPE insulation thickness  

 

 

2.3.3) Outer sheath and fill material  

The outer sheath of the cable is generally constructed with polyethylene (PE) or polyvinyl 

chloride (PVC). The thickness of the outer sheath is normally within the range of 1.8 to 

4.0mm depending on the intended application (Gemscab, 2014). Due to the shape of 3-core 

cables, gaps exist between the inner cores, these are typically filled with PVC (Gemscab, 

2014, p. 4). 

 

2.3.4) Cable joint 

The physical dimensions of the modelled cable joint are based on the Raychem joint for 

polymeric insulated cables with wire shields (Tyco Electronics, 2009). The joint part, MXSU-

3341, is specifically designed for cables with a cross-section ranging from 185 - 400 mm2. 
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This is an aluminium part with a connector diameter of 37mm and a length of 140mm. An 

example of this part is shown in Figure 2.10. The bolts used to secure the conductor ends are 

shear bolts and break away from the structure when the correct torque is reached. 

 

 

Figure 2.10 �± Typical conductive region of a cable joint (Tyco Electronics, 2000) 

 

 

 

2.4) Thermal properties of materials 

To calculate the steady state temperature of an underground conductor, a balance must be 

achieved between heat generated within the conductor and heat transferred through the 

insulation into the surrounding environment. The rate of thermal energy transfer is dependent 

on the thermal properties of the media through which it is diffusing. It is therefore important 

to ensure that the model accounts for the respective thermal properties of the different media 

and any material variation that may arise as temperature changes.   
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2.4.1) Thermal conductivity 

The thermal conductivity, k, of a material is the rate at which heat will transfer throughout the 

material. Copper, followed closely by aluminium, has a high thermal conductivity allowing 

heat to quickly pass through it. This will cause heat to transfer and stabilise more quickly 

within the conductor material. Porous material, such as dry sand, has a very poor thermal 

conductivity as all of the pores are full with air. As the soil saturates, these voids are filled 

with water significantly changing the thermal conductivity of the material (TeKa, 2014, p. 1).   

 

 

Thermal Conductivity, k (W/(m.K)) 

Material 
Temperature (°C) 

Reference 
25 125 225 

Aluminium 205 215 250 (The Engineering 

Toolbox, 2014a) Copper 401 400 398 

 
Temperature (°C) 

Reference 
20 55 90 

XLPE 0.223 0.267 0.280 (Lee, Yang, Choi, & 

Park, 2006, p. 806) Semiconductor 0.552 - 0.587 0.631 - 0.673 0.631 - 0.673 

PVC 0.19 
(The Engineering 

Toolbox, 2014a) 

 Dry Wet Reference 

Bedding 6.5 12.5 
(TeKa, 2014) 

Soil 0.03 0.6 

 
Temperature (°C) 

Reference 
20 40 

Air  0.0243 0.0271 
(The Engineering 

Toolbox, 2014e) 

Table 2.5 �± Thermal conductivity of simulation materials 
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Figure 2.11 �± Thermal conductivity of sand vs. moisture content (TeKa, 2014, p. 4) 

 

 

2.4.2) Specific heat 

The specific heat, cp, is the amount of heat energy, per unit mass, required to raise the 

temperature of an object by a one degree Celsius. In the case of this model the specific heat is 

important, especially in the conductor material, to determine the temperature rise with respect 

to the power loss within the conductor. The specific heat of the insulating material varies with 

respect to temperature, as shown in Figure 2.12. The initial increase is due to the volume 

expansion of the material, however, as the material heats closer to melting point, more 

thermal energy is required to change the physical state of the material (Lee, Yang, Choi, & 

Park, 2006, p. 808). To ensure the model uses accurate values with respect to temperature, the 

materialôs thermal properties are dynamically updated as the system changes temperature. 
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Figure 2.12 �± Specific heat capacity of XLPE insulation (Lee, 2006, p. 806) 

 

 

Specific heat, cp (J/(g.K)) 

Material 
Temperature (°C) Reference 

20 50 90 

Aluminium 0.897 (The Engineering 

Toolbox, 2014b) Copper 0.385 

XLPE 2.034 2.976 4.049 (Lee, Yang, Choi, & 

Park, 2006, p. 806) Semiconductor 1.6 2.39 - 

PVC 0.840 ï 1.170 

(The Engineering 

Toolbox, 2014b) 

Bedding 1.480 

Soil 0.800 - 1.480 (moisture dependant) 

Air  1.005 

Table 2.6 �± Specific heat of relevant materials 
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2.4.3) Volumetric mass density 

The volumetric density, ɟ, of the materials present in the simulation are required to calculate 

the thermal diffusivity of the material.  

 

 

Material Density, ɟ (g/cm3) Reference 

Aluminium 2.712 (The Engineering 

Toolbox, 2014d) Copper 8.940 

XLPE 0.92 - 0.948 (Hampton, Hartlein, 

Lennartsson, Orton, 

& Ramachandran, 

2012) 
Semiconductor 1.4 - 1.5 

PVC 0.769 - 0.833 
(The Engineering 

Toolbox, 2014c) 

Bedding 1.522 
(AgriInfo, 2011) 

Soil 1.1 - 1.6 

Air  (1.293 - 1.127)x10-3 (0°C to 40°C) 
(The Engineering 

Toolbox, 2014e) 

Table 2.7 �± Thermal conductivity of relevant materials 

 

 

 

2.4.4) Thermal Diffusi vity 

Thermal diffusivity, Ŭ, quantifies a materialôs ability to conduct thermal energy relative to its 

ability to store thermal energy and is governed by Equation 2.3 which combines the values 

listed above. 
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Equation 2.3 �± Thermal diffusivity of a material  
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Using the worst-case values from the above tables, the values in Table 2.8 were calculated. 

