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Medium voltage feeders are evolving from traditional radial topologies to interconnected 

feeders with distributed generation. For a feeder with a source at either end, the circuit 

breakers at both ends have to open to isolate a fault on the feeder. The type of overcurrent 

protection applied to these networks are predominantly of the inverse definite minimum time 

type.  

 

To evaluate if a feeder conductor is protected from the thermal effect of conducting fault 

current, let-through energy can be considered. Let-through energy refers to the I²t heating 

effect of the fault current for a certain time period and the absorption of this energy as an 

adiabatic process. The hypothesis that is tested in this thesis shows that it is possible to 

evaluate conductor let-through energy in a multi-source interconnected network. To evaluate 
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a conductor’s let-through energy exposure, the network has to be considered from a holistic 

perspective as a circuit breaker operation in a multi-source interconnected network will 

result in fault current redistributing. This change in fault current will change the protection 

operating time. The change in fault current and exposure time creates different let-through 

energy levels over time and at different positions on a faulted feeder. With this change in 

measured fault current a discrete version of the traditional inverse definite minimum time 

relay equations have to be used to determine the relay operating time. An average disk speed 

relay model was also created in this research.    

 

A full evaluation application was developed for evaluating the hypothesis and feeder let-

through energy exposure. A new three-dimensional surface and heat map of let-through 

energy-to-distance-to-time was created within this full evaluation application. The time 

component of this surface allows other circuit breakers in the network to operate and the 

fault current to redistribute. The change in conductor let-through energy exposure is captured 

in the current that is measured at either end of the feeder and the relay operating time (time 

to trip). To assist with the evaluation the volume under the let-through energy graph is 

determined so as to provide a single quantifiable comparable number. The hypothesis was 

proven by means of case studies. Three case studies were used, the first a radial feeder 

application where elements that influence let-through energy were shown. The second and 

third case studies were for a multi-source interconnected feeder; one with a strong and weak 

source and the other with two similar sources at either end of the feeder. Some of the 

protection elements that were evaluated are high-set elements, auto reclosing and different 

operating curves. In the case studies it was shown that this full evaluation method works 

well for evaluating the conductor exposure in both radial and multi-source interconnected 

networks. This holistic evaluation method assists with identifying elements that influence 

let-through energy and supports optimising protection settings with the aim of minimising 

conductor let-through energy exposure.  
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AC Alternating current 

AR Auto-recloser 
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LV Low voltage 

MAIFI Momentary average interruption frequency index 

MV Medium voltage 

NI Normal inverse 

N/O Normal open 

OC Overcurrent 

PSCAD Power System Computer Aided Design 

PSS Power System Simulation and Modelling Software 

PU Pick-up 

PV Photovoltaic 

RMS Root mean square 

SAIDI System average interruption duration index 

TM Time multiplier 

UN United Nations 

US United States 

VI Very inverse 

VT Voltage transformer 
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CHAPTER 1 INTRODUCTION 

1.1 PROBLEM STATEMENT 

1.1.1 Background to the problem 

Energy. Everybody needs it, when they need it, at minimum cost, as reliable as possible and 

presently there is pressure to reduce the impact or harm to the environment when generating 

electricity.  

 

The United Nations (UN) has shown that the energy generation mix within the world is 

changing [1] and [2]. For the year 2014 to 2017, generation from combustible fuels increased 

by 6.1 % to that of renewable energy sources of 28.8 % [1]. For the six-year period from 

2011 to 2017 the following can be observed for the UN energy mix statistics if it is 

normalised to the values in 2011. Combustible fuels and nuclear generation stayed fairly 

constant over the six-year period whereas wind and solar generation showed significant 

changes. When comparing the different regions of the world the change in wind and solar is 

most prominent for all the different regions in the world (Africa, North America, South 

America, Asia, Europe and Oceania).  

 

There was a big change in the installed solar capacity for the South American continent 

starting at just 7 MW in 2011 and reaching 3523 MW in 2017 [1], [2]. A similar trend is also 

observed in Asia with an installed capacity of 8411 MW in 2011 and reaching an installed 

capacity of 218169 MW by 2017 [1], [2]. The installed capacity of wind generation on the 

Asian continent increased from 67.8 MW to 217.8 MW from 2011 to 2017. In Europe, wind 

generation increased from 95 MW to 170.8 MW. The greatest increase in generation 
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capability is within Asia. In 2001, close to 70 % of all electricity that was generated in the 

United States came from fossil fuels and 30 % was from sources such as hydroelectric and 

nuclear plants [3]. A very small amount was from other generation types. The United States 

of America have set a goal of 20 % wind energy generation by 2030 [4]. The UN statistics 

for North America is indeed showing a significant change towards renewable sources, 

supporting the drive towards renewables [1], [2].  

 

An article that was published in CBS News indicated that the levelized cost of energy in 

2018 for a wind farm was between $ 29 to $ 56 per megawatt [5], [6]. For a solar farm this 

was reported at $ 31 to $ 44 per megawatt [5]. A cost of $ 36 to $ 46 per megawatt for a 

solar farm was reported in [6]. The cost of a coal plant was placed between $ 27 and $ 45 

per megawatt [5], [6]. This shows that it is becoming better to invest in renewable generation 

technologies as compared to traditional coal generation. The reduction in cost is supported 

by the increase in wind and solar generation types when considering Figure 1.1.  

 

Figure 1.1.  Worldwide generation type capacity change from 2011 to 2017. 

Figure 1.1 shows how the worldwide energy mix has changed over the period from 2011 to 

2017 [1], [2]. The biggest increase is within the renewables. This renewables category 

includes generation such as wind, solar and other (tide, wave and geothermal marine). From 
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Figure 1.1, the reduction in levelized costs for renewables and government drives towards 

cleaner energy (e.g. US target of 20 % wind), it can be predicted that the installation of 

renewable generation is only going to increase into the future. Over the period shown all the 

generation types have increased except nuclear that have decreased below zero during 

certain periods. 

 

In 2019 the commissioned DG (and related technologies) reached a value of 51 GW, an 

increase of 10 % in one year [7]. Projections for the global market in DG are set to reach a 

value of US$ 183 billion in 2025 [8]. For the decade of 2020 to 2030 the total investment 

into DG is set to reach US$ 846 billion [7]. Solar photovoltaic (PV) is set to account for the 

majority of the generation with 88.2 % of the funding allocated for it [7]. It is projected that 

the top three areas for DG installations will be Asia at 48 %, North America at 17.5 % and 

Europe at 16 % [7]. The global installed capacity of DG is set to account for 10 % of the 

generation at a value of 1182 GW by 2030 [7]. Generation installed at consumers premises 

are set to change the industry. The cost of energy storage is also forecast to reduce by 35 % 

from 2020 to 2030 [7]. This will promote the installation of this technology into the grid.  

 

In the initial electricity networks, the generation was installed close to the load, but as AC 

transmission was developed, the generation was moved further away from the load [9]. For 

the power system network in Figure 1.2, generation is done in large quantities where natural 

resources (fuel) are present and this energy is then transported to load centres [10]. This bulk 

power is moved over large distances using high and extra HV transmission lines [9], [11]-

[13]. Transmission lines are normally constructed in relatively straight lines whereas 

distribution feeders tend to follow roads [11]. This helps with the maintainability and initial 

construction of the distribution feeders [11]. 
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Figure 1.2.  General power system network layout. 

From these transmission substations the voltage is changed to lower values (step down) for 

the purpose of further distributing the power over shorter distances. Then, this sub-

transmission level is further reduced to distribution level voltages such as medium voltage 

(MV) and finally to levels for use at the loads itself such as low voltage (LV). The 
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transmission lines will normally cover a large distance but a small geographical area. 

Distribution lines will normally cover shorter distances. The distribution feeders do cover a 

wide area and may have a complicated layout [12]. The MV distribution feeders are 

traditionally radial in nature [9], [13]. It is found that 97 % of the world population live 

within a radius of 10 km of an MV feeder [11]. MV is defined by the IEEE as voltages 

ranging from 1 kV (including) to 100 kV (less than) [14]. The IEC defines this as voltages 

ranging from 1 kV (excluding) to 35 kV (including) [15]. Within South Africa the 

distribution code defines this as voltages as ranging from 1 kV (excluding) to 44 kV (less 

than) [16]. 

 

The generation, transmission and distribution of electricity is very inefficient with roughly 

only a third of the input energy actually being consumed by the customer. The rest of these 

are accounted for in losses in the transmission and distribution system, inhouse supplies at 

power stations and the loss in converting fuel to electricity [3]. Larger scale renewable 

generation wind and solar PV farms can connect to high voltage (HV) busbars due to the 

magnitude of power that have to be transmitted. By increasing the voltage, the I²Rt losses 

are reduced. Medium scale generation can be connected to the MV system directly. 

Distributed generation (DG) can also be connected to the MV feeder directly. With the 

reduction in cost of wind and PV generation, increased pressure on governments to invest in 

green or cleaner energies and the global increase in demand for energy the distributed energy 

model as shown in Figure 1.2 with all the future generation sources connected is fast 

becoming a reality for a much wider spectrum of countries. This installation of DG is 

changing the once uncomplicated radial feeder into a new configuration resembling an HV 

network. 

 

There are many types of DG that can be implemented on a small scale. Some of these are 

hydroelectric, biomass, wind, solar, gas or liquid fuel [17]-[19]. Electric vehicles may also 

start to backfeed into the grid at low voltage levels when they are parked (or docked). The 

vehicles become an energy storage device in the network under certain conditions [12]. At 

present, the two most common technology types used are wind and solar. Wind and solar 

generation can be implemented on scales ranging from a panel placed on a rooftop to a large 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 1 INTRODUCTION 

 

Department of Electrical, Electronic and Computer Engineering 6 

University of Pretoria 

farm covering square kilometres. With the generation being so versatile, it is possible to 

implement different scales of these generating plants that can be used for private generation 

or then to feed back into the supply grid (small and micro generation in Figure 1.2). This can 

keep the cost of electricity down if the generation is close to the load centre [20]. By having 

the generation close to the load, the efficiency of the power system is improved as the losses 

associated with transporting the power from the traditional large base load power station via 

the transmission lines and transformers are removed (see Figure 1.2) [20]-[22].  

1.1.2 Research gap 

MV distribution networks are generally radial in nature due to the simplicity and cost 

effectiveness of this design [12], [23]-[26]. For a radial network, fault current will always be 

unidirectional, flowing from the source to the fault (no other infeeds). Customer 1 to 3 in 

Figure 1.2 are supplied on two radial feeders if the additional DG (small and micro) are 

removed.  

 

A radial feeder allows the network to be protected using an uncomplicated method of 

measuring current and operating in a certain time if the current is above a threshold [17], 

[24], [26]-[33]. This form of protection is called overcurrent (OC) protection. This method 

of protecting a network has drawbacks in that it is generally slow and not as selective when 

it comes to isolating a fault (compared to impedance and differential protection). But it is a 

much less expensive relay. When comparing the cost of an OC and earthfault (EF) relay to 

a basic impedance and differential relay from one manufacturer it was found to be 44 % 

cheaper. If a transmission substation is taken offline (due to a fault), it can result in a larger 

number of customers being influenced than when a distribution station is taken offline. It 

does make sense in designing a system that is less expensive for distribution MV feeders and 

a system that is more secure for HV feeders. This can be seen in the relay technology 

(available functions) and price thereof. 

 

There are many philosophies and approaches available for protecting a MV network. All of 

these philosophies have criteria that can be defined in terms of sensitivity, selectivity, 
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security, speed and dependability [21], [34], [35]. These are the main building blocks of any 

protection philosophy. When setting the devices, the philosophy is providing the guidance 

on what should be considered as acceptable protection settings for the applied protection 

elements. For OC protection there are a number of settings that can be set per protection 

relay that should reflect the philosophy. These are the operating curve, the pick-up (PU) 

current, the time multiplier (TM), the time delay (depending on curve), the application of 

auto-reclose (ARC) cycles and perhaps additional operating curves. 

 

The MV OC protection will have to be set to provide the required sensitivity and selectivity. 

For traditional radial MV feeders there is normally no main protection (e.g. differential) as 

the MV feeders can branch significantly. As the MV networks are evolving with the 

application of DG and more interconnectivity between feeders using normal open (N/O) 

points, the MV feeders are starting to resemble transmission and sub-transmission networks. 

 

Additional generation or interconnections to other feeders does however create a new set of 

challenges in the traditional radial MV networks. With additional DG being implemented 

close to the load or on the MV feeder there is now an opportunity for bidirectional powerflow 

on the feeder [9], [13]. It may be possible for the feeder to island itself from the supply grid 

under certain conditions. Fault current can also be supplied from the DG (depends on 

generation type and applied protection). This may change the fault levels [9], [13]. This 

change in fault levels and bidirectional powerflow can influence the protection operating 

times (speed), the sensitivity of the protection, the selectivity (coordination) and security 

(e.g. sympathetic trips).  

 

The main focus of this thesis is to introduce the concept of let-through energy (LTE) 

protection, show why and how this should be considered in a multi-source or interconnected 

network. If this statement is broken down into components, we can see that it consists of a 

number of key concepts. These are LTE, protection, multi-source and interconnected 

networks. LTE has both a fault current and time component. Both of these are influenced by 

the DG or interconnected network topology. There are many forms of protection, but OC 

protection is the predominant type used on MV feeders. To isolate a fault in a multi-source 
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interconnected feeder, it may require multiple CBs to open as compared to a radial feeder 

where a single CB can isolate the fault. 

 

As current passes through a material (such as a conductor), the material is heated due to the 

internal resistance of the material. This heat can alter and weaken the conductor material. If 

this is the case, the material can then be damaged if the current magnitude is high enough 

and it is present for a long enough period [10]. The protection equipment should break the 

fault current prior to this conductor damage occurring, this is LTE protection. Mention is 

made of LTE protection in the literature [10], [36]. Some guidance towards the application 

on a radial feeder is provided in [37]. In general, little application information is available 

for reducing conductor LTE exposure. No mention of the application or philosophy for the 

application of LTE protection in multi-source or interconnected networks (or a combination 

of both) are made in the literature. The conventional protection of radial and multi-source 

networks is discussed in the literature. New developments in these fields extends towards 

using optimisation techniques to determine the required OC protection settings. The 

optimisation technique then uses the applicable philosophy (speed, selectivity etc.) to set the 

constraints. The LTE element has not been used as a constraint in this optimisation 

techniques for interconnected or multi-source networks. Other forms of protection such as 

impedance, differential and travelling wave methods are also being applied on newer feeders 

for the protection thereof. 

 

There are many types of faults that can be found on an overhead feeder. These are three-

phase faults, Line-to-Line faults (L-L), Line-to-ground (L-G) and Line-Line-to-Ground (L-

L-G) faults [38], [39]. The work done in this thesis is limited to phase OC protection for 

faults not involving an earth path, thus phase faults only (three-phase and L-L). For the three-

phase and L-L faults only positive and negative sequence currents are expected to flow [38], 

[39].  

 

The philosophy of applying LTE still has to be determined for this changing network towards 

interconnectivity and multiple generation points. That is the focus of this work. 
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1.2 HYPOTHESIS AND RESEARCH METHODOLOGY 

As the access to small scale renewable generation is becoming more accessible, the 

electricity industry is changing with generation to be implemented in MV networks. These 

MV networks also have the ability to be interconnected to other MV networks or feeders for 

improved security of supply, thus creating another possible source of supply to the MV 

feeder. Most of the existing MV networks are radial in nature. The feeder interconnections 

and additional generation is changing the radial nature of these feeders. The protection and 

protection philosophy applied to these feeders are still predominantly current based IDMT 

type protection. The hypothesis to be tested in this research is: 

 

A method can be developed to evaluate conductor LTE protection on a MV feeder 

within an interconnected network and with distributed generation installed. 

 

The main objective of this protection is to develop a method that can be used to ensure the 

feeder conductor is actually protected in a MV multi-source interconnected network. It was 

found that LTE protection is a key component of phase overcurrent (OC) protection in radial 

MV feeders [40], [41]. This research is expanded towards including this new generation of 

MV feeders (multi-source, interconnected). The main focus of this philosophy is similar to 

the main focus areas that was used for a radial feeder [41]. For an ideal philosophy, these 

key points in order of priority are the following:  

• The risk at the fault position can be removed. 

• Faults will not damage primary plant equipment.  

• Load demands can be met indefinitely. 

Risk can take the form of risk to life and then the risk to primary plant [42]. Life includes all 

life, human, fauna and flora. If primary plant gets damaged, this can influence the ability of 

the utility to meet load demands and this can have far reaching impacts on economies and 

revenue streams.  
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From the problem statement provided in Section 1.1 and the objectives that were identified 

to test the hypothesis, the following research questions are presented: 

• What are the fundamental protection relay elements used to protect a MV feeder? 

• How can the conductor LTE limit be calculated? 

• What protection elements influence the conductor LTE exposure? 

• Determine what present methods or philosophies are used to protect multi-source 

MV networks? 

To test the hypothesis comparative case studies will be used based on information gathered 

while addressing the research questions with guidance taken from the research objectives. 

Thus, the result validation will be as follows:  

• The results are to be verified using comparative case studies. 

• A radial feeder will be used as reference.  

• A test feeder is to be created. DG and/or multiple sources are too added to this 

network (feeder is part of this network).  

• Case studies will be created for comparison on the same feeder with the same 

protective devices. A fault will be placed in the network and the protection devices 

will be required to operate accordingly. 

• Utilize the present conventional method of setting the devices. 

• An evaluation method will be developed for the results that includes a visual 

component for fast holistic conclusions. This is required to evaluate the application 

of LTE to these multi-source interconnected networks. 

A network simulation package will be used to develop a model for simulation purposes. Both 

the network and protection devices will be modelled in the software. The network simulation 

software will be used to generate raw data (current and time). This raw data will be used in 

MATLAB where an evaluation application will be created. This evaluation application will 

be visual in nature. 
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1.3 RESEARCH GOALS 

The following research goals are set to obtain a favourable outcome towards the application 

and then evaluation of LTE protection in multi-source interconnected networks. 

• To develop a holistic evaluation method for phase OC protection applied to MV 

feeders with DG or multiple sources of supply. 

• To determine if LTE protection can be applied to these new generation of MV 

feeders.  

• To develop an evaluation method for the interconnected multi-source network when 

LTE protection is applied.  

1.4 RESEARCH CONTRIBUTION 

The contribution that this research will add to the body of knowledge in the gap that exists 

with the application of LTE protection to MV interconnected multi-source network. The 

same concept and method can also be applied to HV networks as these networks are already 

in the form of interconnected multi-source networks. In the literature mention is only made 

of applying LTE application, but it is not mentioned for the new generation of networks with 

DG and interconnections. This research will pioneer the application of this LTE protection 

on these new types of networks and develop a visual method of evaluating if the network is 

protected. This evaluation method will also be applicable to existing radial networks. 

Further, this evaluation method can be applied to existing networks that evolve into multi-

source interconnected networks. 

 

Outputs from this research: 

Patent Application M. J. Slabbert, R. C. Bansal and R. Naidoo, “A method of 

evaluating circuit protection of a power network”, have been 

approved by the University of Pretoria for a patent search. Patent 

application in RSA. Application No. 2020/06849 
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Journal M. J. Slabbert, R. C. Bansal and R. Naidoo, "Application of let-

through energy to back-up over-current protection on high-voltage 

feeders," in IET Generation, Transmission & Distribution, vol. 12, 

no. 19, pp. 4341-4347, Oct., 2018, doi: 10.1049/iet-gtd.2018.6190 

Book chapter M. J. Slabbert, R. Naidoo and R. C. Bansal, “Medium Voltage 

Phase Overcurrent Feeder Protection,” in Power System Protection 

in Smart Grid Environment, 1st ed., Taylor & Francis, NY, USA, 

2019, ch. 6, pp.197-272. 

Conference M. J. Slabbert, R. Naidoo, and R. C. Bansal, “The application of let-

through energy protection to the main and back-up protection 

elements on high voltage overhead feeders,” in CIGRE Conf., Paris, 

France, 26-31 Aug. 2018. 

Conference M. J. Slabbert, R. Naidoo, and R. C. Bansal, “Adaptive Protection 

Settings for Medium Voltage Feeders,” in SAIEE Smart Grid Conf., 

Jhb., RSA, Feb., 2016. 

1.5 OVERVIEW OF THE THESIS 

The research in this thesis is discussed in seven chapters with additional case study 

information provided in appendix A.  

 

This first chapter is the research methodology where background information with the 

problem statement is provided. This is also where the hypothesis, objectives, research 

questions and goals are set to ensure a reasonable scientific method is applied in the course 

of this thesis.  

 

In Chapter 2 a literature survey is done to determine what the benefits of DG are, what 

constraints are being introduced towards the traditional protection and what has been done 

regarding the protection of MV feeders with DG installed. This is with a focus towards 

identifying the application of LTE protection on these multi-source interconnected feeders.  
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Chapter 3 discusses the general protection philosophy applied for protecting a MV feeder. 

The chapter also identifies the basic elements that are used for existing OC protection of MV 

feeders. This lays the groundwork to understand the typical OC protection elements that are 

applied to MV feeders, how they are set and what influence the element. 

 

The concept and application of LTE protection is discussed in Chapter 4. This includes the 

definition thereof and determining conductor limits. Results of determining conductor limits 

are provided here. The LTE application is discussed from a radial feeder perspective first 

and then the concept is applied to an interconnected multi-source network. The fault current 

contribution of dominant renewable generation is also discussed. This is with the aim of 

characterising the generation when the model is developed for simulation purposes. The 

effect of changing measured fault current is discussed on relay operating time and a rotating 

new disc relay model is introduced. This relay model is verified using simulation and 

calculations. 

 

In Chapter 5 the software tools that are developed to generate results and evaluation methods 

are discussed in detail. This is done by means of flow diagrams, inputs and expected outputs 

from the software tools. The simplified evaluation application is applied to an interconnected 

HV circuit (supply at both ends) as a proof of concept case study.  

 

Chapter 6 is the main result and discussion chapter. This chapter includes three case studies 

where the main evaluation tool (or method) has been applied to a radial and multi-source 

interconnected network. The radial feeder application is creating a reference result and 

shows how the full evaluation application can be used. The results of these three case studies 

are discussed at each case study. A general result discussion is also included where all the 

case study results (Chapter 6), research question and hypothesis are evaluated and discussed.  

 

Finally, Chapter 7 serves to summarise the work, draw a conclusion and highlight future 

research that can be conducted from this work in this field of study. 
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1.6 CHAPTER SUMMARY 

In Section 1.1 the problem statement is defined. At present the electricity industry is 

changing with the reduction in cost of renewable generation. Traditional MV networks are 

radial in nature and the protection philosophies applied to them are fit for radial networks. 

But with the networks evolving towards multi-source interconnected networks, the 

protection philosophy will have to adapt so as to meet the change in network topology. The 

hypothesis, research questions and methodology are expressed in Section 1.2. LTE 

protection is not a new concept, but the application thereof to multi-source interconnected 

networks are. The hypothesis that is tested here states that LTE can be used to evaluate if a 

conductor is protected in these new evolving networks. This hypothesis will be tested by 

means of case studies. Section 1.3 states the goals that are set for this research. The approach 

is to develop a holistic evaluation approach. Section 1.5 provided an overview of the thesis 

and what is contained within each chapter. 
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CHAPTER 2 LITERATURE STUDY ON THE 

EFFECT OF DG ON 

PROTECTION 

2.1 CHAPTER OVERVIEW 

In Chapter 1 it was shown that the traditional radial networks are changing with the growing 

application of DG. In doing this literature survey there was not any application found on the 

topic of applying LTE protection to a multi-source or interconnected network. Mention was 

made in the literature on the equipment that should be protected and some mention is made 

towards the application of this on a radial feeder, but even this is not detailed extensively. In 

this chapter a literature review is done on the impact of DG on existing MV network 

protection. In Section 2.2 the existing radial MV network layout and protection equipment 

are introduced. An interconnected multisource network is also defined in this section. 

Section 2.3 presents the various types of DG and storage that are applied to feeders. The 

negative effect of these new DG units on existing installed protection is explored in 

Section 2.4. Section 2.5 introduces the various methods used to protect a network that have 

DG or interconnections installed. Finally, various operating standards are shared in 

Section 2.6 that are used to govern the operation and installation requirements for DG 

interconnections.  

2.2 EXISTING NETWORKS AND EQUIPMENT 

Traditional distribution networks are radial by design [9], [17], [20], [23], [24], [28]-[30], 

[32], [33], [43]-[50]. Radial can be defined as a network that consists of a single source (or 
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connection to the supply grid) where one or multiple loads are supplied from this source [9], 

[17], [20], [26], [28], [29], [45]. Current direction (or powerflow) is only in one direction 

away from the source [9], [26], [17], [30], [46], [47]. Fault levels are generally high close to 

the source (or utility grid connection) and then reduce as the fault position is moved further 

into the radial feeder (away from source) [30], [51]. The protection equipment applied to 

radial distribution feeders are normally uncomplicated [26]. The protection equipment 

applied to radial feeders are auto-reclosers (AR), fuses and sectionalisers [23], [28]-[30], 

[45], [52]-[54]. Substation based relays with dedicated circuit breakers (CB) and current 

transformers are also used [29], [53]. The actual protection elements and associated settings 

for these devices are covered in the next chapter.  

 

A radial feeder with various loads is shown in Figure 2.1. This circuit is radial, but with 

multiple circuit ends (e.g. at load ‘P’, ‘R’ and ‘S’) [34]. On this radial feeder there are three 

CBs ‘K’, ‘L’ and ‘M’. OC protection is commonly applied to radial feeders in a distribution 

network [17], [26], [28]-[32], [55]. This is both OC and EF protection. The CBs in Figure 2.1 

can be ARs. For the work done in this thesis a focus is placed on faults not involving an earth 

path.  

 

Figure 2.1.  A radial medium voltage feeder. 

For a radial feeder the fault levels are expected to be at its greatest at the source (Busbar A 

end) and at its lowest at a point furthest away from the source [29], [30], [51]. This can be 

Busbar B. If a fault were to occur on the radial feeder of Figure 2.1, the fault current will be 

supplied by the source and will be measured by CB ‘K’ and ‘L’. CB ‘M’ will not measure 

any current as there are no other sources on the feeder beyond the fault.  
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For this fault on the radial feeder of Figure 2.1 coordination can be maintained by grading 

the network. A coordinated network means that the CB closest to the fault will operate first 

and if this fails, the next upstream CB will operate (main and backup) [22]. Thus, 

maintaining selectivity between the main and backup protection. To grade the protection on 

the feeder the fault has to be evaluated in maximum network conditions [54], [56]-[58]. The 

maximum network conditions are also used to determine the equipment rating [57]. When 

determining the sensitivity of the protection element the PU must be set in minimum network 

conditions [25], [56]-[58]. Minimum and maximum network conditions will be applied in 

Chapter 3 and 4. To isolate this fault, CB ‘L’ will have to operate. This can be classified as 

main protection [26], [32], [35], [42], [58]. If CB ‘L’ fails to operate, CB ‘K’ will operate. 

CB ‘K’ will be providing backup protection for CB ‘L’ [22], [26], [32], [35], [42], [58]. CB 

‘M’ does not have to operate as it will not measure any fault current from the source.  

 

If the fault in Figure 2.1 was a bolted three-phase fault with no fault resistance, the voltage 

at the fault position will be zero as well. The voltage from the fault position back to the 

source will be a function of Ohm’s law based on the product of fault current and the feeder 

impedance. The duration of the voltage dip is a function of the protection operating time 

[40], [59]. All the feeders connected to the same source busbar (Busbar A) will experience 

the same voltage dip due to the fault [40], [41], [59]. Voltage dips may be classified into 

different types using the NRS-048-2 standard [60]. 

 

There may be a number of traditional MV feeders radiating from the same substation (does 

not have to be the same substation). Between these feeders they may have a N/O point that 

allows the two feeders to be connected together for a period of time. This N/O point can 

cause current to be redistributed within the feeder [28], [50]. This results in an interconnected 

feeder. Parallel feeders terminating on the same remote (far) end busbar can cause the same 

phenomenon [34]. An interconnected feeder can also be called a multi-loop or loop feeder 

[50], [61], a meshed network [32] or a ring feeder [48]. By closing this CB (parallel feeders) 

a loop is created and this improves the reliability of the feeder [23]. Interconnected feeder in 

the context of this work is defined as a feeder that has more than one point of supply to a 
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fault on the feeder. When a traditional radial feeder is changed to a ring feeder, it may 

introduce difficulties with the protection setup [48]. There may be a protection device such 

as an AR applied at this N/O point to facilitate the switching. This may also have protection 

elements (e.g. OC protection) applied to it. If another generator is placed on the feeder, this 

can have the same effect with this generator being another source of current on the feeder 

[30]. Distribution networks are changing towards becoming more interconnected and having 

more DG installed [51]. Figure 2.2 shows a feeder with a N/O point and additional 

generation in the form of a distributed generator. The additional generation has its own 

protection and CB ‘J’. 

 

Figure 2.2.  A medium voltage feeder with a normal open point and distributed generation. 

The literature provides many benefits for installing DG on a feeder. DG is changing power 

generation from traditional large fossil fuel-based sources to decentralised units [21], [43], 

[62]. Fossil fuel-based generation produces water and gasses such as CO2 and SO2 when the 

fuel is burned. When renewable generation is installed it is a more environmentally friendly 

form of energy generation [18], [19], [22], [24], [30], [63], [64]. It aids with the world 

movement towards decarbonisation [18], [31], [45], [62], [65]. Many governments are 

providing incentives towards installing renewable generation in the grid [44], [45]. The 

reliability of the network is increased with the additional DG [18], [20], [22], [31], [43], [64]. 

The reliability can be defined in terms of improving the availability of supply with redundant 

generation available for breakdowns [53]. The DG can improve the loss on the feeder [21], 

[22], [24], [31]. This reduction in loss is due to the DG being installed close to the load centre 
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[20]-[22], [45], [50], [63], [66]. This network design minimises the power loss when 

transporting it from the traditional large fossil fuel power stations. The feeder can also 

support more load with congestion being reduced as generation is installed closer to the load 

[31]. An interconnected feeder with additional generation improves the stability of the 

network as there is more generation available to supply the load [53]. Additional generation 

will also improve the availability of supply with redundant generation available for 

breakdowns [53]. 

 

The voltage profile of the traditional radial feeder is improved when DG is installed [21], 

[66]. On a traditional radial feeder, there will be a HV close to the source busbar and this 

will then decrease to a lower level at the end of the feeder. In South Africa acceptable levels 

are provided in the NRS-048 standard [60]. The DG assists with levelling the voltage profile 

and can provide voltage support on the feeder.  

 

The penetration of DG refers to how much generation is installed compared to the load on 

that part of the network [52]. As was shown in Chapter 1 there is an increase in DG 

installations. With this increase in installations the penetration level of the distribution 

generators is increasing. This can lead to a scenario where part of the feeder (or network) 

can operate as an island [17], [52]. Islanded operation may be caused by a fault or the 

switching of plant (planned and unplanned) [30], [46], [67]. Consider Figure 2.2 without the 

fault. If CB L is open with the N/O point at CB H open and the generation is capable of 

supplying Load R and S, that network is being operated in an island mode [18]. That is, 

independent from the source grid. If the load is much larger than the installed generation, the 

generation will not be able to sustain the loads and will remove itself from the network.  

 

The literature does indicate that islanded operation was normally not permitted (anti-island 

protection may be applied) [28], [29], [47], [48], [52], [54], [68]. This was due to safety 

(electrocution) and technical constraints (closing CB out of phase) [28], [47]. Unintentional 

islanding can occur [24], [44] and the protection should be able to detect this [26]. There are 

three broad categories of anti-islanding protection, active, communication based and passive 

protection [28], [47]. Where the DG penetration is high, there has been a shift toward 
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allowing part of the network to island [43], [46]. This islanded network can also be called a 

microgrid. A microgrid is more applicable to a LV network [22], but the use of the concept 

works well for MV networks as they are evolving to independent grids (similar to HV 

networks).  

 

A philosophy was proposed in [20] where the DG should remove itself from the grid before 

any other CB can operate. This may minimise the coordination problem associated with 

these feeders where DG is installed as the feeder is changed back to a radial feeder (no 

connection to another feeder in the example). A concept of multi-microgrids are also 

mentioned where a microgrid can be divided further into smaller pockets [22], In a microgrid 

or islanded network the fault levels may be different from the when the network is connected 

to the grid [22], [30], [46], [50]. This can create difficulties in coordinating the protection 

for both these network conditions [50]. It may also be difficult for conventional OC 

protection to function with the low fault currents [22]. 

2.3 DISTRIBUTED GENERATION AND STORAGE 

There are many types of embedded generation that can be connected to a MV feeder. These 

include small scale fossil fuel plants, solar power plants, biomass plants, micro hydro plants, 

fuel cells and wind generation [3], [17], [19], [22]. Some of these can be broken down further 

into subcategories. If we take small scale fossil fuel plants this can be divided into technology 

such as gas turbines of simple-cycle or combined cycle [3]. There can also be piston driven 

internal combustion engines that are used to drive an AC generator [3]. There can also be 

engines where energy is added to a medium outside the engine and this primed medium is 

then used to drive the engine. An example of this is a steam engine that is driving pistons 

[3]. When solar power plants are considered, there are essentially three types. The first is 

concentrated solar power (CSP), the second is a solar central receiver system (CRS) and the 

third is PV cells [3]. A CSP and CRS plant are another form of a Sterling engine (such as a 

steam engine) where a medium is primed outside the engine using sunlight and a dish [3]. In 

a CRS and CSP plant the medium can be water, nitrate salts or air (emerging technology) 

[3]. Wind generation can be divided into four types based on the generator and interface with 
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the grid [4], [69]-[71]. As wind at PV generation is most common, they will be considered 

in more detail in Chapter 5 where their fault current contribution is evaluated for different 

types of generators.  

 

For hydro plants it can be a pump storage (energy storage), conventional generator 

constructed below a dam or a generator placed within a river [53]. When considering a 

pumped storage or conventional hydro plant, the available energy is a function of potential 

energy or head (this is the vertical height above the generator) and the flow rate that can be 

achieved [3], [53]. The generators are normally of a synchronous machine type [3], [53]. 

 

Fuel cells convert chemical energy into electricity. There are many forms of fuel that can be 

used, these include methanol, natural gas, hydrogen, etc [3]. Fuel cells do not produce CO2 

and SO2 which make it more environmentally friendly [3]. Fuel cells have a high efficiency 

rating [3]. Fuel cells can be supplied by the electrolysis of water and this can be driven by a 

wind generator [3]. With present sizes ranging between 30 W and 250 kW [3], they may be 

more readily applied as an embedded generator. 

 

Biomass generation makes use of plant material that is burned to generate a syngas. Most 

biomass generation work on a steam-Rankine cycle [3]. This plant material can be from 

forestry waste, the waste from agriculture and certain municipal wastes [3].   

 

There are various forms and variations of DG. There may be slight differences between a 

CRS plant using salts vs. a plant using water. The generation can be divided into two main 

groups, one group where the generator is connected to the network directly such as a 

synchronous machine. The other is where the generator (does not have to be a rotating 

machine) is connected to the grid through power electronic devices e.g. PV generation. Each 

of these groups have certain trades that are similar when considering their fault current 

contribution. The focus in this work is not on the differences, but more that there are many 

types and their efficiencies and characteristics may differ. In the approach we are proposing, 

these differences will be captured in the network model used in the network simulation 

package. This package is used to generate the fault current results.  
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Renewable generation such as wind and PV generation is not dispatchable [72]. This 

promotes the need for a storage medium. Storage mediums can be used to improve the 

effective time use of the renewable DG. Storage mediums can include battery banks, super 

capacitors, fuel cells superconducting magnetic energy storage, pumped hydro’s and 

flywheels [9], [22], [50], [73]. These energy storage devices can again change the fault 

currents in the network based on the type of storage [50]. When considering the network 

diagram of Figure 2.2, an energy storage device may be added next to the distributed 

generator to improve its availability [9]. Storage devices can however be costly [50]. 

2.4 DRAWBACKS OF NEW DISTRIBUTED GENERATION 

DG is changing many aspects of traditional radial feeders. Traditional distribution feeders 

were not designed to accommodate DG or interconnections [19]. The operation and 

maintenance strategies of feeders with DG is changing [62]. Having DG installed on a feeder 

also changes the network design approach, protection, control of the network and the 

operation thereof [45], [47]. In this section a focus is placed on the effect that DG has on the 

protection applied to traditional radial feeders as it has a major effect on this [26], [31], [44]. 

There may be other influences such as voltage regulation [9] and the effect on metering, but 

these are not the focus of this work.  

 

In a radial feeder current is flowing in one direction. When DG is introduced there is the 

possibility of bidirectional current flow [9], [18], [21], [22], [26], [28], [30]-[32], [43], [45]-

[50], [65], [67]. Bidirectional current flow on a feeder in principle is not a problem as it is 

simply current flowing through a conductor. The problem arises when there is a fault on this 

conductor. To isolate a fault on a radial feeder only one CB has to open. When this feeder 

has DG or a N/O point that is closed (while circuit is energised), then two CBs have to open 

to isolate the fault. A traditional radial feeder with newly installed DG is shown in Figure 2.3.  

If we consider the network of Figure 2.3 and a fault at ‘X’ without the generation installed, 

fault current will be flowing from the source grid through CB ‘K’ in the forward direction 

to the fault. CB ‘L’, ‘M’ and ‘N’ will not measure any fault current. Forward is seen as the 
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direction towards the plant that is being protected under normal conditions. For CB ‘K’, ‘L’, 

‘M’ and ‘N’ this would be away from the source grid at Busbar A towards Busbar B. reverse 

would be in the direction from busbar B to Busbar A. When the DG is connected, CBs ‘K’, 

‘L’ and ‘M’ will measure fault current for a fault at ‘X’. CB ‘K’ will measure it in the forward 

direction. CB ‘L’ and ‘M’ will measure it in the reverse direction. CB ‘N’ will still not 

measure any current. If the fault was at position ‘Y’ then CB ‘K’, ‘L’ and ‘M’ would measure 

the fault current in the forward direction and CB ‘N’ would not measure any current. If the 

fault was placed at position ‘Z’ then all the CBs will measure the fault current in the forward 

direction. The direction of current flow is dependent on where the fault is, where the 

embedded generation is installed and where the protection is installed. For the fault at ‘Z’ 

the selectivity between CB ‘N’ and the upstream protection may be improved as ‘N’ should 

measure more current than the upstream protection devices [28]. 

 

Figure 2.3.  A medium voltage feeder with distributed generation installed. 

The protection on a radial feeder will be coordinated in a direction (forward) as fault current 

will normally only flow from the source grid to the fault. When the grid is coordinated, it 

means that the protection applied to the CBs are graded in both time and current. A graded 

circuit entails the CB closest to the fault will trip first and then the next upstream CB will 

trip (slower). If we consider the fault at ‘X’ and the network being graded from Busbar A to 

Busbar B, CB ‘M’ may trip before CB ‘L’ (CB ‘K’ will also trip). This is a loss of 

coordination. There are many aspects that are considered when determining the protection 

settings that should be applied to the relay. Some of these aspects and elements are covered 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 2 LITERATURE STUDY ON THE EFFECT OF DG ON PROTECTION 

 

Department of Electrical, Electronic and Computer Engineering 24 

University of Pretoria 

in Chapter 3. What is important here is that there may be a loss of coordination between the 

CBs when DG is installed [20]-[22], [24], [28]-[31], [43], [44], [46], [52], [65], [66]. If a 

N/O point is closed in a radial network changing the feeder to a multi-source network this 

loss of coordination may also occur if the feeder was graded for radial operation (in one 

direction).  

 

In a radial feeder with one supply grid connection the fault current will be high at the source 

end of the feeder and decrease as the fault moves further away from the supply grid [30]. 

When DG is installed it can produce a constant fault current that is close to its rated value 

irrespective of where the generation is connected to the grid. This can influence the 

coordination when the coordination was based on the reduction in fault current [30]. 

 

When DG is installed on a feeder it may reduce the measured fault current [9], [20], [28], 

[29], [43], [44], [46], [48]. It may reduce the current to such a level that the protection is 

unable to detect the fault, the protection is thus blinded [9], [21], [24], [26], [28]-[30], [43]-

[45], [50]. This may lead to an increased risk to life and damage to the environment (e.g. 

veldt fire) [28]. Let’s consider the feeder in Figure 2.3. For a fault at ‘Y’ the protection at 

CB ‘L’ and ‘M’ is expected to isolate the fault as main and backup protection devices. This 

will happen in a coordinated way. If the DG is installed on this feeder then the fault current 

passing through CB ‘K’, ‘L’ and ‘M’ may reduce. This translates into a reduction in the 

sensitivity of the protection to faults (protection philosophy is covered in Chapter 3). This 

reduction in sensitivity can also be called an underreaching effect of the OC element [31]. It 

is a function of the size of the DG installed relative to the source grid, the fault location and 

the installed location of the distributed generator [45]. The reason for this phenomenon is 

that the DG may provide voltage support to the grid at its point of connection which will 

reduce the current flowing from the source grid. Depending on the operating curves applied 

to the protection relays, the protection may become slow in clearing the fault [9], [26], [29], 

[46]. This can result in a loss of coordination with further upstream protection. If this 

reduction in fault current is to such a degree that the upstream protection at ‘K’, ‘L’ and ‘M’ 

is not able to detect the fault, the protection is said to be blinded. A possible solution to the 

new blind areas is to have lower PUs applied with different operating curves [29]. This lower 
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PU approach may cause new challenges [29]. The currents from motors and rotating DG 

during start-up may cause a trip. This is increasing the likelihood of a sympathetic trip. There 

may also be trips due to load.  

 

It is not uncommon for distributed generators to disconnect themselves from the network 

when a fault occurs [65]. Most grid operators have prescribed a fault ride through time for 

the distributed generators based on the voltage that is measured by the distributed generator. 

This fault ride through is to aid in protecting the network, rather than protecting the 

distributed generator [74]. In the South African Grid code for renewable power plants 

different categories of generation are specified. These categories are category A1 to A3, 

category B and category C generators [75]. Category A1 to A3 are for small generators 

connected at LV ranging in size from 0 to 1 MVA (category 3A is from 100 kVA to 1 MVA). 

Category B is for generators connected at MV levels ranging from 1 MVA to 20 MVA. 

Category C generators are for generators larger than 20 MVA. The South African grid code 

graphs provide the fault ride through requirements for these categories of generators [75].  

 

Figure 2.4 shows the minimum voltage ride through requirements for the types of generation. 

From this graph, if a category B generator was connected to the grid and the voltage were to 

drop to 0.4 p.u. then it would be required to stay connected to the grid for one second. For 

the DG in Figure 2.3, the generator protection at CB ‘J’ would be expected to open, removing 

the generator from the feeder. Similar generator ride through criteria is also specified for 

generation in New Zealand in the Electricity Industry Participation Code – Part 8 [76]. The 

New Zealand code does not provide a curve for lower voltages, only for 110 kV and 220 kV. 

Different curves are however specified between the North and South Islands of New 

Zealand.  
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Figure 2.4.  Fault ride through criteria for generators in the South African Grid code. 

What should be seen from the fault ride through curves is that there are requirements for 

generators to stay connected. While they are connected the generators are contributing fault 

current. Once they have removed themselves from the grid, the fault current passing through 

the network may change again. Elements that were previously blinded may start to PU and 

others that were not measuring the full complement of fault current may speed up. This 

therefore has an impact on the protection operating time and coordination.  

 

When DG is installed with ARs and fuses in the network, the coordination between these 

protection elements may be impacted [30]. This is the case when ARC strategies are used 

that involve fuse save and fuse blow philosophies [30]. This can be due to the change in fault 

current and the bidirectional fault current flow. 

 

When a CB operates for a fault elsewhere in the network where it was not designated as 

main or backup protection (its own circuit is healthy), it is deemed to be a sympathetic trip 

[9], [21], [24], [26], [29]-[31], [43], [45], [48], [52], [54], [59]. Sympathetic tripping may 

also be known as false tripping [21], [24], [31], [43], [45]. Sympathetic trips are normally 

the result of a voltage dip due to a fault [59]. It may also be caused by inrush conditions [54]. 

When DG is installed on a feeder, it may result in sympathetic tripping for faults on adjacent 
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feeders [9], [28], [29], [30], [48], [52]. This may happen when non-directional relays are 

installed [28], [29], [45]. When considering a fault at ‘W’ on Feeder 2 in Figure 2.3, the 

current from the distributed generator may flow back towards Busbar A and to the fault on 

Feeder 2 [30]. This may result in the tripping of CBs ‘K’, ‘L’ and ‘M’. Also, the DG may 

remove itself by opening CB ‘J’. 

 

DG can influence auto-reclosing [26]. Auto-reclosing is applied to improve the availability 

of the network [20], [29], [58], [65]. This is due to most faults being transient in nature [20], 

[24], [25], [28], [29], [49]. Let’s consider a transient fault at position ‘Y’ on Feeder 1 of 

Figure 2.3. If the DG was not connected to the feeder (radial feeder), then the protection at 

CB ‘M’ would detect the fault, open, allow the air insulation to reassert itself during the 

ARC deadtime (see Chapter 3) and energise the feeder again (close CB ‘M’). If the DG is 

connected to the feeder, it may continue to supply the fault, thus maintaining the arc [26], 

[28]. This will result in an unsuccessful ARC attempt with the fault current still flowing [44]. 

It may also result in increased damage to the network and risk. This risk can be electrocution 

and veldt fires [28]. The DG influences the required deadtime setting for the ARC element. 

The IEEE standard 1547 and Australian standard 4777.3 states that if passive anti-island 

protection is applied, the generator should disconnect itself within two seconds if the 

connection to the grid is lost [68], [77]. Auto reclosing may also require synchronisation of 

the distributed generator to the grid [49], [52]. Even with auto reclosing applied, the CB may 

fail to close when DG is installed [29], [45]. Even worse, the circuit may close out of phase 

or unsynchronised [24]. Restoring a network after an outage may be complicated when DG 

is active within a network [52]. 

 

If the DG is of a synchronous machine type, there may be shaft damage to the distributed 

generator if network faults take a long time to clear [52]. This can happen when 

synchronisation is lost. A scenario where the electrical and mechanical power on the 

generator is out of synchronism. This can also lead to stability problems on the network [26]. 

 

Not only will the fault current decrease at certain parts of the network, but it may also 

increase in other parts of the network when DG is installed [21], [26], [29]-[31], [43]-[45], 
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[48], [66]. Consider the faults at ‘Y’ and ‘Z’ in Figure 2.3. The fault current passing to faults 

there will be the sum of currents from the source grid and the DG. This increase in current 

may increase the risk of equipment damage [43], [58]. This increase in fault current may 

lead to saturated current transformers [30]. CBs will have to be rated for breaking this 

increased fault current [74]. This increased fault current can also increase fire risk as more 

pieces of molten conductor can be expelled at the fault position to the surrounding area [78], 

[79].  

 

Many of the concerns raised in this section are influenced by the type of DG, its installed 

location in the network and the type of network it is installed in (interconnected vs. radial) 

[31]. 

 

It was found in the literature that damage is not one of the major elements of concern when 

DG is connected to a feeder. The greater concern was leaning towards the loss of 

coordination, protection blinding (can lead to damage) and sympathetic trips. The IEEE 

standard 1547 does mention that embedded generation should not adversely affect the 

operation of the feeder [68]. The literature does not provide guidance on how to check for 

damage in an interconnected network. For this work conductor damage is considered and 

LTE is used as the measure. No application of LTE protection in a multi-source 

interconnected network was found in the literature. The use of LTE as a conductor damage 

evaluation method is encountered in [37], [40], [80], [81]. The application of LTE will be 

covered in Chapters 4 to Chapter 6. 

2.5 PROTECTING INTERCONNECTED MULTI-SOURCE FEEDERS 

For each of the protection methods or types (e.g. impedance protection) that will be discussed 

there are vast amounts of literature available. This is normally based on the protection 

concept. The philosophy of how to apply this protection to evolving networks (e.g. security 

vs. sensitivity of protection) is the basis of much discussion. In this part of the literature 

survey the various methods used to protect interconnected multi-source networks are 

identified. It is found that there may be slight differences between two applications of 
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differential protection where one application may have added a voltage element for security 

as an example. In general, the main types used to protect these networks are listed as there 

are too many subtle differences to list all of the approaches. 

 

With most MV distribution networks being radial in nature there is most likely only OC 

protection applied [29]. OC protection is applied to protect networks with DG [18]. OC 

protection is not ideal for protecting networks that have inverter based DG installed [18], 

[28]. With inverter-based generators not being able to supply significant fault current an 

energy storage device such as a flywheel can be implemented with the distributed generator 

to increase the inertia of the ‘source’ [28]. The same holds for networks that are evolving 

into interconnected networks where current can flow in multiple directions. A complete 

redesign of protection strategies is required [28]. As the distribution network is evolving, it 

is resembling a transmission network [28].  

 

The protection applied to the CBs may be directionalised [18], [21], [28], [30], [31], [45], 

[52], [54], [74]. Directional protection is very often applied to distribution networks where 

DG is being installed based on its relative low cost and effectiveness [21]. In Figure 2.5 a 

feeder with directional protection is shown. To make protection directional two quantities 

have to be measured. In Figure 2.5 these are the voltage and current using a voltage 

transformer (VT) and a current transformer (CT). This allows for one to be used as a 

reference (or polarising quantity) and the other as a direction element [31], [54], [82]. 

Voltage is used as the polarising element as it does not change its phasor position as 

compared to the current [31]. The direction is thus determined by the product of the 

polarising element and directional element and the cosine angle between them [31], [83], 

[84]. The traditional OC element is actually supervised by a directional element in the relay 

[83]. Based on this there are two regions defined, the first is forward and the second reverse. 

Forward is normally towards the protected object and reverse away from it. If another 

protection relay and CB were to be installed at Busbar B on the feeder, it may see forward 

as towards Busbar A if another source is connected to Busbar B (similar to Figure 2.2 with 

the N/O point closed). There are a number of methods to achieve directional protection. One 
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classical method is using a quadrature measurement [31], [83], [84]. The other more modern 

method involves using sequence components [82]-[84].  
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Figure 2.5.  Directional protection applied on a feeder. 

OC protection can only be graded in one direction if it is non directional. This means that 

the relay will not distinguish between a current flowing in the forward or reverse direction. 

The relay will operate in a coordinated way for current flowing in the graded direction. For 

radial networks this is adequate. When the network becomes interconnected (or looped) 

directional protection is required [45], [84]. If DG is installed directional protection is also 

required as it will result in bidirectional current flow [28], [30]. If the protection is Figure 2.5 

is graded in the forward and reverse direction, the protection should clear a fault at ‘Z’ in the 

sequence of CB ‘M’, ‘L’ and then ‘K’ (excluding DG). All of this protection should see the 

direction as forward. If the fault is at position ‘X’ then CB ‘K’ will see the fault as forward, 

‘L’ will see the fault as reverse and ‘M’ will not measure any current (no source or 

interconnection from Busbar B). The OC protection can be set to block for a reverse fault 

(e.g. CB ‘L’) or it can be set to operate on different protection settings when the fault is in 

the reverse direction. The protection can thus be set to grade in a forward and reverse 

direction.  
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There are constraints however when implementing directional protection. There may be a 

loss of polarising element that can render the protection ineffective. The polarising quantity 

may be too small to measure for closeup faults, rendering the directional element ineffective 

[82]. Memory voltage has been introduced to allow for closeup fault clearance, but the 

memory voltage may be ineffective when slow protection is applied [82], [84].  

 

There is no requirement for a communication medium to other parts of the network when an 

OC element is directionalised. This makes it a very uncomplicated and cost effective first 

step to improve protection performance on a traditional radial feeder where the network is 

changing towards an interconnected multi-source network. This also assists with 

sympathetic trips. 

 

The protection applied to an interconnected multi-source feeder can be made adaptive [18], 

[21], [22], [26], [28], [30], [44]-[46], [50]. Adaptive protection means the protection may 

change depending on network conditions or elements being measured (voltage, current 

sequence components, etc). This adaptive protection may make the protection faster and 

more selective [44]. In the previous paragraph directional protection was introduced and this 

allowed different protection elements to be applied to each CB for a fault in the forward and 

a fault in the reverse direction. This directionality principle is allowing adaptive protection 

to be applied [50]. Adaptive protection can be applied without the need of a communication 

medium [50]. This makes it a good approach to minimise costs for existing radial networks 

with capable relays that are evolving. Other forms require communication [21], [26], [44], 

[45]. There are various forms in which adaptive protection can be implemented. This can be 

in the form of just changing certain elements on a relay (e.g. desensitising a PU) [85], 

selecting different protection groups on a relay (e.g. group forward vs. reverse) [54], [86]-

[88] and obtaining new settings from a central computer based on network conditions [22], 

[50]. These new protection settings can be based on predefined conditions (evaluated offline) 

or it can be made to determine the settings based on actual real time network conditions [50]. 

The predefined method is more likely to be implemented [87]. A method of applying 

different predefined group settings for islanded and normal grid connection was proposed in 

[21], [46]. A drawback of predefined network conditions is that the fault current may not 
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flow as predicted [44]. This can influence the protection performance again. Parallel feeders 

may be tied together using a tie CB [54]. This can be done either remotely or from a local 

control unit. This will change the fault levels and current flow direction again. 

 

An adaptive scheme consisting of a central controller and relay sensing (installed on the 

feeder) are mentioned [28]. This scheme made use of OC protection where the protection 

settings applied to the relays installed on the feeder are changed based on the network 

configuration. Predefined network conditions are identified for this scheme. Communication 

infrastructure is required for this scheme to function. A similar approach is also mentioned 

in [22]. 

 

There are numerous constraints when implementing adaptive protection [50]. Not all the 

protection relays used in the existing feeder may be capable of adaptive protection. It may 

be difficult to upgrade them to enable adaptive protection. To determine the protection 

settings, all the possible network operating modes, possible fault types and fault positions 

have to be determined before the scheme is applied. Determining these fault currents can 

prove to be difficult for all conditions. It may be costly to implement a communication 

scheme if the adaptive protection scheme requires one.   

 

Differential protection can be applied [18], [28], [30], [50]. There are a number of forms of 

differential protection, this can be based on current measurements, voltage measurements or 

a combination thereof [34]. This can be used for a phase comparison scheme, directional 

comparison or a distance protection scheme using teleprotection [34]. In this section the 

focus is placed on the current differential which is a directional comparison method based 

on the complete phasor (magnitude and phase) at each end [34].  

 

Current differential protection is based on the principle of current that enters a node has to 

leave a node. If there is a mismatch (above a minimum limit), then there has to be a fault on 

the node [34], [50]. The node in this case is the protected feeder. The differential protection 

concept is shown in Figure 2.6. The protection is bound by the physical current transformer 
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measurement positions. For the differential protection to work, it requires a communication 

medium between the relays [18], [28], [30].  
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Figure 2.6.  Differential protection applied on a feeder. 

Differential protection is fairly immune against fault level changes and bidirectional current 

flow (resulting from DG and interconnections) [30], [50]. This is due to the differential 

nature of the protection. Differential protection can be set sensitive as they are limited by 

instrument transformer errors [34]. These errors can be as a result of external transients [34], 

[50]. The bias is used to improve the sensitivity and security of the differential scheme as it 

is a function of the fault current measured [34]. If DG is applied to the feeder of Figure 2.6, 

the generator should also be included into the differential calculation. This may require 

similar relays at each end of the feeder and at the generator point of connection. This 

protection may also be adequate during islanded operation of the network (e.g. source grid 

at Busbar A trips). The differential protection may clear faults in the region of 50 ms [50]. 

This is a combination of CB operating time and relay time. A relay operating time of 5 ms 

is provided in [18]. For the feeder in Figure 2.6, whether the fault is at “X” or ‘Y’, it will 

operate at the same speed. With the fast operation for faults in the protected region, and the 

‘no operation’ for faults outside the protected region, grading is not a concern for differential 

protection [34]. Differential protection can be set sensitive as it is not as susceptible to load 

currents (bias setting and comparing measurement at both ends) when comparing it to OC 

protection. There are deviations from the classical differential method where it is combined 

with symmetrical components to provide better selectivity for different fault types [89].  
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There are however a number of drawbacks when applying differential protection to a feeder 

[50]. Another form of backup protection is required if the communication medium fails. This 

may be OC protection at a distribution level. The required communication medium and 

associated infrastructure may be costly to implement. When comparing the differential 

scheme to an OC relay it is substantially more expensive [30]. When connecting and 

disconnecting DG it can create transients that may influence the protection [34], [50].   

 

Impedance protection may be applied to feeders [18], [28], [30], [50]. Impedance protection 

can also be named distance protection as the distance to the fault is a function of the 

impedance measured [34], [50]. Impedance protection in its basic form is non unit 

protection, but when it is combined with a communication medium and protection at the 

remote end, it may be considered unit protection [34]. Impedance protection allows for fast 

fault clearance (region of 40 ms) and can provide remote backup protection [34]. Impedance 

protection that uses an admittance principle can operate when the network is in islanded and 

grid connected modes [18]. A feeder with impedance protection is shown in Figure 2.7. In 

its fundamental form impedance protection is based on Ohms’s Law with measured voltage 

being divided by measured current [34].  

 

Different zones of protection may be set on an impedance relay. This can include a zone 1 

instantaneous element set to cover in the region of 80 % of the feeder (can be a bit more or 

less depending on relay technology) [34]. This zone is set less than 100 % to allow for errors. 

These errors include measurement errors, inaccurate network data and relay errors [34]. The 

zone 1 reach will thus not reach past the remote (or far end) busbar (Busbar B in Figure 2.7). 

Zone 2 is normally set to cover 100 % of the line and then an allowance is made for the same 

errors of zone 1 resulting in a minimum setting of 120 % of the feeder impedance [34]. As 

this is overreaching the feeder, a time delay is added to slow down the zone 2 element to 

allow for selectivity with downstream protection (protection beyond Busbar B) [34]. This 

delay can be in the region of 200 to 500 ms [34]. The zone 2 time delay can vary in more 

complex network arrangements. In Figure 2.7 fault ‘X’ will be cleared by the zone 1 element 

and zone 2 will clear a fault at ‘Y’. Other zones may also be set, such as reverse reaching 

(towards Busbar A) and far overreaching zones (towards Busbar C) in an interconnected 
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power system [34]. There are various impedance characteristic curves that can be applied to 

the relay. These include mho (with variations) and quadrilateral operating regions or 

characteristics [34]. A directional element may also be applied to the impedance 

measurement [34].  
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Figure 2.7.  Impedance protection applied on a feeder. 

Constraints that can be encountered when applying these relays are the following. Fault 

resistance can influence the measured impedance [50]. Short lines may not be of suitable for 

impedance measurements [34], [50]. The voltage at the relay measuring point may be too 

low to measure the impedance accurately (memory voltage may be applied under certain 

conditions) [34]. The additional voltage transformer can increase the costs of this scheme 

[28]. Transients may influence the relay accuracy when obtaining the measured signal 

fundamental components [50]. Remote infeed may cause the relay to underreach (not detect 

the fault as measured impedance is greater) [30], [34], [43]. This happens if additional DG 

is added to the feeder such as in Figure 2.7. Underreaching may cause the impedance element 

not to operate or be delayed (e.g. operate on another slower zone reach setting) [30]. 

Overreaching (measuring a smaller impedance than the expected) of the impedance element 

can also occur [9], [34], [43]. This is for parallel lines where one is taken out of service. If 

the N/O point in Figure 2.7 is closed and the relay is set to detect faults at ‘Z’ under this 

network condition, the impedance relay can measure faults beyond the next line section 
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zone 1 setting (CB ‘L’ zone 1) if the N/O point is opened [34]. For impedance protection 

elements fault resistance and load current can also influence the directional determination 

[84].  

If there are lines in close proximity to each other, the feeder may be subject to mutual 

coupling which influence the measured impedance [34]. Mutual coupling may be more 

common at higher voltages or on circuits that share the same structure. Mutual coupling may 

influence the reach settings of the impedance zones. For the network of Figure 2.7, if 

impedance protection is applied to CB ‘K’ with a blocking or permissive overreach scheme 

active and the N/O point closed at ‘N’ there can be a situation called current reversal for a 

fault on feeder 2 [34]. In this phenomenon both Feeder 1 and 2 will be tripped (incorrectly). 

There is additional current reversal protection that can be applied. Determining the 

protection settings for the impedance elements may be more demanding than the OC 

elements [28].  

 

Protection schemes centred around a voltage measurement are also used [18], [50], [67]. In 

[67] a method is proposed where the measured voltage at the embedded generator is used. 

This voltage is transformed from an ‘abc’ voltage to the ‘dq’ reference frame. Using this 

reference frame, the protection scheme was able to detect short circuits and if the fault was 

within or outside of the protected zone. An adaptive protection scheme was mentioned in 

[28] that allows for protection against voltage sags. In this scheme voltage and current 

thresholds are used and depending on the levels measured, the relays will trip either 

instantaneously or on a time delay. In [64] a method for detecting faults in both islanded and 

grid connection mode was suggested based on the busbar voltages and direction of current 

flow. Some challenges for voltage-based protection were identified in [50]. These challenges 

included the required communication medium, the costs involved, the possible network 

contingencies have to be known before the voltage scheme is implemented and the present 

fleet of protection relays will have to be replaced to meet the voltage-based protection 

scheme requirements. More variations of these voltage-based schemes are mentioned in [50].  

 

Other voltage-based protection schemes are centred around the harmonic content of the 

measured voltage [28]. The total harmonic distortion in the voltage signal at the point of 
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connection is measured. If the value is above a level, it will trip the local CB. The measured 

values at each of the distributed generators are also compared. Another protection scheme 

for radial feeders with DG installed (not a radial feeder anymore) are proposed in [90]. In 

this approach fault detection modules are used, with traditional OC protection, directionality 

is applied and voltage measurements are used on top of this.  

 

Development was also made towards improving normal OC protection by including 

sequence components into the protection design [28], [30], [50]. The aim of this was to 

improve the performance of the OC protection during islanded mode. In [89] negative 

sequence and zero sequence components were used to improve performance with regards to 

L-L and L-G faults. This was done using a communication scheme, staged tripping and 

adaptive protection settings.  

 

The use of blocking signals with OC and sequence components is mentioned in [28]. These 

signals can assist distribution networks in maintaining redundancy and selectivity. This does 

require a communication medium.  

 

Travelling wave methods are mentioned in [28]. In this method the polarity of the reflected 

wave is compared to determine if the fault is in or out of zone. Fault clearing using this 

method is faster than traditional methods. This method may be susceptible to disturbances 

and discrimination between an actual fault and a disturbance may have to be evaluated 

further. 

 

Similar challenges as sympathetic trips, unscheduled islanding, protection blinding, 

selectivity and change in fault levels are also reported for LV networks [91]. LV networks 

are also traditionally radial in nature with OC protection and DG have a similar impact.  

 

There may be some variants on these protection schemes where certain elements are 

supervised by another. It is recommended that the approach towards protecting a multi-

source interconnected network should be from a holistic perspective [28]. Communication 

infrastructure is required for most of the protection methods [28]. Other network protection 
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elements such as phasor measurement units may be required at distribution level [30]. This 

can create a real time wide area monitoring protection scheme for these distribution networks 

with DG installed [30]. This is recommended as compulsory for a smart grid [30]. It is 

recommended by [9] that smart grid technologies such as adaptive protection be applied 

when DG is installed. There are many variants available for the mentioned protection 

functions in this section. In some cases, these are combined to improve either selectivity or 

sensitivity. In [52] it is said that the installation of DG may cause damage to customer and 

network equipment. An investigation into the effect on coordination and protection device 

ratings are requested in [20]. In general, damage is not mentioned often or at all, a focus is 

placed on the items mentioned within Section 2.4 and 2.5 of this chapter. The determination 

of optimal OC settings by means of a genetic algorithm was applied in [92]. In this 

application the damage curve of a cable was considered and was added to the objective 

function.  

 

When OC protection is applied to an interconnected multi-source network it can be very 

difficult to determine suitable protection settings. This is evident if one considers all the 

constraints that are introduced when a normally radial feeder is transformed in this way. The 

literature indicates that optimisation techniques are used very often to solve this [32]. 

Various techniques have been applied. This includes a dual simplex algorithm [61], cuckoo 

search algorithm [32], Firefly algorithm [32], Simulated Annealing [32], JAYA algorithm 

[32] and a Genetic Algorithm [32]. There may be more methods available that may have 

been applied. 

2.6 EXISTING INTERCONNECTION STANDARDS 

Utilities normally specify how DG may connect to the distribution feeders [52]. This 

protection is generally related to the point of common coupling (PCC) between the grid and 

the DG. At this PCC this interconnection standard normally specifies how the protection 

should behave. This can include the generator having to disconnect itself during a fault and 

that the protection at this PCC should be able to protect the utility grid and the generator 

from damage (transient over voltage and fault current) [52]. This behaviour can influence 
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when and how much current is being allowed to flow on the faulted feeder. The IEEE 1547-

2 standard for interconnecting distributed resources with electric power systems with its 

amendment 1 is used as a reference point in much of the literature [68], [93]. The author of 

[63] compared many of the interconnection standards available. These include the following 

standards: British standards that govern the interconnection are the BS EN 50438 of 2013, 

Requirements for the interconnection of micro-generating in parallel with public low-voltage 

distribution networks [94]. In Germany there is a guideline published in 2008 named VDR-

AR-N-4105 Power generation system connected to LV distribution network [95]. In China 

the interconnection standard is Q/GDW 480-2010 Technical rule for distributed resources 

connected to power grid [96]. These standards are only mentioned here to show that there 

are numerous interconnection standards available. There are more standards available that 

may address certain parts of the network interconnection.  

2.7 CHAPTER SUMMARY 

Section 2.2 defined the traditional radial feeder and interconnected multisource feeder. The 

two main differences are the possible directions of current flow and number of CBs required 

to isolate a fault. Benefits of this interconnected multisource feeder was shared. In this 

chapter the traditional radial feeder was transformed to an interconnected multi-source 

feeder. Section 2.3 identified forms of DG. This included wind, hydro, CSP, CRS, PV and 

biomass generation. Storage of energy on distribution networks was shared in Section 2.3. 

Storage mediums included flywheels and batteries among others. The constraints of 

installing DG on a traditional radial network was shared in Section 2.4. This included 

elements such as protection blinding, bi-directional current flow, loss of coordination and 

changes in fault levels. These constraints focused on the protection system where traditional 

OC protection is normally applied. The various ways of protecting these interconnected 

multisource feeders have been shared in Section 2.5. The protection is still predominantly 

OC based with additional elements such as directionality, security (sequence components) 

and adaptability that are added. Other methods such as impedance and differential protection 

are also applied. Finally, standards used to govern the installation and operation of DG on 

feeders are mentioned.       
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CHAPTER 3 FEEDER OVERCURRENT 

PROTECTION PHILOSOPHY 

AND ELEMENTS 

3.1 CHAPTER OVERVIEW 

Traditionally overhead MV networks are designed to be radial [97]. Designing a radial 

network is relatively uncomplicated, starting with the source and then meeting the load 

requirements further down at various positions on this feeder. The protection philosophy and 

technology were also uncomplicated [97]. CBs (with relays), ARs and fuses are used to 

protect these networks. As fault current only flows in one direction, there is no need for 

directionality and as such grading a network (or then feeder) is fairly uncomplicated. 

 

In this chapter, protection philosophy and protection element application for an overhead 

MV feeder in a MV network is discussed. This protection is limited to phase OC protection. 

The concept of protection philosophy is discussed in Section 3.2 and this can be understood 

well by using radial networks. Section 3.3 defines a typical layout of a radial feeder with the 

expected protection devices applied. The key protection elements and functions that can be 

enabled on ARs (and substation-based relays) are introduced in Section 3.4. The typical 

application of these protection elements (such as the choice of operating curve) is shared in 

Section 3.5 in an example application on a radial feeder with a top-down grading method. 
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3.2 MV FEEDER PROTECTION PHILOSOPHY 

A feeder cannot be designed that is not susceptible to faults [54]. Hence, the necessity for 

protection and the protection philosophy. Protection philosophy forms the basis for how the 

complete protection system should perform within a certain physical section in the network, 

type of network or for equipment specific protection. The main protection philosophy 

building blocks are reliability, sensitivity, selectivity, speed, and security [6], [21], [31], [34], 

[35]. 

 

When defining a protection philosophy, the details pertaining to these building blocks have 

to be defined. Speed indicates how fast the protection system can detect and then clear or 

isolate a fault in the network. Generally, a protection system should clear a fault as fast as 

possible [21], [31], [32], [34], [42], [44], [58], [59], [98]. This will reduce damage and 

promote safety [25]. The speed of the protection system is influenced by a multitude of 

factors: type of relay technology, type of protection element, operating curve, actual settings 

of the protection element, magnitude of fault current and fault resistance. The relays can be 

divided into four time categories, namely instantaneous (no time delay), time delay 

(introduce delay time before trip signal), high speed (relay sends trip signal in less than 

50 ms) and ultra-high speed (relay send trip signal in less than 4 ms) [42]. Having faster 

protection operating times will reduce the effect of the fault on the power quality of other 

healthy equipment [99].  

 

The sensitivity of the protection system indicates at what current level the protection system 

operation will be initiated, in other words, how sensitive or insensitive is the specific 

protection element to the detection of a fault. The protection should be sensitive to faults 

[21], [31], [100]. The sensitivity of the protection is influenced by the protection philosophy, 

the relay technology, magnitude of fault current, and fault resistance. The protection 

philosophy influences the sensitivity of the PU by determining what level of plant should be 

removed to determine minimum fault levels and to what degree other protection should 

provide backup. If the protection system is selective, protective devices will be graded with 
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each other to allow the device closest to the fault to try and clear the fault first [31], [44]. If 

this device (closest) fails, the upstream device will then have cleared the fault. This 

selectivity ensures that the smallest portion of the network will be interrupted [54], [101].  

 

The reason for keeping the interrupted part of the network to the smallest portion possible is 

because the number of customers interrupted has an impact on energy sales. An interruption 

can also influence the utility’s image, and this can have an impact on the investments in that 

country or on the utility for obtaining loans and the interest associated with the capital. This 

interruption can also influence customer processes (manufacturing) or the ability for utility 

customers to provide services to their customers in the retail and commercial environment. 

Thus, customer satisfaction is influenced [29]. 

 

The reliability of the protection system can be defined as the protection system will operate 

every time it is required to do so [34]. Protection systems are human-made, and hence they 

will fail at some stage. This is similar to network faults; a network cannot be designed that 

is immune against faults [54]. Regular maintenance of the power system protection 

equipment can prolong the times between these failures, but it will not completely prevent 

them. The maintenance strategy for these devices can be scheduled-based maintenance or 

condition-based maintenance. The security of the protection system can be defined as the 

protection system should not operate when it is not called on to operate [42]. In laypeople’s 

terms, the protection relay should not just trip randomly (no fault present). The security of 

the protection system can be influenced by aging of the protection equipment (from 

experience with old relays in the network), and then changes in the network that change the 

network configuration and fault levels.  

 

Reliability can be seen as a combination of dependability and security [34], [42]. 

Dependability refers to the ability of the protections scheme to operate when it is asked to 

do so [34], [42]. Between security and dependability, a greater emphasis should be placed 

on dependability when the level of backup protection is not deep. A greater emphasis on 

dependability is preferred in [42], [58]. As an example, a wrong trip is more acceptable than 

a “no trip” from a safety perspective. Where the level of backup protection is high and a 
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wrong trip can result in a wide area incident, protection security has a higher priority. An 

example of this is extra HV buszone protection where an incorrect trip can result in a 

complete loss of supply to a large region consisting of multiple substations and backup is 

provided by dual main protection schemes and overreaching remote end protection schemes. 

 

When developing the philosophy for protecting the network, many of these philosophy 

building blocks have to be weighed against each other. The protection philosophy cannot be 

such that 100 % of all the building blocks are present. As an example, sensitivity and security 

may be conflicting [101], [102]. Priority of the philosophy elements are important. If 

sensitivity is the main priority, then setting the OC PU to a minimum value (e.g. zero ampere) 

means that the protection element will be able to detect any current (fault and load) flowing 

in the protected circuit. This will compromise the security of the protection as the protection 

can trip for current that is not due to a network fault (e.g. load current). A low PU can also 

compromise selectivity (between series devices) when current grading is considered. By 

raising the PU to a high or maximum value, it will make the device secure in that it will not 

trip for any current, but it will also not trip for any fault current. The protection can be set to 

operate as fast as possible (e.g. zero second time delay), but then selectivity with downstream 

protection devices may not be obtained. Hence a balance is required between the various 

building blocks. In general, protection systems are designed to be more dependable than 

secure [42]. From this discussion, it can be seen that the protection philosophy forms the 

basis for any protection system as it will govern which protection functions should be active, 

how they should be set, and on which faults the protection should operate. It can also 

influence the protection scheme design and choice of required hardware (e.g., type of 

protection relay). 

 

The main objectives of protection for MV feeders (in terms of priority) are to preserve life, 

protect equipment, reduce the risk of fire, promote the reliability and quality of supply and 

reduce life cycle cost [37]. The first and most important objective is to safeguard life (also 

safety) [58], [103], [104]. This includes not only human life but life in general. Animals can 

get electrocuted if they make contact with low hanging conductors. It is not always possible 

to save the first life that makes contact with live apparatus [58], but a protection system 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 3 FEEDER OVERCURRENT PROTECTION PHILOSOPHY AND ELEMENTS 

 

Department of Electrical, Electronic and Computer Engineering 44 

University of Pretoria 

enables one to avoid further incidents and avoid subsequent loss of life. Very often there is 

a larger focus placed on selectivity (grading), rather than sensitivity and protecting life [103]. 

A study represented in [105] shows that 65 % of the participating utilities take grading with 

upstream protection into consideration when designing protection settings. In the same study 

63 % take downstream grading into consideration and 44 % is looking at security towards 

load. Only 39 % included far end fault levels for reach settings and 51 % took the conductor 

thermal withstand into consideration. The protection system should protect the equipment 

installed in the network [103]. Failures of equipment can lead to lengthy outages and difficult 

fault-finding exercises in large networks. In resistively grounded networks such as those 

used in Australia and South Africa, a fault (i.e. clashing conductors with arcing) can lead to 

heated pieces of conductor being thrown around the faulted position [78], [103], [104], [106]. 

If the conditions are conducive to the development of veldt fires (dry, windy, presence of 

vegetation, etc.), a fault on a conductor in a resistively grounded network can lead to the 

ignition of veldt fires [104]. The expelled particles can be in the region of 0.5 to 2.5 mm in 

size [104]. The temperature of this meted drop of aluminium is approximately 2300 K [104]. 

This can again endanger life, damage the environment and have financial implications. The 

way in which the protection is set can affect the behaviour of the protection during network 

faults. It can unnecessarily affect the quality of supply, for example, with excessive voltage 

dips (also called voltage sags) when trying to clear a fault [107], [108]. Similarly, if the 

selectivity is not maintained, it can lead to larger parts of the network being without supply 

for a single fault. Then finally, by reducing the time and frequency of equipment fault 

exposure, the life expectancy of the equipment can be prolonged. An example of this is the 

cumulative damage to supply transformers as a result of through faults in the MV network 

[109]. Supply transformers that supply distribution feeders are subjected to an increased 

amount of through faults [110].  

 

To combat relay failures and to improve the protection system’s dependability, the concept 

of backup protection is introduced. The individual relay’s dependability is not improved; 

rather, the protection system as a whole is improved. Two concepts are thus introduced: main 

and backup protection. Main protection is faster than backup protection and is normally 

functional in a smaller or equal area (sensitivity to faults) in the network. In a classic HV 
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feeder, there would be main protection in the form of impedance or differential protection 

and backup in the form of OC relays (both phase and EFs). Main protection responds quickly 

to faults on the feeder as the fault position or boundary is known (e.g., on the feeder) and 

which protection is required to clear the fault. Backup protection relays provide protection 

in case the main protection fails to detect the fault [9]. The backup protection will be 

sensitive to faults at or beyond the reach of the main protection and as such can lead to a loss 

of selectivity for faults beyond the protected feeder. Because of this, they are generally set 

slower than the main protection to allow for main protection on and beyond the feeder to 

clear the fault first. In MV feeders, there is traditionally only current-based protection; hence 

they have to be set in a certain way to provide this backup functionality to the system. The 

word set refers to their physical position on the feeder and their applied protection settings 

in software. It is not required for main and backup protection to be installed at the same 

physical location in the network [42]. 

 

The protection settings that are applied to protective devices are based on the protection 

philosophy. The philosophy should be such that it is robust. The robustness means that if the 

network conditions change, the applied protection settings are still valid or effective. The 

relay does not know if the fault levels in the network changed e.g. a transformer being faulted 

or out for maintenance. Or, if a downstream CB operated thus changing the intended reach 

of the protective devices. This status update can be created by means of an automation 

system in a smart grid environment. In a smart grid system, the protection system (and 

relays) can then adjust itself to meet the reconfigured network. Even when the system is then 

reconfigured, the new applied protection settings should still reflect the protection 

philosophy. To achieve the robustness the protection functions, have to be set under 

minimum and maximum network conditions [54]. For current based protection, minimum 

network conditions refer to a network contingency that will result in the minimum fault 

current passing through the device that is being set for a specific fault. Maximum network 

conditions refer to maximum fault current that will pass through the device being set for a 

specific fault. For radial feeders, minimum and maximum network conditions are achieved 

by changing the source impedance such as switching in and out source transformers [54].  
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Maximum network conditions are normally easy to define with all source transformers in 

service [54]. Minimum network conditions can be complicated when considering loading 

and probabilities of network plant out of service. For a radial network it is normally set by 

removing source transformers and setting minimum load [54]. If the minimum or maximum 

network condition is too extreme, it can hamper the way in which the protection functions 

are set and the expected performance from the feeder. For these extreme conditions, 

compromises, mitigation strategies or additional protection equipment or elements might be 

required to meet an acceptable application level of the protection philosophy.  

 

A number of network performance indicators can be used to measure the performance of the 

MV feeder and then the network in general. These indicators are a good feedback loop when 

evaluating actual feeders and then to check for improvements on the feeder performance. 

Reliability indices that can be used are specified in the IEEE Std 1366 [111]. This can include 

indices such as system average interruption duration index (SAIDI) and momentary average 

interruption frequency index (MAIFI) among others. The momentary indices are generally 

more relevant to protection performance. 

3.3 RADIAL NETWORK LAYOUT 

Figure 3.1 shows a radial MV feeder with a substation-based feeder CB, ARs, a sectionaliser, 

fuses and a number of loads on this feeder. The use of inline fuses on MV feeders is not 

recommended [37] because it can lead to bad network availability (long outages), many 

customers being affected by one backbone fuse operation, extra labour hours for replacing 

the fuses when they are blown (and they can be replaced with the wrong type of fuse, which 

is a human error), they are not visible to a control centre (SCADA system), fault finding in 

the network is difficult and the risk to utility personnel increases as they have to go out to 

the actual fuse installation to replace the fuse [42]. Fuses can have a negative impact on 

protection performance indicators such as SAIDI [111]. 

 

A sectionaliser can be described as an intelligent isolator or disconnector [52]. A 

disconnector cannot break load or fault current; thus, it can only be opened when there is no 
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current flowing through the disconnector. The same applies to a sectionaliser [112]. A 

sectionaliser is thus used in conjunction with a normal CB upstream from its position [52], 

[54], [109], [113]. This allows for a smaller portion of the network to be sectionalised if the 

fault is downstream from the sectionaliser. For the feeder in Figure 3.1, sectionaliser 1 is 

used with AR 3. For the protection philosophy covered in this chapter, inline fuses and 

sectionalisers are not going to be considered as part of the network. The work can be 

extended, towards including these protective devices if required. 

MV Source Busbar

Source

CT

Feeder CB

Fuse

AR 1

Sectionaliser 1

AR 3 AR 4

MV/LV

Transformer

Load

AR 2

Inline/

backbone

/spur fuse

AR 5
Network 

and Load

Network 

and Load

AR 6

Customer protection

Large direct customer 

plant/network

Network 

and Load
 

Figure 3.1.  A radial medium voltage feeder showing commonly applied protective devices. 

Fuses are used at the MV/LV transformers to improve the network availability. They are not 

installed to protect the MV/LV transformer. This means that if there is a fault on the MV/LV 

transformer, its own protection should protect the unit and the fuse should remove the 

transformer unit from the network, thus promoting the continuity of supply to the rest of the 

non-faulty feeder. Protection is required to isolate only a limited (faulted) portion of the 

network [114]. These fuses are sized to be insensitive to transients such as transformer inrush 

and lightning, and also the continuous current rating (load current estimate) of the 

downstream MV/LV transformer (security element of philosophy). 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 3 FEEDER OVERCURRENT PROTECTION PHILOSOPHY AND ELEMENTS 

 

Department of Electrical, Electronic and Computer Engineering 48 

University of Pretoria 

In the context of this thesis, the feeder CB protection technology can be seen similar to that 

of an AR. In an actual substation, the feeder CB protection is normally a dedicated relay with 

a much larger variety of protection functions and capabilities than the AR. 

3.4 PROTECTION ELEMENTS AND FUNCTIONS 

In the previous section, various types of protection equipment and their typical positions on 

a radial MV feeder were introduced. Details on typical protection elements, operating 

characteristics and functions are provided in this section. These operating characteristics 

refer to how they can be set to isolate faults in the network. All of the functions are not 

always enabled and it depends on the type of protective device, the network layout, fault 

levels and protection philosophy that are applied.  

 

There are various types of relay technology that are present in power system networks. They 

can be placed into four categories [34]. These are electromechanical relays, static relays, 

digital relays, and numerical relays. Each type or generation of relays have their own 

characteristics. For this thesis, the relay technology is set to numeric relays. 

Electromechanical devices are very limited in functionality and many of the static relays are 

being replaced in existing networks. The difference between a digital and numeric relay is 

in its processing capability. Numeric relays make use of digital signal processors (DSP). 

These are processors that are optimised towards signal processing and this has improved the 

speed of the relay [34]. There are more functions in one of the modern relays (e.g. numeric) 

as compared to the electromechanical relays [42]. With numeric relays the relay functionality 

and operation (user definable logic with other relays) are very customisable. 

3.4.1 Operating curves and equations 

IDMT operating curves are well suited for use in a power system as the protection will trip 

quickly during high fault currents and slowly during low fault currents [52], [115]. This is 

excellent for coordinating multiple protection devices in series, but can result in long 

operating times [115]. The operation of current based protection relays is governed by the 
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selection of a time current operating characteristic or curve. Depending on the relay 

technology (as discussed in the previous section) the relay might only have one operating 

curve or it can have multiple. In both cases there will be some parameters that can be set to 

move the characteristic curve around in the time-current plane. There are a large variety of 

curves available. In modern relays these curves can be combined or set to operate 

simultaneously. Some relays also allow for customisable curves [116]. The IEEE and IEC 

define standard IDMT operating curves and their equations for the industry in their 

respective IEEE std. C37.112 and IEC 60255-3 standards [25], [34], [117]. The standard 

curves are named differently between the two standards, but the same approach is applied to 

both. Both have a standard inverse curve which are then changed to become more inverse in 

other defined curves. For this work the IEC curves are applied. The curves are named normal 

(or standard) inverse (NI), very inverse (VI) and extremely inverse (EI) curves. There are 

other curves such as the long-time inverse (LTI) curve but these are not considered for this 

thesis. The method that is developed here can be extended to include the other curves. The 

constant time adder functionality has not been included in the curve equations below. 

 

NI curve 
𝑂𝑇 =

0.14 ∙ 𝑇𝑀

(
𝐼𝑓
𝑃𝑈

)
0.02

− 1

 
(3.1) 

VI curve 
𝑂𝑇 =

13.5 ∙ 𝑇𝑀

(
𝐼𝑓
𝑃𝑈

) − 1
 

(3.2) 

EI curve 
𝑂𝑇 =

80 ∙ 𝑇𝑀

(
𝐼𝑓
𝑃𝑈

)
2

− 1

 
(3.3) 

 

For (3.1) to (3.3) If refers to the fault current (A), PU is the relay PU current (A), TM is the 

TM (unit less) and OT is the relay operating time (s). This relay operating time is the 

programmed delay time based on the applied protection settings and when this time is 

reached, the relay will issue a trip signal to the CB. The TM and PU values are user selectable 

settings for each curve. The operating curve can be moved right (more secure) on the time-
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current graph by increasing the PU and left (more sensitive) by decreasing the PU [58]. The 

operating curve can be moved up (increase time delay) on the time-current graph by 

increasing the TM and down (decrease time delay) by decreasing the TM [58]. At a certain 

fault current value (If in (3.1) to (3.3)) for the curve) the relay will reach a straight line in 

terms of operating time. This means that irrespective of fault current, as long as it is more 

than this value, the relay will have a constant trip time. The rationale behind this is based on 

the relay limitations. As an example, for an electromechanical relay the disc can only turn 

that fast (the electromagnet gets saturated) [118], [119]. In a numeric relay the algorithm 

execution time takes a certain time or the closing of contacts to energise the trip circuit. This 

can also be seen as a saturation level for the curve based on the magnitude of the current 

passing through the relay. This part of the curve is called the minimum definite time section 

of the curve. A definite time (DT) curve can also be selected as an operating curve. The 

equation for a DT operating curve is provided in (3.4).  

 

DT curve 
𝑂𝑇 = {

𝑇𝐷, |𝐼𝑓| > 𝑃𝑈

∞,   |𝐼𝑓| ≤ 𝑃𝑈
 

(3.4) 

 

where OT is the operating time (s), TD is the time delay of the curve (s), If is the fault current 

(A) and PU is the PU current setting (A) of the curve. The DT curve is well suited for 

networks where there is a significant change in source impedance (results in changing fault 

levels) which will result in mal-grading when IDMT relays are used [34].  

 

A combination of curves can be created where the DT and IDMT curves are combined. The 

DT curve can be applied as a high-set or instantaneous curve. This high-set will have a time 

delay set to zero seconds. A time delay can be applied to allow for selectivity with 

downstream devices if the required level of security for the element cannot be attained. The 

operating curves for (3.1) to (3.4) are shown in Figure 3.2 with no saturation for high 

currents. The graphs show the relay operating time (after which a trip signal is sent) to fault 

current values. 
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Figure 3.2.  Relay IDMT operating curves. 

In Figure 3.3 a radial feeder with high and low fault current regions is shown. There are CBs 

(or AR) applied to this feeder. There is a relay controlling each of the CBs. In this thesis, 

when the term CB is used, it implies the complete CB with protection relay controlling the 

CB except if reference is made to a specific element (e.g. relay). A NI and EI operating curve 

are applied to the feeder CB. The operating times for the relay operating curves are 

superimposed on to the feeder at the various CB positions. The operating time axis is shown 

on the left with time increasing away from the feeder and zero time at the feeder. The grading 

margin between upstream and downstream devices are also indicated.  

 

The curves shown in Figure 3.2 are all set with the same PU of 600 A and TM of 0.25. The 

inverse nature of the curves shows the fast fault clearance at high fault currents and the 

longer operating times at low fault currents (also illustrated in Figure 3.3) [26]. When 

comparing the EI curve to the NI curve it can be seen that there is benefit in using the EI 

curve on feeders where there are high fault levels as the operating time will be reduced. The 

reduction in operating time will improve power quality (voltage dip), reduce the damage and 

risk at the fault position [59], [107]. The reduction in operating time and subsequent 

reduction in voltage dip time will also decrease the probability of a sympathetic trip [59]. It 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 3 FEEDER OVERCURRENT PROTECTION PHILOSOPHY AND ELEMENTS 

 

Department of Electrical, Electronic and Computer Engineering 52 

University of Pretoria 

may increase the risk of losing selectivity with downstream devices as the curve is moving 

down in the time-current plot.  
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Figure 3.3.  A radial feeder showing protection operating times, grading margins, high current and 

low current regions. 