 

Thermal Diffusivity, ɟ (10-6 m2/s) 

Material Minimum Maximum 

Aluminium 84.08 102.54 

Copper 116.5 115.6 

XLPE 0.058 0.150 

Semiconductor 0.1540 0.3004 

PVC 0.1949 0.2941 

Bedding 2.886 5.549 

Soil 0.0127 0.682 

Air  0.0174 0.0239 

Table 2.8 �± Thermal diffusivity  of relevant materials 

 

 

2.5) Rating factors 

Rating factors are used by engineers to extend beyond a standardised set of values and 

provide a higher level of accuracy when analysing a specific system. These factors help to 

minimise the assumptions and generalisations which lead to errors when calculating the 

capacity of underground cables (AS 3008, 2009). The rating factors include but are not 

limited to; the effects of air and ground temperature, the depth of cable lay, heating from 

neighbouring cables and variations between three-phase and single-phase cable construction 

(Gemscab, 2014, p. 8). The simulation model developed in this research project will provide 

the user with enough configurability to omit the need for applying rating factors as the 

simulation model will generate results based on the specific properties of the system.  
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2.6) Statistical representation of cable joint failures 

Cable joints are subject to many external factors which can cause degradation and reduce 

service life. Due to the complex nature of these factors and variation between cable systems, a 

statistical rather than system dependant approach has been adopted in an attempt to predict the 

health of the cable joints within a cable system. Mehairjan's (2010) research into the failure 

rate of cable joints in a 10kV underground cable system will be utilised to provide 

information for a statistical model. The probability distribution shown in Figure 2.13 will 

provide the basis to determine the minimum life expectancy of a system containing synthetic 

cable joints.  

This statistical analysis has many limitations as it is based on one set of data and many 

generalisations must be made to relate this data to all cable installations. Statistical 

information in the field of underground polymeric cable joint failures is very limited as it is a 

relatively new technology. More data will become available as cable installations age, 

however, it will be difficult  to accurately apply this historical data to new cable installations 

as technology within the field of underground power cables is continually advancing through 

improved materials, manufacturing and installation techniques. Taking this into consideration, 

a statistical analysis of cable joints will be included in the simulation to provide users with a 

guideline for determining the health of a system by estimate the statistical worst-case joint 

condition. This information may be useful to evaluate protection setting adjustments or to 

determine preventative maintenance schedules.  
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Figure 2.13 �± Probability density function of synthetic cable joint failures 
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3)  DESIGN AND METHODOLOGY  

3.1) Thermal transfer model 

3.1.1) Thermal diffusion using discrete finite elements 

Heat transfer throughout a system, over time, can be modelled using a combination of 

Fourierôs law of heat flow and a basic two dimensional equation of heat transfer (Nikishkov, 

2010, p. 13).   
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Equation 3.1 �± 2-D representation of a function of T in space and time 

 

 

Where qx and qy are components of heat flow through the unit areas and Q is the rate of 

internal heat generation per unit volume.  According to Fourierôs law, the components of heat 

flow can be expressed as follows (Nikishkov, 2010, p. 13): 
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Combining Equation 3.1 and Equation 3.2 yields: 
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Equation 3.3 �± Heat transfer equation 

 

 



3)  Design and methodology  32 

 

  

   

 

In order to simplify the system described by Equation 3.3, partial differential equations can be 

transformed into finite difference equations. For this transformation, the explicit approach will 

be used to solve for one unknown at a time. The central difference approximation outlined in 

Table 3.1 will be used to transform each of the partial differential equations in Equation 3.3. 

 

 

 

Table 3.1 �± Central difference approximation of derivatives (USQ ENG4104, 2013) 

 

 

 

�ò�6�6
�ò�T�6

�����\ ����
�6�à �>�5�á�á�á�â 
F �t�6�à �á�á�á�â 
E�6�à �?�5�á�á�á�â

�:�¿�T�;�6
 

�ò�6�6
�ò�U�6

�����\ ����
�6�à �á�á�>�5�á�â 
F �t�6�à �á�á�á�â 
E�6�à �á�á�?�5�á�â

�:�¿�U�;�6
 

�ò�6
�ò�P

�����\ ����
�6�à �á�á�á�â�>�5 
F�6�à �á�á�á�â

�¿�P
�� 

 

�Ù
d
�6�à �>�5�á�á�á�â 
F �t�6�à �á�á�á�â 
E�6�à �?�5�á�á�á�â

�:�¿�T�;�6

E

�6�à �á�á�>�5�á�â 
F �t�6�à �á�á�á�â 
E�6�à �á�á�?�5�á�â

�:�¿�U�;�6

h
E�M���6
L��

�6�à �á�á�á�â�>�5 
F �6�à �á�á�á�â

�¿�P
 

Equation 3.4 �± Transformation into central difference equation  

 

Where;  

�M�6, is the thermal rate of change due to heating within a finite element 

�Ù, is the thermal diffusivity of the material as outlined in Section 2.4.4) 
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Equation 3.5 �± Thermal diffusivity of a material  

 

Figure 3.1 shows how the future point of T(m,n,o), T(m,n,o+1), can be calculated from the know 

value of T(m,n,o) and the value of T at the surrounding discrete elements. This is repeated for all 

values of m and n to determine the future temperature distribution of the complete system.  