An example of damage at the fault position can be on the conductor where pieces of molten 

aluminium (conductor) is expelled (mechanical damage) [120]. This welding effect of the 

conductor material is a function of the current magnitude and exposure time (I-t effect) [120]. 

Risk refers to fire risk such as the starting of veldt fires or plantation fires. This is due to the 

hot conductor pieces being expelled at the fault position [79], [120]. This veldt fire can result 

in this being classified as an environmental incident. Fast fault clearing will assist with 

reducing the damage due to the thermal effect of the fault current that the healthy equipment 

needs to carry [28], [34], [114]. The reduced operating time can increase the grading margin 

(promote selectivity) with the upstream protection (see Figure 3.3). The drawback of using 

a curve that is more inverse (compared to NI) is that the rate at which the operating time 

increases down the feeder is also increased. This can make the protection operation slow in 

clearing a fault, perhaps violating the speed philosophy element of Section 3.2. If both these 

curves were set to operate in 1 s with the same PU applied in the high fault current region, 

the more inverse curve would require a larger TM to slow it down. The opposite would be 
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true at low fault levels. For inverse curves, as the ratio of fault current to PU gets closer to a 

value of one, the operating time can become infinitely high with the asymptote being the PU 

current applied [121]. This is due to this ratio residing in the denominator of (3.1) to (3.3).  

 

If reducing risk in the network is the protection priority, then this increase in operating time 

at low fault levels is a drawback. However, if selectivity for downstream devices is the 

priority, then the potential grading margin is improved (increased) with the downstream 

protection devices. This then becomes a benefit. From this discussion, it can be seen that the 

priority of the philosophy elements is important and this dictates the way in which protection 

elements are set and the choice of operating curve can aid in this configuration. Different 

utilities may have a different approach to each of these. 

3.4.2 Maximum time function 

When IDMT curves are applied on long feeders where the fault level reduces to a small value 

at the end of the feeder compared to the relay PU, the operating time can become excessively 

high. This can be seen in Figure 3.2 in low current region (350 A-1000 A) and is also 

illustrated in Figure 3.3 for faults towards the end of the device reach (towards low current). 

To counter this effect, a DT curve can be applied to the relay with the same PU current value 

as the IDMT curve but with a time delay set to the desired maximum operating time. 

Equation (3.4) and Figure 3.2 show that the DT curve will operate at the same time, 

irrespective of the fault current it measures. The measured fault current simply has to be 

bigger than the relay set PU current to initiate the tripping sequence (time delay). This second 

DT curve is normally not available on electromechanical devices. For electromechanical 

devices a separate relay will have to be installed. A number of OC elements may be available 

on newer microprocessor and numerical relays. It is good practice to apply this DT curve 

with an IDMT curve to create an upper bound for the operating curve. This limits the 

detectable fault exposure time to a fixed value. Clearing (or isolation) times in the range of 

0.6 s to three seconds are common in distribution networks [122]. It is recommended that a 

fault should be interrupted within 5 s [51]. Some manufactures do have specific functions 

(e.g. maximum time function) on the relay (or AR) that do perform this function [116]. Other 
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utilities specify a maximum time for each trip event as a final time setting. Transpower have 

applied a value of 2.4 s for MV networks of 33 kV and below [102].  

3.4.3 Reset curve 

For a modern relay the reset characteristic of the relay can be programmed [54]. This reset 

characteristic refers to the relays behaviour once the relay has detected a fault and the 

measured fault current is removed. When considering an electromechanical relay, the disk 

will take a period of time to return to its original starting position (resting position). For 

modern relays this can simply be a register inside the relay that is cleared or, it can be set to 

reset on a certain curve such as to emulate the electromechanical relay [109]. This setting of 

the reset curve is required where different relays have different methods of resetting (e.g. 

electromechanical vs. numeric) so that selectivity can be maintained. If the relay technology 

type is similar, all the reset curves on the relays can be set to reset instantaneously (e.g. 

numeric relays). A general version of an electromechanical relay reset curve is provided in 

(3.5) [117].  

 

Reset curve 
𝑂𝑇𝑐𝑢𝑟𝑣𝑒 =

𝑡𝑟

(
𝐼𝑓
𝑃𝑈

)
2

− 1

 
(3.5) 

 

where If refers to the fault current (A), PU is the relay PU current (A), tr is the relay reset 

time (s) and OTcurve is the relay operating time curve (s). This means that if a NI IDMT 

curve was used, the OTcurve will be replaced by (3.1).  

3.4.4 High-set element 

A high-set or instantaneous element resembles a DT curve with a zero second time delay. 

The relay operating time is in the region of 0.5 to two cycles [58]. A value of one to three 

cycles is given for AR [23] and value of less than two cycles is provided in [55]. Numeric 

relays have the ability to delay the issue of the trip signal (DT curve). The main advantage 

of applying a high-set is that the equipment fault exposure time is low. When applied, it 
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improves the risk profile of the fault as this reduces the damage at the fault point significantly 

[34]. The reduction in operating time assists with reducing thermal damage such as LTE 

damage (see Chapter 4) [28], [34], [114], [123].  

 

The reduction in operating time can result in a loss of selectivity between series protective 

devices. For this reason, it is normally set to not overreach the downstream device. Modern 

relays do have cold load PU algorithms that can desensitise the OC elements for a certain 

time period [54], [116], [124]. Inrush current can be greater than the instantaneous element 

PU current setting. Inrush current can be between eight to thirty times the rated transformer 

current [54]. Very often a value of six times the rated transformer current is used [124]. 

Another estimate for the inrush current magnitude and duration is ten times the rated current 

for 100 ms [54]. The IEEE assumes it to be 100 ms for a magnitude ranging from eight to 

twelve times the transformer rated current [58]. Inrush restraint functionality can be applied 

or enabled in certain relays (including AR) [116].  

 

Current transformer and relay errors should also be considered when setting protection 

devices [34]. These errors can result in a loss of selectivity as two relays may measure the 

same current differently where the result can be a grading margin that is too small. It may 

also result in the relay underreaching (becoming less sensitive) and not being able to detect 

a fault (overreaching can also occur). There are instances where the high-set element is 

required to over reach the downstream element, but then a time delay will have to be 

introduced to maintain selectivity. The downstream element will require fast protection such 

as a high-set element with no time delay to obtain a grading margin). A high-set is an 

additional curve to the IDMT or DT element on a protective relay. This high-set element can 

be set to initiate an ARC cycle. It is recommended to initiate auto-reclosing as this improves 

the availability of the network [16], [29], [34], [65], [99]. When applying a high-set function 

it can also assist in creating grading margin for downstream protective devices, thus more 

devices can be placed in series without losing selectivity.  

 

The PU of a high-set element should always be determined in maximum network conditions. 

If the PU is determined is maximum network conditions, the setting is more secure. With 
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the setting determined in this condition, if the network status changes from maximum to 

minimum, the high-set PU will appear to move closer to the source end of the feeder. This 

is due to the overall network fault level being reduced (minimum condition) and the PU 

setting on the relay not changing with this. If the PU is determined in minimum network 

conditions and the network fault levels change to maximum, the high-set PU will appear to 

move further into the network. This can lead to a loss in selectivity (grading error) with 

downstream devices.  

 

When determining the high-set PU the first priority is that it should not overreach the 

downstream protection device as this will lead to a loss of selectivity (TD set to zero 

seconds). When determining the PU, the fault level at the downstream device can be used in 

maximum network conditions. The PU should be increased to a value higher than this fault 

level to compensate for the transient overreach of the relay. This transient overreach 

condition will make a fault that is beyond the downstream protective device appear closer to 

the source than what it actually is. This is due to the DC offset [121]. The fault level on the 

feeder will increase as the fault position is getting closer to the source. Certain relay 

technology filters for the fundamental item [58]. For these relays the high-set PU can be set 

closer to the downstream device fault level. It is recommended to apply a PU value larger 

than 126 % of the downstream device fault level for numeric relays and 192 % for 

electromechanical relays [124]. A value of 130 % is used in [61] and a value of 125 % in 

[103]. If the resulting PU is more than the fault level (maximum network conditions) at the 

relay position where the high-set element is applied, there will be no benefit in applying this 

element. This is due to the fault level being too low for this element to PU.  

 

Whenever possible, a high-set element should be enabled as the reduction in operating time 

minimises network damage and risk [34]. This is especially applicable for protection relays 

at the source busbar where the fault currents are high and operating times are slow [119]. If 

the high-set element is set to PU on a value where it will not overreach the downstream 

device, the time delay can be set to zero seconds. This is due to the relay knowing that the 

fault is on the feeder and not beyond the downstream protection relay. The PU of the 

upstream device is thus insensitive to faults below the downstream device. 
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Figure 3.4.  A relay operating curve consisting of a maximum time function, IDMT and a high-set 

element. 

A maximum time function, IDMT curve and high-set element is applied in the grading graph 

of Figure 3.4. The time delay of the high-set element is set slightly higher than zero so as to 

show it on the logarithmic graph (would normally reside at zero). The resulting operating 

curve will be the minimum of the three curves at any fault current that is higher than the 

curve or element PU. The resulting operating curve will clear faults with high fault current 

quickly (know the fault is on the feeder), allow for grading in the IDMT part of the curve 

and limit the operating time for low fault levels (fault current to PU ratio). 

3.5 AUTO-RECLOSING 

The ARC function allows the CB to close automatically once a trip signal was sent to the 

CB and it opened. The main elements that will have to be set on the ARC function for MV 

feeder applications are the number of shots, deadtime and reclaim time. The operating curves 

associated with each attempt can also be set depending on the relay technology applied. 
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3.5.1 The number of attempts 

Two main categories for faults are transient and permanent faults [23], [54], [109]. A broken 

conductor is a good example of a permanent fault [54]. A permanent fault requires some 

human intervention to repair the network [125]. Isolating the permanent fault (faulted part 

of the network) and then reconfiguring the network can be automated. The most common 

type fault is a transient type fault [20], [25], [29]. An example of this is lightning striking the 

feeder [44], [124]. When there was lightning the operation of the CB (open and then close) 

will re-establish the dielectric integrity of the feeder [121], [126]. Except for lightning, a 

transient fault can also be caused by animals, wind and trees [34], [54]. Another fault 

classification type is a semi-permanent fault [34]. A semi-permanent fault example is a tree 

branch touching the bare overhead conductor [34], [125]. The philosophy that is applied to 

try and clear this fault is to burn away the fault with a longer fault exposure time [34]. This 

will then not result in the lockout condition of a permanent fault, thus promoting the 

continuity of supply. The continuity of supply is a requirement for customers [23]. When 

considering the protection philosophy principles and objectives stated early in this chapter, 

increasing the trip time will increase the fire risk [79]. The literature differs to the exact 

occurrence percentage of the three fault categories but there is overwhelming consensus in 

that transient faults account for the majority of faults [29], [34], [54], [97], [107], [112], 

[121], [126], [127]. For the transient type fault, a fast type curve (low exposure time) can be 

applied and slower operating curves can be applied for subsequent ARC attempts [23]. 

 

A study done in [128] evaluated 905 protection event records (2044 individual trips) 

detailing 547 months of data on radial MV overhead feeders. These networks were 

resistively earthed (limited to 360 A per source transformer). In this study it was found that 

L-G faults accounted for 44 % of all faults, L-L faults accounted for 34 % of all faults and 

three-phase faults accounted for 22 % of all faults. In [29] the frequency of fault types is 

reported as 80 % for L-G faults, 17 % for L-L-to-ground faults, two percent for L-L faults 

and one percent for three-phase faults. These values are dependent on factors such as tower 

design and dominant weather phenomenon. The 905 protection events were classified into 

the three main fault categories of transient, semi-permanent and permanent. The transient 
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faults accounted for 83.5 % of all faults and this corresponds well to existing literature on 

this topic [24], [29], [34]. Permanent faults accounted for 9.5 % and semi-permanent faults 

accounted for 7 % of all the faults. An important finding in this article was that the 

probability of having a successful ARC attempt decreased with the increase in ARC attempts 

[99], [107]. A successful attempt is an ARC attempt that results in a closure of the CB 

without the need for more ARC attempts. An ARC success rate of 89 % for the first attempt, 

5 % for the second and only 1 % for a third is reported in [107]. An increased number of 

ARC attempts also increase the probability of customers experiencing more power quality 

incidents such as voltage dips [99]. It is reported in the IEEE std C37.104 that a third ARC 

attempt is seldom used [109]. 

 

A possible ARC philosophy can be to disable the ARC function completely, but based on 

the study above, it can be seen that by enabling the ARC function the availability of the 

network can be improved due to the majority of the faults being transient in nature [24], [29], 

[34], [58]. Another philosophy can be that the maximum number of ARC attempts should 

be applied, but this is detrimental to the long-term reliability of the network. An example of 

this is that the source transformers get exposed to cumulative damage every time there is a 

fault of sufficient magnitude (or then ARC attempt) [109]. With the probability of having a 

successful ARC diminishing and the possible damage to the source transformers increasing 

with an increase in ARC attempts a maximum number of ARC attempts are not advisable. 

If the maximum number is used (e.g. four attempts), the CB duty cycle (number of open and 

close attempts) have to be considered to ensure the CB can actually sustain these many 

attempts. Especially for substation-based CBs where the fault level is generally high and 

slow operating times can be expected.  

 

When developing an ARC philosophy, the basic concept is to maximize network availability 

by enabling the ARC function, but minimize the unnecessary closure on to permanent faults. 

Also, an ARC cycle should not be the cause of equipment damage [127]. When considering 

the classification percentages in the previous paragraph and then the decline in ARC success 

with an increase in ARC attempts, a two trip to lockout (one ARC attempt) philosophy is 

recommended [109], [127], [128]. The first trip is then for transient faults which is most 
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common. The second then assumes that the fault is permanent and the protection relay goes 

into a lockout condition. Lockout means the protection relay will not issue another close 

command unless it is instructed to do so either via a SCADA interface or then manual 

closure. If provision were to be made for semi-permanent faults, the fault will have to be left 

on the network for a longer period. By leaving the fault on the network for longer, the risk 

in the network increases and this goes against the initial objectives (beginning of this chapter) 

set for the feeder protection philosophy. If those objectives are changed, then the ARC 

philosophy can be changed.  

 

The study in [128] identified that some faults do clear if the CB open time was more than 10 

minutes. This accounted for 3.3 % of the 905 incidents. Based on this, the control centre can 

try to close the CB if it is controllable by the control centre using a SCADA system. If the 

CB is not controllable by a control centre, the number of ARC attempts can be increased 

from two trips to lockout to three trips to lockout so as to try and improve the network 

availability and avoid sending field personnel to investigate unnecessarily [37]. This would 

be an economic and safety consideration where personnel should not be sent to investigate 

and be placed in harm’s way unnecessarily (traveling and live apparatus). It is mentioned in 

[29] that utilities may apply up to three ARC attempts (four trips to lockout). 

3.5.2 Dead and reclaim time 

Deadtime refers to the time that the CB is open, but it is actually measured from the time 

that the trip signal is sent to the CB [34]. On some relays (not ARs) the deadtime timer can 

also be started once the fault current has stopped flowing through the CB after a trip signal 

was sent (can also declare a CB fail condition if the current does not stop). The items that 

will influence the deadtime are the deionisation of the air in the fault path, the required reset 

time of the protection relay, CB characteristics, type of loads being supplied beyond the CB, 

and then system stability and synchronism [34]. When a fault occurs, the air gets ionised, 

thus creating a path for the flow of current. The deadtime should allow sufficient time for 

the ionised air to disperse after the fault, otherwise the fault will restrike through the same 

ionised air path [109], [119]. The voltage level and weather conditions do influence how 
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quickly the air disperses. For MV networks a value not less than 100 ms is sufficient [34]. 

A minimum value of 300 ms is recommended in [107]. Deadtimes greater than ten seconds 

are required to allow conductors to settle and birds to fall clear if small conductors are used 

on the feeder [127].  

 

The protection relay reset time should also be considered. Electromechanical relays do not 

reset instantaneously whereas numeric devices can be set to reset instantaneously. If the fault 

is beyond the downstream numeric device and both the upstream electromechanical and the 

downstream numeric device detects the fault, both will start to time on its operating curve. 

If the numeric device trips, the fault current will drop off and the disk on the 

electromechanical device will start to return to its starting position. If the numeric device 

closes again before the electromechanical relay’s disk is at its starting position, selectivity 

between the two devices can be lost. Thus, when different relay technologies such as 

electromechanical and numeric are used, this can be compensated for in the deadtime of the 

numeric device [109]. Deadtime settings of at least ten seconds are recommended [34].  

 

The characteristics of the CB should also be considered [34], [109]. If more than one ARC 

cycle is applied, then a minimum deadtime of 15 s is recommended to ensure that the CB 

interrupting capability does not have to be de-rated [109]. Some of the CBs can take up to 

300 ms to close. Modern vacuum CBs can close in less than 100 ms. Industrial customers 

are more likely to be affected by the deadtime. If there are motors and systems running, 

sufficient time should be allocated for the system to shut down or to reset. Residential 

customers are not that affected by the deadtime. The interruption is more of an inconvenience 

to residential customers. Traditionally system stability and synchronising were not a concern 

for MV networks as it generally supplies load from a single source. Modern MV networks 

do have DG installations and bidirectional power flow that can occur on these feeders. To 

accommodate generators on these networks, deadtimes should be kept to a minimum. In [37] 

a minimum deadtime of three seconds and maximum combined deadtime (each deadtime of 

ARC attempt) of 30 s is recommended. A value of 10 s is recommended in [37], a value of 

one to five seconds is recommended in [29] and a value of 3.5 s was used in [52]. The IEEE 
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reported typical deadtimes of zero to five seconds, 11 s to 20 s and ten to 30 s for the first, 

second and third attempt [109]. It can be seen that there are various deadtimes applied. 

 

The reclaim timer is measured from the time the closing command is sent to the CB. The 

reclaim timer is there to ensure the duty cycle of the CB is not exceeded (number of open 

close cycles in a certain time period) [34]. When the timer times out, it resets the ARC trip 

number. If another fault is detected before the reclaim timer has timed out, then the CB will 

trip and not close automatically again if the maximum number of ARC cycles are reached 

(lockout condition). The minimum reclaim time that should be used is 30 s and the maximum 

is three minutes [127]. If the reclaim time is too long, then the availability of the network 

will be impacted negatively as a new fault will be perceived to be part of the previous fault. 

An example of this might be a thunderstorm where there can be multiple transient faults in 

a short span of time. If the reclaim time is too short, then the fault can be on the network 

permanently. The type of protection (e.g. IDMT or DT operating curves), the spring rewind 

time and CB duty cycle can also influence the reclaim time [34]. Reclaim times can be as 

much as 180 s. 

 

In the actual event record evaluation done in [128] the reclaim time was optimized based on 

the 905 fault record evaluations. It was recommended there to use a reclaim time of 75 s for 

CBs that can be controlled via a SCADA system (with one ARC cycle). If a three trip to 

lockout ARC philosophy is used for a CB that cannot be closed via a SCADA system, a 

reclaim time of 90 s is recommended for MV feeders. 

3.6 PROTECTION ELEMENT APPLICATION 

When setting the protection devices using IDMT operating curves on a feeder there are a 

number of steps to follow. These settings should reflect the protection philosophy. For an 

IDMT element, there are only three elements that can be set (basic settings). These are the 

operating curve, PU and TM. In addition to this, the element can then also be set to ARC. 

The main steps involved when setting the IDMT element on a protection relay for a radial 

feeder are listed below [39].  
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1. Choose an operating curve. 

2. Determine the IDMT element PU. 

3. Determine the high-set element PU and TD and test if this can be applied. 

4. Determine the upstream device OT. 

5. Determine the OT of the element being set. 

6. Determine the TM. 

7. Set the ARC element. 
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Figure 3.5.  The start and end positions for the top-down and bottom-up grading methods on a 

radial feeder. 

There are various grading methods. This includes two of the most common methods of a 

top-down and then bottom-up approach [40]. Top -down refers to a method of starting at the 

source or device that should trip last for a fault in the network, and then working your way 

down the series protection devices towards the end of the feeder [39]. The major steps in the 

top-down approach are listed above in step one to seven. A bottom-up approach is applied 

by starting at the last device in the series of protection elements on a feeder, and then setting 

each device in turn, moving back towards the source or last device required to trip [39], [91]. 

Figure 3.5 illustrates at which CB to start and then end when grading the protection on a 

feeder for a top-down and a bottom-up approach. For the top-down approach the protection 

at CB 1 will be set first, then CB 2 down to CB 3. For the bottom-up approach the protection 

at CB 4 will be set first and then CB 3 up to CB 1.  
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The major steps (step one to seven) when setting the protection relay at CB 1 for the top-

down method are illustrated in Figure 3.6. The first step of selecting an IDMT operating 

curve was discussed from its effect on operating time and grading with up-and-downstream 

protection elements in the initial part of this section (see Section 3.4.1). It can be seen that 

the chosen grading curve in Figure 3.6 for CB 1 has the same shape as that of the upstream 

protection which will allow for good grading across the complete fault current range (with 

upstream curve) [34], [121].  
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Figure 3.6.  The steps of the top-down grading method is illustrated when setting the feeder CB. 

The second step is to determine the OC PU of the IDMT element. There are three 

considerations for this [37].  

• Firstly, the PU should be set above load current. 

• Secondly, the PU should be sensitive to detectable faults. 

• Thirdly, the PU should allow for current grading with the upstream device. 

When setting the PU, the minimum of the above criteria (one to three) should be used. 

Firstly, the protection PU should be set above load current [29], [34], [54], [114], [121], 
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[127], [129]. Balanced load current resembles positive sequence current and if the phase OC 

protection PU is set less than this, the protection can operate for load current. This will 

impact the protection security as it is operating for a current (load) which is not fault current. 

A method of estimating the load current is to make use of the conductor ratings [37]. If errors 

such as modelling, measuring and relay errors are considered, a 20 % value can be added to 

this conductor rating. This also assists with not exceeding the conductor continuous current 

rating. A value of 20 % above load current is also used in [29], a value of 25 % is used in 

[21], a value of 150 % to 300 % in [54] and a value of 25 % to 50 % is used in [61]. 

 

Secondly, it should be sensitive to faults. In MV networks there are only OC protection 

devices due to its simplistic nature [27] and because it is relatively inexpensive. Thus, there 

is only one OC relay (or AR) at each position on the feeder. To provide back-up to 

downstream devices, the upstream device should back-up all the immediate downstream 

devices (overlap protection) [34], [130]. This should be determined in minimum network 

conditions for a L-L fault [54] [57], [87], [121]. This is because the protection device can 

fail and require maintenance (device out of service then). The PU under this criterion should 

not be set greater than 80 % of this L-L fault to allow for errors. It should be noted that there 

can be a conflict between setting the PU above load and being sensitive to a fault when 

determining the PU current [54]. There are a number of sensitivity percentages used at 

various utilities [74]. The sensitivity of the PU is broken down further based on the relay 

technology and whether it is providing main and backup protection in [102]. For electronic 

relays configured as main protection the PU should be less than 50 %. For numeric relays 

this is less than 60 % and for any relay providing backup it should be less than 66 %. A 

sensitivity value of 80 % is applied in [37]. A value of 50 % and 67 % approach is applied 

in [74]. The sensitivity of the OC element for L-L faults can be improved when making use 

of negative phase sequence components for detection [54], [131].  

 

A residual voltage element can also be applied to improve sensitivity for the OC PU. With 

this voltage element applied, it can supervise the OC PU when the PU is set less than the 

maximum load current. Setting the sensitivity of the PU is a very important step in setting 

the protection. The reason for this is that protection is reactive, it will only operate if it can 
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detect a fault (sensitivity). The concept of determining the sensitivity of the PU is illustrated 

in Figure 3.7 for a network consisting of multiple downstream CBs. The required sensitivity 

reach of the PU is shown by means of the PU sensitivity arrows. Negative sequence elements 

can also be applied to allow for a sensitive PU towards L-L faults [118]. Arc resistance can 

be included as well. This will reduce the fault level further and make the required PU more 

sensitive to faults (at the cost of security). A value of two ohm is recommended [113]. This 

has a large effect on closeup faults but a small effect on remote faults.  
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Figure 3.7.  Determining the pick-up sensitivity of circuit breakers on a feeder. 

For feeders where there is only one protection element at a specific position, the upstream 

device is required to provide backup protection to all the immediate downstream protection 

devices (the zones overlap each other) [17], [54], [58], [105]. For the feeder CB (CB 1) the 

immediate downstream devices are CB 2 and CB 3. These two CBs will be bypassed when 

determining the sensitivity of the PU (so as to provide backup). CB 1 is not required to be 

sensitive to faults beyond CB 4 and CB 5. With the 80 % criterion is applied as per [37], the 

maximum PU current for CB 1 in Figure 3.7 will calculate to 80 % of 1400 A. When 

considering the PU sensitivity arrows in Figure 3.7, it can be seen that there is a minimum 

of two arrows reaching all positions in the network. If the PU is set to sensitive, then the 

feeder may not meet the load requirements.  
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Thirdly, the PU should allow for grading with the upstream protection device PU [119]. This 

is current grading. A maximum of 90 % of the upstream device PU is recommended in [37]. 

This allows for relay measuring errors and also the PU-drop-off ratio that can result in a loss 

of coordination. Measurement errors can be up to 5 % [119]. The PU drop-off ratio is where 

the relay will PU at a current, but only drop off or release the PU state at a lower current than 

the PU value. This is also called hysteresis [34]. The PU drop-off ratio of a typical relay is 

95 % [34], [55]. 

 

The high-set or instantaneous element PU and TD are determined in step three of the seven 

listed earlier. A check has to be done to see if this instantaneous element can be applied to 

determine the time delay (zero seconds or higher) when compensating for transient 

overreach. With the high-set active, it can change the grading current to use as shown in 

Figure 3.6. This grading current will be the current that is used to set the minimum grading 

margin with the upstream device. The upstream device operating time at the grading current 

is determined in step four. The grading margin is subtracted from this upstream operating 

time and the result is the required operating time of step five. A typical value used for grading 

is 400 ms [34], [35], [58], [102]. A value of 200 ms was used in [21], a value of 300 ms is 

recommended in [103], a value of 300 ms to 400 ms is recommended in [55], a range of 

200 ms to 500 ms is recommended in [123] and a range of 400 ms to 500 ms is recommended 

in [25]. In [32] the grading margin is specified as 100 to 200 ms for numerical relays and 

300 to 600 ms for electromechanical relays. The IEEE recommends a minimum grading 

margin of 200 to 300 ms when static OC relays are applied [58]. The grading margin allows 

for selectivity to be maintained by compensating for setting errors, CT errors (and 

saturation), relay errors, CB operating time and relay overshoot [31], [58], [114]. CT errors 

may be up to 10 % [54]. High fault currents can cause the CT to saturate and this may slow 

down protection and cause a loss of selectivity [54], [114].  

 

The required operating time can be limited to a maximum value by applying a maximum 

time function. This will keep the time a fault is on the network to a set maximum (see 

Section 3.4.2). The required TM for the IDMT operating curve can then be determined in 

step six. For the top-down method, if sensitivity has a bigger priority than security, the PU 
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have to be rounded down when setting the relay. If security is the focus, the PU should be 

rounded up. Lastly, in step seven the required ARC cycles, dead and reclaim time is set. 

At this point most of the key settings for the current based protection elements are set and 

the settings can be evaluated so as to ensure that the equipment such as the conductors are 

actually protected. Thus, a LTE evaluation has to be conducted next to ensure the conductor 

energy exposure is less than the conductor limit. 

3.7 CHAPTER SUMMARY 

Section 3.2 introduced the protection philosophy elements of speed, selectivity sensitivity, 

security and dependability. The typical layout of a radial feeder with protection equipment 

was shared in Section 3.3. Only substation-based relays and ARs were considered for the 

work going forward in this thesis as they have configurable settings. This excludes the 

application of fuses and sectionalisers (can be included in future work if required). 

Section 3.4 identified the key protection elements required and applied to protect a radial 

feeder. This included the choice of operating curve, the PU, TM (or time delay), maximum 

time, the reset curve and the high-set element. The concept of ARC with the main settings 

applicable to this functionality was discussed in Section 3.5. The main ARC elements to set 

includes the number of attempts, the dead time and reclaim time. The application of the OC 

elements (or functions) was illustrated by means of a radial feeder in Section 3.6. A top-

down grading method was applied. This application showed how the applied protection 

philosophy of Section 3.2 influence the choice of protection settings applied to the ARs. This 

example application also showed how slow protection is becoming with a number of series 

protection devices installed. The settings determined by making use of the top-down grading 

method can now be tested to see if they will protect the feeder by making use of LTE as a 

measure.  
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CHAPTER 4 LTE APPLICATION IN 

DISTRIBUTION NETWORKS 

4.1 CHAPTER OVERVIEW 

In the previous chapter the basic philosophy and principles required to protect a MV feeder 

with OC protection elements were introduced. In Section 4.2 conductor damage, minimum 

and maximum network conditions and the concept of LTE are defined. Background on 

conductor resistance and the heating effect of current flowing through a conductor is 

provided in Section 4.3. Section 4.4 shows how to calculate the conductor energy limits 

when the conductor is exposed to fault current. Section 4.5 explores the difference between 

a radial and a multisource interconnected network from the potential LTE risk areas on the 

evaluated feeder. Fault current flow within radial and multisource networks are also 

explored. This fault current concept of Section 4.5 is further expanded in Section 4.6 to 

include the contribution from wind and PV DGs. The OC relay operation and mathematical 

model for operating curves are investigated in Section 4.7. Section 4.8 takes the typical relay 

operating curves that were defined in Chapter 3 and explores the effect of these on the 

conductor LTE exposure. Many MV feeders may consist of more than one type of conductor 

in series and multiple ARs in series. The effect of this multiple conductor types and ARs in 

series are investigated in Section 4.9. ARC has an impact on the conductor LTE exposure. 

This is shown in Section 4.10. Finally, in Section 4.11 the concept of energy-area and 

Energy-Volume is are introduced for quantifying the conductor LTE exposure. 
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4.2 LET-THROUGH ENERGY DEFINITION 

4.2.1 Conductor limit and damage 

All conductors have resistance (R) associated with them. The power (P) that will be 

dissipated over a conductor is equal to the square of the current (I) passing through the 

conductor times this resistance of the conductor [132], [133]. For AC, the root mean square 

(RMS) value will be used [134]. If we add a time component to this, the power will be 

changed into energy [3], [133], [134]. Based on the aforementioned we can then write (4.1) 

for energy dissipated in a resistor. For the application in this thesis, this resistance is the 

resistance of a conductor. 

 

 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐼2𝑅𝑡 (4.1) 

 

where Energy is the energy calculated in watt-hour, I is the fault current (A), R is resistance 

(ohm) and t is time (s). Joule can also be used to represent the energy as 1 watt is equal to 

1 Joule-per-second and 1 W·s is thus equal to 1 Joule. 

 

As the current passes through the conductor, heat will be generated in the conductor based 

on the resistance of the conductor [135]. The higher the current, the greater the resistance or 

a longer time exposure, the more heat will be generated. The assumption is made that all the 

heat that is generated by the flow of current is contained within the conductor during a fault 

[58], [80], [81], [122], [135]-[137]. Thus, this is an adiabatic process with no heat loss to the 

environment. This heat loss can be due to radiation, convection to the surrounding 

environment, conduction to clamps, etc [135]. The convection and radiation loss can be 

ignored if the fault is cleared within 5 s [81], [137]. By making the adiabatic process 

assumption, we can set the heat energy generated by flow of current equal to the heat energy 

gained by the conductor [135], [137]. This is also a worst-case approach when setting 

protection for conductor damage. With this adiabatic process, it allows for the calculation of 

a conductor limit (more info on this is given in the next section). This limit will specify how 
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much current the conductor can carry for a specific time period before it gets damaged. 

Generally, a current value is specified for a given time period of 1 s [138], [139]. Some 

conductor short time ratings are shown in Table 4.1 [138].  

Table 4.1  Conductor short time ratings. 

Conductor Short time rating for 1 s (kA) 

Squirrel 1.79 

Fox 3.14 

Mink 5.4 

Hare 8.97 

Oak 9.59 

 

From Table 4.1, Mink conductor can carry 5400 A for 1 s. If we look at this in terms of 

energy, it is an I²t energy. Because the assumption is made that this an adiabatic process, the 

energy rating for one instance can be set equal to the energy for another instance [81]. This 

is shown in (4.2).  

 

 𝐼1
2𝑡1 = 𝐼2

2𝑡2 (4.2) 

 
          𝑡2 = (

𝐼1

𝐼2
)

2

𝑡1 
 

 

where I1 is the fault current (A) for instance one, I2 is the fault current (A) for instance two, 

t1 is the fault current withstand time (s) for instance one and t2 is the fault current withstand 

time (s) for instance two. By using (4.2) it can be determined how long the conductor can 

sustain a fault current before it gets damaged. This is if the current and withstand time is 

known for one instance. As an example, if the Mink conductor is exposed to a fault current 

of 2500 A, it can sustain that current for 4.67 s before it gets damaged. If the fault current 

was equal to 8000 A, the conductor will be able to sustain this current for 0.456 s before it’s 

damaged. If this Mink conductor is used and the times are calculated over a range of fault 

currents, a damage curve (limit of conductor) can be created for the Mink conductor. But if 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 4 LTE APPLICATION IN DISTRIBUTION NETWORKS 

 

Department of Electrical, Electronic and Computer Engineering 72 

University of Pretoria 

we plot this as an I²t energy it will result in a straight line instead of a curve. As an example, 

the energy rating for Mink conductor will be equal to 29.16 MA²s (5400 A for 1 s). This is 

the LTE rating of the conductor. It is easier to work with the energy rating than the short 

time rating as the energy rating is constant, whereas the short time rating varies with the fault 

current. 

 

In Figure 4.1 the short time and LTE rating for a conductor is shown over a current range. A 

similar approach towards showing the I²t energy across a current range for a fuse was used 

in [140]. The equipment damage curves over a current range were shown in [141] where 

simulation software is used to adjust the time-current curves. This conductor has a LTE 

rating of 4500 A for 1 s or 20.25 MA²s. Both of these are damage curves for this conductor. 

One is expressed in terms of LTE and the other in terms of time at a specific current and the 

time the conductor can sustain the current (short time rating). 

 

Figure 4.1.  Let-through energy and short time damage curves for conductor (4500 A for 1 s). 

Conductor damage in the context of this work refers to the annealing effect on the conductor 

material. This should not be mistaken for the conductor melting. Aluminium melts at a 

temperature of 660 °C and annealing starts if the temperature exceeds 100 °C [135]. 

Conductor burndown is not considered for this work. This is a I-t function and occurs much 

faster than the annealing mechanism [135]. Above 200 °C there is a fast increase in the 
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annealing mechanism [135]. When the conductor is manufactured, the conductor strands are 

strain hardened [135]. When the conductor is heated, this material is relaxed and then anneals 

[54], [135]. This damage is permanent, cumulative and can result in other mechanical 

failures [54], [113], [135]. These mechanical failures can then be due to stress from weather 

and wind [54]. This is due to heat generated by the flow of current in the conductor during a 

fault. [54]. If the change in the conductor material stress is proportional to the change in the 

material strain, the conductor is said to undergo an elastic deformation [142]. The slope of 

the stress-strain graph for the material is called the modulus of elasticity. For an elastic 

deformation the modulus of elasticity of the material will be constant [142]. For an elastic 

deformation, the material will return to its original profile if the stress is removed. The time 

it takes for the material to return to its original profile is called the anelasticity of the material. 

For metals, this time is most often neglected due to it being small [142].  

 

If the change in the stress and strain quantities is not proportional, the material (or then 

conductor) is said to undergo plastic deformation [142]. This means that the modulus of 

elasticity is not a constant any more. The electrical resistivity of the conducting material will 

increase when the conductor has undergone plastic deformation [142]. For plastic 

deformation there is a small bit of recovery back to the elastic deformation region, but the 

material will not recover back to its original profile [142].  

 

If this concept is applied to an overhead conductor, the conductor may encroach on its 

minimum clearance from the ground when heated due to current [54]. This means the 

conductor will sag towards the ground. An increase in length of 30 % and a loss of strength 

of up to 58 % may occur when the conductor annealed fully [135]. Normally, the three 

conductors of a three-phase system will have a similar profile. If the conductor is exposed 

to a cross wind with this profile, all three conductors will swing a similar amount, thus 

maintaining the phase clearance. However, if one phase conductor of the three-phase system 

was damaged, the damaged phase may swing more and this can result in an increase in L-L 

and L-G faults. The damaged conductor can stay in service, but in time the damaged 

conductor material can result in a failure [54], [113]. On an actual feeder, the whole 
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conductor will carry the same current up to the fault point. This means that the entire 

conductor up to the fault point is subjected to the same potential LTE damage [143].  

 

It is recommended that a safety margin be applied to the material to ensure that plastic 

deformation does not occur. This margin is with reference to the yield strength of the 

material. It is recommended to use a safety margin of 1.2 to 4 times for the yield strength. If 

the safety margin is too big, it will result in the overdesign and then increase in cost of the 

material [142]. For this work a safety margin of 120 % will be applied to the conductor LTE 

damage curve or limit to ensure that the conductor is not damaged. If a conductor on a feeder 

is exposed to excessive faults, it can lead to a reduction of the life expectancy of the 

conductor due to fatigue [142]. If the conductor is exposed to higher stress levels the number 

of cycles required to cause severe conductor damage is reduced [142].  

 

Conductors can also be placed in motion due to fault current it will have to carry [108], 

[143]. This is owing to the electromagnetic forces generated around the conductors when 

fault current is passing through the conductor [108], [143]. This may result in the conductors 

touching each other (or get close enough) when they are swinging, resulting in a L-L fault. 

Thinner or lighter conductors may experience more motion than thicker conductors [143]. 

The swing motion is a function of the magnitude of the fault current and the exposure time 

period [108], [143]. This means that by minimising the I²t energy, the possible conductor 

swing and possible L-L faults are also minimised [143]. Longer spans are more susceptible 

to conductor motion and L-L faults [143]. Typical spans are 90 m to 120 m in rural areas 

and 30 m to 45 m in suburban environments [135]. The swing direction is a function of the 

fault type (e.g. three-phase vs. L-L) [108], [143]. If the circuit is set to initiate ARC, the 

swinging motion may be fuelled by the new current when the CB closes, resulting in another 

potential L-L fault [108]. The most important factor that influences the possible swing is the 

conductor sag [108]. This means that if the conductor gets damaged due to the prolonged 

fault current it carried (plastic deformation), it may result in increased L-L faults due to the 

increased conductor sag [108]. A conductor that has undergone a plastic deformation sag is 

damaged permanently [108]. This condition can present itself in all of the upstream spans to 

the original fault position [143]. The contact positions for L-L faults on an aluminium 
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conductor can be identified by looking for shiny regions on the conductor [143]. Aluminium 

will normally have a dull look to it due to oxidation [143]. 

4.2.2 Let-through energy 

As stated in the beginning of this section, the I²Rt-energy is used to ensure the conductor is 

protected. The resistance is incorporated in the calculation of the conductor limit and hence 

we are only looking at the I²t part of the equation. This calculation is shown in the next 

section. The current part of the I²t calculation is the fault current. The time part of the I²t 

calculation is the fault clearing time [136]. This fault clearing time consists of the protection 

operating time and then the CB operating time [107], [144]. The CB operating time can be 

in the range of three to eight cycles [10], [58]. When a fault is cleared on the IDMT protection 

element further down the feeder, the CB operating time influence is minimal as operating 

time can be as slow as five seconds (example). However, close to the source where the high 

fault current region is (see Figure 3.3), the CB operating time influence can be significant. 

This is even when an instantaneous curve (or high-set curve) is applied.  

 

The LTE equation is shown in (4.3). From a protection perspective, the fault current cannot 

be changed as this is dependent on the source impedance to the fault (voltage at rated value). 

The time the conductor is exposed to the fault current is influenced by the protection system. 

By extension, this is the protection philosophy of Chapter 3 and the application thereof. The 

behaviour of the protection (e.g. operating time) can be changed by changing the protection 

settings. From a protection settings perspective, the operating curve can be adjusted, the PU, 

the TM or time delay, a combination of curves can be used and the ARC philosophy can be 

changed.  

 

 𝐿𝑇𝐸 = 𝐼2𝑡 (4.3) 

 

where LTE is the LTE (A²s), I is the fault current (A) and t is the fault clearing time (s). To 

ensure the conductor is protected, the LTE exposure should be less than the conductor limit 

[25], [81], [123]. The fault clearing time is the sum of the time before the fault is detected, 
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the relay operating time and the CB time [106]. In Figure 4.2 the LTE exposure for the 

conductor of Figure 4.1 (4500 A for 1 s) is shown over a large fault level range and distance 

as a radial feeder. The conductor limit is 20.25 MA²s. Radom protection settings applied to 

a NI curve are used to illustrate the concept of LTE protection. For the graph in Figure 4.2 

the distance from the source busbar is used instead of fault current. This approach is applied 

as it provides a better feel for where on the feeder (position) damage is most likely to occur. 

The fault level is however also shown as this helps with the calculations and to visually 

determine possible setting values such as a high-set PU. The LTE was calculated by applying 

(4.3). The IEEE recommends that the conductor short time heating limits should be graphed 

[58]. The IEEE further recommends that conductor damage should be considered when 

coordinating protection [54]. 

 

Figure 4.2.  Conductor damage curve and the let-through energy exposure for a radial feeder. 

In Figure 4.2 it can be seen that the conductor limit is exceeded for the first 2.35 km of the 

feeder. This means that any fault within this area will result in conductor damage with the 

current applied protection settings and conductor type. This is also the high fault current 

region of the conductor. Close to the source, the fault current will be the dominant factor in 

the LTE calculation. This is for the IDMT protection operating curves of (3.1) to (3.3). As 

the fault level reduces (move further away from substation) the ratio of the fault level (If) to 

the PU current will get closer to one. As this happens, the time part of the LTE calculation 
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will become the dominant factor. This is the second damage curve exceedance from about 

61 km onwards. This means that even though the fault current is low in this area, the time 

the conductor is exposed to this will cause the conductor damage. This low magnitude, long 

duration fault may even cause more damage than the high current short duration fault [103], 

[106].  

 

To reduce damage the operating time (or fault exposure time) has to be kept to a minimum 

[36], [103], [106], [114], [145]. This operating time reduction can be managed by the 

protection when determining the protection settings [103]. The operating time can also be 

reduced by not using excessive grading margins [103]. This reduction in operating time can 

be achieved further by grading at the downstream high-set element PU as was shown in 

Chapter 3. By reducing the fault current, this can also reduce the damage. The faster 

protection (reduction in operating time) will also aid in increasing the equipment life 

expectancy [131]. Changing the fault current is not that feasible always [103]. Some methods 

that can be used are to introduce current limiting reactors, applying current limiters based on 

electronics, reduce the supply transformer size, increase the supply transformer impedance, 

reconfigure the network (or operational limitations) [103]. 

4.2.3 Maximum and minimum network conditions 

The current and time parts of the LTE equation (I²t) have to be evaluated under different 

network contingencies. As was shown in Figure 4.2, there are two energy peaks when 

considering the LTE application with IDMT operating curves. As the first peak in the radial 

network application is dominated by the current, this should be evaluated under a high 

current contingency. This high current contingency is named maximum network conditions. 

For maximum network conditions the network is switched in such a way so as to result in 

the maximum fault current on the part of the network being evaluated. For a radial network 

this is dependent only on the upstream source impedance, generally the number of 

transformers in service at the source substation [54].  
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For an interconnected network or a network where there is additional generation active, a 

greater study is required. This is because the current through the conductor section under 

study has to be maximised. This means all the generation may or may not be in service 

(protection blinding effect of Chapter 2) and then the N/O points will have to be evaluated 

to determine their effect on the fault level at the study point. As was discussed in Chapter 2, 

when DG is installed, it may result in lower fault levels in different parts and higher fault 

levels in others. This can make it difficult to determine the minimum and maximum network 

conditions. If the DG is a wind, double fed induction generator (DFIG), it may actually 

become a motor load if the terminal voltage drops below a certain value [69]. The time before 

this happens is determined by the fault ride through criteria. The fault ride through time and 

criteria is determined by the various network regulators and is normally published in the grid 

code for that country. As an example, in South-Africa this is the National Energy Regulator 

of South Africa (NERSA). This work is detailing OC protection for MV feeders. This work 

is not aimed at EF protection, even though the concept should also be applied for EFs. To 

obtain the maximum fault current for phase faults (not EFs) when the network is correctly 

switched (maximum network contingency), a three-phase fault should be used.  

 

In Figure 4.2 there is a second LTE peak further down the feeder at a low fault level. This 

fault level is low with reference to the protection PU current value (a protection setting). 

Minimum network conditions then refer to a network contingency that result in the minimum 

current at the network point under study. Generally, for a radial MV feeder, only the source 

transformers will have to be switched as they have the largest impact on the source 

impedance (also under minimum load) [54]. Similar to maximum network conditions, if the 

feeder is interconnected or there are multiple points of generation on it, additional 

evaluations are required to find the minimum network condition. For minimum network 

conditions a L-L fault will be used as this will result in the minimum fault current where 

there is no earth path involved. In addition to using minimum network conditions with a L-

L fault, suitable fault resistance has to be included [121]. When fault resistance is included 

in the fault level calculation, it will reduce the fault level further. For a L-L fault this fault 

resistance is associated with the arc that can exist between the faulted phases [58]. The arc 

can increase in length over time [121]. As such it is recommended to use the minimum 
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distance between phases or the minimum L-G distance when determining a suitable distance 

for the arc [121]. Fault resistance values used for these evaluations range from 0 Ω to 40 Ω 

[54]. A fault resistance value of 3 ohm is recommended in [41]. for MV feeders (11 kV to 

33 kV) with phase clearances as specified in [146]. A fault resistance value of 2 Ω or less 

was determined by [113].   

4.3 RESISTANCE BACKGROUND 

Resistance in terms of Ohm’s law is defined as voltage (V) divided by current [132]. Ohm’s 

law takes a holistic view on a conducting material. This means that the current passing 

through a conducting material is dependent on the potential difference between the two ends 

of the conducting material and the resistance of this conducting material between the two 

ends. If the length of the material increases, the resistance will increase. The resistance is 

thus proportional to the length (L) of the conducting material. When the effect of current 

within a material conducting the current is considered, the resistivity (ρ) of the material can 

be used [132]. The resistivity of a conducting material can be calculated by dividing the 

electric field (E) with the current density in a vector format [132]. Current density has units 

of ampere per square meter. Thus, if the area (A) of the conducting material is increased, the 

resistivity will decrease if the electric field is kept constant. Conductivity (σ) is a measure of 

how good the conductor is at conducting current and this is the reciprocal of the resistivity 

[132]. Resistivity is dependent on the type of material used in the conductor and resistance 

is a property of the conductor itself [132]. The relationship between resistance and resistivity 

is defined by (4.4) [3], [38], [132], [134].  

 

 
𝑅 = 𝜌

𝐿

𝐴
 

(4.4) 

 

where R is the resistance (ohm), ρ is the resistivity of the material (Ω·m), L is the length of 

conducting material (m), and A is the cross-sectional area of conducting material (m²).  
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The temperature coefficient of resistance (α) is a measure of how much the resistance of the 

conductor will change when there is heating or a change in temperature within the material 

[132]. The relationship between the temperature coefficient of resistance and the resistivity 

of the material for a change in temperature (T) is shown in (4.5) [132], [134]. The resistivity 

of a metal such as aluminium will increase if the temperature increases [132]. 

 

 
𝛼 =

1

𝜌
∙

𝑑𝜌

𝑑𝑇
 

(4.5) 

 

where α is the temperature coefficient of resistance (per °C), ρ is the resistivity of the material 

(Ω·m), dρ is the change in the resistivity of the material (Ω·m), dT is the change in the 

temperature of the material (°C). Equation (4.5) can be rewritten into the form shown in 

(4.6). In this form the equation is shown with the initial resistivity (ρ0), final resistivity (ρ1), 

initial temperature (T0) and final temperature (T1). If (4.6) is multiplied on both sides with 

the length (L) and divided by the area (A), it will result in (4.7). In this equation it can be 

seen that the resistance of the material (Ohm’s holistic approach) will change with a change 

in temperature [3], [134], [135]. 

 

 𝜌1 = 𝜌0[1 + 𝛼(𝑇1 − 𝑇0)] (4.6) 

 𝑅1 = 𝑅0[1 + 𝛼(𝑇1 − 𝑇0)] (4.7) 

 

When an AC current is passing through a conductor, there will be eddy currents forming, 

trying to oppose the flow of current. This will tend to push the current to flow towards the 

outside of the conductor, in a smaller surface area [135]. This is called skin effect [135]. The 

skin effect will increase the resistance as the conduction area is reduced (application of 

(4.4)). This increased resistance due to eddy currents can be termed the AC resistance of the 

conductor and is a function of the applied frequency [137]. This will be present in both the 

aluminium and steel strands [135]. Manufacturers normally specify the DC resistance of the 

conductor. The method used in [137] to determine the conductor LTE rating did not include 

skin effect for the short circuit rating, it was included for normal operating current rating 
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(conductor ampacity). Within this work the skin effect is not included either, but this can be 

included in initial calculations when determining the conductor resistance. 

4.4 CONDUCTOR SHORT TIME AND LET-THROUGH ENERGY LIMIT 

To determine the conductor short time rating the heat energy generated by the flow of current 

has to be set equal to the heat energy absorbed in the conductor. It is assumed that this process 

is an adiabatic process [81], [122], [135], [137], [147]. Due to this being an adiabatic process 

with no heat loss to the environment, (4.8) can be used to calculate the short time rating 

[137].  

 

 
𝐼2𝑅 ∙ 𝑡 = (

𝑊 ∙ 𝑆

𝛼 ∙ 1000
) log𝑒 (1 + 𝛼(𝑇𝑓 − 𝑇𝑖)) 

(4.8) 

 

where I is the fault current (kA), t is the fault duration (s), W is the mass of conducting 

material (kg/km), S is the heat capacity of conducting material (J/°C·g), R is the resistance 

of the conductor at Ti (Ω/km), α is the temperature coefficient of resistance (per °C), Ti is the 

conductor temperature before the fault (ºC), Tf is the conductor temperature after the fault 

(ºC). The heat capacity of a material (S) is a measure of the energy required to increase the 

temperature of a unit mass of the material by one degree Centigrade [134].  

 

Equation (4.9) and (4.10) is similar to that of (4.8) where the short time rating is determined 

for copper and aluminium conductors respectively [53]. A similar equation to that of (4.9) is 

provided in [58], [148] and a similar equation for (4.10) is provided in [58]. In (4.9) and 

(4.10) the left side of the equation is the heat generated in the conductor and the right side is 

the heat absorbed as the conductor temperature rises. Both (4.9) and (4.10) make use of an 

inferred absolute minimum temperature of -234 °C. This is actually material dependent as it 

provides the temperature where the material resistance would be zero if the gradient of the 

material resistance vs. temperature curve is extrapolated to zero degree centigrade. For 

copper the value in (4.9) should be -234.5 °C and for aluminium in (4.10) the value should 

be -236 °C. The two values are close to each other and that’s probably why the author 
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approximated them to the same value of -234 °C. The constant used for copper (11.5×104) 

in (4.9) and aluminium (5.2×104) in (4.10) do distinguish between the two materials. The 

concept used to derive (4.9) and (4.10) is similar to that of (4.8) where heat energy generated 

in the conductor due to the flow of current (I²Rt) is set equal to the energy absorbed in the 

conductor [53]. 

 

Copper: 
𝐼𝑓

2𝑡 = 11.5 × 104 ∙ 𝐴2 log10 (
234 + 𝑇𝑓

234 + 𝑇𝑖
) 

(4.9) 

 

Aluminium: 
𝐼𝑓

2𝑡 = 5.2 × 104 ∙ 𝐴2 log10 (
234 + 𝑇𝑓

234 + 𝑇𝑖
) 

(4.10) 

 

where If  is the fault current (A), t is the fault duration (s), Ti is the conductor temperature 

before the fault (ºC), Tf is the conductor temperature after the fault (ºC) and A is the conductor 

cross-sectional area without allowing for empty spaces (mm²).  

 

A similar equation to that in (4.8), (4.9) and (4.10) is provided in [122], [135]. The only 

difference here is the way the conductor area is defined. In (4.11) the cross-sectional area is 

defined in a unit of kcmil or thousand circular mils. A mil is one thousands of an inch.  

 

 
(

𝐼

1000𝐴
)

2

𝑡 = 𝐾 ∙ 𝑙𝑜𝑔10 (
𝑇𝑓 + 𝜆

𝑇𝑖 + 𝜆
) 

(4.11) 

 

where I is the fault current (A), t is the fault duration (s), Ti is the conductor temperature 

before the fault (ºC), Tf is the conductor temperature after the fault (ºC), and A is the 

conductor cross-section without allowing for empty spaces (kcmil), λ is the inferred 

temperature of zero resistance (ºC) and K is the conductor constant that represent the 

conductor specific heat, density and resistivity of the material.  

 

Another equation in (4.12) is provided for the same adiabatic conductor limit equations of 

(4.8) to (4.11) [80]. In (4.12) the instantaneous current is used in an integral form for a 
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specific time period. To ensure the conductor is not damaged, the LTE should be less than 

or equal to the heat energy that the conductor material can absorb [80]. The left side of (4.12) 

is also termed Joule’s integral [136], [149], [150]. 

 

 
∫ 𝑖2𝑑𝑡

𝑇𝑓

0

≤ 𝐴2𝑘2 
(4.12) 

 

where i is the fault current (A), Tf  is the fault duration (s), A is the conductor cross-sectional 

area (mm²), and k is a factor that accounts for the conductor heat capacity, resistivity and 

temperature coefficient. The rise in conductor temperature is captured within this factor k. 

 

In (4.8), by dividing with the resistance (R) on both sides of the equation, the left side will 

resemble the LTE equation in (4.3) of the conductor. When looking at the left-hand side of 

(4.8) the unit is Joule for energy and when dividing by the resistance to obtain the LTE it is 

changed to Joule per ohm (J/R) [136]. The LTE can also be expressed as ampere-square-

second (A²s) [53], [140], [150]. From (4.4), by increasing the conductor size (increase the 

conducting area) the resistance of the conductor will be reduced. This will reduce the heat 

being generated in the conductor by the flow of current and hence the short time rating of 

the conductor will increase. By increasing the short time rating, the permissible LTE rating 

at that part of the network will be increased. It is thus beneficial to have larger conductor 

type in high LTE regions on the feeder. It is recommended in [138] that the first kilometres 

of conductor that leave the substation be strung with a larger conductor (e.g. Mink or Hare 

conductor). This is based on typical fault levels in the South African MV grid. The term 

“large conductor” is relative to the fault level at the substation and the typical maximum 

fault clearing times expected.  

 

Conductors can consist of one type of material or a combination of materials. Aluminium is 

preferred over copper as it is less expensive, readily available and has a good strength to 

weight ratio [38]. An overhead conductor consisting of only aluminium is called an all-

aluminium conductor (AAC) [38], [135], [137], [139]. If the conductor consists of a steel 
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core it is called an aluminium conductor steel-reinforced (ACSR) conductor [38], [135], 

[137], [139]. Another type of overhead conductor being produced is an all-aluminium alloy 

conductor (AAAC) [38], [135]. Both the ACSR and AAAC conductor types have better 

mechanical strength and can accommodate a greater span length or higher currents as 

compared to AAC [135], [137]. The steel does add additional weight to the conductor of up 

to 18 % [135]. The steel does increase the breaking strength of the conductor as compared 

to AAC conductor [135].  

Fly

7/3.40 (AAC)

Mink

6/1/3.66 (ACSR)

Al

S

Al

Al

Al

Al

Al

Al AlAl

Al Al

AlAl Al = Aluminium

S = Steel

 

Figure 4.3.  Fly AAC and Mink ACSR conductor strand configurations. 

In Figure 4.3 Fly (AAC) and Mink (ACSR) conductor configuration are shown [139]. It can 

be seen that the steel forms the core of the ACSR conductor whereas for the AAC it is only 

aluminium. The FLY AAC construction is specified by the code 7/3.40. This means that the 

conductor consists of seven strands, each with a diameter of 3.40 mm. The Mink ACSR 

conductor is specified by the code 6/1/3.66. Mink conductor consists of six aluminium 

strands and one steel strand. All the strands have a diameter of 3.66 mm. If there are more 

steel strands, the conductor strand configuration can be different, but the steel strands form 

the centre or pass through the centre of the conductor [139]. The steel reinforcement not only 

assists with the mechanical strength of the conductor, but also improves the short time rating 

of the conductor [137]. High temperature low sag (HTLS) conductors can operate 

indefinitely at temperatures in the range of 150 °C to 250 °C [51]. There are other aluminium 

conductors as well, namely Aluminium conductor composite reinforced (ACCR) and 

aluminium conductor composite core (ACCC) [51]. ACCR is approximately five times more 

expensive than ACSR conductor and ACCC is approximately 2.5 times more expensive [51]. 

These conductors are not considered for this study.  
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To calculate the short time ratings of conductors, the initial and final temperatures should be 

known. The initial temperature is the maximum temperature at which the conductor can be 

operated [80]. Operating temperatures of conductors can vary from 25 °C to 75 °C [108]. 

The conductor has higher resistance at higher operating temperatures [135]. For the short 

time ratings of Table 4.1 a prefault (or initial) temperature of 75 °C and a final temperature 

of 200 °C were used [138]. An initial temperature of 50 °C was used in the IEEE std. 738 

[151]. The method that is recommended in [137] made use of an initial temperature of 50 °C 

for AAC and an initial temperature of 65 °C for ACSR conductor. The final temperature was 

set to 200 °C for both conductor types [137]. A final temperature of 200 °C is also 

recommended in [80]. A final temperature of 340 °C was used in [135] and a temperature of 

180 °C was used in the IEEE std. 738 [151]. Figure 4.4 illustrates the effect of initial and 

final temperature choices on the conductor 1 s short time rating. The conductor 1 s short time 

ratings were calculated by applying (4.8) for Hare, Mink and Fox conductors.  

 

Figure 4.4.  The effect on the 1 s short time rating of Hare, Mink and Fox conductors for choices 

of initial and final temperatures. 

Two sets of graphs are shown for each type of conductor in Figure 4.4. The first is where the 

choice of initial temperature was varied from 30 °C to 90 °C while keeping the choice of 
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final temperature constant at 200 °C. The second is where the choice of final temperature 

was varied from 170 °C up to 230 °C while keeping the choice of initial temperature constant 

at 50°C. This was done for Hare, Mink and Fox conductor types. All three conductors are of 

ACSR type resembling the Mink configuration in Figure 4.3 with six aluminium strands and 

one steel strand. Hare has the code 6/1/4.72, Mink 6/1/3.66 and Fox 6/1/2.79 (aluminium 

strands/steel strands/diameter). 

 

It can be seen that the higher choice of initial temperature, lowers the 1 s short time rating 

of the conductor (fault current for 1 s). This is the case for all three conductor types. The 

choice of initial temperature should be based on the highest operating temperature (for load 

current) of the conductor. For the work done in this Thesis, an initial temperature of 75 °C 

is used. This initial temperature is the same to the temperature used in [148]. In the final 

temperature graph of Figure 4.4 it can be seen that the higher the choice of final temperature, 

the higher the 1 s short time rating of the conductor. This is the case for all three conductor 

types. The worst case in terms of protection for the choice of final temperature would be to 

choose a low value. This final value is governed by the conductor material [137]. The 

maximum value that should be used for aluminium is 200 °C [80]. This is similar to the final 

temperature value used in [138]. For the work done in this thesis, a final temperature of 

200 °C is used. By choosing the highest initial temperature and the lowest final temperature, 

the temperature delta (Tf - Ti of (4.8)) is small and that results in the low 1 s short time rating. 

Continuous temperature and short time temperature ratings for insulating mediums are also 

provided in [58].  

 

Hare conductor has the biggest and Fox the smallest diameter. The results shown in 

Figure 4.4 further show that the bigger conductor can sustain a larger fault current for the 

same time (e.g. one second) or a smaller fault current for a longer period. This is expected 

as the Hare conductor has a greater mass when compared to the other smaller conductors. 

There is more material to absorb the heat generated.  

 

The change in conductor one second fault current capability is shown in Table 4.2. This is 

for the conductors from Figure 4.4. It can be seen that the largest change in the current limit 
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is for the biggest conductor (Hare). This is the case for both a change in initial and final 

temperature. However, if this change is normalised to the 90 °C (initial temperature graph) 

and 170 °C (final temperature graph) values the percentage increase is the same for each of 

the conductors.  

Table 4.2  Conductor short time ratings with a change in initial and final temperatures. 

 Conductor 

Type 

Temp. 

 

(°C) 

1 s Fault 

Current 

(kA) 

Increase 

 

(kA) 

Normalised 

Increase 

(%) 

V
ar

y
 i

n
it

ia
l 

te
m

p
er

at
u
re

 

(F
in

al
 a

t 
2
0
0

°C
) 

Hare 90 9.27 
3.04 32.8 

30 12.31 

Mink 90 5.58 
1.83 32.8 

30 7.40 

Fox 90 3.24 
1.06 32.8 

30 4.30 

V
ar

y
 F

in
al

 T
em

p
er

at
u
re

 

(I
n
it

ia
l 

at
 5

0
°C

) 

Hare 170 10.30 
1.80 17.4 

230 12.10 

Mink 170 6.20 
1.08 17.4 

230 7.28 

Fox 170 3.60 
0.63 17.4 

230 4.23 

 

To calculate the conductor one second short time ratings the values listed in Table 4.3 are 

used for the different material types [137], [139]. The resistance of steel conductor used for 

the calculations is 192 Ω·mm²/km at 20 °C [137]. This steel resistance will be divided by 

the steel cross-sectional area. From the manufacturers datasheets the following information 

are obtained: overall conductor diameter, conductor stranding configuration, aluminium 

area, conductor diameter over steel, steel area, the mass of each material type per km, 

ultimate tensile strength, the DC resistance per km, coefficient of linear expansion, initial 
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modulus of elasticity, final modulus of elasticity and the continuous current rating [139]. All 

of this information is not used for calculating the conductor one second short time rating but 

is mentioned here to indicate what is typically obtained from a manufacturer.  

Table 4.3  Conductor material constants used for calculating the conductor short time rating. 

 Aluminium Galvanised steel Aluminium alloy 

Heat capacity of conducting 

material (J/°C·g) 

0.904 0.488 0.904 

Temperature coefficient of 

resistance (per °C) 

0.00403 0.00537 0.0036 

 

If the conductor consists of only one material type, the conductor material constants can be 

used as is for (4.8). But, if there is more than one material type used in the construction of 

the conductor (e.g. ACSR), some of the elements in (4.8) have to be averaged or combined 

[137]. The quantities that will have to be averaged or combined are the total weight of the 

conductor, the heat capacity of the conducting material, the temperature coefficient of 

resistance and the resistance of the conducting material. Equation (4.13) to (4.16) can be 

used to average or combine these quantities for two material types in a conductor [137]. The 

subscript of “1” and “2” for the variables in (4.13) to (4.16) are for the two different materials 

that the conductor consists of. 

 

 𝑊 = 𝑊1 + 𝑊2 (4.13) 

 
𝑆 =

𝑊1𝑆1 + 𝑊2𝑆2

𝑊1 + 𝑊2
 

(4.14) 

 
𝛼 =

𝐴1𝛼1 + 𝐴2𝛼2

𝐴1 + 𝐴2
 

(4.15) 

 
𝑅 = (

1

𝑅1
+

1

𝑅2
)

−1

 
(4.16) 
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where W is the mass of conducting material (kg/km), S is the heat capacity of conducting 

material (J/°C·g), R is the resistance of conductor at Ti (Ω/km), α is the temperature 

coefficient of resistance (per °C), A is the cross-sectional area of conductor (mm²). 

 

In (4.13) the total weight of the conductor has to be determined and this is simply the sum 

of each material type used within the conductor. The heat capacity of the conducting material 

(S) is averaged by the ratio of the mass of each type of material to the total mass of the 

conductor. In (4.7) it was shown that the resistance is a function of temperature and in (4.4) 

it can be seen that the resistance is also influenced by the conductor cross-sectional area. The 

temperature coefficient of resistance is averaged for the conductor by using the ratio of each 

material type’s area to the total cross-sectional area of the conductor. The conductor 

materials can be considered as resistors in parallel with each material type is parallel to the 

other along the length of the conductor. Thus, the total conductor resistance is calculated by 

applying (4.16). The equations provided in (4.13) to (4.16) can be expanded to more than 

two conductor material types.  

 

Wasp conductor is an AAC with an aluminium area of 105.95 mm² [139]. When applying 

an initial temperature of 75 °C and a final temperature of 200 °C to (4.8) the 1 s short time 

rating calculates to 8982 A. When applying (4.10) with the same initial and final temperature 

the 1 s short time rating calculates to 9280 A. This was done with an inferred absolute 

minimum temperature of -234 °C as shown in (4.10). If an inferred absolute minimum 

temperature of -236 °C is used the 1 s short time rating calculates to 9255 A for 1 s when 

applying (4.10). When comparing the 1 s short time rating results from (4.8) to that of (4.10) 

it can be seen that it compares well. The small difference in inferred absolute minimum 

temperature does not make a significant difference to the result when applying (3.10). 

Equation (4.8) will be used to calculate the conductor short time ratings in this thesis. It 

allows for the application to conductors consisting of more than one type of material such as 

ACSR conductor.  

 

In Table 4.4 the conductor information is shown that is used for the calculation of the 1 s 

short time rating of ACSR Fox conductor. By applying (4.13) to (4.16) the following results 
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are obtained. The total mass of the conducting material (W) calculates to 149 kg/km. The 

heat capacity of the conducting material calculates to 0.7703 J/°C·g. The temperature 

coefficient of resistance calculates to 0.00422 per °C. The resistance at 20 °C calculates to 

0.7632 Ω/km. This resistance is now moved to the conductor operating or initial temperature 

of 75 °C by using (4.7) with the average temperature coefficient of resistance. The resistance 

value calculates to 0.9404 Ω/km at 75 °C. All of these values are now applied to (4.8) so as 

to calculate the conductor short time rating when the conductor temperature increases from 

75 °C to 200 °C. This calculation results in a LTE rating for ACSR Fox conductor of 

12.253 MA²s. To calculate the 1 s short time rating for ACSR Mink conductor, the square 

root of the LTE rating has to be divided by 1 s. Thus, the 1 s short time rating for ACSR Fox 

conductor calculates to 3.50 kA. 

Table 4.4  Fox conductor information from the manufacturers datasheet [139]. 

 Area 

 

Mass Temperature 

coefficient of 

resistance 

Heat 

capacity 

Resistance 

at 20 °C 

 (mm²) (kg/km) (per °C) (J/°C·g) (Ω/km) 

Aluminium 36.68 101 0.00403 0.904 0.7822 

Steel 6.11 48.1 0.00537* 0.488* 31.424* 

*  These values were obtained from [137] 

 

In Table 4.5 results are shown for the 1 s short time rating calculations and then the 

associated LTE rating of each conductor. The values provided in Table 4.1 compares well 

to the calculated values using (4.8). Short time ratings for all the conductors are not available 

in [138]. The calculated 1 s short time rating as listed in Table 4.5 will be used for the work 

in this thesis. 
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Table 4.5  Conductor short time and let-through energy ratings. 

Conductor 1 s Short time 

rating [138] 

(kA) 

1 s Short time 

rating calculated 

(kA) 

Let-through energy 

calculated 

(MA²s) 

Fox 
3.14 3.50 12.25 

Gopher 
No value 2.50 6.27 

Hare 
8.97 10.02 100.39 

Mink 
5.40 6.03 36.31 

Oak 
9.59 9.52 90.68 

Rabbit 
No value 5.04 25.38 

Squirrel 
1.79 2.00 4.00 

 

4.5 NETWORK CONFIGURATIONS 

Two network configurations are being discussed in this section. The first being a radial MV 

feeder and the second being a multi-source MV feeder.  

4.5.1 Radial medium voltage network 

In Figure 4.5 a simplified radial feeder is shown. On a radial feeder there will be high fault 

levels close to the source. The fault level will drop as the fault position moves further into 

the network on a radial feeder. This means that the fault level in section A will be greater 

than the fault level in section D. There are many operating curves (see Chapter 3) that can 

be applied to the protection on AR 1 (and AR 2 and AR 3). If an IDMT type operating curve 

is used, the operating time will increase as the fault level reduces further into the network. 

In Figure 4.2 a LTE curve and conductor damage curve are shown. A replica of this is also 

shown within Figure 4.5 (with high risk areas added).   
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For AR 1 two LTE high risk areas can be defined when a single IDMT curve is applied. The 

first being close to the source where the current is dominant and the later at a position where 

the fault level to PU ratio becomes close to one. This is where the operating time tends to 

infinity. All of the protective devices will have high risk areas. Depending on the operating 

curve or curves that are applied, there might be more than one high risk area. When 

considering the LTE-distance graph. This LTE-distance graph can be used to identify where 

the potential high-risk areas are. A high-risk area is an area where there is a LTE peak with 

the potential of exceeding the conductor limit. If there is a fault within this high-risk area it 

can result in damage not only to the conductor there, but all the sections of conductor that 

have to carry the fault current. With reference to Figure 4.5, if the fault is in section E and 

the conductor type in section A to E is the same, all of those conductor sections will get 

damaged the same. The high-risk area XX is common to all protection devices. This means 

that the protection device AR 2 will have a similar XX region close to that CB. If there are 

multiple devices to grade with, not only will the fault current be high in region XX but the 

operating time will be slow as well [119], [123].  

Source A
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Figure 4.5.  Let-through energy high risk areas on a radial feeder. 
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The high-risk area YY will also be present if an inverse type curve is used and there are long 

protection operating times. If the protection philosophy was different in that AR 1 did not 

have to provide backup protection to the downstream AR 2, then the second high-risk area 

(YY) can move to section B (just before AR 2) from where it is in section E. This depends 

on the protection philosophy (see Chapter 3) that the utility is applying. If DG or an 

interconnection is added to the feeder beyond AR 3, bidirectional current flow will be 

present on the feeder. The high-risk areas XX can then be present in both section B and D 

for AR 2. AR 2 can also have a second high-risk area YY on both sides (forward and reverse) 

of the CB (or AR). In general, a minimum of two protection devices are required to detect a 

fault (main and backup protection) [37], [102]. Additional curves applied to the IDMT 

operating curve can result in additional high-risk areas. A similar LTE-distance plot can also 

be made for AR 2 and AR 3 to show how they will protect the conductors within their 

protective reach. All of the ARs LTE plots can be added to the same plot to look at the feeder 

as a whole [40], [41].  

 

In a radial feeder the current flow (fault current) is only in one direction from the source to 

the fault. As such, the OC protection applied to these types of feeders are usually non-

directional current based protection. To isolate a fault in a radial feeder, only one CB has to 

operate, but all supply will be lost to any downstream loads (below the AR that operates). If 

a fault was present in section B of the network in Figure 4.5, only AR 1 have to operate to 

isolate the fault.  

 

For a radial feeder, there is no need to have a large backbone conductor throughout the length 

of the feeder as bi-directional current flow is not possible. In Figure 4.5 the backbone 

conductor can be defined as section A, B, D and F. A large backbone conductor will assist 

with reducing losses, improve the voltage profile and for future expansion on the feeder. A 

larger conductor is however required close to the source where the conductor can get 

damaged [51], [138]. This is high risk area XX in Figure 4.5. This may not be required for 

AR 2 as the fault level reduces from AR 1 and the protection operating time may be faster 

in a radial feeder. From the backbone conductor there are spurs radiating from the conductor 

to the various loads. In Figure 4.5 spurs can be seen as section C and E. These conductors 
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can be much smaller in size based on the load they carry. If the spur conductor is located in 

a high-risk part of the network (such as close to the source) then the spur conductor size 

should be increased (sized for fault current) as this conductor can also get damaged by the 

LTE. If we consider the first spur from the source side in Figure 4.5, this falls within the 

high-risk area. 

4.5.2 Multi-source medium voltage network 

Multi-source MV networks refer to MV networks where there are two or more possible 

points of supply. These supply points can be due to the feeder being operated as in a loop 

configuration, or as a result of N/O points closing creating another supply point on the feeder, 

or as a result of DG that is installed in the feeder, or a combination of this.  
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Figure 4.6.  An interconnected network consisting of multiple sources. 

With DG installed on the feeder, there are more possible simultaneous points of supply on 

the feeder. This means that not only is the utility supplying the load on the feeder, but other 

generation points are supplying at the same time. To isolate the fault, a minimum of two 

CB’s are required to operate on either side of the fault (except if the fault is on a radial spur 

with a CB). Some of these generators may contribute to the fault current. To explain the 

effect of additional sources on the OC protection of a feeder, the interconnected network 

with multiple sources of Figure 4.6 is considered. In this network (Figure 4.6) it can be seen 
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that there are three busbars with a source connected to each of these busbars. Busbar 1 to 

Busbar 3 is also interconnected to each other using the four feeders. For a fault on the 

network (Feeder 1), fault current will be supplied from both ends of the feeder (Busbar 1 and 

Busbar 2). These fault currents will be limited by the source impedance, the impedance of 

the feeder and the fault resistance.  

 

The conductor from Busbar 1 up to the fault point will be exposed to fault current associated 

with the Kirchhoff sum at Busbar 1 (Current A). The conductor from Busbar 2 up to the fault 

point will be exposed to the Kirchoff sum of fault current from Busbar 2 (Current B). At the 

fault position an arc will form between the faulted phases. At the fault position plasma will 

form [152]-[154]. Within the plasma there will be fault streamers moving from the conductor 

to the arc [152]-[154]. The assumption is made that the fault current will thus not combine 

on the feeder. This means that the conductor will not be exposed to the combined fault 

current from both ends of the feeder. The plasma and streamers are illustrated in Figure 4.7 

for the fault of Figure 4.6 on Feeder 1. The duration of fault current from Busbar 1 will be 

determined by the protection settings applied to Relay A. The same will be for the current 

from Busbar 2 and Relay B. 
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Figure 4.7.  The fault current, streamers and plasma at the fault position. 

One of the advantages of having DG installed on a feeder is that it reduces the network 

investment and operational cost [73], [88]. This is due to the load being situated closer to the 

generation. The losses associated with transporting power to loads at the end of the feeder 

can reduce [21]. The requirement for large conductors to meet the load demand for the total 

feeder from the main utility source can be minimised. This is under the assumption that the 
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DG will have reasonable availability on the feeder. The drawback of these multiple sources 

and interconnected networks are that the complexity of protecting the network and finding 

protection settings that are applicable to a wide range of network contingencies become 

difficult. The smaller conductor, possible increase in fault levels (due to DG) in some parts 

of the network and potential protection blinding in other parts increases the risk of conductor 

damage. 

4.6 FAULT CURRENT AND DISTRIBUTION 

Within an interconnected network, the measured RMS fault current can change if a CB is to 

open or close (e.g. ARC) within the interconnected network during the fault. This is due to 

the network impedance (or source impedance to the fault) changing. The opening and closing 

of CBs will change the current distribution within the network during the fault period. For 

the fault shown in Figure 4.6 the current measured at A can change if the CB at D opens 

before A. The same can happen if the CB at B opens before A trips and if A trips before B. 

This means the IDMT relay equations of (3.1) to (3.3) cannot be used in this form to 

determine the relay operating time as the equations in this form assume a constant current 

being measured until the CB opens. 

 

The source Z or Y shown in Figure 4.6 can be a distributed generator. There are many forms 

of generation such as wind generation, PV, concentrated solar power plant, small hydro 

power plant, landfill gas power plant, biomass power plant and a biogas power plant [75]. 

Each of these generators have their own characteristics during normal operating conditions 

and during faults. The wind and PV generators are the two most common types of generators 

implemented at present [2]. Wind turbines can be broken down further into four types. 

Type 1 is a squirrel cage induction generator [4], [69]-[71]. This type of generator connects 

to a step-up transformer directly. Type 2 is a wound rotor induction generator with resistors 

that are used to maintain the turbine speed [4], [69]-[71], [155]. Type 3 wind generators are 

asynchronous wound rotor machines [4], [69]-[71]. An AC-DC-AC converter is used to 

supply the rotor field. The frequency of the AC excitation can be varied on type 3 generators. 

A Type 3 generator is known as a DFIG [4], [69]-[71], [155]. The advantage of Type 3 
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generators is that it the reactive and real power can be controlled separately [4], [70], [71], 

[155].  

 

A Type 4 wind generator is an asynchronous machine with the stator windings connected to 

the supply grid through an AC-DC-AC converter [4], [69]-[71]. This generator type offers 

the greatest benefit as the machine can rotate at the best aerodynamic speed (can be less or 

more than synchronous speed) [69]-[71]. A Type 5 wind generator is also defined in [70] for 

turbines where a variable speed drive chain is connected to a torque or speed converter [70]. 

A synchronous generator is connected to the speed or torque converter. This Type 5 

generator connects to the grid directly and makes use of an automatic voltage regulator to 

regulate the output voltage [70]. For a PV generator rows of generating DC panels are 

connected together and the output is fed through a controlled DC-AC converter [69]. The 

fault current contribution from PV generators may vary based on the time of day [9]. 

 

The fault contribution from wind generation and PV generators are highly dependent on the 

control algorithm driving the power converter [69]. Type 1 and Type 2 wind generators do 

not use power electronics for power conversion and control [69]. The fault current produced 

by these wind generators (Type 1 and Type 2) are similar to large induction machines [4], 

[70]. These generators can produce large fault currents (similar to lock rotor value) that will 

decay after a number of cycles [70]. Type 3, Type 4 and PV generators fault current 

contribution is dependent on the speed of the converters and control philosophy [69], [70]. 

Generators making use of a full converter can be set to produce negative phase sequence 

current for unbalanced fault types [69]. These generators (Type 3, Type 4 and PV) can 

produce 1.2 p.u. of fault current [69]. This 1.2 p.u. value falls within the range of 1.1 p.u. to 

1.5 p.u. specified in [10] for PV generation. In [71] the Type 3 wind generators can inject 

reactive current up to 1.3 p.u.. For DFIG a crowbar can be added to improve the fault current 

ride through capability of the generator [69], [156]. With the crowbar applied, the generator 

can then switch between motor and generator modes [69]. Table 4.6 is showing the fault 

current contribution for different types of wind turbine generators. The results from [70] and 

[4] are shown and they compare well with each other. 
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Table 4.6  Wind turbine fault current contribution. 

Wind turbine type Fault current [70] 

(p.u.) 

Fault current [4] 

(p.u.) 

Type 1 5 to 6 Up to 6 

Type 2 5 to 6 Up to 6 

Type 3 1.1 to 2.5 Up to 3 

Type 4 Just above 1 1.1 

Type 5 4 and greater - 

 

The required duration of this fault current is dependent on the fault ride through capability 

imposed by the grid code [69], [70]. The embedded generators have to meet the operating 

regulations as stipulated by the network authority. Within South Africa this is NERSA and 

the operating regulations are stipulated in the South African Grid Code [75]. Within New 

Zealand this is the Electricity Industry Participation Code [76]. Within each of these codes 

there is a generator fault ride through criteria defined. This means that if there is a fault 

within the network (not the generator), it is required to remain stable and connected to the 

network [75], [76]. In these codes a no trip zone for the generator is defined based on the 

measured grid voltage at the point of connection and the duration of the fault. This does not 

mean that the generator is not allowed to trip for the fault, it means that the generator should 

remain connected to the grid for the minimum period defined in the grid code. Depending 

on the severity of the voltage dip during the fault, the required fault ride through time can 

increase or decrease. During this fault period certain generator types can support the grid by 

injecting reactive power for voltage support [71]. The response time of modern wind 

generators is one cycle and then they can provide full reactive support within 3 cycles [71]. 

 

The time the generator is connected to the grid can thus vary based on fault type and position. 

Further, the fault current capability and behaviour of generators are different. The source Z 

or Y shown in Figure 4.6 can trip before the relay at A has issued a trip signal to the CB at 

A. This means the measured current will change and result in a change in the operating time. 
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Again, the relay operating equations as shown in (3.1) to (3.3) cannot be used in this form. 

For the work done in this thesis, the specific generator behaviour is not studied. In this 

section it is shown that there are many forms of the most common type of DG, each with its 

own characteristics. The focus is placed on the fault current that is being measured by the 

protection relay on the faulted feeder. This section also shows that the measured fault current 

can change over time when there is DG installed, or when an interconnected network is 

present or a combination of both additional generation and interconnections. For the results 

generated in this thesis the source will be modelled as an external grid and CBs will be 

opened based on protection settings applied to the various CB relays in the model under 

study. The effect of different embedded generators on the LTE capability of a conductor can 

be studied further in future work by modelling specific generator types and control strategies 

in the network simulation software. 

4.7 OVERCURRENT RELAY MODEL 

The IDMT OC relays make use of RMS current [157], [158]. The operating equations for 

IDMT type operating curves are shown in Chapter 3. These equations are all applicable when 

the RMS fault current has reached its steady state condition. By applying them the relay 

operating time can be determined. As an example, apply a NI curve, with a PU of 250 A and 

a TM of 0.3 to a relay measuring 1000 A of current. The trip time can then be determined as 

1.49 s by applying (3.1). If the fault current was lower at 500 A the trip time would be 3 s. 

If the fault current is higher at 1500 A the trip time would be 1.15 s. This is true only if the 

measured RMS fault current did not change. To explain the effect of a change in fault current, 

an induction disk electromechanical relay is considered. An induction disk 

electromechanical relay with a NI operating curve is shown in Figure 4.8.  
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Figure 4.8.  An induction disk electromechanical protection relay. 

If the RMS fault current stays constant, the relay disk will rotate at a constant speed and the 

relay operating time can be determined using (3.1) for a NI curve. However, if the RMS fault 

current reduces before the relay issues a trip signal, the speed of the rotating disk will be 

impacted and this will change the relay trip time. The same is happening with numeric relays 

trip time for a change in fault current [157], [158]. To determine the operating time for a 

change in measured RMS fault current, the relay IDMT operating equations of (3.1) to (3.3) 

have to be changed. 

 

The basic induction disk electromechanical relay operating equation as derived from 

differential equations is shown in (4.17) [117]. 

 

 
𝐾𝐼𝐼2 = 𝑚

𝑑2𝜃

𝑑𝑡2
+ 𝐾𝑑

𝑑𝜃

𝑑𝑡
+

𝑡𝐹 − 𝑡𝑆

𝜃𝑚𝑎𝑥
𝜃 + 𝑡𝑆 

(4.17) 

 

where KI is a constant relating torque to current, I is the input current, m is the moment of 

inertia of the disk, Kd is the drag magnet damping factor, θ is the disk travel, tF is the spring 

torque at maximum travel, tS is the initial spring torque and θmax is the maximum disk travel. 

In [117] and [159] (4.17) is simplified by neglecting the disk inertia. The simplified version 

of (4.17) is shown in (4.18) [55], [117], [118], [129]. 
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1 = ∫

1

𝑡(𝐼)
𝑑𝑡

𝑇

0

 
(4.18) 

 

where T is the relay trip time (s) and t(I) is the time-current equation. There are various time-

current equations available. To determine the operating time using (4.18) the actual RMS 

fault current over time signal has to be known. This is the relay measured fault current. In 

essence, (4.18) is determining when the inverse of the area under the relay characteristic 

curve is equal to one. To implement this in real time a discrete sample version of (4.18) has 

to be used. The integrator can be replaced with a summation function in a discrete form 

(using samples) [131], [158]. This discrete version of (4.18) is shown in (4.19). 

 

 
1 = ∑ (

𝑇𝑠𝑡𝑒𝑝

𝑡(𝐼)
)

𝑛=∞

𝑛=0
 

(4.19) 

 

where t(I) is the time-current equation, n is the sample number and Tstep is the sample time 

step size in (s). In (4.19) the inverse of the area under the relay characteristic curve is 

determined by adding the area of each sample together and checking at which sample number 

the sum is equal to one. This sample number multiplied by the time step (Tstep) is the relay 

trip time.  

 

Another method to determine the relay trip time was also developed in the course of this 

thesis using the concept of the rotating disk of an electromechanical relay. The assumption 

is made that the disk angular speed is constant if the input RMS measured fault current is 

constant. When considering an object moving in a straight line, the average speed of the 

object can be determined if the distance is known and the time it took to travel the distance 

[132]. This average speed formula is shown in (4.20), but it is applied to the rotating disk of 

an electromechanical relay.  

 

 𝑣 =
𝑠

𝑡
 (4.20) 
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where v is the speed of the disk (m/s), s is the distance travelled by the disk (m) and t is relay 

trip time is (s). For a rotating disk the distance should be stated as angular distance, as the 

linear distance is a function of the radius of the disk. As discussed in Chapter 3, the TM will 

increase or decrease the operating time. In the application of (4.20) to a relay, the TM is 

proportional to the distance the disk has to travel or rotate before a trip is issued to the CB.  

Fault

Busbar A
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TM = 0.3

CT

Feeder

B
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Relay

 

Figure 4.9.  Simulation network model for relay operating time illustration. 

To show how to apply (4.18), (4.19) and (4.20) a radial feeder is modelled with one source 

and two transformers (T1 and T2) in a simulation package. An IDMT relay is applied to the 

feeder CB at Busbar A (on CB A) and a three-phase fault is placed at Busbar B. The relay is 

programmed with an IDMT operating curve, a 250 A PU and a TM of 0.3. The network 

diagram is shown in Figure 4.9. 

 

Figure 4.10.  Simulation result for the relay operating time simulation. 

For the simulation, a three-phase fault is placed at Busbar B at one second, and after 1.5 s 

CB C is opened to change the current passing through the measuring CT on the feeder at 
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Busbar A. The relay is set to open CB A once the relay has finished timing. The result of 

this simulation is shown in Figure 4.10. A similar approach towards testing a relay was 

applied in [157]. In the result of Figure 4.10 it can be seen that when the fault occurs at one 

second, the fault current is 999.3 A (from simulation). At 1.5 s when CB C opens the fault 

current drops to 938.6 A (from simulation) until CB A finally gets tripped by the relay at 

2.54 s (from the simulation). If the relay operating time was calculated using (3.1) the trip 

signal would have been sent at 1.495 s if the fault current was 999.3 A and the relay would 

have tripped at 1.566 s if the fault current was 938.6 A. As the fault current have changed at 

1.5 s into the simulation, (3.1) cannot be used to calculate the relay trip time. The simulation 

has shown that the trip time occurs at 2.54 s, which means the relay took 1.54 s before it 

issued the trip signal. 