 

 

 

Figure 3.1 �± Matrix formation for 2 -D steady state temperature 

 

 

Re-arranging Equation 3.4 and by ensuring that æx = æy, the following equation is produced: 
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T(m+1,n,o) 

T(m,n,o) T(m-1,n,o) 

T(m,n+1,o) 

æx 

æy 

T(m,n,o+1) 

 
where: 
m = the x location 
n = the y location 
o = the location in time 
 

T(m,n-1,o) 
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Which is equal to: 
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Letting: 
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Equation 3.6 �± Simplified diffusivity constant  

 

Which can be simplified to: 
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Rearranging to solve for the only unknown, T (m,n,o+1), yields the following equation: 
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Which can be simplified to: 
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Equation 3.7 �± Difference equation with one unknown  
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The central difference equation reduces to Equation 3.7 which can be used to solve the 

unknown future temperature of one finite element. This is effectively a summation of the 

previous temperature of the node, the heat received or lost to the four surrounding nodes and 

any internal heat generation at the node. 

 

3.1.2) Heat generation due to current flow with in the conductor 

As current flows through the conductive material there is an inevitable power loss due to the 

voltage drop across the resistance of the material. The amount of heat generated by this power 

is dependent on the resistance of the conductor, the magnitude of the current and the specific 

heat capacity of the conducting material. The power received by the system is represented by 

the formula for Joule heating (Wiki, 2014a) using the magnitude of the current and the 

resistance of the conductor. The resistance per metre is available from manufacturer 

datasheets and in Table 2.3. 
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Equation 3.8 �± Joule heating/Ohms law  

 

The power acting on each finite element, p, can be solved by multiplying the total power loss, 

P, by the ratio of finite element area to the conductor cross-section. It should be noted that by 

using a length of 1 metre, the volume can be simplified to area.  
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Equation 3.9 �± Joule heating within one finite element 

 

The rate of temperature change within the F.E. due to the power loss, �M�6, can be found using 

the specific heat of the material, cp, which is the amount of energy required to heat a per unit 
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mass by one degree. This rate of temperature change is required in Section 3.1.1) to cater for 

the additional thermal energy from internal heating (QueensU, 2014, p. 11). 

Where, m is the mass of the finite element, relative to the density and volume of the F.E. 
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Equation 3.10 �± Rate of temperature change of F.E. from internal heating 
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3.2) Model conditions 

3.2.1) Boundary conditions 

Boundary conditions are required when using an explicit finite element approximation. The 

boundary conditions that will be used for this model are the temperature values of the outer 

finite elements. To ensure the boundary conditions have minimal impact to the system, the 

system will need to be big enough to ensure the cable system can heat without the boundary 

elements acting as a heat sink. 

 

3.2.2) Conditions at time = 0 

At the initial point of the simulation, the complete system will be set to the ambient 

temperature of the ground and air (if depth is less than half the system height). This will allow 

the simulation to analyse the temperature rise of the system from a no-load condition to 

steady-state.  

 

3.2.3) Simulation time 

The simulation shall continue to run until the maximum temperature within the system 

stabilises. This is dependant of the size of the system and it was found that the temperature 

change within the system was negligible after a simulation period of five days. 

 

 

3.3) Fault current temperature r ise 

Once the load current has been used to determine the steady-state operating temperature of the 

cable, various over-current values shall be imposed on the system to determine the time it 

takes for the conductor to reach the operational temperature limit. By repeating this across a 

range of current values, a break curve can be generated and an industry standard IDMT curve 

can be fitted to the data points.  
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3.4) Statistical cable joint health  

The values found by Mehairjan (2010, p. 73) for the Weibull distribution will be used to 

determine the failure rate function which will outline the probability that a joint failure will 

occur with respect to the age of the system.  

The shape of the system, ɓ = 4.48, and the scale parameter, ɖ = 52.40, outline the probability 

distribution function, f(t), of the two parameter Weibull distribution equation: 
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Equation 3.11 �± Equation for 2-parameter Weibull distribution  

 

The reliability function is defined as follows (New Mexico Tech): 
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Equation 3.12 �± Equation for reliability function  

 

The failure rate distribution, F(t), is determined by dividing the probability distribution 

function by the reliability function (New Mexico Tech): 
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Equation 3.13 �± Equation for failure rate distribution  

 

Solving F(t) for t = age of system (years) gives the probability of one cable joint failing.  
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Figure 3.2 �± Failure rate of a single cable joint (Mehairjan, 2010, p. 73) 

 

 

The probability of one joint failing, Figure 3.2, is then multiplied by the total number of joints 

within the system to determine the probability any one joint will fail at the specified age of the 

system. This probability will then be linearly interpolated with the probability of 0 returning 

the impedance value of a healthy joint, 15 ɛÝ, and the probability of 1 returning the 

impedance of a poor joint, 48 ɛÝ (Fournier & Amyon, 2001). This impedance value can then 

be simulated to analyse how some of the joints within the system may behave. 

Note: this is based on an assumption that if a joint has failed, it has been replaced and the 

replacement is the same age as the system.   



4)  Implementation into MATLAB  40 

 

  

   

 

4)  IMPLEMENTATION INTO MATL AB 

4.1) Overview 

MATLAB software provides a platform to modify and manipulate data contained in matrices. 

This makes it perfect for manipulating and solving a matrix of finite elements. This chapter 

outlines how the mathematics discussed in Chapter 3 will be implemented into MATLAB and 

used to solve the thermal analysis of an underground cable system. Appendix C - MATLAB 

code structure, outlines the interaction between the MATLAB files  with the complete code 

outlined in Appendix D - MATLAB  code. 

 

 

4.2) Finite elements of the system 

The size of the finite element matrix depends on the user specification of the system 

resolution. The cross-section of the simulated cable system is configured as a square with an 

equal number of finite elements across the horizontal and vertical planes. Increasing the 

resolution of the system significantly increases the time the simulation will take to solve. This 

is due to the extra finite elements and a further requirement to decrease the simulation time 

step to ensure the system remains stable. Running higher resolution simulations may be 

feasible when solving a system requiring a higher level of accuracy. The following table 

outlines the three different resolution settings available to the user. 
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Resolution 
System 

size 

Matrix 

size 

No. of 

F.E. 

Stage 1 

iterations 
Runtime Comments 

Low 

(10 mm) 

1m x 

1m 

101 x 

101 
10,201 2,160,000 20 mins*  

This resolution will provide 

the user with a good 

approximation of the system 

within a reasonable 

timeframe. It is suggested to 

use the óMidô resolution to 

when system is confirmed. 

This resolution will not 

work for cable systems with 

conductor cross-section area 

of less than 500mm2. 

Mid 

(4 mm) 

0.8m x 

0.8m 

201 x 

201 
40,401 14,400,000 6 hours* 

This resolution will provide 

accurate results with a 

trade-off of simulation 

runtime. This should be 

used to simulate mid-large 

cross-sections and will 

return well defined images 

throughout the simulation. 

High 

(2 mm) 

0.6m x 

0.6m 

301 x 

301 
90,601 43,200,000 18 hours* 

This resolution should be 

used only to simulate 

smaller cable systems as the 

cross-sectional area is 

smaller than the systems 

above. The 2mm step size 

improves the ability for the 

square based F.E. system to 

represent the curved shape 

of the cable cross-section.  

Table 4.1 �± Finite element resolution configuration 

*  Simulation time will depend on computer's performance 
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4.2.1) Layout matrix  

A matrix representing the total number of finite elements shown in Table 4.1 is generated 

with each matrix entry represented by an integer that maps to the material most present at the 

finite element location. This can be shown by comparing the low and mid resolution of a 

single cable in Figure 4.1. These images are displayed to the user with a relevant colour 

mapped to the number of each element of the layout matrix during the configuration of the 

cable system. It can be seen that the materials of the low resolution setting are in the correct 

location and take the form of the dominant material within the finite element.  

 

 

 

Figure 4.1 �± Comparison of the layout representation of low and mid resolution 

 

 

The layout matrix is created using Pythagorasô theorem to calculate the distance from each 

finite element to the centre of each conductor using the number of rows and columns. This 

distance is used to determine which material would fall within the finite element based on the 

user defined material thickness.  

When simulating a system without cable joints, the layout matrix will be defined using the 

material thicknesses configured by the user. If a system contains cable joints (only applicable 

to conductors of cross-section of 400mm2 or less) the thickness of the materials will be 

defined by the part specification of the Tyco jointing kit, MXSU (Tyco Electronics, 2009). 
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The joint dimensions are based on the MXSU-3341 as this joint is appropriate for cables with 

a cross-section of 185mm2 to 400mm2. 

The layout matrix contains integers from 1-7 and map accordingly to Table 4.2. 

 

 

Integer 

representation 

Material 

representation 

Colour 

representation 

1 Conductor 
Grey (aluminium) 

Copper (gold) 

2 XLPE White 

3 Shield Gold 

4 PVC  Black 

5 Bedding sand Tan 

6 Soil Brown 

7 Air  Blue 

Table 4.2 �± Layout matrix integer representation 

 

 

Note: air is only shown if the depth of lay is less than half the height of the system, as defined 

above in Table 4.1. Australian Standard AS3000 (2007) specifies  cables to be buried at a 

depth greater than 0.6 m thus this simulation would not typically be required, however, this 

feature has been included to simulate cables rising to be terminated above ground. 

Establishing the above layout matrix simplifies the association of material properties with 

specific finite elements, as a MATLAB óifô statement can be used to manipulate one material 

type. For example, heat generated within the finite elements will only occur within conductor 

materials represented by the integer ó1ô in the layout matrix.  
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4.3) Thermal matrix  computation 

As the simulation progresses through time, the temperatures throughout the system will vary. 

As the temperatures within the system change, the material properties will also change. It is 

therefore required that the material properties be updated as the thermal profile of the system 

changes to enhance the accuracy of the simulation.  

 

4.3.1) Material property variation  

The properties of the materials, as discussed in Section 2.3) vary with respect to temperature. 

The individual diffusivity coefficient, �ã, as outlined in Equation 3.6 is dependent on; the 

materialôs thermal diffusivity, �Ù, the simulation time step, �¿�P, and the area of the finite 

element,���:�¿�T�;�6. As the timestep and area remain constant across the complete simulation 

space, the value of alpha becomes the variable of lambda for each finite element.  
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Equation 4.1 �± Diffusivity constant revisited 

 

The �ã value of each finite element is calculated and maintained in the lambda matrix, L. This 

is dynamically updated as the temperature changes within the system to account for variation 

in the material properties. Due to these physical variations and the use of different materials 

throughout the system, neighbouring elements will have different lambda values. To 

overcome this, the L matrix is used to determine the average lambda value at each edge of all 

finite elements. These values are represented as four matrices, (Lu, Ld, Lr, Ll Figure 2.3), 

containing the lambda values at each boundary of every finite element. Further use of the L 

matrices is outlined in section 4.3.3). 
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Figure 4.2 �± Method to determine the Lambda values interacting with each F.E. 

 

 

4.3.2) Qdot matrix  

Another consideration that must not be overlooked is the variation of the conductor resistance 

with respect to temperature. As outlined in Equation 3.8, the power generated within the 

conductor is proportional to the resistance of the conductor, it is therefore important that the 

rate of heat generation within each conductor finite element be dynamically recalculated as 

the conductor temperature changes.  

This matrix Qdot contains the value of �M�6 at every conductor finite element which is calculated 

using the steps outlined in section 3.1.2). By maintaining the data in matrix form, the 

influence of �M�6 can be applied across the complete system using matrix addition of Qdot 

during the creation of the future thermal matrix as outlined in section 4.3.3). 