 

Equation 3.1 and (4.18) is combined to give (4.21). Equation (4.21) is set up for the fault 

current signal as shown in Figure 4.10. To apply the equation to the current signal it has to 

be split into two regions to accommodate the change in fault current. This is similar to the 

Joule integral application for fuses consisting of a minimum melting and total clearing time 

regions where the fault current is different in each region [149]. If there were more changes, 

then these have to be accommodated with additional time terms in the equation. In (4.21) T1 

is the time when the current change from the fault inception time. This is 0.5 s. The value of 

T2 will be the trip time of the relay. Equation (4.21) also solves to the simulation value of 

1.54 s. 
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Similar to the combined integral version of (4.21), (3.1) can be combined with (4.19). This 

was done in separate code where the fault current signal of Figure 4.10 was programmed 

into the code and the current was then sampled at 1 kHz (0.001 s time step) to determine the 

trip time. The sample time can be made faster, but for this purpose 1 kHz is sufficient. This 

was done in Python. From the result of the code it is found that the trip time is 1543 samples 

or then 1.543 s at a time step of 0.001 s. With this method a small error is introduced as it 

makes use of a Riemann calculation approach. This error can be decreased by increasing the 

sample rate. Generally, an IDMT OC element can be set to issue a trip from roughly 20 ms 

onward (depends on relay manufacturer and protection element). The times applied depends 

on the protection philosophy that is applied. From experience this can be in the range of 0.5 s 

to 3 s for an IDMT element applied to a feeder relay at the busbar.  

 

The trip time for the fault signal can also be determined using the average disk speed method 

using (4.20). The distance is set equal to the TM of 0.3 (unit of meter). For an RMS fault 

current of 999.3 A the required disk speed is 0.201 m/s to have the relay sending a trip signal 

in 1.495 s. For an RMS fault current of 938.6 A the required disk speed is 0.192 m/s to have 

the relay sending a trip signal in 1.567 s. The relay disk would have travelled a linear distance 

of 0.1004 m in 0.5 s at an RMS fault current of 999.3 A. The disk still has to travel a linear 

distance of 0.1996 m of the 0.3 m (TM) before a trip signal is issued. After 0.5 s from fault 

inception, the RMS fault current changed to 938.6 A. At this current level the disk speed is 

0.1915 m/s and the disk will complete the remaining distance of 0.1996 m in 1.0425 s when 

applying (4.20). The total trip time is 1.5425 s. This is the sum of each section, thus 0.5 s 

added to 1.0425 s. 

 

It can be seen that the same operating time result is obtained using the simulation, the integral 

calculation of (4.18), the discrete version of (4.19) and the average disk speed method. Other 

IDMT operating curves equations such as (3.2) for a VI or (3.3) for an EI curve can also be 

applied in the relay models (to calculate the operating time) in place of (3.1) for an NI curve. 
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4.8 CURVE SELECTION 

LTE consists of a current and time component. From a protection perspective, the exposure 

time is the only part that can be influenced without switching healthy equipment out of 

service or additional equipment into service. The fault clearing time is dependent on the 

protection operating time (if we neglect CB operating time). The time the protection relay 

takes to issue a trip signal to the CB is dependent on the fault current, the PU current, the 

operating curve and the time settings related to the operating curve. There are probably an 

infinite number of protection operating curves available. These curves consist of predefined 

curves (IEEE, IEC and relay manufacturers), a combination of predefined curves and user 

definable curves. The IEEE (IEEE std c37.112) and IEC (IEC 60255) define standard 

operating curves such as the NI IDMT curve [34], [117].  

 

Figure 3.1 shows the operating time curve for the NI, VI, EI and DT curves. All of them 

with the same PU current (600 A) and TM (0.25). The DT curve has the same PU current 

but with a time delay of 0.25 s. In Figure 3.1 it can be seen that the EI curve results in the 

fastest operating time at high fault currents and the slowest for low fault currents. The 

opposite is happening to the NI IDMT curve. Thus, the more inverse the curve, the faster the 

operating time for high currents and the slower for low currents. 

 

In Figure 4.11 LTE curves are shown for the operating curve equations of (3.1) to (3.4). 

Similar to the operating time curves of Figure 3.1 the settings applied to each equation had 

the same PU (350 A in this case) and the same TM of 0.25 (except for the DT curve with a 

time delay of 0.25 s). A conductor energy limit of 4500 A for 1 s is also shown in 

Figure 4.11. The best curve to use where the fault current is high is the EI curve. Not only 

does it operate the fastest (Figure 3.1), but it also keeps the conductor LTE exposure to a 

minimum (Figure 4.11). Another advantage of the EI curve is that the LTE exposure curve 

(EI curve in Figure 4.11) is almost parallel to the conductor damage curve in the high current 

region. Thus, it grades well with the conductor damage curve.  
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The drawback of the EI curve however is that there is a rapid increase in the operating time 

as the fault current is decreasing. This increase in time can be used when a number of close 

devices (small change in fault level) are to be time graded. This rapid increase in time does 

mean that the EI curve is not well suited for applications where the ratio of fault level to PU 

is close to one. In these cases, the conductor LTE exposure is more likely to be exceeded 

than for a NI curve. This can be seen in Figure 4.11 when comparing an NI and an EI curve 

to each other. The NI curve can sustain a fault level to PU ratio closer to one. The NI curve 

does not grade as well as the EI curve with the conductor damage curve in the high current 

region. But the NI curve does provide a very horizontal profile when the operating time is 

considered (as the fault current drops). A small adjustment to the PU current may result in a 

big reduction in this increased exposure time for faults at the end of the feeder [25].  

 

Figure 4.11.  Let-through energy curves using different IEC IDMT opearing curves. 

The DT curve is different to the other IDMT curves as it will only have one energy peak on 

a radial feeder with one source. This will be in the high current high-risk region close to the 

source busbar (see Figure 4.5). The operating time will remain constant for this curve as long 
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as the fault current is larger than the PU current. Due to this constant operating time 

characteristic it will not produce another energy peak at lower fault levels (low compared to 

the PU value). This can be seen in the LTE curves of Figure 4.11 and also in the operating 

time curves of Figure 3.1. The change in LTE for the DT curve is due to the change in fault 

current across the feeder. The same signature (as DT curve) will also be present for 

impedance and differential protection. 

 

The DT curve can be applied as an instantaneous element or high-set element if the time 

delay is set to zero. Under very high fault currents, even this element might not be able to 

protect the conductor from damage as the CB operating time still has to be considered [36]. 

In Figure 4.12 the potential conductor LTE exposure is shown for CB operating times 

ranging from 25 ms to 100 ms. A CB operating time of 83.3 ms is reported in [31], a time of 

100 ms (5 cycles) is reported in [103], [106] and a range of 3 to 8 cycles in [10], [58]. From 

these curves it can be seen that under low fault levels CB operating time is negligible. 

However, if the fault levels are high the CB operating time is considerable and from a design 

perspective it is advisable to use faster CBs to minimise the LTE exposure. Larger 

conductors that can sustain the potential LTE exposure within the first high risk area close 

to the busbar may also be applied [138]. 

 

Figure 4.12.  The effect of circuit breaker operating time on potential conductror LTE exposure. 
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For combination curves, the most commonly used and best example is a high-set curve on 

top of an IDMT curve. This high-set curve will reduce the LTE exposure in the high fault 

current region close to the source busbar [40], [103]. On top of this IDMT and high-set curve 

a maximum time function can also be applied (see Chapter 3). This will not only help to 

limit the maximum operating time of an IDMT curve, but it will also limit the second energy 

peak at low fault levels for the IDMT type curves. When setting the protection relays, not 

only should the maximum protection operating time at low fault levels be considered, but 

also the conductor LTE exposure. This may reduce the applied maximum time setting even 

further.  

 

Figure 4.13.  The LTE and relay operating times with high-set and maximum time curves applied. 

Figure 4.13 is showing the NI curve used in Figure 4.11 on the same fault levels with and 

without additional curves applied. A high-set curve with a PU of 3000 A and a time delay of 

zero seconds is applied to the NI curve. Further, a maximum time function is applied with a 

PU of 350 A and a time delay of five seconds. This maximum time is similar to actual 

protection philosophies applied in networks [37], [102]. It can be seen that the high-set 

function is reducing the potential conductor LTE exposure in the high-risk area (high 

current) close to the source. The high-set curve is also pushing the first high current energy 

peak further into the network [40], [41]. The maximum time function can be seen to limit 
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the NI curve operating time to five seconds. The effect of this time limit is reducing the 

conductor LTE exposure in the second high-risk region in the low fault level part of the 

feeder. Based on this work it is thus recommended to include a high-set function where 

possible and always include a maximum time function when an IDMT type curve is used. 

This will bound the potential conductor LTE exposure to manageable limits in most 

applications.  

 

The use of EI curves for conductor LTE protection is recommended in [40]. For a strong 

(high fault currents) network, EI curves will be best suited to protect the conductor. It might 

not always be possible to use this curve when considering the grading requirements for 

upstream protection. The DT function may influence grading (selectivity) with downstream 

devices (lower fault levels). In a weak network NI and DT curves will be better suited if the 

settings are to be set securely (above load current, see Chapter 3). This is however governed 

by the protection philosophy that is applied and the priority set by the utility (grading vs. 

conductor protection). 

4.9 MULTIPLE CONDUCTOR TYPES AND CIRCUIT BREAKERS 

MV feeders may have many different conductor types in series. The feeders may also have 

multiple CBs and relays in series. In Figure 4.14 two feeders are shown, one with multiple 

conductor types (Feeder A) and one with multiple relays (Feeder B). The conductor(s) LTE 

exposure across the feeder distance is also shown for each feeder.  

 

The same protection settings (PU, TM and operating curve) are applied to Relay A and B. 

Relay C is set to grade with Relay A with the same operating curve but a lower PU current 

and TM (see Chapter 3). In the network of Figure 4.14 conductor Type L is smaller than 

conductor Type K. The conductor LTE exposure from the busbar to point Z is exactly the 

same as the settings and conductor types are the same. From point Z onward the exposure is 

changing again. On Feeder A the smaller conductor will have a new conductor limit it has 

to be evaluated against. On Feeder B the change in LTE is due to the change in applied 

protection settings at Relay C (compared to Relay B). The new LTE exposure from point Z 
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onward may be less than the LTE exposure leading up to point Z initially, but my result in 

an increase towards the end of the feeder (point M) due to the fault level to PU ratio on an 

IDMT curve. This may exceed the conductor LTE limit again. The effect of LTE exposure 

on multiple series conductors was discussed in our earlier work [40], [41].  
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Figure 4.14.  Multiple series conductors (Feeder A) and multiple series circuit breakers (Feeder B). 

The first high-risk region close to the busbar should be evaluated in maximum network 

conditions and the second high-risk area should be evaluated in minimum network 

conditions. In general, the LTE exposure of every conductor type and protection relay (or 

CB) should be evaluated in minimum and maximum network conditions under different fault 

types as the peak exposure may occur at different places on the feeder, highlighting potential 

high-risk areas.  
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4.10 THE EFFECT OF THE AUTO-RECLOSE FUNCTION 

Most faults in the network are transient in nature [25], [29], [49], [54], [65], [119]. A good 

example of this is lightning. This means the fault is non-permanent and as such the CB can 

be closed to restore supply once the fault is removed [119]. By applying an ARC cycle the 

availability of the network can be improved [29], [65], [119]. There are many theories on 

how many ARC cycles should be applied. If the objective is to keep the LTE exposure to a 

minimum, then no ARC cycles should be applied. If the objective is to maximise the 

availability, then the maximum number of ARC cycles should be applied. The probability 

of having a successful ARC attempt decreases with the increase in ARC cycles. Cable faults 

are normally permanent in nature and as such ARC cycles are not normally applied to them 

as it will only increase the damage at the fault position [34], [54]. In Chapter 3 background 

was provided to the ARC function and the three main settings associated with this function. 

They are the number of attempts, deadtime and reclaim time. 

4.10.1 A radial network 

In [25] it is mentioned that ARC may have a bearing on the I²t conductor heating effect. The 

approach is that during the first ARC trip, the conductor will be heated by the flow of fault 

current. With the deadtime being short, the assumption is made that the conductor does not 

lose significant heat energy [40], [54]. This means that for the second shot, the LTE is added 

to that of the first ARC trip. This same concept is also applied to ARs [57]. The exposure 

time of each ARC attempt was also added together to attain the total exposure time in [122]. 

To ensure the conductor does not get damaged, this total energy should be less than the 

conductor LTE limit. The conductor does not cool down significantly in the deadtime 

between ARC cycles. A value of five seconds is used as negligible in [81], [136]. When 

setting the protection devices, this assumption will result in a worst-case scenario when 

evaluating the settings. As a worst-case scenario, the LTE level attained during the first ARC 

attempt is thus maintained to the start of the next ARC attempt. This means that the deadtime 

influence on the conductor LTE exposure is negligent (radial feeder application).  
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In Figure 4.15 the conductor LTE and fault current time exposure are shown for a radial 

feeder. The protection settings applied to the feeder CB (operating curve, PU and TM) are 

not changed. Only the number of trips is changed from one trip to two trips (one ARC cycle) 

and a highest element is applied. A time delay of 50 ms is applied to the highest element for 

CB operating time. A conductor LTE limit of 4500 A for one second is applied in this 

example.  

 

Figure 4.15.  The conductor let-through energy and fault current time exposure on a radial feeder 

with ARC and high-sets applied. 

In Figure 4.15 the LTE curve with one trip and no highest is used as a reference. It can be 

seen that the maximum LTE occurs at the busbar (zero km) and it is less than the conductor 

limit. Towards the end of the conductor the LTE does increase. When the protection is set 

to initiate an ARC cycle, the conductor LTE is doubled due to the fault exposure time being 

doubled. The fault current remains the same. This LTE curve (LTE, no highest, two trips) 

now exceeds the conductor limit for the first part of the conductor length. A highest element 

can be applied to reduce this energy peak close to the busbar so as to meet the conductor 

limit [40]. This highest element should be set to initiate an ARC cycle so as to improve the 

availability of the feeder as the total LTE in the first portion of the feeder (up to 4.5 km) is 
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still below the conductor limit [40]. This fast clearance of the fault will also improve the 

quality of supply to other feeders connected to the same busbar as it is reducing the time a 

voltage dip is present on the network [40], [59], [131]. It is thus beneficial to apply a high-

set function whenever possible to minimise the exposure and set this high-set element to 

initiate ARC cycles.  

 

If the conductor LTE exposure were to be exceeded in the high-set operating region, then 

another high-set element can be applied and this element is named a high current lockout 

function [116]. This high current lockout function, operates the same as a high-set function, 

except, it does not initiate an ARC cycle. From my experience, it was found that many 

utilities do not know the difference between a high-set and high current lockout function. 

There is not much guidance in literature on when to apply a high current lockout function. It 

is recommended to use the conductor LTE exceedance with ARC and a high-set applied to 

determine the application and setting of the high current lockout function [160]. 

 

The LTE should also be evaluated at the end of the feeder. It can be seen that the additional 

ARC cycle does double the potential LTE exposure at the end of the feeder as well.  

4.10.2 A multi-source interconnected network 

When evaluating the effect of ARC on the conductor LTE exposure in a radial single source 

feeder it entailed determining the LTE for one trip and multiplying it with the number of 

trips [40]. This was under the approach of each trip being set the same. The total exposure 

time can also be used by multiplying this time with the square of the fault current. For an 

interconnected feeder or feeder consisting of multiple sources this approach for when ARC 

is applied cannot be followed. The reason for this is that more than one CB is required to 

isolate the fault, the fault current measured is changing over time, each CB protection is 

operating independently from each other (set different). When ARC cycles are applied to 

protection devices in a multi-source network, sequencing becomes key to calculating the 

conductor LTE exposure. 
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A feeder (Feeder 1) in a multi-source interconnected network is shown in Figure 4.6. If the 

three-phase fault profile is plotted across the feeder, it may resemble the profiles in 

Figure 4.16. For this feeder the length is assumed to be 50 km and the distance is measured 

from busbar 1 to busbar 2. The current distribution is dependent on the network 

configuration, impedance values and size of generators. There are an infinite number of 

possibilities, the one shown here illustrates what can happen on a feeder in an actual network. 

There are two curves shown for each relay, A and B. The first curve is for when both ends 

of the feeder are supplying the fault current to the fault on the feeder e.g. (A+B). The second 

is for when the remote or far end is open (e.g. B open), thus only one end is supplying the 

fault current, e.g. (A). It appears as if the curves are right on top of each other, but the actual 

current is different. For the A+B(A)-curve the fault current from the A side at the busbar is 

10171.3 A and for the A-curve alone the fault current is 10258.2 A. The reason for the 

change is that when any of the CBs that are carrying fault current opens, the current 

distribution is changed due to the change in network configuration. The same is happening 

to the current measured at Relay B with 233.4 A and 397.1 A being measured for each 

contingency. 

 

Figure 4.16.  The feeder three-phase fault current profile measured from each end of the feeder for 

different contingencies. 

In Chapter 3, the protection philosophy was discussed and the application to radial feeders 
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as examples. Even for interconnected multi-source networks that are protected using IDMT 

type protection these elements are still applicable. When applying protection settings to 

Relay A and B on Feeder 1 of Figure 4.6 it can be seen that the settings would be different 

because the fault current measured from either end of the feeder is different. The relay 

operating time (e.g. time delay before trip signal) may be different depending on the network 

configuration. For this example, if both Relay A and Relay B was set to operate in 800 ms 

for a closeup fault on the feeder (for each), the operating time may be the same, but the 

current that they are measuring is different. This results in a different conductor LTE 

exposure from each end.  

 

Figure 4.17.  The possible feeder LTE exposure showing the potential Relay A, B and maximum 

of the two ends. 

In Figure 4.17 this conductor LTE exposure is shown. It can be seen that the LTE at each 

end of the feeder is high when considering the maximum curve, which is the maximum of 

the Relay A and B LTE exposure. The maximum energy exposure does not sum together as 

the fault current that the conductor is exposed to is either the current from busbar 1 (Relay A 

end) or busbar 2 (Relay B end). The current is combining in the arc. For the maximum curve 

shown in Figure 4.17, the protection at both ends of the feeder had to operate at the precise 

same time. In the actual network, this is not always the case, e.g. measuring errors. When 

one of the relays trips a CB, it will change the measured current, and this will change the 
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operating time of the other relay still measuring fault current. To finally clear the fault, both 

ends have to operate.   

 

If an ARC cycle is added to the protection at either end, it will complicate this clearing of 

the fault even further as the relay will close at different times. These times depend on the 

time the deadtime timer is started and then the actual deadtime, time delay. Added to this, if 

one of the CB has opened and the current have changed, it can change the operating curve 

the relay is set to if multiple operating curves are applied to the relay. An example of this is 

if a high-set element is applied to the IDMT curve where the fault current may be just below 

the highest PU when all the CBs are closed. Then if one end trips, the current increases at 

the other end to a value that is above the high-set element PU value, thus changing the 

operating curve from IDMT to the high-set curve.  
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Figure 4.18.  A possible sequence of events to isolate a permanent fault on a feeder with ARC 

applied to the protection at both ends. 

In Figure 4.18 a possible sequence of events is shown to illustrate the complexity of 

sequencing and highlight some of the elements that will influence the conductor LTE 

exposure. This is in an interconnected or multi-source network when ARC is applied to the 
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feeder protection. The sequence of events is just a possible sequence of events as there are a 

multitude of variables that influence this sequence. 

 

In Figure 4.18 the CB statuses (black closed, white open), ARC status. CB action and 

conductor LTE exposure are shown. Initially there is normal (no fault) and at event 1 a fault 

occurs on the feeder. As this is a multi-source interconnected network fault current will be 

supplied from Busbar 1 (Relay A) and Busbar 2 (Relay B) side (see Figure 4.6, Feeder 1). 

Both Relay A and B will start their respective protection trip timers. During this period the 

conductor is exposed to LTE from both A and B currents. For this example, Relay A will 

issue a trip and open the CB at A before Relay B at event 2. At this point the deadtime delay 

for the CB at A is initiated. From event 2 up to event 3 the fault current is being supplied 

from the Relay B end. At event 3 the CB at Relay B end is tripped and its deadtime, time 

delay is started. This is under the assumption that the Relay A deadtime is long enough to 

allow Relay B to trip first. If it wasn’t, then the CB at the Relay A end will close again and 

the feeder will be exposed to fault current from the A-end as well. This will change the relay 

operating time for Relay B again as the current is redistributing itself. For event 2 the LTE 

is dependent on the current from the Relay B end.  

 

From event 3 to event 4 the fault is isolated from both ends of the feeder. At event 4 the 

deadtime of Relay A is finished timing and the CB is closed. As this is for a permanent fault, 

the relay will start its tripping sequence again. For the second trip in the ARC cycle the relay 

may use different relay settings as compared to the first trip. This can change the conductor 

LTE exposure again. Also, the deadtime of Relay B may not have timed out before Relay A 

has issued another trip to the CB at its end. This can introduce another change in the sequence 

of events. Then, if the CB at Relay A has tripped, it will change the relay timing for Relay B 

again due to the change in fault current at that end. From this, it is better to set the deadtime 

long enough to allow the relay at both ends to trip and de-energise the feeder, else the fault 

will just continue to stay on the feeder for the entire ARC cycle. This may result in a lockout 

condition for non-permanent faults as the arc may be sustained as there is always supply to 

the feeder.  
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At event 5 Relay B is closing its CB after the deadtime timer has timed out. Both ends of the 

feeder will now expose the conductor to LTE. At event 6 relay A timed and opened the CB 

on that end. Again, the current distribution is changing, changing the relay operating time 

before the trip signal is sent. Finally, at event 7 Relay B is sending a trip signal to its CB. 

The fault is finally isolated. For event 6 and 7 the relays could have operated the other way 

around if they were set differently. For this sequence, the CB open and close time have been 

excluded, but this can also add additional event steps. The CB operating time can be in the 

region of 3 to 8 cycles [10], [58]. If there are embedded generation in the network, these 

generators may also provide initial fault current, but may remove themselves from the 

network after a time period. In each case this will change the fault current being measured, 

and change the relay operating time again. Ultimately, the conductor LTE exposure is 

changed. 

 

When the conductor LTE exposure is to be determined on a multi-source feeder it is much 

more complicated as compared to a radial feeder. For a radial feeder with no embedded 

generation the total fault exposure can be determined, multiplied with the square of the fault 

current and the number of ARC trips to determine the LTE. For an interconnected network 

the LTE have to be determined between events and this have to be added together to 

determine the conductor LTE exposure. It was also shown that the number of elements that 

now influence the LTE exposure have increased with the deadtime now having an impact as 

well.  

 

To determine the conductor exposure when there is current coming from both ends, the 

potential LTE from each end has to be determined. The maximum of these two ends have to 

be used for that specific fault location. In Figure 4.17 the LTE from both ends are shown. If 

a fault is considered at a position 10 km from Busbar 1, then the LTE from Relay A may be 

more than the LTE from Relay B end (based on the assumption that the current is squared 

and there is more current from the Relay A end). The maximum LTE the conductor is 

exposed to at this point would thus be the LTE from the Relay A side. Energy can be added 

together to determine the conductor’s total exposure. If ARC functionality is added to this, 
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then the maximum LTE during each event (as seen in Figure 4.18) has to be determined and 

added together. 

 

With all of these multitude of elements that influence the conductor LTE exposure in a multi-

source interconnected network, it is recommended to determine this exposure using 

computer simulation. If specific elements are to be investigated, this can be included in the 

model to study its effect. This can be done in future work, for this thesis the LTE evaluation 

method (following chapters) and the complexity of this evaluation are shown. 

4.11 ENERGY-AREA AND ENERGY-VOLUME 

It is not easy to quantify the effect of the conductor LTE exposure when making a change to 

one or more of the influencing parameters. An example of this may be changing the TM 

from 0.2 to 0.19 or changing the current PU by a small value. To quantify the LTE exposure 

into a single value the energy-area concept was introduced [40], [41]. This method 

determined the area under the LTE curve and provided a single number to determine if there 

was an improvement by making the change. This area was determined by making use of a 

Riemann calculation [161]. In addition to this the peak exposure value can also be used. This 

was applied to radial feeders.  

 

For a multi-source interconnected network a LTE surface is created. This surface plots the 

LTE over the conductor distance (length) to time. As we have shown in the ARC section of 

this chapter, the energy exposure changes over time and for this reason the energy should be 

determined over time as well. The LTE peak value at each position on the feeder over all 

time can be used, but then the dynamic changes contributing to the feeder maximum value 

are lost. In this thesis we are recommending to rather evaluate the LTE as an energy surface. 

This will allow for improved evaluation and identification of contributing elements. This is 

shown in the following chapters.  

 

To quantify the LTE to a single value, the volume under the energy surface is determined. If 

the energy volume over a specific conductor is to be compared to previous results, the 
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simulation time will have to be the same. Also, similar to the radial feeder approach the peak 

LTE value can be used in addition to the energy-volume value. 

4.12 CHAPTER SUMMARY 

In Section 4.2 the concept of LTE was defined. It was shown how the conductor exposure 

changes across a radial feeder due to a change in fault level with an IDMT operating curve 

applied to a protection relay. A way of determining the conductor limit at different fault 

levels have been introduced based on an adiabatic process. It was also shown that conductor 

LTE exposure has to be determined at different network contingencies (minimum and 

maximum) as they influence the LTE equation in different ways. A background on resistance 

was provided in Section 4.3 where it was shown that resistance is dependent on the conductor 

material type, the area, resistivity of the material. Further, the resistance changes with a 

change in conductor (or material) temperature. Methods of calculating the conductor limit 

were shared in Section 4.4. All of these methods are fundamentally the same with the heat 

energy generated by the flow of current through a conductor being set equal to the energy 

absorbed by the conductor. Section 4.5 discussed the high-risk areas for a radial and 

interconnected multisource feeder. This section also discussed the conductor fault current 

exposure approach when there is more than one source to a feeder. Section 4.6 provided the 

potential fault current contribution from different wind and PV generators.  

 

The OC relay equation or model for a relay is discussed in Section 4.6. It was shown the 

conventional equation cannot be used due to the measured current changing when a CB 

opens or closes. A discrete version of the equation should be used. Another method of 

calculating the relay trip time was developed based on the average speed of the disk and this 

was tested with other calculations and simulations. Section 4.8 explores the effect of 

different relay operating curves on the conductor LTE exposure. Different curves have 

different effects on the LTE exposure. Section 4.9 shows that an actual feeder can consist of 

more than one conductor type and CB in series. The effect of this is on the conductor LTE 

exposure is discussed in terms of the high-risk areas that was introduced in Section 4.5. 

Section 4.10 explores the effect of ARC on conductor LTE exposure. It was found that the 
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exposure is influenced by the number of shots and the deadtime. This section also showed 

how complex the sequencing can become when multiple CBs are set to ARC in a multisource 

interconnected network. Finally, in Section 4.11 two methods of quantifying the conductor 

LTE exposure are introduced. Energy-area is applied to radial feeders where there is no time 

component (only final operating time). The other is an energy-volume method for 

applications where the time component can be evaluated from initial fault inception time to 

the final trip of the CB. 

 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

 

CHAPTER 5 APPLICATIONS FOR 

EVALUATING LTE 

PROTECTION 

5.1 CHAPTER OVERVIEW 

In the previous chapters a focus was placed on protection philosophy, protection elements, 

the influence of these elements on the conductor LTE exposure, how to determine conductor 

limits and the effect on relay measurements with a change in measured current. Many 

software applications were created in the course of this thesis. In this chapter these software 

applications are discussed. Section 5.2 sheds some light on why these applications were 

created. Two software applications or tools are discussed in this chapter. All these 

applications were created with the aim of addressing research questions and then to test the 

hypothesis. Section 5.3 discusses the full evaluation application consisting of three main 

parts. Section 5.4 introduces a simplified evaluation method that was used as proof of 

concept. Results for the simplified evaluation method is provided in Section 5.5 and results 

for the full evaluation application is provided in the next chapter.   

5.2 AIM OF THE SOFTWARE APPLICATIONS 

To generate results or explain certain phenomenon software applications were used. One of 

the key software applications that was applied is a network simulation software package. 

This allows for the creation of a network model from which quantities such as current and 

voltage can be determined. The aim of the new program that was created in the course of 

this thesis is not to create a new simulation tool, but rather a new evaluation method. This 
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method aims to show why LTE protection should be considered, what factors influence this 

and how to generate and evaluate results. Depending on the type of study and the size of the 

results, the output from an existing network simulation package (using scripting) was then 

imported in other software packages that were capable of handling large volumes of data. 

Other results were interpreted using the network simulation software visualisation tools or 

even just the actual numbers.  

 

The main application that was created will be discussed first as this is used for the main 

results discussed in the next chapter. This application consists of three parts from different 

software packages. Scripting in each of these allows for them to be added together to create 

usable results. This is the full evaluation application even though it is not a single piece of 

software, rather three pieces together. The distinguishing factor of this application is that it 

allows for results to be evaluated across all simulation time.  

 

The second application that was created also allows for the evaluation of results, but this has 

some constraints. Again. this application consists of multiple software applications that when 

put together produced results for evaluation. In this simplified application only the maximum 

exposure across a feeder is shown. This evaluation method also makes use of the average 

speed OC relay model developed in Chapter 4 of this thesis.  

5.3 FULL EVALUATION APPLICATION 

The aim of this application is to evaluate conductor LTE exposure in a network with the 

presence of multiple supply points or embedded generation. To isolate a fault on a feeder 

with multiple supply points, a minimum of two CBs have to open. The OC based protection 

on either end of the feeder will most likely be independent from each other if this is an 

existing network being converted to an interconnected or multi-source network (no 

communication). This means that there are no intertrip signals being sent between the relays 

at either end to reduce the protection clearing time. This is a worst-case scenario and will be 

applied in the evaluation of these feeders. In this requirement of multiple CB operations for 
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isolation with independent protection settings lies the complexity of the LTE protection 

application.  

 

In Chapter 4, the items that influence the LTE exposure were identified. This included 

changes to source impedance and protection settings related items such as the type of 

operating curve. Control elements such as the ARC element were also identified as an 

influencing element. Plant specific constraints such as CB operating time or minimum relay 

operating time can also influence the LTE exposure. In summary, there are a vast number of 

factors that influence the LTE exposure. The main network simulation software that was 

chosen for this thesis allows for many of these items to be simulated and the effect to be 

studied. Figure 5.1 provides an overview of the full evaluation application in terms of the 

software used to generate the results. The full evaluation application can be broken down 

into three parts. The network simulation, data extraction, result calculation with presentation.  

 

For the full simulation application, the network simulation part is used to generate raw data 

from a network model that has been setup for studying the effect of a specific variable on 

the LTE protection. The software package that was chosen to do the simulation is DigSilent 

PowerFactory. This package was also used by [141] to adjust protection settings after a time-

current plot has been made, showing that the package is able to perform fault level and 

protection operation simulations. There is other network simulation software available such 

as Matlab, Electrical Power Systems Analysis and Operation Software (ETAP), Power 

System Computer Aided Design (PSCAD) and Power System Simulation and Modelling 

Software (PSS). The PowerFactory software was chosen as it was able to provide the 

required output result, it was possible to obtain a full licence for the software and I was 

familiar with the basics of the software package. The PowerFactory software allows for 

steady state, transient, network control and protection simulations (there are other 

capabilities). RMS current and exposure time are the most important raw data obtained from 

the simulation. There are many other data fields available such as voltage, various angles 

and CB status, etc. In Figure 5.1 the five parts that make up the network simulation section 

of the full evaluation application are shown. These are defining the primary plant model, 
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defining the secondary plant model, creating the required relay model, creating the required 

simulation code and setting the specific parameters for study in the simulation.  

Create the required 

relay model 

(DSL scripting)

Define a primary 

plant model

Network simulation 

code (DPL 

scripting)

Define a secondary 

plant model

Set the specific study parameters

Create output files with only the required 

data fields

Network 

Simulation 

Data 

extraction

Import the data files Calculate the resultResult 

calculation and 

presentation

Display the result

R
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u
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it
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Figure 5.1.  Software overview in terms of functionality for the full evaluation application. 

5.3.1 Defining the primary plant model 

To evaluate the LTE protection in a multi-source network, a network model has to be created. 

For radial feeders acceptable results can be obtained by simply using source impedance, 

adding the conductor impedance and solving for the current [40], [41]. The voltage can be 

assumed at either a high, or low, or rated constant value throughout the feeder (e.g. 1.05 p.u., 
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0.95 pu or 1.0 pu) depending on the required result. These may be seen as the upper, normal 

and lower voltage operating levels for MV feeders. These limits may differ between utilities. 

For an interconnected multi-source network this uncomplicated analysis method cannot be 

applied as different protection elements operate independent of each other to isolate a single 

fault. As was discussed in earlier chapters, the fault current will redistribute itself upon a CB 

operation until the fault is isolated. This redistribution and change in current influence the 

voltage in that part of the network. It will also influence the relay timing as the measured 

RMS current has changed. The complexity of the simulation is increased significantly when 

it is compared to a radial network application. The modelling software and then the network 

model in this software take all of these changes into account. This can be done by hand, but 

it will be very time consuming. In the simplified evaluation application, some of these 

evaluations were done manually. 

 

Primary plant can be defined as equipment in the power network that carry actual load 

current (including structures). They may also be connected to the primary voltage. 

Secondary or control plant can be defined as equipment that does not carry load current and 

they are used to monitor and control the primary plant equipment. The secondary plant 

obtains information from the primary plant through instrument transformers such a current 

transformer [27]. When defining the model for the interconnected multi-source network 

there are an endless number of network configuration possibilities. The model in this context 

refers to the primary plant equipment and network configuration. If this model is to be 

classified as interconnected, there has to be another path for current to flow to the fault if 

one CB opens. For this network to be a multi-source network, another supply source has to 

be connected to the network under study. This can be in the form of DG (e.g. wind or PV) 

or conventional base generation (e.g. coal or nuclear power plants). The generation can also 

be embedded into a customer plant or distributed on the actual MV network. By modelling 

this network, these items can be added or removed with relative ease when studying their 

influence on the LTE protection. In terms of the network requirements for this thesis another 

external source is required. Specific studies can be done to determine how a certain type of 

generator will impact the LTE protection exposure using this proposed method (this thesis). 
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This LTE protection concept can, and should also be applied for EF [162]. This is future 

work. An example of an interconnected multi-source network is shown in Figure 4.6.  

 

In the network simulation software, the feeders are modelled using a tower configuration 

and then the conductor type is added to this tower configuration. Any conductor type can be 

chosen for the studies. The choice of conductor in an actual network is dependent on factors 

such as the expected loading, fault levels, voltage levels (level at end and start of feeder) and 

loss optimisation [138]. For the work covered in this thesis conductors were chosen based 

on typical conductors used in MV networks. Some of these conductor types include Squirrel, 

Fox, Hare, Mink, Chickadee, Tern and Oak [138]. Any conductor and the LTE protection 

thereof can be evaluated if it is modelled in the network simulation software.  

Staggered 

vertical

Wishbone H-pole

Conductors

 

Figure 5.2.  Some tower or pole configurations in medium voltage networks. 

Different tower or pole configurations are shown in Figure 5.2. These structures are normally 

made of wood. For the modelling in this research all the towers were modelled using a 

staggered vertical configuration. This is a very common configuration type used in the 

Eskom MV grid in South Africa. There are other configurations such as an H-pole and 

wishbone (delta) too [138]. Each of these do have their own set of advantages and 

disadvantages. To minimise some of the variables impacting the LTE protection study, the 

tower configuration is kept the same (staggered vertical) for all the models in this research. 
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This can however be changed to another structure if the effect of the structure was to be 

investigated.  

5.3.2 Define the secondary plant model 

A secondary plant model is not required if the objective was simply obtaining a current 

magnitude and not the time at which the magnitude is present. This is the case for a radial 

network where only one CB is required to clear or isolate the fault. The protection relay 

operating time can be calculated from the current magnitude. It allows then for the LTE to 

be determined. For an interconnected multi-source network more than one CB has to operate 

to isolate the fault. Generators will remove themselves from the network by making use of 

protection if the fault is left on the network for a period of time (fault ride through) [75], 

[76]. All of these will result in the measured fault current changing at the protection relay 

position. By modelling the protection relays (and CB trip signals) into the required places of 

the network under study, this current redistribution due to network dynamics can be included 

in the result.  

Source

Grid

CT

VT

CB

Protection Relay

OC (Instantaneous)

OC (Definite Time)

OC (IDMT)

Directional

Auto-reclose
 

Figure 5.3.  A network with the secondary plant equipment modelled. 

In Figure 5.3 a feeder that forms part of a larger network is shown with the relevant 

secondary plant equipment modelled. The CB is used to break the current based on the signal 

received from the protection relay. The current transformer (CT) and voltage transformer 

(VT) are used to transform the large primary values to a smaller measurable quantity that is 

suitable for use by the protection relay [27], [34]. It also provides insulation from the large 

primary voltage. The CT and VT provide both magnitude and angle values. The VT does 
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not have to be situated on the busbar as shown in Figure 5.3. It can also connect to each of 

the feeders at the substation. This is a more expensive design and can be used so as to allow 

for synchronisation in the grid for islanded schemes (with a busbar VT). The protection relay 

can consist of many protection elements applied simultaneously. This can be elements such 

as an OC instantaneous and an IDMT protection element. All of these elements are 

dependent on the same measurement input (CT and VT). 

 

For the simulation it is not required to model a CT, VT and protection relay at every CB in 

the network. It is only required to model them at positions where that specific CB is to be 

controlled based on the parameters set in the protection settings and the current being 

measured. By modelling the protection relays at other places in the network, the effect of 

other CBs opening on the conductor LTE (specific feeder) can be evaluated. A relay can also 

be modelled at certain generator CBs to simulate the relay removing itself from the grid if 

the fault is present for a prolonged period. By modelling the protection, a holistic evaluation 

method to the conductor LTE exposure can be achieved. This holistic evaluation method 

includes the effect of other protection devices (open and close CBs) and generation installed 

in the network. Generally, if the network is graded, the protection at either end of the feeder 

should clear the fault first before other protection is required to provide backup clearance 

(may exclude DG protection from Chapter 2). 

5.3.3 Create the required relay model 

DigSilent PowerFactory allows for the modelling and simulation of the protection relays. 

There are many relay models available in the software. Some of these relay models cover 

specific functions or algorithms that relay manufacturers have implemented in their relays. 

For the protection relay modelling in this research a generic OC and EF relay was used. This 

generic relay consists of a phase OC IDMT, phase OC instantaneous and directional 

protection elements. It does however not have ARC functionality nor a dedicated relay that 

can be added from a library. This ARC functionality was added to the relay by making use 

of DigSilent Simulation Language (DSL). The DSL code allows for the dynamic modelling 

and control of the power system components in the network model. In Figure 5.4 a simplified 
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relay model logic diagram for a generic OC relay is shown. This relay model was used to 

model the protection applied to the network model. The additional logic blocks that were 

created in DSL code to facilitate the auto-reclosing function are shown as well. They are the 

ARC and CB control output (Close) blocks. 

 

The VT obtains a voltage input (A) and the CT a current input (D). These are the only 

quantities that the relay has to make a decision on for tripping. Both of these have a model 

and user settings associated with them. Key settings that should be specified for the VT at 

(B) include the physical connection (e.g. star connection), the primary and secondary voltage 

levels. For the CT input at (E) the primary connection (e.g. star), the CT ratio and rated 

secondary current is required. There are other settings such as errors that can be specified 

for the CT and VT as well. Different CT types such as class X and class P have different 

errors associated with them [34]. For this work the errors defined in the instrument 

transformer models are left on the default values as this is a function of the type of applied 

CT. 
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Figure 5.4.  The simplified logic diagram of the generic overcurrent relay that was used with the 

additional DSL logic blocks. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 5 APPLICATIONS FOR EVALUATING LTE PROTECTION 

 

Department of Electrical, Electronic and Computer Engineering 131 

University of Pretoria 

The output from the VT (C) and the CT (F) are the inputs to the Measurement and 

Conversion logic. These outputs from the CT and VT are the real and imaginary values for 

each phase it measured. The Measurement and Conversion logic produces the RMS 

imaginary and real values for each input phase it received (from CT and VT). This is a 

current (H) and voltage (J) output. The magnitude of the red, white and blue phase RMS 

currents is then sent to the OC IDMT and the OC Instantaneous logic via signal (G). 

 

The voltage (H) and current (J) are also sent to the directional element. This element is 

responsible for determining if the direction of the fault is in the forward or reverse direction 

and then to provide the required forward (M) or reverse (L) signal flag to the OC IDMT and 

the OC Instantaneous logic. The directional element can be set to provide a tripping signal 

for forward or then a reverse fault. If both forward and reverse are required, another relay 

will have to be modelled on to the same CT, VT and CB. The one relay can be set forward 

and the other reverse. If a non-directional element is required, the directional element can be 

disabled inside the relay logic. Other settings that can be set in this directional block are the 

polarising settings.  

 

The OC IDMT and OC Instantaneous logic blocks are where the CB trip decision is made. 

This is also where the bulk of the protection settings are housed with relay operating curves, 

PU values, TMs and time delays. It is required to set these so as to set the behaviour of the 

protection (N and R). There are additional advanced settings available on the generic model 

to better simulate relay behaviour. This is a function of the protection relay that is applied. 

These settings include delay times before a PU is registered and the relay reset ratio. These 

are left at their default values of 20 ms and 95 % respectively. The output from the OC IDMT 

(P) and OC Instantaneous (S) logic blocks are connected to the CB Control Output (Open). 

This logic block is an OR-gate that is used to trip the CB (T) from either the IDMT or 

Instantaneous logical outputs. 

 

The output from the CB Control Output (Open) logical block is also used as an input to the 

new ARC logic block. This ARC logic block is not present in the standard application of the 

relay model. This was created using DSL code. This ARC logic gets triggered when the CB 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 5 APPLICATIONS FOR EVALUATING LTE PROTECTION 

 

Department of Electrical, Electronic and Computer Engineering 132 

University of Pretoria 

open signal (T) is asserted. The output from the ARC logic (X) will go to the CB Control 

Output (Close) logic. The output from the CB Control Output (Close) logic (Y) is used to 

close the CB. This CB control logic is used so as to make it possible in future to add 

additional logic when closing the CB.  

 

Fundamental blocks that are used in protection logic include flip-flops, latches, timers and 

conventional gates. Flip-flops are used in protection relay design to store the status of a 

signal that can change. This means that once the output is set by a certain signal or condition, 

the output will remain set irrespective of the change in state of the input signal (set input) 

[163]. Only when the reset condition is met and a signal is placed on the reset input of the 

flip-flop will it change the output of the flip-flop. This is the basic functioning of the SR-

flip-flop. The function of a latch can be compared to that of a gate. While a physical gate is 

open, anything can pass through it. For a latch, when it is enabled (signal), it will allow the 

input to change the output. While it is disabled, the input will be blocked from influencing 

the output. Figure 5.5 shows the symbols for an on-delay, off-delay and an on-off delay timer 

(with its functioning definition). The on-off delay timer is a combination of the on-delay and 

the off-delay timers. When considering the on-off delay timer function in Figure 5.5 it can 

be seen that the input and output signals are not in synchronism. Initially (before A in 

Figure 5.5) the input and output are both zero. At point A the input rises and this triggers the 

on-delay timer. After the on-delay timer has timed out, it will release the output to change 

its state. When the input then falls away (point C) it will trigger the off-delay timer. The 

output will keep its state until the off-delay timer has timed out (point D).  

On-delay

timer

Off-delay

timer

On-Off-delay

timer

Input

Output

On-

delay
Off-

delay

Time

A B C D  

Figure 5.5.  The symbols and functioning diagram for an on-delay, off-delay and an on-off delay 

timer. 
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The SR-flip-flop, on-delay and on-off delay timers are all used in the DSL code that was 

generated for the ARC function. The functionality of the code is explained using a logic 

diagram instead of a flow diagram. The ARC function consists of four major parts, the trip 

counter, deadtime timer, trip register and lockout function. For an ARC function in a relay, 

there will be a reclaim timer as well, but for this application of the ARC function this is not 

required as the CB is not closed again after the lockout condition. The logic diagram in 

Figure 5.6 is showing the operation of the ARC function (DSL code) as applied to the relay 

model in the simulations.  
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Figure 5.6.  A logic diagram of the additional auto-reclose DSL code created for the relay model. 