 

4.3.3) T matrix  

The thermal matrix, T, contains the temperature of each finite element within the system. This 

makes it considerably large with up to 90,000 entries, depending on the resolution. Executing 

the steps outlined in Section 3.1.1) to calculate the future temperature for each of the entries 

would take a very long time if executed as a óforô loop which would not be acceptable. To 

optimise the run time, future temperature values will be found using matrix mathematics. This 

ɚ1 

ɚ2 

ɚ3                 ɚ0                ɚ 4 

 

Lambda matrix values of 

the finite element located 

at (i,j): 

 

Lu(i,j) = (ɚ0 + ɚ1) / 2 

Ld(i,j) = (ɚ0 + ɚ2) / 2 

Ll (i,j) = (ɚ0 + ɚ3) / 2 

Lr(i,j) = (ɚ0 + ɚ4) / 2 

(i,j)  
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is where MATLABôs ability to manipulate matrices becomes a critical tool for this research 

project.  

As discussed previously, they system has boundary conditions fixing all outside elements to a 

known temperature. Therefore, the internal matrix values need to be solved based on the 

previous temperature of the finite elements within the system. To achieve this, five new 

matrices are created from the existing thermal matrix and then used to solve the new thermal 

matrix with matrix operations. Each of these matrices are 2 x 2 smaller than the T matrix and 

are created by first copying T and then shedding unnecessary rows and columns from the T 

matrix as shown in Figure 4.3. 

This matrix manipulation allows for the following single line of code to apply Equation 3.7 to 

all the internal values and generate the future internal matrix for the thermal profile of the 

cable system: 

 

T_Int  = Lu.*T1 + Ld.*T2 + Ll.*T3 + Lr.*T4 + (1 - (Lu+Ld+Ll+Lr)).*T0 + Qmat  
 

 

 

Figure 4.3 �± Creation of T' matrices for simulation optimisation 

 

T1 

T2 

T4 T3 

T0 
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4.4) Pick-up value 

The pick-up value serves two purposes in this simulation; to show the users the maximum 

pick-up value that could be used on the cable system, and as a reference point for the first 

break curve value. To solve for the pick-up value, the simulation must find the current that 

will cause the system to heat to 90 °C at the timer limit of the protection relay. This could be 

solved by brute force, however, the following method has been used to reduce the time to 

solve the simulation. 

The value cannot be solved directly from the load current temperature change due to the non-

linearity of the system with respect to temperature. However, this information can be used to 

estimate the pick-up current. The maximum time for this simulation is restricted by the 

maximum counter time of the protection relay, tmax (10,000 seconds). The simulation is run 

with the estimated pick-up current and the resultant temperature rise is used to further 

estimate the pick-up current. Once the maximum temperature stabilises within 0.5°C of the 

maximum allowable temperature, 90°C, the pick-up current value is accepted and the 

simulation advances to the next step; determining the system break points.  

 

4.4.1) Method for pick-up current estimation 

As, ȹT is proportional to q, q is proportional to P, and P is equal to I2 the following equation 

can be used as an approximation. However, as the system is non-linear due to the variation of 

material properties with respect to temperature, this is used as a guide only. 

 

�Â�6�ß ���6��  

 

Although the target curve is the red curve outlined in Figure 4.4, starting from the steady-state 

thermal profile, it can be seen that solving for the no load pick-up current value, green, will 

yield only a small error to the desired óredô curve. This error will later be removed as the 

simulation converges on 90 °C. 
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Figure 4.4 �± Solving for the system's pick-up current 

 

 

Using the following proportionality equations: 
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Where resistance, R, is assumed constant (this is not true due to material property changes): 

 

�Â�6�Ì�Ì
���P

�6 �ß ��  

 
�Â�6�5
���5

�6 �ß ��  

 

Time 

System 

max. temp. 

90°C 

SSM

T 

Gtem

p 
tmax 

ȹT1 

ȹTSS 

ȹTPU 

Error 

Steady-state thermal profile 

Required thermal profile 

Pick-up thermal profile 

 



4)  Implementation into MATLAB  49 

 

  

   

 

The following equation can be derived:  
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Rearranging to isolate the unknown: 
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Solving for I1: 
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4.4.2) Pick-up current finalisation 

The above method is used to determine an estimate of the pick-up current. Due to the non-

linearity of the system, this value is always above the target of 90°C. This is predominantly 

due to the increase in resistance of the conductor and therefore a higher power output as 

temperature increases.  

By repeating the above method, the system can converge on the actual pick-up current of the 

system. Again, due to the non-linearity of the system, the second attempt would overshoot so 

the average between the calculated value and the previous estimate is used. This is repeated 

until the resultant thermal curve reaches 89.5 < T < 90.5 °C at t = tmax. The maximum 

attempts is locked at five to ensure the system does not get into an endless loop should the 
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result not diverge, however, the pick-up current value is generally found in less than three 

attempts, as shown from the output data below. 

 

Example progress report from the MATLAB command window: 

 

At iteration 1, current used 1399A, max temp. 135.27  
At iteration 2, current used 1228A, max temp. 93.17  
At iteration 3, current used 1212A, max temp. 90.08  
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4.5) Solving for protection settings 

4.5.1) Break curve 

Once the pick-up current is known, the simulation then continues to solve for the break points 

of the cable system. To achieve this, fault current values at logarithmic intervals above that of 

the pick-up current are simulated onto the steady state thermal profile. The simulation time 

taken for the system to reach the maximum permissible temperature is recorded at each of the 

fault current values thus creating a break curve. A safety curve is then determined by 

considering the breaker operating time and the user defined safety margin which would 

normally account for any safety factors and equipment tolerances. 

 

 

Figure 4.5 �± Break curve of simulated cable system 
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4.5.2)  Curve fitting  

A brute force approach is used to fit the industry standard protection curves outlined in 

Section 2.2.6). Two variables are required to configure the curves; the pick-up current and the 

time multiplier setting (TMS). At this stage, the pick-up current is already know from the 

method described in section 4.4). 

The system individually solves each curve for the TMS value by starting with TMS = 0, the 

curve is checked against the safety curve and if all points fall below this, the TMS is 

incremented by 0.1, which shifts the curve up slightly and, re-checked. Once the TMS value 

causes the curve to exceed any of the points on the safety curve, the previous TMS value is 

saved and the same procedure is undertaken to solve for the other curves. 

 

4.5.3) Best fit curve 

After all the curves have been fit to the safety curve, the next step is to find the curve that fits 

best. To achieve this, the vertical gap (time) between each point of the best fit and safety 

curve, is used to determine the regression. As this is a logarithmic system, linear regression 

cannot be used as the points at the lower end of the tripping time should carry the same 

weight as the tripping time at tmax. For this reason, a logarithmic regression is used at each 

point of the curve, as depicted by crosses in Figure 4.5. The regression values for each curve 

are summated with the lowest total regression representing the most appropriate protection 

settings. This curve is then displayed with the setting values to the user along with the break 

and safety curves for the cable system. 
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4.6) Assumptions, approximations and limitations 

Whilst every effort was made to develop an accurate model of an underground cable system 

and account for all the significant factors influencing the thermal properties of the system, the 

following limitations should be noted as they may enhance the accuracy of the model. These 

may provide basis for further analytical work in this field.  

 

4.6.1) Limitations of the 2-dimensional model 

For the 2-dimensional model to operate, it is assumed that all parts along the cross section of 

the cable heat homogeneously. In reality, there would be a variation in temperature along the 

cable system as the cable passes through materials with varying thermal properties (Williams, 

1999). This temperature differential along the cable would allow areas of increased 

temperature to not only conduct heat outwards through the insulating material and into the 

surrounding soil but also along the cable in a transverse direction. This would not have a 

significant impact on the analysis of the cable unless the material properties changed 

suddenly. However, this could be influential for a cable joint which has the potential for a 

significant thermal gradient (dT/dz, where z is the distance along the cable). This would 

promote thermal transfer in the z direction and ultimately a change in steady state temperature 

which has not been factored into the simulation model. 

 

4.6.2) Interfacial thermal resistance 

The thermal diffusivity between finite elements were determined by taking the average of the 

thermal diffusivity by the two neighbouring elements. This neglects the interfacial thermal 

resistance between the two material surfaces which acts to increase the thermal resistance due 

to molecular variations in the materials.  

 

4.6.3) Boundary conditions 

For the finite element analysis to work, boundary conditions are required. These conditions 

are required to keep the simulation referenced to the ambient conditions. The effect of the 
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boundary conditions can be reduced by increasing the simulation space, however, this is a 

trade of with the simulation time.  

 

4.6.4) Surface heating 

The effects of surface heating, such as where an underground cable passes under a road, can 

affect the thermal conditions of the cable system. In the case of this simulation, no provision 

was added to accommodate the additional heating effects of surface heating 

 

4.6.5) Joint resistance 

Whilst many of the material properties within the system are dynamically updated as the 

system changes with temperature, this information was not available for cable joints, therefore 

the resistance remains fixed with respect to temperature. Information on cable joint resistance 

is not readily available as in practice, any resistance measurements on cable joints would 

require destructive intervention making the joint unserviceable.  

 

4.6.6) Method for earthing the cable screen 

The voltage induced on the shield of the cable by the main conductor has the potential to 

generate currents within the shield. These currents cause additional heating within the cable 

system and can result in a reduction of capacity. For this reason, many cable installations only 

terminate the shield of the cable at the supply end of the cable system. If this is done, the 

screen is still bonded to earth and any insulation breakdowns will be detected by the 

protection device, however, there is a risk of voltage potential developing between the cable 

shield and earth reference at the downstream plant. This simulation assumes no current 

flowing within the shield of the conductor and therefore, best models single earth bonding of 

a cable system.  
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4.6.7) Skin and proximity effect 

The skin effect has been omitted from this simulation due to the relatively small, and round 

conductors. The effect of this phenomenon generally results in an uneven current distribution 

within the conductor and an increase in the joule heating due to the displaced current flow. It 

starts to become significant for conductors of 1600 to 2000A and is very important above 

4000A where it can generate up to 10% additional heating within the conductor (Schneider 

Electric, 2002).  

 

4.6.8) Heating within the insulation 

As the voltage within a power cable is charging and discharging the electric field within the 

insulation material 50-60 times per second, this can lead to heating within the insulating 

material. For the purpose of this research project, this effect has been neglected.  

 

4.6.9) Free convection 

Free convection, as described by Farouke, (1981, p. 7) is caused by changes in density with 

respect to temperature. However, Farouke states that in soils, the convection through air or 

water is negligible due to the very small nature of the pores. For the purpose of this 

simulation, only the thermal conductive properties have been considered for thermal transfer 

within the system.  
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4.7) Validation of model 

The simulation model must be assessed to determine if the results from the simulation will be 

useful. Whilst sophisticated and expensive cable analysis software was not accessible 

throughout the duration of this project, design guidelines from manufacturerôs data and 

Australian standards provided the basis for the assessment. This information was compared to 

the break points generated by the simulation to determine the accuracy of the model. It would 

have been an added benefit to compare the steady state temperature values with real-world 

test results, however, no results could be found to make a valid comparison.  

 

4.7.1) GEMSCAB 

Data from the Gemscab datasheet was used to determine the current rating of the cable system 

as outlined in Table 4.3. These values were also implemented into the simulation model so the 

results could be compared for a direct buried 11kV cable with 630mm2 cross-section. The 

rating factors are used to determine a more accurate cable ampacity given the environmental 

conditions of the cable system.  