This ARC logic function allows for a maximum of four trips to lockout. The input to the 

function is the ‘tripped’ signal. This gets routed to both the trip counter and the deadtime 

timer functions as a trigger for the function. The trip counter function is required to count 

the trip number and to provide the required trip signal for the correct trip number. An SR-

flip-flop is used to provide a logic one output on the rising edge of the trip signal. The trip 
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signal can then fall away with the status being captured in the SR-flip-flop. It is not required 

for the SR-flip flop to be reset as the ARC function is only used once (for up to four trips) 

in the simulation. The reset input signal can be set to a logic zero indefinitely. The output 

from the SR-flip-flop (S1) is taken to the trip counter register and the deadtime timer. It also 

starts an on-off delay timer which are set to an on-delay of 15 ms and the off delay to 60 s. 

The 15 ms on-delay is used for other gates further in the logic to register the current ‘tripped’ 

and ‘S1’ status before it gets routed to the rest of the logic functions. If this is not done, the 

first ‘tripped’ signal can also be seen as a second ‘tripped’ signal due to the gates taking time 

to process their respective logic states. The ARC function will move into a lockout state with 

the first ‘tripped’ signal. The 15 ms time delay does not influence the overall timing of the 

deadtime as the deadtime start signal (e.g. ‘S1’) is taken from a position before the time 

delay. The 60 s off-delay keeps the output set for a period longer than the simulation time. 

In this case a value of 60 s is chosen, but this can be set longer or shorter. If this function 

was required to be reset automatically so that it is capable of restarting the ARC functionality 

the output from the second trip (S2) can be set to reset the SR-flip-flop in the first trip stage 

(R input on SR-flip-flop). If both the output from the on-off delay timer and a ‘tripped’ signal 

is present, the output will be routed to the next set input of the following SR-flip-flop. This 

will then enable the next SR-flip flop to be set using the AND-gate as a gatekeeper when the 

next ‘tripped’ signal is received. This same approach is used for the second and third trip 

signals. The fourth is similar except that it does not require the on-off delay timer as it will 

not enable more trips (or ARC cycles).  

 

The deadtime can be specified differently for each trip in the ARC cycle. For this reason, 

three deadtime timers are required for a four trip to lockout capability. The ‘tripped’ signal 

is delayed by 1 ms using an on-delay timer to ensure the correct deadtime timer is started. 

The correct deadtime timer is selected using the AND-gate and the ‘tripped’ signal when the 

respective output signal from the trip counter (e.g. ‘S2’) is asserted. The output from the 

AND-gate is used to set the SR-flip-flop. A flip-flop is used again as the tripped signal can 

fall away and the flip-flop makes use of the rising edge of the signal to set the output. The 

output from the SR-flip flop starts the on-off delay timer. The on-delay time is set by the 

user as the required deadtime. The output from the timer will be passing through an OR-gate 
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to the lockout section of the ARC function. The output from the SR-flip-flop will have to be 

reset, else the OR-gate will remain set. To reset the RS-flip-flop the off-delay part of the on-

off-delay timer is used. It is set to a delay of 50 ms. This will create a pulse timer that is 

activated for 50 ms when the deadtime timer times out. The same concept is applied to 

second, third and fourth trips.  

 

The last part of the ARC function that is shown in Figure 5.6 is the trip counter with the 

lockout function. The trip counter register is a register that counts in a numerical way when 

it receives the corresponding trip signal (e.g. ‘S3’ for number three). This trip counter 

register provides a signal to a comparator. The comparator is a software version of an ‘if’ 

statement used for decision making in conventional programming. The trip counter output 

is compared to the user defined trip setting which is the trip to lockout setting in an actual 

ARC function. While the trip to lockout value is not reached, the output (after the inverter) 

will remain at a logic one, thus enabling the output from the OR-gate to generate a close 

pulse to the CB. Once the required trip value is reached, the output via the AND-gate is 

disabled. The CB is then left open and in the lockout state.  

 

Figure 5.7.  The trip signal and circuit breaker close output from the auto-reclose logic. 

Figure 5.7 shows the simulation results for the tripped input and CB close output (Yout). It 

can be seen that both the ‘tripped’ input and the ‘Yout’ output signals are pulses by nature. 

In this simulation the first deadtime (A) is set to 1 s, the second (B) is set to 2 s and the third 

(C) to 3 s. For this ARC simulation the first trip input to the recloser is at 1.411 s. This starts 

the first deadtime timer of 1 s and at 2.412 s the CB close output signal is sent (‘A’ in 

Figure 5.7). This gives a deadtime of 1.001 s. The 1 ms deadtime timing error is a constant 
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timing error as a result of the 1 ms on-delay timer used in the deadtime logic. This can be 

compensated for by subtracting 1 ms from the user setting for the deadtime as it is constant. 

The second deadtime of 2 s (B) and third deadtime of 3 s (C) can also be observed in 

Figure 5.7. The relay deadtime timing can be seen in the periods between A, B and C. The 

tripped signal in Figure 5.8 is the tripped signal from Figure 5.7 at time 1.411 s (time is 

expanded). This input-output signal from the AR shows that the 15 ms on-delay timer is not 

added to the overall timing of the deadtime. In Figure 5.8 the reason for the 15 ms time delay 

is shown using the simulation results for the logic. It can be seen that the ‘tripped’ output 

falls to a logic ‘0’ before the ‘S1d’ ascends to a logic ‘1’. This is similar for the other signals 

‘S2d’ and ‘S3d’. 

 

Figure 5.8.  The trip signal input and on-delay timed output in the trip counter. 

5.3.4 Create the required simulation code 

DigSilent Powerfactory was used to generate the network simulation results. Other network 

simulation software could have been used, but this software did allow for user defined relay 

modelling (the DSL code) and then to also automate result generation using DPL code. To 

generate the results for this work, two variables are being changed to create different 

simulation data points. These are the distance or fault position on the feeder and then the 

simulation time. The DPL script is not required for the generation of a small number of 

results from simulation data points. When using a course step size, results can be lost due to 

the data being smoothed. This smoothing is illustrated in Figure 5.9 for two signals. The one 

signal has large time steps (A to B) and the other small (A to C). With the small step size 
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more detail can be shown with the signal decreasing to C, then increasing to D and then 

decreasing to B again. With the larger step size this is lost. The time steps cannot be made 

too small either, as this will result in simulation time that is increased and the size of data 

file being generated will be very large. A time step of 1 ms was used for all of the 

simulations. This was used based on sampling rates used in existing OC protection relays.  

Cosine filtering is normally applied for numeric protective relays [118]. This cosine filter 

allows for a bandpass region to be created, for DC to be removed and to reduce the effect of 

harmonics on the measured signal [118]. The analogue to digital converter used within the 

relay cosine filter usually samples at 16 samples per cycle [74], [118]. This is a sample every 

1.25 ms for a 50 Hz signal, which is then similar to the 1 ms chosen. Typical trip times for 

IDMT protection elements on MV feeders can be in the region of 0.5 to 1.5 s depending on 

the CB position. The 1 ms time step is then well below the relay time, the expected operating 

time and the resulting file size with data points are acceptable for processing. The same 

concept is also applied to the other main data variable which is the distance or fault position. 

If the step size is too coarse data will be lost and if it is too fine the number of result data 

points and execution time becomes impracticable. A distance step size of a 100 evaluation 

points per line or feeder segment was applied (one percent step size). For a distribution feeder 

the line distance can be anything from a couple of meters to a 100 km’s as an example. The 

latter being not that common. If a distance of 15 km is used the distance step size will be 

150 m and if the distance was 50 km it will result in a step size of 500 m. All of this will 

produce acceptable results when considering how the fault levels will change across the 

feeder distance.  
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Figure 5.9.  The trip signal and circuit breaker close output from the auto-reclose logic. 
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The feeder simulation concept as applied to a multi-source feeder in a network is illustrated 

in Figure 5.10. The feeder has two points of supply, being Source A and then Source B. To 

isolate a fault the protection at both ends of the feeder have to operate. The feeder is divided 

in 101 evaluation positions across the feeder. This is based on the original 100 that was 

decided upon and then also the fault level at 0 % (busbar termination) of the feeder distance. 

At each of these fault positions, a time simulation is done with a step size of 1 ms. Then at 

every distance and time step intersection a simulation data point is created. At these data 

points the RMS current from source A (Current A) and that of B (Current B) are sampled. 

Other variables can be sampled as well, based on the available variables in the network 

simulation software. The value of these result variables at the various simulation data points 

are then written to an output file.  

Fault

positions

Line 

distance

0 %

100 %

Source 

A

Source 

B

0 %

100 %
0 s

Simulation 

data points

- Current A

- Current B Matrix with 

simulation 

Data points

 

Figure 5.10.  Multi-source feeder simulation concept with data points. 

The file type or format that is used for the results is the Common Format for Data Exchange 

(COMTRADE) file type [164]. This type of file is used for storing transient power system 
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disturbance data. It can provide information on both analogue and binary data. COMTRADE 

files consist of four files and all of these files are of a text-based file type. The files are a 

header, configuration, data and information file. Header files provide extra information such 

as substation name and the faulted phases. The information file is an optional file that can 

provide extra information when analysing the event. The information file is not used in this 

simulation. The data file consists of a number of columns of data. When considering a single 

row of data, it will have a sample number, then a time stamp for the sample and a number of 

columns with analogue data. The timestamp data is in microseconds. To determine the time 

from the first sample, the time stamp data has to be multiplied with the sample number. The 

binary data is typically used to indicate the status of flags in relays. An example of this can 

be an external trip signal that is received by the protection relay.  

 

The last file type is the configuration file type. Without the configuration file the data file 

cannot be interpreted. The configuration file consists of a number of data fields that have to 

be specified. These fields are the substation name, the kind of channel, how many channels 

there are, the name of the channel, the measuring unit, and factor used for converting the 

data to the required magnitude or value. The frequency of the power system, the sample rate 

and then also the date and time of the first data point. There are other fields too but they are 

not used here. For every analogue quantity that is measured and logged in the data file, there 

is a corresponding line of data in the configuration file describing what it is, what the value 

is, when it was measured and how to convert the measured datapoint in the data file to a 

value. To obtain the measured value, there are four values in the config file that have to be 

used for each analogue channel, they are the unit, the channel multiplier, the offset adder and 

the time skew. The unit sets the type of data and overall size multiplier of the data. To get 

the actual value the data point is multiplied with the channel multiplier, the offset is added 

to this value and finally the skew is subtracted. The skew time allows to compensate for 

processing time when one analogue to digital converter is used for multiple channels 

(multiplexed).  
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Figure 5.11.  The network simulation code (DPL scripting) flow diagram. 
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In Figure 5.11 a flow diagram is shown for the DPL script that was written to automate the 

data generation and archiving of the network simulation results. This increased the rate at 

which results can be generated and evaluated considerably. The four key steps in this 

program are the initialisation, determining the fault position, obtaining results at time 

intervals and storing the result data. 

 

The first step when running the network simulation code is to initialise the external variables 

by the user. These are the required time step, the number of evaluation points, the start and 

end time. The next step (step 2) is to initialise the variables and objects that are used in the 

program. This includes defining the objects and for the variables their type and initial value. 

Based on the number of distance steps required over the feeder length by the user, the step 

size in percentage is determined in step 3. The number of feeders in the model is determined 

in step 4. These lines (or feeders) are all saved as an object so as to access the data inside the 

feeder during the simulation. When starting the simulation, a specific feeder has to be 

selected by the user. This feeder will be the main feeder that is evaluated for LTE protection. 

In step 5 this feeder is set to the faulted object. For step 6 the program is cycling through the 

feeder objects that were created in step 4 and while the last feeder object is not reached it 

will determine the line angle for each of these in step 7. This angle is required if directional 

protection is to be applied.  

 

The last step (step 8) in the initialisation phase of this script is to create four more objects 

for the commands that have to be used when executing the simulation. By using the object, 

specific fields can be set (e.g. fault position or maximum time step) when executing the 

simulation. The type of simulation that is used is an RMS simulation. This removes the DC 

offset and filters for other harmonics. The RMS simulation allows for the DSL script to be 

executed during the simulation. This means that the protection relay can be modelled and 

CBs can be opened or closed based on the relay function and the configuration thereof. The 

next command object is the actual RMS simulation command where the maximum 

simulation time and time step can be specified. This is specified in step 1 so that it can be 

automatically populated for each instance the simulation is required to run. Then there is a 

result command object used to save results. A COMTRADE file format was selected with a 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 5 APPLICATIONS FOR EVALUATING LTE PROTECTION 

 

Department of Electrical, Electronic and Computer Engineering 142 

University of Pretoria 

sampling rate of 1000 Hz or then a 1 ms time step. Again, this is specified in step 1. Lastly 

there is a reset command object that is required to reset the RMS simulation results before 

the program moves on to the next position on the feeder.  

 

The next part of this DPL script is to set the position on the user selected feeder where the 

fault will be placed. This starts at step 9 where a test is done to determine the current position 

on the feeder. If the position is equal to 0 %, the position has to be increased slightly into the 

feeder so that it is not equal to exactly zero (or then on the busbar). With the position equal 

to zero the simulation software might not show all the current that is passing to the feeder 

for a fault on the feeder. This concept is illustrated in Figure 5.12.  
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Figure 5.12.  Illustration of the 0 % and 100 % fault positions. 

There are three fault positions and four sources in the network. For every fault position the 

total current will be the sum from Source X, Y, Z and K. However, what the feeder is 

measuring, and what the conductor is exposed to is different. For the fault at A, only the 

current from the remote bus (Source K) of the feeder will pass to the fault position through 

the measuring point (CT). The correct place for the fault will be on the feeder at position B 

so that it will measure the sum of currents from Source X, Y and Z at the local bus and then 

at the opposite end it will measure the current from Source K. Both currents (local and 

remote end) will be captured in the results as this is used when determining the LTE 

exposure. For the simulations the 0 % position is changed to 10 % of the original step size. 

This means that if a step size of 1 % is used on a 50 km feeder, the first fault position will 

be at 0.1 % or 50 m. This is then used as the original zero percentage step. The next step will 
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be at 1 % or then 500 m and the second step at 1 km (counting from zero). The same is also 

applied to the remote end in step 12 of Figure 5.11 where a test is done to determine if this 

is the last position or then 100 % of the feeder length. This 100 % position is then changed 

to 99.9 %. This is also indicated in Figure 5.12 for a fault at position C. The local end will 

measure the sum of Source X, Y and Z with the remote end measuring only the current from 

Source K. If the fault is not at 0 % or 100 % the position can be set to the percentage in 

step 14.  

 

In step 15 the simulation parameters are set using the simulation command object defined 

earlier. The user set values that were defined in step 1 are used for the start time, maximum 

time step and end time of the simulation. The type of simulation and type of loadflow study 

that should be used is also set here. The simulation is executed in step 16. This will then step 

the time starting at the time specified by the user and determine the status or value of the 

various elements that were specified as result variables. An example of this would be the 

current measured at a specific point or the CB status (open or closed). 

 

The last phase of the DPL script is to store the results that are generated for each of the 

positions on the feeder. In step 17 the result file name is specified and then the results for 

each step is stored as a COMTRADE file. This means that if 100 steps are specified, there 

will be 101 files (including position zero) with the required result variables at each time step. 

The COMTRADE result file will consist of two files for each position on the feeder. They 

are the data and the config files. The simulation results will then get reset in step 18. The last 

step in the script (step 18) is to increment the position and then test if the end of the feeder 

has been reached in step 9.  

5.3.5 Set the specific parameters for study 

In the second step of the network simulation phase of the full evaluation application the 

secondary plant model had to be defined. In this the secondary equipment such as a CT, VT 

and protection relay was placed at points of interest in the network. All of these protection 

devices require protection and ARC settings. These settings include items such as the type 
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of curve, the PU, TM, number of ARC attempts, deadtimes, etc. These settings have to be 

calculated beforehand based on the protection philosophy that were discussed in the earlier 

chapters. Setting the protection devices includes grading the network so as to obtain 

selectivity and ensuring that the protection is sensitive to faults. Once these devices have 

been set, the RMS simulation parameters can be set such as the total required simulation 

time. Finally, the network model is ready to generate data in the form of COMTRADE files 

for study.  

5.3.6 Data extraction application 

After the network simulation part of the full evaluation application is done, the data 

extraction part can commence. The data that are being extracted are from the config files of 

the COMTRADE output files. The config files do not have a fixed length as it is dependent 

on the number of variables that have been defined as output variables in the network 

simulation part of the program. The Python data extraction program allows the user to 

specify which rows of data is required and then also which columns should be used. This 

user setup is then applied to all the result files (e.g. 101 files of the line distance). The data 

extraction program will create a new text file for each of the position files. This new file 

consists of a single row vector with the required fields. Fields that were used in the 

generation of results for evaluation are the channel multiplier and the offset adder. The time 

skew was zero for all the results generated in the network simulation application. The unit 

was known beforehand and as such this was not stored in the row vector. 

 

A flow diagram of the data extraction program with step numbers is shown in Figure 5.13. 

The first step is to initialise the variables that will be used. For this a default file name is 

defined. This file name is modified with a file number representing the physical position on 

the feeder being evaluated. Then there is also a new data list that is being created. This list 

is used as an intermediate variable when constructing text (data) that is written to the new 

text file from this data extraction program. In the second step a test is done to ascertain if the 

maximum number of files are reached. These are the result files that were generated in the 
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output from the network simulation software (e.g. 101 files). If the maximum number was 

reached, the program would end.  
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Figure 5.13.  A flow diagram of the data extraction Python script. 
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In the third step the new data list is cleared. This is required to ensure that every time a row 

of data is read from a new config file, the data list is clean so that once it is written to the 

output text file the previous row’s data is not included. If this was not done a copy of the 

previous data can be created in the output folder. In the fourth step the default file string is 

used and then modified to match the name of the config file that is to be opened for reading. 

The result config files are then read into a list variable in step 5 and after this the original 

config file is closed. This list variable can now be used to extract data from the original text 

file (e.g. multiplier). 

 

In step 6 the rows in the list that do not have the required variable information are removed. 

For a COMTRADE file format a row is inserted into the config file for every variable defined 

as an output variable. For this application, four rows were used. They represented the current 

magnitude and angle measured at either end of the line that are being evaluated. In the 

network simulation software, this line was selected by the user when the network was 

simulated. The list or then row counter variable is created and set to zero in step 7. In step 8 

the list counter variable is used to determine if the data have been extracted from all the 

required rows. If the last row has been used it will move to creating a new string in step 19 

for writing to the result text file. If this is not the last row, it will move towards initialising 

new loop variables in step 9. These variables are used to determine the start and end position 

of every data field in the specific row string. There is a row string (now in a list from step 5) 

for every variable required for evaluation. Two additional counters are also initialised in this 

section. The first counter will be used to keep track of the character position in each row 

(each row consists of a string of characters). The second is a comma counter (or ‘,’). Each 

of the columns in the row of characters are delimited by a comma (‘,’). If the user knows the 

column of data that is to be extracted, the start and end position of the column is determined 

by testing for the character comma (‘,’). 

 

In step 10 the number of characters in a row (or length of row) is determined. This is used 

in step 11 to determine when the end of the row is reached and to break then from the loop. 

If this is the end of the row, it will move to step 16 where a string is created with the required 

data columns from the original config file in the list. It will copy characters starting at the 
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positions determined in step 13. In step 17 a space is added after each column to delimit that 

column. In step 18 the list counter (or then row counter of the config file) is incremented. 

The script returns then to step 8 where it is testing to see if the final row has been reached. 

If this was the final row, a new string (file name) will be created for the new config text file 

for that position on the feeder. The text that was created for the default file name string 

(step 1) is used. A number is added to this string that shows the position on the feeder and 

an additional character is added to show that this is the new config file. In step 20 this new 

file is opened for writing. The data (required columns) that was stored in the list is now 

written to the new text file and the text file is closed in step 21. In step 22 the file counter is 

incremented. This counter then moves to the next position on the feeder where a fault was 

placed. The script then jumps back to step 2 where it is testing if this was the last file (or 

position) on the feeder. If it was, the program ends. 

5.3.7 Result calculation and presentation 

In the last section of the full evaluation application the LTE is calculated and resulting graphs 

are plotted for evaluation. The flow diagram of this result calculation and presentation part 

of the full evaluation application is done in Matlab. Matlab was chosen for its ability to 

handle a large matrix of data and for its ability to display data as three-dimensional graphs. 

The flow diagram detailing the last part of the full evaluation application is shown in 

Figure 5.14 and 5.15. The various steps are numbered in the flow diagrams.  

 

In the first step the user inputs are obtained for setting up the required result graph. The user 

has to provide the feeder length, indicate if the line limit should be shown and also specify 

the LTE line limit. In the second step the variables can be initialised. Two variables to 

mention here is the number of files to import and the time step value. Both these values are 

known and are programmed as a constant for this application. For this application the number 

of files is equal to 101. This is for 100 steps of 1 % across the feeder length and includes the 

position zero. The time step is set to 1 ms based on the sampling rate used in the 

COMTRADE file generation. The size of the result matrix is also determined as this is used 

to find the last element in the matrix when working with the data.  
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Figure 5.14.  The full evaluation application flow diagram (part A). 
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Figure 5.15.  The full evaluation application flow diagram (part B). 

In the third step a test is done to determine if this is the last file. If this is not the last file, the 

file counter is incremented in step 4. The first time this is done the file counter is incremented 

to one from zero. In step 5 the COMTRADE data file that was created in the network 
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simulation phase is loaded into Matlab. In step 6 the new config file that were created using 

the Python script is loaded.  

 

The size of the data file is determined in step 7 so as to know when the end of the data file 

is reached. They are now stored in a matrix form when the text file is loaded in step 5. In 

step 8 a multidimensional array is created and the memory for this is allocated to reduce the 

program execution time. This array consists of rows, columns and pages (become a three-

dimensional array). Each row corresponds to a row of data in the data file. Each row is then 

the data from that time step during the original network simulation. Each column 

corresponds to the required data that are identified in the new config file that was created 

during the data extraction phase (Python script). The page corresponds to each of the data 

files that are created for every step taken on the line during the network simulation (101 files 

in total). This variable combines all the required results into one variable that eases the 

handling of the data. In step 9 a test is done to determine if the end of the data row (time 

part) is reached. If the end was not reached, the required variables are extracted from the 

data file in step 10 and the magnitude is adjusted with the values in the config file. This is 

then stored in the new combined result variable, in the correct row and column on this page 

(distance step). The row or time step is then increased in step 11 and the test for the last row 

in step 9 is done again. If the last row (or time in the simulation for that distance step) was 

reached, a test is done again in step 3 to determine if the last file (or distance step) was 

reached. If not, the same steps will be followed to extract the data, adjust the magnitude with 

the config file values and store the scaled values in the new multidimensional array. If this 

was the last file, the program will move to the next phase where the LTE is determined.  

 

The LTE is calculated at every distance step (file number) and then at every time step. In 

step 12 a test is done to determine if the last file (distance step) was reached. If this is not 

the last file the program will move to step 13 where a test is done to determine if this is time 

zero. If it is, the LTE is set to zero in step 14 as no time has passed. In step 15 the time 

counter or step is increased and the program moves back to step 13 to determine if this is 

time zero. If this is not time zero, the LTE can be calculated for that time step in step 16. The 

LTE for the feeder under study is calculated for both the source (local bus) and the load end 
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(remote bus) individually (see Figure 5.12). This means that there will be a LTE exposure 

value for the feeder conductor based on the current from the local bus and then the current 

from the remote bus. Each of these are multiplied with the time step. The maximum LTE 

exposure for the conductor is determined by using the maximum LTE from either the local 

or the remote end at that position for that time period. These LTE values are stored in the 

result multidimensional array (Matlab column, row and page).  

 

Once the LTE exposure is determined, the time step will be increased and a test will be done 

again at step 17 to determine if the final time was reached. The program will not test for 

“time +1” as you cannot calculate energy in the future with no time to calculate with. If this 

was not the final time, the time step or counter will be increased in step 18 and the program 

will test again if this is time step zero in step 13. If this was the final time, the file counter 

(or distance step) will be increased in step 19 and the same process will repeat itself until the 

last distance step and time step were reached.  

 

With the LTE results available, the results can be used in a plot variable consisting of three 

parts. The first being the distance, the second being the time and the last variable is the 

required LTE. In step 20 an X-Y mesh grid is created consisting of the distance and time 

steps as variables. The variable required for the plot is then set in step 21. This is extracted 

from the result variable and placed in the plot variable. This plot variable will be used later 

when the actual surface is created. 

 

In the next phase the LTE volume is determined so as to quantify the LTE exposure and 

make it possible to compare LTE exposure. In step 22 the volume is set to zero. To determine 

the volume under the LTE surface, the surface is divided into a grid and the volume of a 

rectangular cuboid is determined by using the grid dimensions and then the height to the 

LTE surface. The volume of each of these cuboids are added together to determine the total 

volume under the surface. In step 23 a test is done to determine if the last file or then distance 

step is reached. If not, the time step is increased in step 24 and a test is done to determine if 

this is the end of the time simulation in step 25. In step 26 A check is done to determine if 

this is position zero. If this is, the first distance step is set at 10 % of the normal 1 % step 
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size in the network simulation part of this full evaluation application. This was done to ensure 

the current passes through the measuring point (see Figure 5.12). When calculating the 

volume in step 27 the distance has to reflect this 0.1 % step. The time step is started at step 1 

(0.001 ms), thus the bottom area of the rectangular cuboid X-Y coordinates can be 

determined. This area is then multiplied with the corresponding LTE value, creating a 

volume. After this first position calculation, the script will return to step 24 where the time 

step is increased. This is then tested again in step 25 to see if it is the end of time and if not, 

the position is tested again in step 26. If this is not the first position, then normal 1 % step 

size will be used in step 28 to determine the LTE volume. After this the time step will be 

incremented again in step 24 and then a test for the end of time in step 25. If this was the end 

of time, then the position will be increased in step 29 and all the volume calculations will be 

done again until the end of the line and time is reached. 

 

The LTE surface plot for the selected variable of step 21 is made in step 30. In step 31 this 

plot is formatted. This format includes edge colours, axis labels, text styles and adding a 

colour bar to determine the LTE level in the surface plot.  

 

One of the questions that was asked to the user in step 1 was if the line limit should be shown. 

In step 32 the user response is tested to determine if the line limit should be shown. If the 

reply was no, then the program will end. If the user said yes, another surface is shown with 

the limit of the line. This is a flat surface as the LTE limit of the line does not change. In 

step 33 the previous LTE surface plot is kept on the same axis so that the new plot can be 

placed on the same axis. In step 34 the line limit is used as the plot variable in the surface 

plot. In step 35 the line limit surface plot is added to the original LTE surface plot and his 

new limit plot is formatted in step 36. This is similar to the format for the previous LTE 

surface plot. In step 37 the intersection of the two plots are determined by subtracting the 

two surfaces from each other and then creating a contour plot (step 38) of this difference 

with a black line so that the intersection can be visualised.  
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5.3.8 Output from the full evaluation application 

In Figure 5.16 a result figure is shown for the full evaluation application. In this result figure 

the X-axis is the distance across the length of the feeder and the Y-axis is simulation time at 

every distance step. Together the distance and time create the grid at the bottom. The Z-axis 

is LTE. The result shown in Figure 5.16 is for a feeder where there is a source at both ends 

of the feeder. The feeder protection at both ends have been set not to initiate any ARC cycle 

and no high-set has been applied. Two surfaces are shown, the first is the LTE exposure 

surface and the second is the line limit surface. Any part of the LTE surface above the line 

limit curve is an exceedance of the conductor limit. This is the part where the conductor gets 

damaged due to the thermal effect of the current passing through the conductor.  

 

The initial work done on this topic considered radial feeders. For radial feeders it was 

possible to determine at what time and where on the feeder the exceedance present itself 

[40], [41], [165]. In the work done during the development of this philosophy for the 

application of LTE protection to multi-source networks only the maximum LTE for all time 

was considered [162]. If the LTE and line limit surfaces in Figure 5.16 were to be observed 

from only the distance axis and only the top part of the LTE is considered, it would resemble 

this approach. This is shown in Figure 5.17. The evaluation method in Figure 5.17 is good 

for making a yes or no call on whether a feeder is being protected, but it is not easy to perform 

in-depth analysis. 

 

In Figure 5.17 it can be seen that the conductor will get damaged at certain positions. By 

changing specific protection settings such as the number of ARC attempts or the operating 

curve, this exceedance may be mitigated. By evaluating this from the full surface perspective 

of Figure 5.16, it can be determined at what point in time this exceedance occurs. This is 

taking a holistic approach towards evaluating a large part of the network where DG and other 

feeder CBs can operate independently. This can aid in determining what should be changed 

to remove this exceedance. If we consider Figure 5.16 it would be changing the operating 

curve of the protection so as to reduce the operating time. Or the TM can also be reduced to 

achieve a similar result.  
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Figure 5.16.  Illustration of the expected results for a LTE and line limit surface. 

If ARC cycles were applied in these network protection settings, there would be distinct 

energy levels present in the surface. These levels are where the LTE increases and then level 

off during the period where the CB is open (deadtime). This cannot be observed in the side 

on view for a multi-source feeder. The reason for this is that only the maximum is shown. 

By looking at this from the surface perspective, more insight can be obtained by determining 

at what time the exceedance occurs so as to apply corrective or mitigating measures. As an 

example, the time point of exceedance at 100 % of the feeder distance can be determined in 

Figure 5.16. If this is compared to the side view of Figure 5.17 the time component is lost. 

This means the dynamic exposure of the LTE is lost. By knowing this time, it may give some 

design insight for total clearing time of a fault on the feeder (should be less than this).  
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Figure 5.17.  The maximum values of the LTE and line limit surfaces viewed from the distance 

axis. 

5.4 SIMPLIFIED EVALUATION APPLICATION 

The second application that was created as part of this research is detailed in a journal and a 

conference article [162], [166]. This simplified evaluation application was the proof of 

concept to the full evaluation application. The average disk speed relay model that was 

developed in this research was applied in this application (see Chapter 4). The LTE on a HV 

feeder is evaluated using an Excel based application with inputs obtained from network 

simulations in a network simulation tool. The results in this application were created by 

determining event times. All the relay status elements (tripped, not tripped, how far from 

tripping) are updated at each of these event times. This method is limited in that it is restricted 

to the number of variables it is designed with initially. If it is compared to the discrete time 

method of the full evaluation method, the full evaluation method is only limited by the 

network simulation software. If the network simulation software allows an element to be 

modelled, it can be evaluated. This may be accomplished by using predefined elements or 

additional code as was done for ARC in the relay model for the full evaluation application.  

 

For the simplified application the created output are two-dimensional graphs that details the 

LTE, fault levels and fault exposure time over the length of the feeder under study. In 

Figure 5.18 a flow diagram of this program is shown to indicate the steps that were followed. 
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The simplified application in Figure 5.18 consists of two main parts, simulation and LTE 

calculation. These are also the same steps that was used for the full evaluation package. The 

difference is in how the simulation values are obtained. For the full evaluation application 

all the CB operations and current redistributions were included in the measured quantities 

obtained. For the simplified evaluation, a simulation has to be done for each possible 

contingency (separate).  

 

In Figure 5.18 the first step is modelling the network and then in the second step fault levels 

are obtained from this simulation. These will be the fault levels measured at both ends of the 

feeder (e.g. A and B-end). The fault levels that are required in this case id for the following: 

• When the feeder is supplied from both the A and B-end. 

• When the feeder is only supplied from the A-end. 

• When the feeder is only supplied from the B-end. 

If additional contingencies are to be included such as embedded generation in and out of 

service, this will increase the number of simulations from three based on the number of CBs 

that can open (for both DG and N/O points). 

 

These fault levels are determined by placing a fault at different positions across the feeder 

length. This can (and was) done manually in the initial stages of the program. Later a DPL 

application was written to automate obtaining the fault levels in Digslent Powerfactory. This 

automation program formed the basis for the full evaluation program that was developed in 

the previous sections. The constraint of this method is that it is only focused on the feeder 

being studied. It will not consider the other plant (e.g. distributed generator) that might trip 

due to long fault clearing times. But for the proof of concept, this approach worked well. 

This application formed the basis of the work to identify aspects that require further 

investigation culminating in the full evaluation application. 
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Figure 5.18.  Simplified evaluation application. 
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The second main step in the program is the actual calculation of conductor LTE and time 

exposure based on the feeder settings and the fault levels obtained. This was done in 

Microsoft Excel. 

 

In step 3 the fault levels obtained from network simulation are imported into the calculation 

program and the magnitudes scaled to the required values. The settings that should be applied 

to the feeder at both ends are set in step 4. This includes the actual settings such as PU, 

curves and ARC settings. The feeder conductor types and their LTE limits are set in this part 

as well. The application made provision for more than one type to be used. In step 5 the 

conductor LTE limits are determined for use in the plotting of results. The program starts 

with the assumption that the CBs at both ends of the feeder is closed. It will then determine 

the protection operating time at both ends of the feeder. These operating times are based on 

the specific settings for each end and the current that it will measure for a fault at that position 

on the feeder. This is for a specific network configuration. Based on these protection 

operating times the first event time can be determined in step 7. This will be the shortest 

operating time of the protection devices.  

 

In step 8 the disc status can be set. The average disk speed model (see Chapter 4) is applied. 

For this the disk position is set as zero initially, but then the disk position can be determined 

once the operating time is known and the disk speed. For the relay that has not tripped, the 

new position can be set based on the time that the other relay took to open. For the IDMT 

curves in this program no CB time is included. The CB time is only included for 

instantaneous curves here. In the full evaluation program, all the CB times are included. 

Once the trip signal is sent, the CB deadtime is started. In step 9 the conductor maximum 

LTE exposure for a fault at that position is determined. The square of the maximum RMS 

current (both ends considered) and exposure time is used. This energy value is then stored. 

In step 10 the exposure time is determined. This is added to the previous value (zero in this 

case). It was shown that the maximum energy point might not always coincide with the 

maximum exposure time [40], [41], [162]. The network status in terms of CB open or closed 

is set in step 11.  
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In step 12 a test is done to determine if any of the CBs have reached a lockout condition. 

This method is event driven. If only one trip to lockout was used, then the first CB would 

have reached this point, but the second still has to open. This means that the program will 

determine the next event time in step 13. If all the CBs have gone into lockout, then this part 

of the program will end in step 18.  

 

In step 13 the next event time is determined. This can be a CB that closes or another CB that 

trips. It is all dependent on the fault position, network (current that is flowing), and the 

applied protection settings. This complex sequencing is discussed in Chapter 4 where 

possible sequences are shown. This sequencing was very difficult to implement due to the 

number of items that can change and then updating the status of all the items concerned as 

time is moving forward. This is one of the motivations for using the full evaluation 

application where constraints such as CB operating time was removed by incorporating it in 

the network simulation software (and model). In step 14 the new disk status is set. This can 

be for more than one relay if they are both still in service or it can simply be that one CB is 

closing. But time has passed and the items should be updated with this time. In the full 

evaluation application, all the network items are evaluated at each time step, whereas in this 

simplified evaluation application it is only changed at the event time. This makes for faster 

execution times in the simplified approach, but much more complex programming to keep 

track of all the variables and network states. In step 15 the new LTE can be calculated again 

based on the corresponding network current (depends on network state) and this is added to 

the previous value for a fault at this specific position. The exposure time of step 16 follows 

the same approach as step 15. Finally, the network status is updated again in step 17 and the 

program can move back to step 12 for testing if all the CBs are in a lockout state.  

 

Step 6 to 17 will have to be repeated at every fault position on the line. These results are then 

added together to produce a two-dimensional graph of the LTE across the feeder length. This 

is similar to the LTE diagram shown in Figure 5.17. The energy area under this two-

dimensional curve is also determined to quantify changes made to the network or protection 

settings. The simplified application was applied to actual 132 kV circuits in an 

interconnected network [162]. It was shown that the conductor LTE protection should be 
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considered on HV interconnected networks. This case study based on a circuit in an actual 

HV network is discussed in the next case study. 

5.5 CASE STUDY RESULTS: SIMPLIFIED EVALUATION APPLICATION 

The simplified evaluation application was applied to the backup protection of a circuit in an 

actual HV network. This was done as a proof of concept as the HV network is interconnected 

and does have supply from both ends of the circuit (multiple supply points). The simplified 

network diagram is shown in Figure 5.19.  
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and network

B Circuit 1
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Busbar A400 kV

Wolf Conductor
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220 kV

Circuit 2

220 kV
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Figure 5.19.  Simplified evaluation application case study. 

The conductor LTE protection of circuit 1 in Figure 5.19 is being evaluated. This is a circuit 

at 132 kV consisting of Wolf conductor with supply at each end (Busbar A and B) of the 

circuit being connected via the network. With this being a HV circuit, both ends have 

impedance protection applied as main protection and then IDMT relays as backup protection. 

The backup protection at Busbar A is set to operate on a NI curve with a PU of 600 A and a 

TM of 0.375. A high-set element is also applied with a PU of 9000 A. At Busbar B the 

protection on circuit 1 is set to operate on a NI curve with a PU of 600 A and a TM of 0.2. 

No high-set element is applied to this end of the circuit. There are no ARC attempts applied 
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to the protection at either end of the circuit. Wolf conductor have a short time rating of 

15.72 kA for one second (247 MA²s) when calculated using the method in Chapter 4.  

 

The fault current measured from the A and B ends on the circuit for a three-phase fault at 

1 %, 50 % and 99 % are provided in Table 5.1. These fault levels are for three network 

contingencies. These are when both CB A and B are closed (A and B contributions are listed 

separately), for when CB B is open and for when CB A is open. The distance is measured 

from Busbar B (zero km) towards Busbar A (100.8 km).  

Table 5.1  Measured fault current for simplified evaluation application case study. 

Distance 

From 

Busbar B 

(%) 

Fault current 

CB A-closed 

CB B-closed  

A-end 

(A) 

Fault current 

CB A-closed 

CB B-closed  

B-end 

(A) 

Fault current 

CB A-closed 

CB B-open  

A-end 

(A) 

Fault current 

CB A-open 

CB B-closed  

B-end 

(A) 

1 3137.689 1502.99 3132.072 1535.896 

50 1592.427 2848.32 1623.571 2878.899 

99 930.604 20766.582 1086.468 20899.39 

 

When evaluating at the measured fault current in Table 5.1, it can be seen that the measured 

current change depending on what the CB status (open or closed) is at the other end of the 

circuit. An assumption is made that the protection in the network is graded. This means that 

for a fault on Circuit 1, the protection at CB A and CB B will trip before other protection in 

the network. The conductor LTE protection results are shown in Figure 5.20.  

 

From the results in Figure 5.20 it can be seen that the Wolf conductor is protected as the 

actual LTE exposure does not exceed the conductor limit. If the high-set element at CB B is 

disabled, the Wolf conductor will be damaged if a three-phase fault occurs within the first 

1.5 % of the feeder length from Busbar B. This high-set is reducing the LTE peak from 

387 MA²s to approximately 75 MA²s. The high-set is pushing this lower peak further into 
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the network from 1.5 % to approximately 11 % measured from Busbar A. It can also be 

observed that the conductor LTE exposure towards Busbar B is increasing from its minimum 

value. The energy area value calculated to 1901.95 MA²s·km. More case studies and results 

using this simplified evaluation method are provided in the conference and published journal 

articles [162], [166]. 

 

Figure 5.20.  Case study results for the conductor LTE exposure in an actual network. 

5.6 CHAPTER SUMMARY 

In this chapter the simulation applications were discussed. In Section 5.3 the full evaluation 

application was discussed. The full evaluation application consisted of DigSilent 

PowerFactory (Simulation, DPL code and DSL code), Python and Matlab code and results 

are created using discrete time steps. In Section 5.4 simplified evaluation was discussed. The 

simplified evaluation application made use of DigSilent Powerfactory and the calculations 

were done in Microsoft Excel. This application was event driven. The event driven method 

was very complex to program and was limited in the number of variables considered during 

the simulation. The full evaluation application is only limited by the network simulation 

programs constraints. In Section 5.5 results for a case study were shared where the simplified 

evaluation method was applied to an actual HV network as proof of concept. This formed 
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the basis for the full evaluation application. In the following result and discussion chapter, 

the full evaluation application is applied to feeders in a radial and multi-source network.  

 

 

 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

 

CHAPTER 6 RESULTS AND DISCUSSION OF 

LTE PROTECTION 

APPLICATION 

6.1 CHAPTER OVERVIEW 

In the previous chapter applications were developed to assist with the evaluation of LTE 

protection in an interconnected multi-source network. In this chapter only the full evaluation 

application is used to generate results on a feeder. An overview of the case studies are 

provided in Section 6.2. The case studies are for when the network is configured as a radial 

feeder in Section 6.3 and then as a multi-source interconnected network in Section 6.4 and 

Section 6.5. The multi-source feeder is evaluated for different network contingencies (strong 

and weak network). Section 6.6 provides some insight to the result variables that were 

generated using the full evaluation application. Results for the discussion were generated 

from the case studies. Finally, in this chapter the results from all the case studies are 

combined and discussed in terms of the research questions and hypothesis in Section 6.7. 

6.2 CASE STUDY OVERVIEW 

The results from three case studies are presented in this chapter. These case studies are: 

Case study 1, Radial feeder with ARC and operating curve selection. 

Case study 2, Interconnected feeder in a multi-source network with a strong and weak end. 

Case study 3, Interconnected feeder in a multi-source network with two strong ends. 
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In case study two the LTE protection principle is applied to a multi-source interconnected 

network where one end of the feeder is connected to a strong source and the other to a weak 

source (sources compared to each other). In case study three the LTE protection is applied 

to a feeder within an interconnected multi-source network where both ends of the feeder are 

connected to similar sized strong sources. ARC is applied to all three case studies. For the 

three-dimensional graphs, a colour bar is provided to assist with identifying the LTE level. 

The colour used for the conductor limit is also a function of this colour reference bar. 

6.3 CASE STUDY 1 – RADIAL FEEDER APPLICATION 

6.3.1 The objective of the case study 

The objective of this case study is to demonstrate how ARC, curve selection and fault levels 

influence the LTE protection on a radial feeder. The key elements that will be used to 

evaluate this is the LTE graph and the energy-volume calculation. An energy-area evaluation 

(see Chapter 4) can also be used, but in this case the results are to be compared to an 

interconnected network of case study two. This case study will also demonstrate that the 

radial feeder can be evaluated using this application and does not have to be a two-

dimensional LTE-distance graph such as the one used in [40].  

6.3.2 The case study setup 

The network that is used for this radial feeder evaluation is shown in Figure 6.1. In this 

network there is an external source (Source A), connected to a substation consisting of 

multiple transformers and a radial feeder (Feeder 1). The size and impedance of the 

transformers and external source is not important as these are used to adjust the three-phase 

fault level on this radial feeder. No loading is connected on this feeder to minimise the 

possible influencing variables. CBs are shown on the feeder and they indicate not only the 

CB position but also the measuring points for current using CTs and the protection relays 

connected to the CT. 
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The type of feeder conductor used for this network is Mink conductor. When applying the 

calculations in Chapter 4, Mink conductor has a short time rating of 6.026 kA. The 

maximum loading current for a conductor type varies between utilities over the world as this 

is dependent on factors such as the weather conditions and then the templating temperature 

[137], [138]. For the work done in this research the continuous loading value for Mink 

conductor of 285 A at a templating temperature of 50 °C is used [138]. The voltage at the 

busbar is set to be within the limits of 0.95 p.u. to 1.05 p.u. for a rated value of 22 kV. These 

bus voltage limits are within the standards specified by NRS-048 standard of 10 % of the 

rated voltage [60].  

Busbar 1

Fault 

feeder

Source A
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Busbar 2

All
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Figure 6.1.  A radial network diagram for case study 1. 

6.3.3 Protocol 

The following protocol is applied for this case study. 