 

 

Variable Value used Rating factor 

Cable configuration Single trefoil 1 

Conductor cross-section 630 mm2 1 

Nominal rating 553 A 1 

Depth of lay 600 mm 1 

Soil thermal resistance 0.5 W.m-1.K-1 0.89 

Soil temperature 25 °C 1.04 

Current rating  512 A 0.926 

Table 4.3 �± Gemscab current rating, data: Gemscab (2014) 

 

 

By using a similar load current in the simulation model, the results from the break curve can 

be analysed against the short circuit rating of the cable system. These values are shown in 

Figure 4.6 and are derived from the following equation for short circuit rating as defined by 

Gemscab (2014, p. 18). 
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Where, K, the thermal constant for the Gemscab 630mm2 aluminium conductor, is equal to 

59.0. From this, the short circuit current value, Ish, can be equated from the conductor cross-

sectional area, A, and trip time, t. This is an adiabatic approximation and not effects of 

thermal transfer within the system are considered.  

 

 

4.7.2) Australian Standard 3008.1.1-2009 

The Australian Standard, AS3008, sets out a method for cable selection and determining 

sustained current-carrying capacities for cable installations in Australia (AS 3008, 2009). This 

method is specifically for cable systems operating at voltages below 1kV, however, for the 

purpose of cable ampacity only, this will provide a valid benchmark to compare the 

simulation model.  

 

 

Variable Value used Rating factor 

Cable configuration Single trefoil 1 

Conductor cross-section 630 mm2 1 

Nominal rating 688 A 1 

Depth of lay 600 mm 0.97 

Soil thermal resistance 0.5 W.m-1.K-1 0.81 

Soil temperature 25 °C 1 

Current rating  540 A 0.785 

Table 4.4 �± Australian Standard current rating, data: AS3008 (2009) 

 

 

AS3008 outlines a method for determining trip times with the addition of the safety period 

where the cable system can operate up to 250 �öC for less than 5 seconds. For a fault duration 

of more than 5 seconds, the maximum operating temperature of XLPE insulation is 90 �öC. 
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The values for K for faults lasting more or less than five seconds can be obtained from 

AS3008 - table 52. 
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Using these values, the following equation can be used to determine the recommended trip 

times of the cable system. These values are shown in Figure 4.6. 
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4.7.3) Simulation results 

By simulating a cable system identical to that discussed above, the results from the simulation 

can be validated against the methods from the Gemscab datasheet and AS3008. The variables 

used in the simulation are as follows. It should be noted that 520 A was used as the load 

current which is between the two values determined above. 

 

Variable Value used 

Cable configuration Single trefoil 

Conductor cross-section 630 mm2 

Load current 520 A 

Depth of lay 600 mm 

Soil thermal resistance 0.5 W.m-1.K-1 

Soil temperature 25 °C 

Table 4.5 �± Values used for simulation verification 

 

The two methods outlined above use an adiabatic model ignoring any thermal transfer within 

the system. This approximation is acceptable for determining thermal behaviour over short 

fault periods, however, as fault time increases, heat transfer from the conductor will become 
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more apparent. Figure 4.6 shows that initially the simulation results and the trip times 

determined from the Gemscab and AS3008 methods are very similar. It is important to note 

that the AS3008 method, and similarly the simulation model, consider a 5 second period 

where the cable system can tolerate a maximum temperature of 250 �öC. The similarity 

between the Gemscab and AS3008 methods for t > 5 seconds outlines that these methods 

offer an accurate point of comparison for the simulation results. The simulated break curve 

tracks very closely to that of the AS3008, especially at the higher fault levels where t < 5 

seconds. The effect of thermal transfer on the protection time can be seen as time increases 

and the simulated curves diverge from the adiabatic curves. This provides a more realistic 

representation of how the system would behave at low fault levels and proves the system is 

comparable to industry standard approaches for determining trip times at high fault levels.  

 

 

Figure 4.6 �± Simulation validation using protection curves 
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5)  CASE STUDIES AND PRACTICAL USE 

5.1) Chapter overview 

The following chapter covers a variety of simulated cable installations. In each case study, 

one key variable (Table 5.1) of the system was changed to understand the effects this variable 

would have on the required protection settings of a cable system.  

 

 

 

Case study System property variation 

1 
Comparison of single trefoil and parallel run trefoil with the 

same load current.  

2 The use of a trefoil cable compared to three single cables.  

3 Cable system with and without bedding sand.  

4 Pre-fault load current on the cable system.  

5 Variation in the ambient temperature of the soil. 

6 Core conductor material - copper and aluminium.  

7 How deep the cable has been buried.  

8 Soil saturation level. 

9 Cable joint health. 

Table 5.1 �± Case study overview 
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5.2) Case study 1 - Parallel run trefoil  

One the motivating factors for conducting this research project was to analyse the 

maintenance options of parallel run trefoil installations.  The assessment was based on taking 

one of the cables out of service and restoring the downstream supply via the single healthy 

cable. It is important to note that this will  affect the voltage drop and rated current of the 

system, however, if these effects on the system were tolerable, modified protection settings 

would need to be considered in order to provide adequate protection to the reduced system. 

This case study will analyse if such a measure could be used to restore supply to critical 

downstream equipment during fault rectification and maintenance of the complementary 

cable. The following system parameters were used for case study 1 where the variation 

between the simulation models has been outlined in red. 

 

 

Variable Simulation A Simulation B 

Cable configuration Parallel trefoil Parallel trefoil 

Cables in service 2 1 

Depth of lay 600 mm 600 mm 

Bedding sand around cables 50 mm 50 mm 

Bedding sand thermal resistance 0.25 W/(m.K) 0.25 W/(m.K) 

Soil thermal resistance 0.8 W/(m.K) 0.8 W/(m.K) 

Separation between cables 20 mm 20 mm 

Conductor material Aluminium Aluminium 

Conductor cross-section 400 mm2 400 mm2 

XLPE thickness 12 mm 12 mm 

Shield thickness 3 mm 3 mm 

PVC thickness 4 mm 4 mm 

Soil temperature 15 °C 15 °C 

Load current 630 A 630 A 

Table 5.2 �± Case study 1 variables 

 

 

5.2.1) Thermal results 

The following plots were generated with a fixed maximum axis of 50 °C.  
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Figure 5.1 �± Steady state thermal profile (all cables in-service) 

 

 

 

Figure 5.2 �± Steady state thermal profile (single trefoil  in-service) 
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5.2.2) IDMT protection curves 

The following plot contains a combination of the protection curves found by the simulation.  

 

 

 

Figure 5.3 �± Case study 1 IDMT protection curves 
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5.2.3) Discussion 

 

 

Results 
Simulation A 

Parallel trefoil 

Simulation B 

Single trefoil 

Steady state, max T 26.6 °C 48.1 °C 

Steady state, ȹT 11.6 °C 33.1 °C 

Maximum pick-up current 1489 A 862 A 

IDMT curve IEC Ultra IEC Extremely 

Pick-up setting 1191 A 689 A 

Time multiplier setting 16.7 8.5 

Table 5.3 �± Case study 1 results 

 

 

Table 5.3 outlines the key differences between the operating limits of parallel versus single 

trefoil configuration. The temperature rise of the single cable is 2.85 times that of the parallel 

run cable. This would increase the fatigue of the cable and reduce the expected life, however, 

it is still within operating limits so restoring the system as a single cable run is feasible under 

the results of this simulation. Obviously, the current capacity of the single cable is about half 

that of the single cable and looking at Figure 5.3, there is a significant shift in the required 

protection curve. If a single cable is to be put into service in this configuration, care must be 

taken to ensure the protection settings will provide adequate protection to the cable in-service.  
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5.3) Case study 2 - Trefoil versus three single cables 

This case study investigates the variation in capacity and required protection settings when 

using three single phase cables, compared to a trefoil cable. The following system parameters 

were used for case study 2 where the variation between the simulation models has been 

outlined in red. 

 

 

Variable Simulation A Simulation B 

Cable configuration Single trefoil 3 single cables 

Depth of lay 600 mm 600 mm 

Bedding sand around cables 0 mm 0 mm 

Bedding sand thermal resistance 0.25 W/(m.K) 0.25 W/(m.K) 

Soil thermal resistance 0.8 W/(m.K) 0.8 W/(m.K) 

Separation between cables NA 0 mm 

Conductor material Copper Copper 

Conductor cross-section 1000 mm2 1000 mm2 

XLPE thickness 30 mm 30 mm 

Shield thickness 5 mm 5 mm 

PVC thickness 10 mm 10 mm 

Soil temperature 15 °C 15 °C 

Load current 1000 A 1000 A 

Table 5.4 �± Case study 2 variables 

 

 

5.3.1) Thermal results 

The following plots were generated without a fixed temperature axis but may be used as a 

guide to determine the steady state thermal profile. The maximum value on the right hand 

colour bar reflects the systemôs maximum steady state temperature. 
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Figure 5.4 �± Steady state thermal profile (trefoil) 

 

 

Figure 5.5 �± Steady state thermal profile (three single cables) 
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5.3.2) IDMT protection curves 

The following plot contains a combination of the protection curves found by the simulation.  

 

 

 

Figure 5.6 �± Case study 2 IDMT protection curves 
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5.3.3) Discussion 

 

 

Results 
Simulation A 

Single trefoil 

Simulation B 

3 single cables 

Steady state, max T 37.0 °C 37.9 °C 

Steady state, ȹT 22.0 °C 22.9 °C 

Maximum pick-up current 1803 A 1755 A 

IDMT curve IEC Ultra IEC Ultra 

Pick-up setting 1442 A 1404 A 

Time multiplier setting 36.3 35.9 

Table 5.5 �± Case study 2 results 

 

 

The thermal profile of the three single cables shows that the middle conductor sits in the 

centre of a symmetrical thermal system, Figure 5.5. For this reason, the centre cable endures a 

higher temperature than the outside cables and also a higher temperature than the trefoil 

system as in the trefoil system, each of the phases have an equal opportunity for heat 

dissipation to the surrounding environment.   
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5.4) Case study 3 - Using bedding sand 

This case study investigates the effects using bedding sand can have on the capacity of a cable 

system. The following system parameters were used for case study 3 where the variation 

between the simulation models has been outlined in red 

 

 

 

Variable Simulation A Simulation B 

Cable configuration Single phase Single phase 

Depth of lay 600 mm 600 mm 

Bedding sand around cables 150 mm 0 mm 

Bedding sand thermal resistance 0.25 W/(m.K) 0.25 W/(m.K) 

Soil thermal resistance 0.8 W/(m.K) 0.8 W/(m.K) 

Conductor material Copper Copper 

Conductor cross-section 2000 mm2 2000 mm2 

XLPE thickness 40 mm 40 mm 

Shield thickness 2 mm 2 mm 

PVC thickness 15 mm 15 mm 

Soil temperature 15 °C 15 °C 

Load current 2000 A 2000 A 

Table 5.6 �± Case study 3 variables 

 

 

5.4.1) Thermal results 

The following plots were generated without a fixed temperature axis but may be used as a 

guide to determine the steady state thermal profile. The maximum value on the right hand 

colour bar reflects the systemôs maximum steady state temperature. 
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Figure 5.7 �± Steady state thermal profile (with bedding sand) 

 

 

Figure 5.8 �± Steady state thermal profile (without bedding sand) 






















































