1. Do the initial setup of the network so as to resemble that of Figure 6.1 with a three-phase 

fault level of 6 kA and busbar voltage at Busbar 1 set to the rated value of 22 kV.  

2. Create the control case for a radial feeder (Result 1). The network is simulated in 

maximum network conditions with only IDMT NI protection applied (no ARC, high-
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sets or other protection curves). Set the protection to operate in 1.1 s for a three-phase 

fault close to Busbar 1. 

3. Evaluate the effect of source impedance on a radial feeder (Result 2). The network is 

simulated in minimum network conditions with only IDMT NI protection applied (no 

ARC, high-sets or other protection curves). Set the three-phase fault level at Busbar 1 to 

3.5 kA. 

4. Evaluate the effect of ARC and a high-set element on a radial feeder (Result 3).  

4.1. The network is simulated in maximum network conditions with IDMT settings of 

step 1. A two trip to lockout ARC philosophy is applied. The ARC deadtime is set 

to 1 s. 

4.2. The same network conditions and settings are applied as that of step 4.1 except for 

a high-set element that is added. The high-set element is set to initiate ARC. 

5. Evaluate the effect of operating curve selection on a radial feeder.  

5.1. The network is simulated in maximum network conditions. The NI IDMT curve is 

changed to an EI curve. Set the operating time the same as that of the protection in 

step 2 for a fault at the remote busbar (Busbar 2). The ARC functionality is applied 

from step 4. No high-set elements are applied in this step. 

5.2. In this step the same highest element from step 4.2 is applied with ARC that is 

initiated by the element. 

6. Compare results 

6.3.4 Experimental parameters 

The protection settings that are applied to the feeder CB (CB 1) for the required steps in the 

protocol are provided in Table 6.1. For all of the IDMT type operating curves used in this 

case study (NI and EI) the PU current is set the same. This is set based on the PU 

recommendations in Chapter 3. Of the three criteria that should be used to determine the PU, 

setting it above the expected load current (110 % of the maximum load current) was the 

limiting factor. It is assumed that the upstream transformer protection at the substation 

(Busbar 1) is slow enough and the PU is high enough so as to not interfere with the feeder 

protection. The operating time for the NI operating curve is set to 1.1 s for a fault right in 
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front of the CB (CB 1) when the network is set to operate in maximum network conditions. 

The operating time for the EI curve is set to the same operating time as that of the NI curve 

in step 2 but for a fault at the end of the line (Busbar 2). 

Table 6.1  The protection settings set-up to CB 1 in case study 2. 

CB Protocol 

step 

Curve PU 

 

(A) 

TM/TD 

 

(s) 

High-

set 

PU 

(A) 

TD 

 

(s) 

Trips to 

Lockout 

Deadtime 

(s) 

CB 1 2 NI 315 0.48 - - 1 - 

CB 1 3 NI 315 0.48 - - 1 - 

CB 1 4.1 NI 315 0.48 - - 2 1 

CB 1 4.2 NI 315 0.48 2000 0 2 1 

CB 1 5.1 EI 315 0.32 - - 2 1 

CB 1 5.2 EI 315 0.32 2000 0 2 1 

 

The high-set PU is set using the recommendation in Chapter 3. The minimum that it can be 

set to is 126 % for numerical relay devices. The PU is set to 2000 A with a time delay of 

zero seconds. This is roughly 200 % of the downstream fault level. For the ARC settings the 

trips-to-lockout is set to two trips (one ARC cycle). The deadtime is set based on the 

recommendations in Chapter 3 and 5 and will change from 1 s to 3 s in specific steps. 

6.3.5 Case study 1 step 2 results – control case 

The control case resulting graph is shown in Figure 6.2. In this result there are only two 

curves. One is the LTE curve and the other is a flat horizontal plane (or surface) showing the 

conductor limit. If there were different conductors at different parts of the feeder it would 

show a plane for each of these conductors relative to their position.  
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Figure 6.2.  The control radial feeder LTE results. 

When evaluating the form of the LTE curve in Figure 6.2 it can be seen that the energy starts 

at zero and it then increases as time pass to a maximum. This maximum decrease as the fault 

position moves further into the feeder (0 % to 100 % of distance). In this radial feeder 

application absolute maximum energy will occur close to the busbar in the first high risk 

area. This relates to a current dominant LTE system. If it was dominated by the protection 

operating time the high energy point will be at the remote end (second high-risk area) of the 

feeder (Busbar 2 end) for current flowing from Busbar 1. The LTE is surpassing the 

conductor limit. This can be observed in the LTE plane intersecting the conductor limit flat 

plane (dark black line in Figure 6.2). This exceedance will result in the conductor getting 

damaged if the fault is within the first part of the feeder. This is with the present protection 

settings applied at these fault levels. In Figure 6.3 the three-dimensional graph is rotated to 

show a two-dimensional graph of the energy and the fault position on the feeder.  
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Figure 6.3.  The control radial feeder LTE results from the fault position perspective. 

The conductor limit is a thin yellow line in Figure 6.3 (based on colour bar level). For this 

Mink conductor it can be seen that the conductor limit is only exceeded for the first 0.6 km 

of this feeder. The form of the LTE curve in Figure 6.3 resembles that of previous work done 

in this field [40]. It also resembles the actual feeder of the case study used for the simplified 

evaluation application in the previous chapter. The rate of change for this graph (LTE vs. 

line fault position) is dependent on the source impedance ratio (fault level influence) and 

applied protection settings (time exposure influence). The source impedance ratio defines 

how the fault level decreases across the feeder [123]. 

 

Figure 6.4 shows the results from a time perspective. This LTE time perspective is novel. 

Two data points are marked as A and B. These data points show the point in time where 

there is no more dynamic change in the LTE (stable level reached). This is the time the CB 

(CB 1) has tripped. A red curve connecting point A and B is drawn to show where the 

dynamic area stop and static area take over. The dynamic and static area can also be obtained 
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by evaluating the simulation raw data and looking for the state (time and position) where 

there is no more increase in LTE. The dynamic area is from the origin to the A-B line and 

the static area is from the A-B line to the end of simulation time. In the previous work (similar 

to Figure 6.3) this dynamic area was not seen and the evaluation was made on the final or 

static time area. This is not incorrect, but the dynamic behaviour of the system is lost.  

 

Figure 6.4.  The control radial feeder LTE results from the time perspective. 

Two additional lines from the origin to point A and from the origin to point B are also drawn. 

The gradient of these two lines are a function of the source impedance to the fault. This 

source impedance is the impedance at the source busbar (Busbar 1) for the origin-A line. 

The LTE level that will be reached is a function of the protection operating time and as such 

the protection settings. The protection settings define the dynamic area of the LTE surface 

as this will determine how long and in which form (e.g. operating curve influence) the LTE 

will reach the static region at the various fault levels. The line starting at the origin to point A 

has a steep gradient, showing that it has a low source impedance as compared to the line 

A 

B 

Static 

Dynamic 

Conductor limit 
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from the origin to point B. This is valid while the current is the dominant factor in the LTE 

calculation. The increase in source impedance to the origin-B line is as a result of the line 

impedance being added to the source impedance at Busbar A. The impedance thus moves 

through the angle from A to B. It can also be observed that the time to point A and point B 

is different with point A being much smaller (faster protection) than point B. To protect the 

conductor, the energy peak defined by point A have to be reduced to a value below the 

conductor limit. If the operating curve and PU is kept the same, the protection will have to 

clear the fault within 951 ms. It can be observed in Figure 6.4 that the energy peaks at 1.1 s 

(based on the setting) and this is past the 951 ms margin. The results in Figure 6.2 combine 

these two distance and time views.  

Table 6.2  The fault levels, expected operating time and LTE levels for case study 1, step 2. 

CB Feeder end Fault level 

(A) 

Operating time 

(s) 

LTE 

(MA²s) 

CB 1 Busbar 1 6177 1.096 41.8 

CB 1 Busbar 2 991 2.9 2.85 

 

The fault levels for a fault close to Busbar 1 and 2 on the feeder with the protection operating 

time is provided in Table 6.2. These are obtained from the simulation. The applied settings 

in Table 6.1 and the fault levels are used to determine the protection operating time and the 

expected LTE. When comparing the expected operating times of the feeder protection in 

Table 6.2 to the data points A and B in Figure 6.4 it can be seen that they correlate. It can 

also be observed that the LTE levels correlate. This shows that acceptable results are 

obtained from the simulation software for further case studies. For this case study the energy-

volume calculates to 8.24415x108 A²s²·km. This is for a simulation time up to 5 s. 

6.3.6 Case study 1 step 3 results – source impedance 

For the results shown in Figure 6.5 the source impedance was changed from a maximum 

network contingency to a minimum network contingency. It can be observed in Figure 6.5 

that the LTE surface does not exceed the horizontal conductor limit surface (yellow surface). 
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Thus, with the lower source impedance and applied settings the feeder will not exceed the 

conductor limit. The minimum source impedance contingency should be used for evaluating 

the end of feeder faults where the fault level to PU ratio can result in the LTE increasing 

towards the lower fault level end of the feeder (see minimum and maximum network 

conditions in Chapter 4). For this network with these settings it is not a concern. What can 

also be seen from the results is that if the fault level is lower, it can accommodate slower 

protection clearing times before the conductor will get damaged. In general, it is 

recommended to reduce the fault exposure time [33], [92], [107]. This reduction will reduce 

the LTE exposure and limit potential damage. 

 

Figure 6.5.  The radial feeder LTE results with a change in source impedance. 

Figure 6.6 shows the radial feeder result for a change in source impedance from a time 

perspective. The red line gradients to point A and B are shown for this instance of the results. 

When comparing the origin-A line gradient from this step to that of step 2 it can be seen that 

the gradient has reduced which is indicative of an increase in the source impedance if the 
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settings were kept constant. At a fault exposure time of 1 s the LTE results in Figure 6.4 

have reached a value of 36 MA²s whereas only a level of 17 MA²s was reached in the results 

of Figure 6.6. When the origin to B gradient lines are compared it can be seen that they are 

almost the same. This indicates that the fault level at the remote end has not changed 

significantly (dominated by the line impedance). In terms of protection settings, a change to 

how the protection operates in the high current region will result in a significant change of 

the LTE exposure as compared to the lower current region of the feeder in this case. The 

dynamic area of the results can better be observed in the three-dimensional graph of 

Figure 6.5. It can be seen that there is a graduate increase in LTE exposure up to a time value 

(constant LTE-static region) value where the CB trips. 

 

Figure 6.6.  The radial feeder LTE results with a change in source impedance from the time 

perspective. 

For this case study the energy-volume calculates to 5.029575x108 A²s²·km. This is for a 

simulation time up to 5 s. When this is compared to that of step 2 it is determined that there 

B 
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was a reduction in the value. This can also be seen visually when comparing the results in 

Figure 6.5 to that of Figure 6.2. 

 

The fault levels for a fault close to Busbar 1 and 2 on the feeder with the protection operating 

time is provided in Table 6.3. These are obtained from the simulation. The expected 

operating time and maximum LTE is provided in this table. When looking at the actual fault 

levels it supports the A-B origin line gradient evaluation with a large change in fault level 

close to Busbar 1 and a small change towards Busbar 2. The operating time and LTE levels 

compare well to that shown in Figure 6.6. 

Table 6.3  The fault levels, expected operating time and LTE levels for case study 1, step 3. 

CB Feeder end Fault level 

(A) 

Operating time 

(s) 

LTE 

(MA²s) 

CB 1 Busbar 1 3571 1.35 17.2 

CB 1 Busbar 2 918 3.1 2.62 

 

6.3.7 Case study 1 step 4 results – ARC and high-set 

For the results in step 4 of the protocol the simulation time is increased from 5 s to 8 s so as 

to accommodate the increase in fault clearing time with the application of ARC. This is for 

the results of step 4.1 and 4.2 in the protocol. To simulate ARC, the DSL code developed in 

Chapter 5 is applied to the protection relay in the power factory model. In step 4.1 of the 

protocol only the number of ARC attempts are increased to one attempt from zero (see 

Table 6.1). Figure 6.7 show the LTE simulation results with the LTE surface and the 

horizontal conductor limit (flat blue plane in Figure 6.7). When evaluating the graph, it can 

be observed that the conductor limit is exceeded on the first trip and also on the second trip. 

When no ARC attempts were permitted, the conductor would only get damaged in the first 

0.6 kms of the feeder. With an ARC cycle applied, this damage region increases further into 

the feeder to about 3 km. The magnitude of the LTE exposure is also doubled due to the 
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additional trip. With the additional trip in the ARC attempt there are now two dynamic 

regions in the surface.  

 

Figure 6.7.  The radial feeder LTE results with ARC applied. 

The LTE surface is shown from a time perspective in Figure 6.8. It can be seen that the 

conductor limit (black solid line) is exceeded for all trips in this study. The two dynamic 

regions can clearly be seen with an increase in LTE from the origin to A1 and B1 and then 

to points A2 and B2 from the level attained in the previous trip. It can be seen that the 

gradient of the respective (A1 and A2 then B1 and B2) lines are similar due to them being 

exposed to the same source impedance. The conductor limit exceedance can be clearly 

observed when evaluating Figure 6.8. The fault levels are the same as that of Table 6.3 with 

similar trip times (no change in source impedance). The double LTE can also be observed 

in Figure 6.8 with a level of approximately 40 MA²s being doubled to 80 MA²s after an ARC 

attempt. This is all based on the applied protection settings as the source impedance has not 

changed. For this case study the energy-volume calculates to 23.20365x108 A²s²·km. This is 
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for a simulation time up to 8 s. With the simulation time longer than that of the previous 

step, the volume cannot be compared. An improvement that can be made to the diagram and 

energy-volume calculation is to set the LTE to zero once the CB reaches a lockout state. This 

will remove the simulation time constraint and then any energy-volume value can be 

compared without the simulation time having to be the same. This can be applied in future 

work. 

 

Figure 6.8.  The radial feeder LTE results with ARC applied from the time perspective. 

In Figure 6.9 the resulting LTE surface graph is shown for when the radial feeder is set to 

initiate ARC and the high-set element is enabled. It can be seen that the high-set element 

reduces the conductor LTE exposure significantly within the high current region close to the 

substation (source). The peak LTE value in this study is less than a quarter of the peak value 

in Figure 6.8. The LTE surface is not exceeding the conductor limit (horizontal yellow 

surface based on colour bar). The advantage of applying a high-set element can be observed 

when comparing the result from Figure 6.9 to that of Figure 6.7. From this it is recommended 

A1 

A2 

B1 

B2 
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to apply a high-set element whenever possible. This confirms results recommended in earlier 

work [37], [40], [41]. It should be applied even if a small-time delay is to be set (e.g. 100 ms) 

to ensure selectivity with downstream protection elements. Also, it should be applied even 

if the high-set element penetration is not that far into the feeder. The fact that the high-set is 

removing the peak current close to the source has a significant effect on the expected LTE 

peak as the current part of the LTE equation of (4.3) is squared. The high-set is set to initiate 

ARC so as to promote the continuity of supply. A high-current lockout function can be 

applied if the high-set should not initiate ARC [160]. 

 

Figure 6.9.  The radial feeder LTE results with ARC and high-set applied. 

There is still a small amount of LTE in the region where the high-set is active. This is due to 

the time it takes for the CB to open and the protection relay to process the trip command. 

CB operating time can be in the region of 3 to 8 cycles [10]. This translates to 50 to 160 ms 

depending on the frequency of the system. The relay operating time is set to 20 ms for it to 

get to a trip decision with a time delay of zero seconds applied to the high-set element. In 
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this simulation only the relay time is reflected, but the CB time can be added if required. The 

effect of this on conductor potential LTE exposure can be seen in Figure 4.12. During this 

time fault current is still flowing to the fault. The energy-volume in this study can be 

compared to that of Figure 6.7 in the previous simulation. The energy-volume calculates to 

5.658711x108 A²s²·km. This is significantly less than that of Figure 6.7. 

6.3.8 Case study 1 step 5 results – NI and EI operating curves 

For this result, the protection operating curve is changed to that of an EI curve. The PU for 

this curve is kept the same as this is above load and provides adequate sensitivity for faults. 

The operating time of the protection (EI curve) is set the same as that of the protection in 

step 2 of the protocol for a fault at the remote busbar (Busbar 2) with a NI curve applied. 

There is no change in the network configuration. With the protection settings in step 2 

applied to the network, the protection will operate in 2.898 s at a fault current of 991 A when 

applying (3.3). To set the EI curve operating time to the same value, a TM of 0.32 is applied. 

The two trip to lockout ARC settings of step 4.1 is kept and the simulation is set to run for 

8 s so as to be able to compare the energy-volumes with that of the previous step. The results 

are shown in Figure 6.10 (step 5.1 of protocol). 

 

The LTE surface of Figure 6.10 show that the change in operating curve made a significant 

change to the amount of LTE that the conductor is exposed too (blue surface). The LTE 

surface is very flat (compared to Figure 6.9) which allows for good LTE grading when it is 

compared to the flat conductor surface (yellow surface). This supports the discussion in 

Chapter 4 regarding selection of operating curve. In this step the yellow conductor limit is 

not exceeded. This reduction in LTE is evident in the energy-volume calculation, with the 

volume calculating to 6.794182x108 A²s²·km. This is more than the value of step 4.2 

(5.658711x108 A²s²·km) but it is far less than the value of step 4.1 (23.20365x108 A²s²·km). 
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Figure 6.10.  The radial feeder LTE results with an EI operating curve applied. 

The result of Figure 6.10 is shown from a time perspective (Busbar 2 towards Busbar 1) in 

Figure 6.11. The operating time for an end of line fault at Busbar 2 can observed at point B1. 

This compares well to the designed value of 2.898 s. The angle of the source impedance 

(origin-A line) is different to that of Figure 6.4 for step 2. The reason for this is the operating 

curve and TM changed. If the EI curve was set to the same operating time as the NI curve 

for faults at the source busbar (Busbar 1), then the gradient of the origin-A1 line would be 

the same. In this application it was set the same as the NI operating time for a fault at 

Busbar 2. This can be seen when comparing the origin-B and origin-B1 gradients in 

Figures 6.4 and 6.11. The actual source impedance in the network has not changed. The 

gradient of the origin-A line is steeper than that of Figure 6.4 due to the protection trip time 

being less (faster with EI). This supports the discussion in Chapter 3 where rate of change in 

operating time is discussed for different operating curves with the EI curve having the 

biggest rate of change between the NI, VI and EI curves. Another way of interpreting this is 

by considering the line gradients when looking at the LTE-time curves. With the origin-A1 
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line gradient in Figure 6.11 being steeper than that of the origin-A line in Figure6.4, it 

supports the notion of the EI curve having to undergo a greater rate of change so as to reach 

the origin-B line gradient at the end of the feeder. The feeder (impedance) and source 

impedance have not changed between when comparing this to step 2.  

 

Figure 6.11.  The radial feeder LTE results using an EI curve and ARC applied from the time 

perspective. 

There are still two dynamic regions with the two ARC cycles. They first are defined by the 

area of the origin – A1 – B1 and the origin. The second would be from the start of the A2 

line – A2 – B2 – start of the B2 line. The EI curve reduced the operating time of the protection 

in the high current region. The fault level here for a closeup fault is 6177 A. For the setting 

applied in step 2, the protection operating time is 1.095 s. With the EI curve applied this time 

reduces to 6.667 ms. This is the calculated value. This will then be slightly delayed by the 

CB operating time and the relay operating time.  
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In Figure 6.12 the results are shown when a high-set element with a PU of 2000 A is applied 

to the feeder protection. When this is compared to the results of Figure 6.10 it can be seen 

that the conductor LTE exposure (blue surface) is reduced even further in the high current 

region close to Busbar 1. The conductor limit (yellow surface) is still not exceeded. When 

comparing the energy-volume in this step (step 5.2) to that of step 5.1 it is reduced from 

6.794182x108 A²s²·km to 4.014910 x108 A²s²·km.  

 

This result shows that curve selection does have an impact on the conductor LTE and that a 

high-set assists greatly in reducing this LTE in the high current region. This is due to the 

reduction in operating time. 

 

Figure 6.12.  The radial feeder LTE results with an EI operating curve and ARC applied. 

From this result it can be seen that the choice of protection setting influences the LTE 

exposure and that similar results can be obtained depending on the choice of settings and 

desired functions. It might not be possible to apply the desired function such as ARC when 
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considering the LTE constraint. In such a case other curves and high-set elements may be 

considered. Then, if the source impedance is considered, different settings can be applied 

again. As an example, ARC may be applied without having to apply a high-set or change the 

curve to an EI curve. It is preferable to apply ARC so as to improve the availability of the 

network [29]. [65], but the effect on the conductor LTE has to be considered to ensure the 

conductor is protected. By considering the energy, the limit in which the settings have to 

operate is defined and the elements that contribute to the limit can be identified. 

6.4 CASE STUDY 2 – INTERCONNECTED MULTI-SOURCE NETWORK 

(WEAK AND STRONG SOURCE) 

6.4.1 The objective of the case study 

The objective of this case study is to demonstrate that LTE protection has to be considered 

in an interconnected network. As part of this case study, it will be illustrated how to evaluate 

the applied protection and interpret the resulting graphs. This case study will also illustrate 

how an interconnected network with multiple sources differs from a radial network. The key 

elements that will be used to evaluate this is the LTE graph and the energy-volume 

calculation.  

6.4.2 The case study setup 

The network used for this interconnected multi-source network case study is shown in 

Figure 6.13. Feeder 1 will be evaluated. Similar to case study 1, the size of the external 

sources and transformers connecting them to the interconnected network are not key. The 

transformers are used to change between minimum and maximum network conditions (high 

and low fault levels). The sources are there to have another source of fault current besides 

Source A. The fact that there are multiple fault current paths and sources is key. Different 

generators have different capabilities and will contribute different fault currents for different 

times (dependent on generator and protection settings). As the LTE is evaluated and not the 

generator, all the sources are modelled as an external source. The methods that are presented 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 6 RESULTS AND DISCUSSION OF LTE PROTECTION APPLICATION 

 

Department of Electrical, Electronic and Computer Engineering 184 

University of Pretoria 

and evaluated in this research can be extended to include the effects of different generators 

and their dynamics. This method of evaluating the conductor LTE exposure allows for a 

holistic evaluation of the network. To minimise the variables, no load is connected to the 

busbars. This will help to only consider the effect of fault current. Load current can be 

included in this method if the effect is to be studied. With bolted three-phase faults being 

used in this case study, there will not be any load current passing through the faulted feeder. 

CBs are shown on the feeder and they indicate not only the CB position but also the 

measuring points for current using CTs and protection relays. Protection will only be 

modelled on CB 1 and CB 2 as only Feeder 1 in Figure 6.13 will be evaluated. 

 

The three-phase fault level at each busbar is shown in Table 6.4. These fault levels are for 

maximum network conditions where all three sources are in service and all CBs are closed. 

The fault is placed on each of the busbars. The voltage at each busbar are kept to within a 

range of ± 5 % of 1 p.u (22 kV system). This is within the NRS 048 limits [60].  

Table 6.4  The voltage and three-phase fault levels at each busbar for case study 2. 

Busbar Voltage (kVL-L) Voltage (p.u.) Fault level (kA) 

Busbar 1 22.2 1.009 6.709 

Busbar 2 21.656 0.984 2.832 

Busbar 3 21.496 0.977 9.775 

Busbar 4 21.853 0.993 1.871 

 

The three-phase fault current for a fault 0.01 % on Feeder 1 from Busbar 1 and then Busbar 2 

is provided in Table 6.5. This is for the network configured with all the transformers, sources 

and feeders in service. Only the remote end CB is opened or closed for this table. The fault 

position percentage is measured from Busbar 1 to Busbar 2. This shows that the case study 

is set such (setup) that the fault current will redistribute itself depending on the network 

configuration (CBs open or closed). The measured fault current (by the relay) can thus 

change before a trip signal is issued to the CB. The protection at each end of the evaluated 

feeder is set and will operate independent of each other. There are an infinite number of 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 6 RESULTS AND DISCUSSION OF LTE PROTECTION APPLICATION 

 

Department of Electrical, Electronic and Computer Engineering 185 

University of Pretoria 

network configurations. For this case study, the network is set as shown in Figure 6.13, with 

fault levels as depicted in Table 6.4 and 6.5 to illustrate the evaluation method. 

Table 6.5  The three-phase fault current measured on Feeder 1 for different CB status. 

Circuit Breaker Status Fault position from Busbar 1 Three-phase Fault 

current 

CB 1 CB 2 (%) CB 1 (kA) CB 2 (kA) 

Closed Closed 0.01 6.090 0.644 

Closed Open 0.01 6.174 0 

Closed Closed 99.99 0.964 1.884 

Open Closed 99.99 0 1.870 

 

The type of feeder conductor used on all the feeders in this network is Mink conductor. There 

are numerous types of conductors available, Mink is used to illustrate the concept of LTE 

protection as it falls within the recommended conductors used for MV feeders [138]. From 

the calculations in Chapter 4, Mink conductor has a short time rating of 6.026 kA. For the 

work done in this research the continuous loading value used for Mink conductor is 285 A 

at a templating temperature of 50 °C [138].  

 

For this case study the source impedance will not be changed as this was discussed in case 

study 1. With a source impedance change in the interconnected network, the busbar fault 

levels (Table 6.4) and current redistribution (Table 6.5) will change. This will impact the 

protection operation. The focus is not placed on this change as it is known that this change 

will be there. 

 

In this case study the applied protection operating curves will not be changed either as it was 

shown in case study 1 that this influences the conductor LTE exposure. 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 6 RESULTS AND DISCUSSION OF LTE PROTECTION APPLICATION 

 

Department of Electrical, Electronic and Computer Engineering 186 

University of Pretoria 

Busbar 1

Fault 

feeder

Source A

F
eed

er 1

Legend:

CB:

  

All Mink conductor

Busbar 2

All

YNd1

2
0

 k
m

CB 1

CB 2

F
eed

er 2

1
0

 k
m

CB 3

CB 4

Busbar 3

F
eed

er 3

2
0
 k

m

CB 5

CB 6

F
eed

er 4

3
0

 k
m

CB 7

CB 8

F
eed

er 5

2
0

 k
m

CB 9

CB 10

Busbar 4

Source B

All

YNd1

Source C

YNd1

 

Figure 6.13.  The network diagram showing the interconnected multi-source network. 

6.4.3 Protocol 

The following protocol is applied for this case study. 

1. The faulted feeder being evaluated is Feeder 1. Do the initial setup of the network so as 

to resemble that of Figure 6.13 with a three-phase fault level and voltages at each busbar 

as provided in Table 6.4 and the fault current distribution as in Table 6.5 for Feeder 1. 

No loads are connected so as to minimise the influencing variables.  

2. Create the control case for a multi-source interconnected feeder (Result 1). The network 

is simulated in maximum network conditions with only IDMT NI protection applied (no 
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ARC, high-sets or other protection curves) For the CB 1 protection on Feeder 1, set the 

protection to operate in 1.1 s for a three-phase fault close to Busbar 1. Set the CB 2 

protection on the remote end of Feeder 1 to operate in 0.4 s for a closeup fault. 

3. Evaluate the effect of protection operating time and ARC attempts on an interconnected 

multi-source feeder (Result 2). The network is simulated in maximum network 

conditions with only IDMT NI protection applied. The fault levels are the same as step 1 

of the protocol.  

3.1. Set CB 1 to operate in 1.1 s for a closeup fault to Busbar 1 on Feeder 1. Set CB 2 to 

operate in 1.1 s for a closeup fault to Busbar 2 on Feeder 1. No high-set element or 

ARC attempts are applied. 

3.2. Use the settings of step 3.1 and apply one ARC attempt (two trips to lockout) to the 

protection at each end of the feeder (CB 1 and 2). Set the deadtime at each end of 

the feeder to 1 s. 

3.3. Use the settings of step 3.2 and apply a highest to the protection at each end of the 

feeder (CB 1 and 2). The high-set element is set to initiate ARC. 

4. Evaluate the effect of ARC deadtime on an interconnected multi-source feeder 

(Result 3). The network is simulated in the same network conditions as Step 1.  

4.1. Apply the same settings as that of step 3.2 except for the ARC deadtime at the 

Busbar 1 end of Feeder 1. Set the deadtime to 4 s for the protection on CB 1 and set 

the deadtime to 1 s for the protection on CB 2. The high-set element is set to initiate 

ARC as well. 

4.2. Apply the same settings as that of step 3.2 except for the ARC deadtime at the 

Busbar 1 end of Feeder 1. Set the deadtime to 0.3 s for the protection on CB 1 and 

set the deadtime to 1 s for the protection on CB 2. The high-set element is set to 

initiate ARC. 

5. Compare the results 

6.4.4 Experimental parameters 

The protection settings that are applied to the protection driving the CBs at both ends of 

Feeder 1 (CB 1 and 2) are provided in Table 6.6. This is for each step of the protocol. Only 
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NI operating curves are used in this case study. The PU current is set the same for both ends 

of the feeder. This is set based on the PU recommendations in Chapter 3. Of the three criteria 

that should be used to determine the PU, setting it above the expected load current (110 % 

of the maximum load current) was the limiting factor. It is assumed that the upstream 

transformer protection at the substation (Busbar 1) is slow enough and the PU is high enough 

so as to not interfere with the feeder protection. The operating time for the NI operating 

curve is set to 1.1 s for a fault right in front of CB 1 (fault position is 0.01 % from Busbar 1) 

when the network is set to operate in maximum network conditions. The operating time for 

the protection driving CB 2 is set to operate in 0.4 s for a fault in front of the CB on Feeder 1 

(fault position is 99.99 % from Busbar 1) with all the CBs closed and the network being 

operated in maximum network conditions (all plant in service). 

Table 6.6  The protection settings setup to CB 1 and 2 in case study 2. 

Protocol 

step 

CB Curve PU 

(A) 

TM 

(-) 

High-set 

PU 

(A) 

TD 

(s) 

Trips to 

Lockout 

Deadtime 

(s) 

2 CB 1 NI 315 0.48 - - 1 - 

CB 2 NI 315 0.11 - - 1 - 

3.1 CB 1 NI 315 0.48 - - 1 1 

CB 2 NI 315 0.29 - - 1 1 

3.2 CB 1 NI 315 0.48 - - 2 1 

CB 2 NI 315 0.29 - - 2 1 

3.3 CB 1 NI 315 0.48 2000 0 2 1 

CB 2 NI 315 0.29 1000 0 2 1 

4.1 CB 1 NI 315 0.48 - - 2 4 

CB 2 NI 315 0.29 - - 2 1 

4.2 CB 1 NI 315 0.48 - - 2 0.3 

CB 2 NI 315 0.29 - - 2 1 
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The high-set PU is set using the recommendation in Chapter 3. The minimum that it can be 

set to is 126 % or 192 % of the fault current at the remote end of the feeder in maximum 

network conditions for numerical and electromechanical devices respectively. For Feeder 1, 

the high-set PU is set to 2000 A on the busbar 1 side and to 1000 A on the busbar B side. 

This is roughly 200 % of the downstream fault level for the Busbar 1 end and 155 % for the 

Busbar 2 end. Both ends are set to a time delay of zero seconds. For the ARC settings the 

trips to lockout is set to two trips (one ARC cycle) in specific protocol steps. The deadtime 

is set based on the recommendations in Chapter 3 and 4 and will change from 1 s to 5 s and 

then to 0.3 s in specific steps for the protection settings applied to the relay at the Busbar 1 

end of the feeder. 

 

The simulation time has been set to 12 s so that the results from case study 1 can be compared 

to later case studies where long ARC deadtimes might be present. For this case study the 

results cannot be calculated using the known NI equation of (3.1). This is due to the measured 

fault current that can change when any CB in the network operates. The integral version of 

the NI equation of (4.18) cannot be used either as the current signal should be defined 

between boundaries to integrate the curve. As such, the discrete version of the NI operating 

equation of (4.19) is used (in full evaluation application of Chapter 5). The disk average 

speed method can be used, but this does have its complexities and constraints.  

6.4.5 Case study 2 step 2 results – control case 

For this case study the control case resulting graph is shown in Figure 6.14. In this result 

there is only two curves. The one is the LTE curve and the other is a flat horizontal plane 

showing the conductor limit. When evaluating the form of the LTE curve in Figure 6.2 it can 

be seen that the energy starts at zero and it then increases as time pass to a maximum. This 

is the same across the complete length of the feeder and is similar to the radial results from 

case study 1. This maximum decrease as the fault position moves further into the feeder, 

towards Busbar 2. There is an infeed from the Busbar 2 end, but this is less than the LTE 

contribution from the Busbar 1 end.  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 6 RESULTS AND DISCUSSION OF LTE PROTECTION APPLICATION 

 

Department of Electrical, Electronic and Computer Engineering 190 

University of Pretoria 

 

Figure 6.14  The control multi-source interconnected feeder LTE maximum results. 

In Figure 6.14 the maximum of the two ends are represented as this would be the maximum 

that the feeder will be exposed to at that point in time, at that position on the feeder. The 

fault current from each end of the feeder does not combine on the feeder, but it does in the 

arc (or plasma around the arc). Figure 6.15 and Figure 6.16 shows the individual contribution 

from each end of the feeder. This is what each end will contribute if only that end was 

considered. The maximum LTE value is used between the two ends as this is the maximum 

that the feeder can be exposed too. It can be seen that the major contribution to the LTE is 

from the Busbar 1 end and there is a very small contribution from the Busbar 2 end. This is 

based on both the fault levels and then protection settings applied to the protection relays. If 

this was a long feeder with low fault levels towards the end of it (Busbar 2 or 100 % side), 

the LTE may start to increase again towards that end. An increase at the Busbar 2 end can 

also be as a result of high fault currents and slow operating times for the protection associated 

with CB 2. 
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Figure 6.15  The multi-source interconnected feeder LTE Busbar 1 contribution results. 

 

Figure 6.16  The multi-source interconnected feeder LTE Busbar 2 contribution results. 

The contribution from the Busbar 2 end is decreasing from the 100 % position to the 0 % 

position. This only indicate the feeder distance defined with respect to Busbar 1 with 0 % at 

Busbar 1 and 100 % at busbar 2. The conductor LTE limit (yellow surface) is also shown in 

each of the individual contributions. The colour of the surface is based on the colour bar 
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associated with that figure. It is seen that the contribution from Busbar 1 in Figure 6.15 

exceeds the conductor limit surface.  

 

In Figure 6.14 there is only one dynamic LTE region. This is for the region where the LTE 

is changing from zero to its maximum value. The conductor limit is exceeded in the initial 

part of this feeder. Thereafter the LTE is decreasing before it starts to increase very slightly 

towards the end of the feeder. To eliminate the conductor limit exceedance, the protection 

TM on the Busbar 1 end can be reduced slightly. There are other possibilities such as the 

application of a high-set element, applying a maximum time element (DT element with a 

time delay) or changing the operating curve to a VI or EI curve. The energy-volume 

calculates to 21.88761x108 A²s²·km. This is for a simulation time up to 12 s. 

6.4.6 Case study 2 step 3.1 results – operating time increase 

The result for an increase in operating time from the protection at the Busbar 2 end is shown 

in Figure 6.17. The most notable difference between the results in step 2 of the protocol to 

these results are the increase in LTE towards the remote end of the feeder at Busbar 2. This 

increase occurs 74 % into this feeder (from Busbar 1) and is purely the result of changes in 

protection settings. The maximum value attained at the remote end (Busbar 2) is still not 

exceeding the conductor limit (yellow surface). Close to Busbar 1 the conductor limit is still 

exceeded (similar to results in step 2). The energy-volume calculates to 

22.69773x108 A²s²·km. This is for a simulation time up to 12 s. The energy-volume has thus 

increased with the increase in operating time from the protection at the Busbar 2 end. The 

results in Figure 6.17 still only show one dynamic region as the LTE increase from zero to 

a maximum value where it stays (static region) once the fault is cleared from both ends (CBs 

opened). 
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Figure 6.17  The multi-source interconnected feeder LTE maximum results with slow protection 

on both ends of the feeder. 

6.4.7 Case study 2 step 3.2 results – operating time increase with ARC 

In this step an ARC attempt is applied to both ends of the protection on Feeder 1. The 

deadtime is set the same at 1 s for both ends. The results are shown in Figure 6.18. The 

conductor limit is shown as a flat blue surface (based on figure colour bar) cutting the LTE 

surface. It can be seen that the conductor LTE exposure has increased across the feeder and 

there is a step change in the LTE some time into the fault. This increased the region where 

the feeder can be damaged by pushing the damage region further into the conductor from 

Busbar 1. When evaluating the LTE curve in Figure 6.18 from a time perspective it can be 

seen that before the first trip the conductor limit is already exceeded. This means that the 

recommendations in step 2 have to be applied first. If the high-set element is applied and set 

to reach at least up to the fault level (or distance) where the conductor limit is exceeded with 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 6 RESULTS AND DISCUSSION OF LTE PROTECTION APPLICATION 

 

Department of Electrical, Electronic and Computer Engineering 194 

University of Pretoria 

the second trip (one ARC cycle) then the conductor may be protected with minimum effort. 

Downstream elements that impose possible grading limitations may be affected and will 

have to be reviewed. The effect of ARC from the remote (Busbar 2 at 100 % distance) end 

did not increase the LTE contribution to a value greater than the conductor limit. The 

protection from this end will not have to be changed from a LTE perspective. 

 

The energy-volume calculates to 41.36459x108 A²s²·km. This is for a simulation time up to 

12 s. The energy-volume have increased with the application of an ARC attempt at each end 

of Feeder 1. The results in Figure 6.18 show multiple dynamic regions. These are not easy 

to observe. Reference is made to the sequence of events as shown in Figure 4.18 for the 

various possible sequence of events. Every time a CB closes or opens, it changes into a 

dynamic region. 

 

Figure 6.18  The multi-source interconnected feeder LTE maximum results with slow protection 

on both ends of the feeder and one ARC attempt. 
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6.4.8 Case study 2 step 3.3 results – operating time increase with ARC and high-sets 

In this step an ARC attempt and a high-set element are applied to both ends of the protection 

on Feeder 1. Both the NI operating curve and the high-set are set to initiate ARC. The 

deadtime is set to 1 s at both ends. The results are shown in Figure 6.19. The conductor limit 

is shown as a flat yellow surface (based on the colour bar). It can be seen that the application 

of the high-set element has reduced the conductor LTE exposure significantly. The peak 

LTE exposure is now moved further into the network when it is compared to the results in 

the previous step 3.2 (Figure 6.18).  

 

Figure 6.19  The multi-source interconnected feeder LTE maximum results with slow protection 

on both ends of the feeder, one ARC attempt and high-sets applied. 

The maximum value has also decreased and the conductor LTE limit is now not exceeded 

during any of the trips. With the high-set applied, additional ARC attempts (e.g. three trips 

to lockout) can be applied without damaging the conductor. The contribution from the 
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remote end at Busbar 2 has decreased as well with the application of the high-set. Now the 

contribution from Busbar 1 is the maximum value all through the feeder. If the source 

impedance was the same on both ends of the feeder, the left-hand side (50 % to 100 %) of 

the feeder would resemble that of the right side (0 % to 50 %) if the same settings was 

applied (see case study 3). 

 

When looking at the form of the surface at 0 % across time (in time axis), it can be seen that 

there are small notches in the curve. This is due to the infeed from the remote end (100 % - 

Busbar 2) and the LTE being greater than the infeed from the local end (0 % and Busbar 1). 

As was shown in [162] notches can also be found on the distance axis when the measured 

RMS fault current is changing in magnitude due to a CBs tripping in the network. This may 

change the operating curve from its high-set curve to the IDMT operating curve. This tends 

to happen in the vicinity of the high-set PU value. 

 

For the notches in the time axis at 0 % distance, the remote end is expected to clear the fault 

in about 2.818 s at a fault level of 644 A. This translates into a conductor LTE exposure of 

1.169 MA²s. The local end at Busbar 1 will clear the fault in roughly 20 ms (relay time and 

ignoring CB operating time). At a fault current of 6090 A and an operating time of 20 ms, 

the expected LTE is 0.74 MA²s. This estimate excludes the fault current re-routing if a CB 

is opened. The remote end LTE is thus higher and will be used as the worst-case conductor 

exposure at that position and at that time. The full evaluation application applies a holistic 

approach and takes all the modelled aspects into account (e.g. current rerouting) by means 

of the network simulation. If the individual results (raw data) from each end is considered, 

this can be determined. 

 

The energy-volume calculates to 12.09630x108 A²s²·km. This is for a simulation time up to 

12 s. The energy-volume have thus decreased with the application of a high-set at each end 

of Feeder 1. This is even with the ARC attempts applied. Similar to the results in Figure 6.18, 

it is not easy to see the number of dynamic regions as any CB operation change the LTE. 

The time component of the LTE surface can be used to determine which curve should be 

reduced. If there were two different operating curves for each ARC attempt, the rate at which 
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the LTE reaches the trip state may be different (depends on protection philosophy applied to 

determine the settings). By considering the time component in the new surface plots this 

change can be seen and adjusted if required (by means of protection settings). 

6.4.9 Case study 2 step 4.1 results – deadtime 4 s and 1 s applied 

In step 4 the effect of deadtime changes on the conductor LTE exposure is investigated. For 

step 4.1 the same settings as step 3.2 is applied to each end of the Feeder 1 protection (see 

Table 6.6). While the deadtime of the protection at the Busbar 2 end is kept at 1 s, the other 

end at Busbar 1 is set to 4 s. The LTE surface result is shown in Figure 6.20. The conductor 

limit is shown as a flat translucent light blue surface (based on level in colour bar). It can be 

seen that the conductor limit is exceeded for both the first and second trip. For the results in 

step 3.2 the deadtime on each end of the feeder was set to 1 s.  

 

Figure 6.20  The multi-source interconnected feeder LTE maximum results with slow protection 

on both ends of the feeder, one ARC attempt (deadtimes 4 s and 1 s). 
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When comparing Figure 6.20 to that of Figure 6.18 it can be seen that the two surfaces are 

different and the longer deadtime can be observed in the increased static region (can be seen 

at 0 % position across the time). By changing the deadtime, it is changing the time a CB is 

open. This can change the current distribution and the LTE exposure of the conductor 

(change in protection operating time as well). If the deadtime was very long, the opposite 

end may go through its ARC cycle and lockout before the local end has closed again. There 

are many permutations as was discussed in Chapter 4 and shown in Figure 4.18. The energy-

volume for this surface calculates to 36.72098x108 A²s²·km. This is for a simulation time up 

to 12 s. If this is compared to the value in step 3.2 (41.36459x108 A²s²·km), it can be seen 

that the value has decreased. For a radial feeder application (e.g. case study 2) deadtime does 

not influence the LTE as only one CB is required to open for isolating the fault (not a source 

from the other end). The actual volume is not that significant on its own, only when it is 

compared to another volume is there value in it.  

6.4.10 Case study 2 step 4.2 results – deadtime 0.3 s and 1 s applied 

For step 4.1 the same settings as step 3.2 is applied to each end of the Feeder 1 protection. 

While the deadtime of the protection at the Busbar 2 end is kept at 1 s, the other end at 

Busbar 1 is set to 0.3 s. The LTE surface result is shown in Figure 6.21. The conductor limit 

is shown as a flat translucent light blue surface (based on level in colour bar). It can be seen 

that the conductor limit is exceeded for both the first and second trip. If this result is 

compared to the results shown in Figure 6.18 and 6.20 it can be seen that this is different as 

well. The results in Figure 6.20 and Figure 6.21 confirms that deadtime does influence the 

conductor LTE exposure. The energy-volume for this surface calculates to 

42.13655x108 A²s²·km. This is for a simulation time up to 12 s. The difference can also be 

observed and quantified in the energy-volume evaluation. 
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Figure 6.21  The multi-source interconnected feeder LTE maximum results with slow protection 

on both ends of the feeder, one ARC attempt (deadtimes 0.3 s and 1 s). 

6.5 CASE STUDY 3 – INTERCONNECTED MULTI-SOURCE NETWORK 

(STRONG SOURCES) 

6.5.1 The objective of the case study 

The objective of this case study is to demonstrate the application of LTE protection in a 

network where both ends of the feeder have similar fault levels (or source impedance). The 

network is an interconnected multi-source network. As part of this case study, it will be 

illustrated how to evaluate the applied protection and interpret the resulting graphs. This case 

study will also illustrate how the source impedance can influence the conductor LTE 

exposure in an interconnected network with a multiple source network when it gets 
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compared to the results from case study two. The key elements that will be used to evaluate 

this is the LTE graph and the energy-volume calculation.  

6.5.2 The case study setup 

The network used for this interconnected multi-source network case study is the same as that 

of case study 2 that is shown in Figure 6.13. Feeder 1 will be evaluated. The source 

impedance is changed so that the fault levels are similar at each end of the feeder. Like case 

study 2, the size of the external sources and transformers connecting them to the 

interconnected network are not key. Similar to the previous case studies, any type or 

combination of sources can be used in the network as this method allows for the network to 

be evaluated holistically. If a specific generator is to be studied, it can be modelled and 

included in the simulation. Similar to this, specific protection can be added at other positions 

than Feeder 1 to evaluate the conductor LTE exposure on Feeder 1. For this case study, it 

was kept to only Feeder 1 and external sources. To minimise the variables, no load is 

connected to the busbars. This will help to only consider the effect of fault current. Load 

current can be included in this method if the effect is to be studied. With bolted three-phase 

faults being used in this case study, there will not be any load current passing through the 

faulted feeder. CBs are shown on the feeder and they indicate not only the CB position but 

also the measuring points for current using CTs and protection relays. Protection will only 

be modelled on CB 1 and CB 2 as Feeder 1 in Figure 6.13 will be evaluated. 

Table 6.7  The voltage and three-phase fault levels at each busbar for case study 3. 

Busbar Voltage (kVL-L) Voltage (p.u.) Fault level (kA) 

Busbar 1 22.5 1.022 5.724 

Busbar 2 21.7 0.985 5.706 

Busbar 3 21.6 0.980 11.615 

Busbar 4 21.9 0.998 1.878 
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The three-phase fault level at each busbar is shown in Table 6.7. These fault levels are for 

maximum network conditions where all three sources are in service and all CBs are closed. 

The fault is placed on each of the busbars. The voltage at each busbar is kept to within a 

range of ± 5 % of 1 p.u. (22 kV system). This is within the NRS 048 limits [60].  

 

The three-phase fault current for a fault 0.01 % on Feeder 1 from Busbar 1 and then Busbar 2 

is provided in Table 6.8. This is for the network configured with all the transformers, sources 

and feeders in service. Only the remote end CB is opened or closed for this table. The fault 

position percentage is measured from Busbar 1. This shows that the case study is set such 

(setup) that the fault current will redistribute itself depending on the network configuration 

(CBs open or closed). The measured fault current (by the relay) can thus change before a trip 

signal is issued to the CB. The protection at each end of the evaluated feeder is set and will 

operate independent of each other. There are an infinite number of network configurations. 

For this case study, the network is set as shown in Figure 6.13, with fault levels as depicted 

in Table 6.7 and 6.8 to illustrate the conductor LTE evaluation. 

Table 6.8  The three-phase fault current measured on Feeder 1 for different CB status. 

Circuit Breaker Status Fault position from Busbar 1 Three-phase Fault 

current 

CB 1 CB 2 (%) CB 1 (kA) CB 2 (kA) 

Closed Closed 0.01 4.911 0.848 

Closed Open 0.01 4.996 0 

Closed Closed 99.99 0.895 4.845 

Open Closed 99.99 0 4.824 

 

The type of feeder conductor used on all the feeders in this network is Mink conductor. There 

are numerous types of conductors available, Mink is used to illustrate the concept of LTE 

protection as it falls within the recommended conductors used for MV feeders [138]. From 

the calculations in Chapter 4, Mink conductor has a short time rating of 6.026 kA. For the 

work done in this research the continuous loading value for Mink conductor of 285 A at a 
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templating temperature of 50 °C is used in [138]. The PU current is set to be sensitive to 

remote end faults and secure in that they are above possible load current (determined by the 

feeder conductor type maximum load current). 

 

For this case study the source impedance will not be changed from the initial setup values 

(e.g. remove transformers for specific steps) as this was discussed in case study 1. The 

applied IDMT protection operating curves will not be changed either as the effect was shown 

in case study 1 that this influences the conductor LTE exposure.  

6.5.3 Protocol 

The following protocol is applied for this case study. 

1. The faulted feeder being evaluated is Feeder 1. Do the initial setup of the network so as 

to resemble that of Figure 6.13 with a three-phase fault level and voltages at each busbar 

as provided in Table 6.7 and the fault current distribution as in Table 6.8 for Feeder 1. 

No loads are connected so as to minimise the influencing variables.  

2. Create the control case for this multi-source interconnected feeder (Result 1) connected 

to similar source impedance values at each end of the feeder under study. The network 

is simulated in maximum network conditions with only IDMT NI protection applied 

Feeder 1 is set to have two ARC cycles (three trips to lockout) applied at both ends of 

the feeder. The deadtime for each shot is set to one second at both the CB 1 and CB 2 

ends. No high-set element is applied at either end of Feeder 1. For the CB 1 protection 

on Feeder 1, set the protection to operate in 1.1 s for a three-phase fault close to Busbar 1. 

Similarly, also set the CB 2 protection on the remote end of Feeder 1 to operate in 1 s for 

a closeup fault (to Busbar 2). 

3. Evaluate the effect of applying a high-set element at both ends of the feeder. No other 

settings are changed from the control case (Result 2). The network is simulated in 

maximum network conditions with only IDMT NI protection applied. The fault levels 

are the same as step 1 of the protocol. Apply a high-set element of 2000 A to the 

protection at CB 1 and CB 2. Both high-set elements are set to initiate ARC. 
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4. Evaluate the effect of reducing the number of ARC cycles in the control case to one (two 

trips to lockout). No high-set elements are applied.  

5. Compare the results 

6.5.4 Experimental parameters 

The protection settings that are applied to the protection driving the CBs at both ends of 

Feeder 1 (CB 1 and 2) are provided in Table 6.9. This is for each step of the protocol. Only 

NI operating curves are used in this case study. The PU current is set the same for both ends 

of the feeder. This is set based on the PU recommendations in Chapter 3. The IDMT element 

PU value has not changed from that used in case study 2. It is assumed that the upstream 

transformer protection at the substation (Busbar 1) is slow enough and the PU is high enough 

so as to not interfere with the feeder protection. The operating time for the NI operating 

curve is set to 1.1 s for a fault right in front of CB 1 (fault position is 0.01 % from Busbar 1) 

when the network is set to operate in maximum network conditions. The operating time for 

the protection driving CB 2 is set to also operate in 1.1 s for a fault in front of the CB on 

Feeder 1 (fault position is 99.99 % from Busbar 1) with all the CBs closed and the network 

being operated in maximum network conditions (all plant in service). 

Table 6.9  The protection settings setup to CB 1 and 2 in case study 3. 

Protocol 

step 

CB Curve PU 

(A) 

TM 

(-) 

High-set 

PU 

(A) 

TD 

(s) 

Trips to 

Lockout 

Deadtime 

(s) 

2 CB 1 NI 315 0.44 - - 3 1 (all) 

CB 2 NI 315 0.44 - - 3 1 (all) 

3 CB 1 NI 315 0.44 2500 0 3 1 (all) 

CB 2 NI 315 0.44 2500 0 3 1 (all) 

4 CB 1 NI 315 0.44 - - 2 1 

CB 2 NI 315 0.44 - - 2 1 
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The high-set PU is set using the recommendation in Chapter 3. The minimum that it can be 

set to is 126 % or 192 % of the fault current at the remote end of the feeder in maximum 

network conditions for numerical and electromechanical devices respectively. For Feeder 1, 

the high-set PU is set to 2500 A (minimum) on the busbar 1 side. This is roughly 280 % of 

the downstream remote fault level for the Busbar 1 end. With the fault levels the same at 

each end of the feeder the same will apply to the protection at CB 2. Both ends are set to a 

time delay of zero seconds.  

 

The simulation time has been set to 12 s as a fault will be cleared in 2.9 seconds by the IDMT 

element. If the three trips to lockout philosophy with two deadtimes of one second each are 

added together, it results in a total time of roughly 11 seconds. As was discussed in the 

previous case study and chapters, the NI equation of (3.1) nor the integral version of (4.18) 

can be used. As such, the discrete version of the NI operating equation of (4.19) is used (in 

full evaluation application of Chapter 6). The disk average speed method can be used, but 

this does have its complexities and constraints.  

6.5.5 Case study 3 step 2 – control case 

For this case study the control case resulting graph is shown in Figure 6.22. In this result it 

can be seen that the two ends of the feeder are almost a mirror of each other. Both have a 

similar source impedance and are set exactly the same. The energy-volume for this surface 

calculates to 62.62152x108 A²s²·km. This is for a simulation time up to 12 s. It can be seen 

that there are two high risk areas on this feeder. These are at the start (0 % Busbar 1 end) 

and at the end of the feeder (100 % Busbar 2 end). Both of these high-risk areas are due to 

the current portion of the LTE calculation. This can be seen when evaluating the potential 

contribution from the Busbar 2 end in Figure 6.23. The detail in Figure 6.23 is not critical, 

it only shows the profile from Busbar 2 side. It can be seen that the conductor limit is only 

exceeded close to the Busbar 2 side when only considering the current and protection setting 

at the Busbar 2 end.  
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Figure 6.22  The control multi-source interconnected feeder LTE results for case study 3. 

 

Figure 6.23  The potential feeder LTE exposure from Busbar 2 side. 
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The contribution from the Busbar 1 end would look similar, but it would be reflected towards 

the Busbar 1 side. The maximum of these two contributions make up the conductor 

maximum exposure of Figure 6.22. The conductor limit plane (blue flat surface based on 

colour bar) is shown in Both Figure 6.22 and 6.23. It can be seen that the LTE from the first 

trip does not exceed the conductor limit. Partly through the second trip cycle (CB has not 

tripped yet), the conductor limit is reached. This means that if no ARC cycles were applied 

to the protection, then there would not be an exceedance. This may be overcome by reducing 

the number of ARC attempts and setting the protection to operate faster. It can be seen that 

with every ARC cycle, the potential damage area (distance into the feeder) is increasing. 

 

Figure 6.24  The heat map for the results in step 2 of case study 3. 

Another method of representing the data is by means of a contour plot or heat map that use 

colour to indicate the contour. In Figure 6.24 the contour or heat map is shown for the results 

of Figure 6.22. The colour is indicative of the LTE exposure and the two-axis used are 

distance and time. The symmetry of the two ends can be observed in the heat map of 
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Figure 6.24. The source at Busbar 1 is a slight bit stronger than that of the Busbar 2 side as 

the yellow heat or contour is bigger on the zero percent side than the 100 % side. The 

protection at both sides are set the same. 

 

Figure 6.25  The heat or contour map for the results in step 2 (conductor limit applied). 

In Figure 6.25 the conductor limit plane is placed on top of the heat map and the intersection 

of the two planes are shown with the black lines. The high risk area on the feeder is now 

clearly visible. The effect of prolonged exposure can also be seen clearly. When considering 

the contour or heat plot the dynamic region can be observed as a function of time. Two red 

lines are shown in Figure 6.24 to indicate how the dynamic region will expand from the 

Busbar 1 side. The same will be on the Busbar 2 side. The dynamic region will expand 

further into the feeder (from zero towards 100 % distance) as a function of the protection 

operating time (applied protection settings). With the same phenomenon occurring from both 

ends of the feeder, these two sides will cross each other. In the contour plot it will appear as 

dark blue lines in Figure 6.24 (shown in between the red lines indicating the dynamic region 
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from Busbar 1). In the contour plot (heatmap) it appears as if the dynamic region is changing 

(source impedance) when considering the angles of the black lines. Two red lines are shown 

in Figure 6.25 to indicate this. The rate of LTE exposure is increasing the same with every 

ARC attempt, the difference comes in that the starting level (previous trip LTE level) is 

different and therefore the position where it intersects with the conductor limit (fixed) is 

changing. From the heat map and conductor limit figure the time component can be used to 

adjust settings (e.g. the total exposure at zero percent should be less than 2.5 seconds). 

6.5.6 Case study 3 step 3 – high-set application 

Figure 6.26 is showing the results for when a high-set element is applied to the protection 

settings at each end of the feeder. The conductor LTE limit is shown as a yellow flat surface 

based on the colour bar. As the fault levels and settings are similar, the figure would be a 

mirror image around the 50 % distance line. The first noticeable change when comparing 

this result with that of the control case of Figure 6.22 is that there is a reduction in the 

conductor peak LTE exposure. Secondly, the conductor limit is not exceeded. This reduction 

can also be quantified in the energy-volume. For the result in Figure 6.22 the energy-volume 

calculates to 26.40312x108 A²s²·km. This is a reduction of 57.8 % when comparing it to the 

results of step 2.  

 

By applying the high-set element the LTE peak is reduced and the new peak is pushed further 

into the network (on the feeder). The high-set element (at this level) also allowed the number 

of ARC attempts to remain unchanged as the conductor limit was not exceeded. 

 

In Figure 6.26 there are two areas of additional interest. The first red arrow is showing that 

the energy is decreasing from the 20 % to zero percent distance marks. This means that the 

energy in this region is actually dominated by the slow protection from the remote end 

(100 % Busbar 2 end) and not the high current end at Busbar 1. If the high-set element of 

CB 1 was the dominant element, the curve would start at a high value at zero percent and 

reduce towards the 20 % mark (see DT curve in Figure 4.11). If the LTE had to be reduced 

further in this region, the IDMT settings on CB 2 have to be changed (made faster). 
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Figure 6.26  The LTE results for case study 3 with high-sets applied. 

The second area of interest is shown in the red circle on Figure 6.26. It can be seen that the 

LTE is creating a boundary line when evaluating the colour change. The LTE colour is 

changing from a blue to a green and it appears to happen instantaneously. What is happening 

is that every time a CB (remote end here) opens, the measured RMS fault current is changing. 

This can be seen in the fault levels of Table 6.8. This phenomenon is happening at the 

boundary between the high-set and IDMT element. This boundary is based on the high-set 

PU. Initially the protection will operate on the high-set element up to a specific point (the 

PU), where it will move on to the IDMT curve (see Figure 3.4). As the remote ends opens, 

the measured fault current increases, pushing the curve back on to its high-set element with 

a faster operating time. This will reduce the LTE and create a notch in the LTE surface that 

appears to be a line or boundary. This was also shown in [162] using the simplified 

evaluation application (see Chapter 5). 
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6.5.7 Case study 3 step 4 – reduction in ARC attempts 

Figure 6.27 is showing the results of step four of the protocol where the high-set element is 

removed and the number ARC attempts are set to one (two trips to lockout). The conductor 

limit is shown as a green flat surface based on the colour bar. With the reduction in the 

number of ARC attempts, there is a reduction in the peak LTE. This peak is still at the busbar 

at both ends of the feeder (zero and 100 %). The associated energy-volume for this step four 

calculates to 47.72669 x108 A²s²·km. There is a reduction in the energy-volume when it is 

compared to that of step two, but it is greater than that of step three of the protocol. This 

evaluation is specific to this system, with these settings, but the evaluation method is 

applicable to any system.  

 

Figure 6.27  The LTE results for case study 3 with a reduction in ARC attempts applied. 

It can be seen in Figure 6.27 that the conductor LTE limit is exceeded after the CB has closed 

for the first ARC attempt. To remove this exceedance, the protection will have to be made 
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faster if the fault levels remain at these levels. This can be accomplished by changing the 

operating curve, reducing the TM applied to the operating curve, changing the operating 

curve for only one of the ARC trips or applying a small high-set element to the protection. 

The ARC attempt can be removed, but this will reduce the feeder availability for transient 

faults. Whichever solution is applied, should be affected to both ends of this feeder. 

6.6 FULL EVALUATION APPLICATION RESULT GENERATION 

The results that were shown in case studies one to three were generated using the full 

evaluation application of Chapter 5. This consisted of three main parts, network simulation, 

data extraction and result calculation and presentation. To display the LTE surface of 

Figure 6.27 a total of 1212000 data points is used for this simulation setup. This accounted 

for a distance step size of 1 %, thus 101 steps when including zero. The simulation time was 

set at 12 s and at a sampling rate of 1 kHz the number of time steps calculate to 12000 per 

distance step. Time step zero can also be included here with the value of zero. The results 

do not have to be generated at this resolution, but it does provide for smooth surfaces with 

the probability of losing information due to data smoothing being reduced.  

 

Figure 6.28  A sample of the COMTRADE config file generated in the full evaluation application. 
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For the results documented here the data points obtained from the network simulation 

software for one step of the protocol in case study three are 49692000 data points. These 

data points are captured in the COMTRADE files. This consists of 101 distance step sizes, 

12000 time steps at a sample rate of 1 kHz and 41 variables that were monitored (41 is not 

required for all simulations). A sample of the COMTRADE config file is shown in 

Figure 6.28. The COMTRADE data file is not shown here as it simply consists of a large 

collection of comma delimited numbers. 

 

All of the data was not used for generating the results in the final Matlab application. The 

data extraction Python program was used to extract the required data for the LTE calculation, 

energy-volume calculation and surface display part done in Matlab. It used the config file 

where the required values were extracted and then created a new updated config file. This 

updated config file was used when extracting the data from the COMTRADE data file in 

Matlab. 

 

The method used to generate results worked exceptionally well. The reason for this is that 

the results are not limited by the original design of the program. The results are limited by 

the software that is used to generate the results. Other software can be used to generate results 

if another special variable is to be monitored. The COMTRADE file interface allows for the 

required input to be standardised, thus allowing for other simulation programs to be used. 

Matlab works very well for the purpose of calculating results and displaying them due to its 

capability of handling large data volumes and being able to display three dimensional graphs. 

The three-dimensional graphs can be rotated in Matlab to produce different viewpoints or 

then even contours or heat maps. Python or even a C-program could have been used to work 

with the large data volumes and calculating the LTE results. But, for plotting the results, 

Matlab is preferred. 

6.7 RESULTS: HYPOTHESIS AND RESEARCH QUESTIONS 

The hypothesis that is to be tested in this research is: 
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A method can be developed to evaluate conductor LTE protection on a MV feeder within an 

interconnected network and with DG installed. 

 

The research questions that are to be answered are: 

• What are the fundamental protection relay elements used to protect a MV feeder? 

• How can the conductor LTE limit be calculated? 

• What protection elements influence the conductor LTE exposure? 

• Determine what present methods or philosophies are used to protect multi-source 

MV networks? 

In this research it is shown that there are many elements that influence the conductor LTE 

exposure. The number of elements influencing the exposure is different for radial feeders 

without any additional sources or DG installed. Present methods only recommend that the 

conductor LTE should be considered when setting the protection devices to ensure the 

conductor is protected [81]. It does however not indicate that there is any difference between 

a conventional radial or then interconnected feeder applications with multiple sources. Nor 

are there any methods recommended for this type of network. 

 

In the problem statement of Chapter 1 it was shown that the traditional radial MV networks 

are evolving towards multi-source interconnected networks. This is due to the reduction in 

cost of renewable generation technologies. This can be seen in the rate at which renewable 

generation is being installed in networks compared to traditional baseload stations (e.g. coal 

fired power stations). The protection on traditional radial feeders may not be best suited for 

these new interconnected and multi-source networks. This is due to the protection making 

use of IDMT elements and being set to grade multiple devices in series. This makes the 

protection slow and increases the conductor LTE exposure.  

 

In Chapter 2 it was discussed that with multiple sources (DG and interconnections), 

directional protection may be a requirement. Differential or impedance protection is best 

suited for an interconnected network. This can be seen in the wide and common application 
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of this type of protection in HV networks. There is a shift towards installing these types of 

protection elements on MV feeders as well, but there are limitations when considering 

network topology (e.g. a feeder with multiple T-offs). As a worst case, there may be only 

slow IDMT elements applied to the feeder. The LTE evaluation method that was developed 

can accommodate faster protection such as impedance or differential protection as well. This 

has to be modelled in the network model for simulation. The LTE exposure is reduced 

considerably with a reduction in operating time. We have shown in another publication that 

LTE has to be considered for HV networks when impedance elements are applied [162]. 

This was done using the simplified evaluation method in Chapter 5. The case study result in 

Chapter 5 also detail the application to an actual HV circuit in a multi-source interconnected 

network. This was done as a proof of concept. This simplified method does however have 

limitations in that the variables that can be studied are limited. The advantage of the 

simplified method was that it used the average disk speed relay model of Chapter 4. This 

allowed for change points to be determined with a very high degree of accuracy and with 

very little data used to generate results. 

 

In this holistic method (full evaluation application) that we have developed for evaluating 

the conductor LTE exposure, a very large number of variables can be monitored and is 

limited by the network simulation software. This result is limited by step size, but with a 

small step size the results are more than adequate for this evaluation. The holistic method 

allowed for any number of sources and interconnections to be included in the evaluation. In 

case study two and three we made use of a network consisting of three independent sources 

and numerous interconnections (see Figure 6.13). In case study two and three it was 

observed that the current does change when a CB operates. If dependent sources are required, 

this can be modelled in the network simulation network for study. We aimed to show that if 

a CB opens, the current will redistribute itself in the network and this may change the RMS 

current that is measured by the relay that is required to trip for the faulted feeder. This change 

in current will influence the relay operating time and then influence the conductor LTE 

exposure. The same effect will happen if a source is tripped. This may add additional steps 

in the sequence of events before the fault on the feeder is isolated. If we limit the evaluation 
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to IDMT type protection, the fundamental elements used to protect the feeder would be a 

relay consisting of IDMT type (or DT) curves, high-set elements and ARC elements.  

 

It was shown that for both radial and interconnected multi-source feeders the ratio of fault 

current to PU current and the TM setting influence the conductor LTE exposure. It was also 

shown that the number of ARC attempts influence the conductor LTE exposure [40], [41], 

[162]. It was discovered that the deadtime setting applied to the protection relay for every 

ARC cycle also influences the conductor LTE exposure. The conductor was set to reach a 

specific energy level and maintain this level during the deadtime. This is a worst-case 

scenario when setting the protection elements to ensure the conductor is protected. The 

actual conductor may cool down slightly, but is normally neglected for protection operations. 

In future work, the conductor cooldown can be researched and applied to ascertain how much 

it does cool down and this can then be used as a starting point when current is passing through 

the conductor again after an ARC. 

 

For an interconnected multi-source feeder, at least two CBs have to operate to isolate the 

fault. This is changing the conductor LTE exposure and its profile, creating multiple dynamic 

and static regions. The complexity increased significantly for an interconnected multi-source 

network when it is compared to a radial feeder. This is based on the number of possible 

sequence of events in the network under study where the operation of a CB can change the 

current distribution in the network (see Figure 4.18). In this new LTE evaluation method, 

the simulation software takes care of this complex sequencing.  

 

The I²t calculation for LTE does not take into account the effect of current that can change 

over time and the effect of this on the relay operating time. For a radial feeder the simplified 

calculation can be used [40]. For a radial feeder application, the exposure time for one trip 

can be multiplied with the square of the measured fault current and the number of ARC 

attempts (trips). For an interconnected multi-source network, the energy has to be 

determined continuously and this can then be added together as the current may have 

changed for the specific time period. The energy has to be determined and added together 

for each time period. The method that we have developed here allows for an approach where 
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the network as seen from a holistic perspective and the influence of the network on a specific 

feeder can be evaluated based on small time and distance steps. This was shown with the 

results of case study two and three. It was shown that this method can be applied to a radial 

feeder as well in case study one. 

 

For a radial feeder there was a high-risk area close to the source and this was dominated by 

the current part of the I²t calculation. The second high risk area is towards the end (low 

current region) of the radial feeder with the LTE being dominated by the time element. For 

the interconnected multi-source feeder these two regions are still valid, but they now exist 

for the protection at both ends. When determining the conductor worst case exposure, the 

maximum exposure between each end of the feeder is used. The feeder may have two high 

risk areas that are both dominated by the current part of the I²t calculation. This was shown 

in the results of case study three where equal sources were used on both ends of the feeder. 

There may also be two high risk areas based at each end of the feeder due to slow protection 

(dominated by the time component). 

 

From this research it is concluded that the conductor LTE exposure is influenced by the fault 

levels. This is a function of the network layout and the number and type of sources connected 

in the network under study. The network settings may be set independent of each other 

(especially DG) with the protection operating at different times, potentially influencing the 

measured RMS fault current on the feeder under study. This will influence the protection 

operating time for the feeder protection under study. For the protection on the feeder under 

study, the same elements are still influencing the LTE as for the radial feeder with the 

addition of deadtime and multiple paths (and CBs). This includes CB operating time, the 

operating curve, fault level to PU ratio, operating time (TM or TD), the application of high-

set elements and the number of ARC attempts. The difference comes in the way the LTE is 

calculated with the number of sequence steps (fault current and operating time changes). To 

determine the conductor LTE exposure on a radial feeder, only the feeder (with its 

protection) and the source connected to it have to be considered. For an interconnected multi-

source feeder, a wider portion of the network has to be considered with the generation 

included. This extends to the protection applied to the wider network. In Chapter 2 methods 
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of protecting networks with DG was discussed, but it was found that it is still predominantly 

current based protection (i.e. IDMT). This answers the questions to what elements influence 

the LTE and what are fundamental elements used to protect MV feeders? 

 

To evaluate the results, a new three-dimensional LTE surface was developed. This allowed 

the feeder to be evaluated not only from a LTE to distance perspective, but with the addition 

of time. The time component allows for more insight into to be gained into the dynamic 

behaviour of the conductor LTE exposure. It can be seen which ARC attempt may violate 

the conductor limit (now a flat surface in three dimensions) and at what point in time this 

occurs. In a two-dimensional representation all this dynamic information is lost and only the 

peak can be seen. This was observed in the case study results published in [162]. This method 

is good for a yes or no answer to if the conductor is protected, but it is very limited in 

determining what caused the exceedance. If this surface is viewed as a contour or heat map 

the specific points can be determined where the conductor limit is exceeded. This was shown 

in case study three. For the result here we have included a black line on the LTE surface that 

indicates where this exceedance occurs. This was achieved by subtracting the conductor LTE 

exposure surface from the conductor LTE limit (flat surface).  

 

It is difficult to evaluate small changes in protection settings when looking at the LTE graph 

or all the data in a raw format. To provide a single number that can be used for comparing, 

the volume under the LTE surface was calculated. This allowed small changes to be 

evaluated from an improvement or worsening approach. In this version of the software, the 

simulation time has to be the same for different results to be compared. This can be improved 

in future by setting the LTE to zero once the CB has reached its final trip, a lockout state. 

This energy-volume method was applied to all the case studies during the protocol steps. 

This quantifying method worked well in determining if the result improved the conductor 

LTE exposure.  

 

The conductor limit was calculated in Chapter 4. To determine this limit, the heat generated 

by the flow of current through a conductor was set equal to the heat absorbed in the 

conductor. The process was considered to be an adiabatic process [80], [81], [122], [137], 
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[147]. From this the conductor limit was determined and the unit for LTE is A²s or Joule per 

ohm. Chapter 4 is addressing the research question on how to determine the conductor limit. 

 

Based on this research, the concept of LTE protection should be extended to include EF 

protection. This method can also be extended towards protection on HV networks as it can 

accommodate large interconnected networks with multiple sources.  

 

In Chapter 2 the literature indicated that the predominant type of network used for 

distribution networks are radial networks with OC protection applied. These networks are 

not designed to accommodate the direction that the world is moving in where DG (especially 

renewables) are installed and the network is changed from radial to interconnected multi-

source networks. When a radial network is changed to this interconnected multi-source 

network there are a number of challenges introduced, especially towards protecting the 

network. This includes a change from unidirectional current flow to bidirectional current 

flow. Other challenges include sympathetic trips, protection blinding, protection under 

reaching, protection overreaching, decreasing fault levels, increasing fault levels in other 

parts, islanding, loss of coordination and inability to ARC.  

 

There are a multitude of methods used to protect multi-source interconnected networks. The 

most common type of protection applied to distribution networks are OC protection. These 

OC elements can be directionalised to improve its performance against many of the 

mentioned challenges (e.g. coordination and sympathetic trips). The protection can also be 

made adaptive. This can allow the protection to adjust to its new network configuration. This 

may prove to be challenging in that a lot of network analysis is required if this is to be set 

for many network configurations. This may also require a communication system if adaptive 

settings are applied that requires inputs (e.g. status of CB) from or to other places on the 

feeder. The protection can also be made more secure, sensitive and selective by including 

sequence components and voltage elements. Traditional protection elements used for HV 

and extra HV can also be applied. This includes impedance and differential protection. 

Communication infrastructure is becoming a key function for protection of complex 
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networks. There is a call to install wide area network protection elements such as phasor 

measurement units. This will allow for a holistic approach towards protecting the network.  

 

The literature did not indicate a clear one solution that fits all application scenarios when it 

comes to protecting an interconnected multi-source network. The top three approaches are 

directional protection which is mentioned very often, supervising elements using other 

parameters is also common and applying protection that requires communication 

infrastructure. This may be due to most networks being radial as a start with OC protection 

elements being present. Cost is always a factor. The more elements that are added, the more 

expensive it becomes.  

 

For the networks consisting of OC elements, optimisation techniques are often used to 

determine the required settings (PU and TM). Generally, time is minimised. This can be 

operating time or grading margin. Conductor damage due to LTE is not considered. It was 

shown in this work that LTE is a concern and it is recommended that this should be included 

in the optimisation methods. Damage is not only a function of time, but also current and 

these values change as other CB open and current redistribute. This makes LTE protection a 

function of the wider network, its infrastructure, applied protection and the protection 

settings (configuration) and the protection philosophy. 

 

The method that we have developed here for evaluating the conductor LTE exposure can be 

applied when protection elements such as impedance are used. The software we used can 

accommodate protection and custom modelling of elements. The reason for this is that the 

effect of the protection elements and custom modelling is captured in the measured current 

(and change thereof) at either end of the feeder being evaluated. What should be added to 

this evaluation is a method to evaluate the sensitivity of the protection PU, prior to evaluating 

the LTE. This should be done in a similar manner as the LTE evaluation graph where it is 

evaluated across the feeder for a set time period to ensure protection can detect and isolate 

all required faults on the feeder. This can be future work. 
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When considering the results shown in case study one to three and the research questions 

answered, it can be seen that the method developed in this thesis is capable of evaluating a 

conductor LTE exposure in a radial and a multi-source interconnected network. This 

confirms the hypothesis. The traditional time-current curves should still be used, this LTE 

protection is aimed at providing additional evaluation methods that are better suited for 

determining if a conductor is protected. This is similar to the recommendation made by [140] 

for the application of fuses and time-current curves. 

 

The initial distribution systems favoured an AC system due to the losses on the distribution 

system [9]. Westinghouse won the battle to have an AC system over Eddison’s DC system, 

but with generation being installed close to load centres, DC distribution systems may 

become the new, old future again… 

6.8 CHAPTER SUMMARY 

In this chapter the conductor LTE exposure was determined using the full evaluation 

application of Chapter 5. This evaluation application was developed based on the theory of 

Chapter 4 and the protection elements in Chapter 3. Section 6.2 gave an overview of the case 

studies. Results were generated for three case studies, one for a radial feeder in Section 6.3, 

one for an interconnected multi-source feeder with different source impedances in 

Section 6.4 and the last one for an interconnected multi-source feeder with similar sources 

on either end in Section 6.5. The results from the radial feeder application showed how to 

read the new energy-area graphs. It also showed that the new application can be applied to a 

radial feeder. The results for the multisource interconnected networks of case study2 and 3 

showed that the new method allows for a holistic evaluation of the conductor LTE exposure. 

Greater insight was obtained to when conductor exceedances occur and possible solutions 

to mitigate this. Section 6.7 combined the results from the case studies and also the earlier 

chapters into a discussion. This discussion was centred around the four research questions 

and the hypothesis. The results confirmed the hypothesis that a method can be developed to 

evaluate this type feeder. In Chapter 7 a conclusion is made, summary of the results is shared 

and suggestions for future work based on this research are made.         
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CHAPTER 7 CONCLUSION 

7.1 SUMMARY OF THE WORK 

Traditional MV feeders are radial in nature. These networks are changing with different 

feeders being able to connect to other feeders and there is an increase in the installation of 

DG within these feeders. This is changing these radial feeders to interconnected multi-source 

feeders. Many of these feeders still have traditional IDMT protection installed. These 

protection relays may have the capability of having multiple types of curves, high-set 

elements and ARC capabilities.  

 

In Chapter 2 the challenges were introduced when a traditional radial feeder with OC 

protection is changed to a feeder consisting of multiple sources. This included bidirectional 

power flow, fault level increases, fault level decreases, sympathetic tripping, protection 

blinding and ARC challenges. Chapter 2 also introduced the various methods that are applied 

to protect these feeders. Traditional OC protection is still very common. Variations of this 

are found where the protection is made directional, adaptive and additional supervision is 

introduced (sequence components and voltage elements). Differential protection and 

impedance protection are applied as well. Optimisation techniques are used to determine 

settings for the OC elements, but these do not consider damage (LTE) as a constraint. This 

is a shortcoming.  

 

There are many protection elements that can be applied in modern numeric relays. Main 

elements and functions that are applied to protect feeders include the operating curve, high-

set element, maximum time element and ARC. Each of these elements have different settings 

associated with them. Each of these elements were explored in Chapter 3 and the traditional 
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way of setting these elements was shared. The protection philosophy is what dictates how 

the protection elements should be set. The philosophy elements consist of speed, security, 

dependability, sensitivity and selectivity. 

 

The conductor LTE limit can be used to determine if a conductor is protected from the 

thermal effects of the fault current it must carry during a fault. This LTE is calculated by 

setting the heat energy that is generated by the flow of fault current equal to the energy 

absorbed in the conductor as an adiabatic process. This then leads to the LTE value which is 

the I²t capability of the conductor. The unit for this is Joule per ohm or A²s. Each conductor 

has a limit and in Chapter 4 it was shown how to determine this limit. The concept of 

minimum and maximum network conditions was introduced and what condition should be 

used to evaluate the conductor exposure. 

 

The application of LTE protection was discussed in Chapter 4. The difference between a 

radial feeder and multi-source interconnected network was discussed. Fault current 

contributions from embedded generation such as wind and PV were shared, but the focus is 

not placed on the types of generation, more on the fact that there can be generation and that 

this may influence the conductor LTE exposure. The interconnected multi-source network 

discussion is centred around fault current that will redistribute itself once a CB has opened. 

If a single feeder in a multi-source network is considered, the protection at either end may 

operate at different times and this can result in different LTE exposures at different times 

during a fault. If ARC is added to this protection setup the complexity increases with a vast 

number of network configuration possibilities for determining conductor LTE exposure. 

This is due to the number of protection settings and network permutations.  

 

With the measured RMS current being able to change before the relay trips, the normal 

IDMT relay equations cannot be used and a discrete version of the equation has to be applied 

to determine the relay operating time. An average disk speed method for determining the 

relay operating time was introduced, but the discrete version is preferred. With the fault 

current and exposure time changing over time due to the operation of CBs, the LTE of each 

period have to be added together to determine the conductor exposure. This is why the multi-
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source interconnected network LTE evaluation has to be performed while considering the 

time changing from zero to a CB lockout time (fault isolated). Different relay operating 

curves were discussed from a LTE perspective and it was recommended that the IDMT EI 

curve is preferred for LTE grading where there are high currents, but this curve has a high 

operating time rate of change when compared to the NI curve. Lastly, the conductor LTE 

exposure was quantified into a single number that allows for changes made to settings or the 

network to be compared. This was done by introducing an energy-volume value. 

 

Two software applications were created to produce results for evaluation. The first is a full 

evaluation application and the second is a simplified evaluation application. The simplified 

evaluation made use of the average disk speed relay model. One case study in an actual 

network is shared and results from this application was published [40]. The full evaluation 

was discussed. This application consisted of three main parts, the network simulation part, 

the data extraction part and the result calculation and presentation part. The complete 

network has to be considered when a conductor LTE exposure is to be determined in a multi-

source interconnected network. The advantage of using network simulation software is that 

the software takes care of the network simulation and if a variable is to be evaluated, it has 

to be modelled in the network simulation software. In the network software used the ARC 

function was not available and this was modelled using DSL code. To obtain measured fault 

currents at either end of the feeder under study for faults across the feeder for a period of 

time, network simulation software has to be used. The format used for the output from the 

simulation software is a COMTRADE file with a sampling rate of 1 kHz. All of these 

measured currents are then fed into the data extraction software where the COMTRADE 

config file is changed so that certain data can be extracted in the Matlab program. Matlab 

was used for calculating the LTE and presenting the three-dimensional LTE-distance-time 

graph.  

 

The full evaluation application was used to generate results for evaluation and discussion in 

Chapter 6. The results from three case studies were discussed. The first is a radial feeder, the 

second a multi-source interconnected feeder with a strong and weak source at either end of 

the feeder. The third case study is for a multi-source interconnected network with two similar 
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strong sources at either end of the feeder under study. In these case studies the effect of relay 

operating curve selection, ARC, high-sets, deadtimes, CBs operating at different times and 

source impedance are shown. The protection elements used and the setting of these elements 

were discussed in Chapter 3. The method developed in Chapter 5 based on the theory of 

Chapter 4 and Chapter 3 work well to evaluate the conductor LTE exposure for both a radial 

and multi-source network.  

7.2 SUMMARY OF THE RESULTS AND THE DISCUSSION 

From the work leading into the case studies, the results obtained and the subsequent 

discussion the following conclusions are made: 

• The full evaluation application works well for determining a conductor’s LTE 

exposure. The method used is very versatile in that any variable that can be modelled 

in the simulation software can be evaluated for conductor LTE influence.  

• Matlab works very well for presenting the three-dimensional data as the volume of 

data used is large. It allows the figures to be rotated or focused to observe different 

points of interest. It also allows for the calculation of the energy-volume value and 

to determine the LTE and conductor limit intersection. 

• The three-dimensional representation of the results with LTE-distance-time provides 

good insight into what protection element may be responsible for causing the 

exceedance, where it is occurring on the feeder and from what point in time. This 

information may be used to adjust the applied protection settings to remove the 

exceedance. 

• The contour or heat map display compliments the three-dimensional surfaces as it 

provides improved clarity for determining specific positions or times without 

evaluating the raw data. 

• The energy-volume quantification works well for quantifying the conductor LTE 

exposure into a number that can be compared to other simulations for the purpose of 

classifying the change as a decrease or increase in exposure. 
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• The full evaluation application can be applied to both radial and interconnected 

multi-source networks.  

• When evaluating an interconnected multi-source feeder, the LTE contribution from 

both ends of the conductor has to be considered and it has to be considered at every 

point in distance and time on the feeder. The maximum of the two ends (or more 

ends if this is a multi-ended feeder) have to be used for the conductor exposure. These 

contributions cannot be evaluated individually. The complete network has to be 

considered and the contribution from each end at the same time. 

• The traditional IDMT type equations cannot be used to determine the conductor LTE 

exposure as the RMS current is changing when a CB is operated. This change in 

current affects the relay operating time. A discrete version of the IDMT equation is 

recommended where the required variables are sampled at specific time intervals. 

The energy can be calculated for each interval and added together.  

• It is recommended to apply high-set elements whenever possible. This reduction in 

operating time significantly reduces the conductor LTE exposure in the first high risk 

area close to the busbar. The high-set element can be set to initiate ARC to improve 

availability and a time delay may be added to allow for selectivity with downstream 

protection. The high-set element also reduces the area that can lead to possible 

conductor damage. 

• LTE is influenced by the type of operating curve, the fault level to PU ratio (for 

IDMT curves), the operating time (e.g. time before a trip is issued based on TM), 

other curves that may be used in conjunction with the IDMT curve, deadtime and the 

number of ARC attempts.  

• It is recommended to apply a maximum time function to all IDMT curves as this will 

stop the operating time from going towards infinity for high impedance faults. 

• The CB deadtime setting during an ARC cycle influences the conductor LTE 

exposure.  
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• The conductor LTE evaluation should be done in both minimum and maximum 

network conditions so as to check for both the high-risk areas. The first high risk area 

is close to the source busbar and is dominated by the fault current (current of I²t). 

The second high risk area is towards the end of the feeder and is dominated by the 

exposure time (time of I²t). 

• The network layout, the type and number of distributed generators can influence the 

conductor LTE exposure. This can influence the current distribution when any CB 

carrying fault current is operated (open or close). For a radial single source feeder, 

the RMS current does not change over time and this keeps the calculation to an 

uncomplicated level only requiring exposure time and fault current. For a multi-

source interconnected feeder the measured RMS current can change over time and 

this introduces the time consideration and the addition of energy, rather than time to 

determine the LTE level.  

• Elements that cause a possible delay in operating the CB have to be included e.g. CB 

operating time. 

• Multiple CBs are required to open so as to isolate a fault on an interconnected multi-

source feeder. These CBs may be set and operate independently. This will influence 

the conductor LTE profile.   

7.3 SUGGESTIONS FOR FUTURE WORK 

There are a number of research fields and specific aspects that can stem from this research 

work documented here. Possible topics are: 

• Apply this conductor LTE exposure method in the optimisation techniques used for 

determining protection settings for IDMT relays in interconnected multi-source 

networks. The optimisation techniques are skewed towards grading and does not 

consider protecting the actual conductor. 
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• A three-dimensional graph may be used similar to the LTE-distance-time graph that 

allows the PU sensitivity to be investigated. This can then be a graph showing where 

and when (time) the PU sensitivity criterion is not met. The graph can be of the form 

sensitivity-distance-time.  

• The concept of LTE and the application thereof to feeders may be investigated from 

a feeder reliability impact. This may provide insight in how the reliability can be 

improved from a primary and secondary design perspective. The LTE can be used as 

a measure.  

• A three-dimensional graph may be used similar to the LTE-distance-time graph that 

allows the expected voltage dips to be classified based on the protection applied and 

the network configuration. This can then be a graph showing where and what type of 

dip will be experienced. The type can be classified in terms of the NRS-048 standard 

[60]. This will allow for the protection settings design to also include a power quality 

element aimed at improving the customer experience. The groundwork for this was 

done in [40]. The graph can be of the form voltage dip (type or percentage)-distance-

time.  

• The three-dimensional graph of LTE-distance-time may be changed to exclude the 

static regions once the CB is open and in a lockout state. This will allow any result 

from any simulation to be compared to other simulations in terms of energy-volume. 

At present there is a constraint of the simulation time that has to be the same and that 

the energy volume may be off-set by large simulation times compared to protection 

operating times (time up to lockout).  

• The effect of specific generator types and their contribution to conductor LTE 

exposure may be studied. The method developed in this thesis allows for this to be 

done. This can be extended towards network topologies as well. As a possible 

hypothesis to be tested, a very interconnected network may accommodate a larger 

penetration level of DG before conductor LTE damage occurs (just a hypothesis). 
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• Other fault and relay elements may be included in the model to study their effects on 

the conductor LTE exposure. A possible topic can be to study the effect of arc 

resistance, or to look at possible tower (or structure) type changes to remove certain 

fault types that may cause severe conductor LTE exposure. The effect of 

communication assisted tripping between relays can aid in reducing conductor LTE 

exposure. This may require a complete protection philosophy change for certain 

networks.  

• The cooling effect on conductors can be included for the deadtime period during an 

ARC cycle. This will reduce the final LTE result as compared to the adiabatic 

approach taken here (worst case for setting protection relays).  

• The release of heat energy to the surrounding environment may be included when 

determining the conductor LTE exposure. This is for the second-high risk area where 

the conductor is exposed to a lower current for a very long time (can approach 

infinity). The worst case for setting protection relays is applied in this research. 

• Practical experiments may be done to support the theory documented here. This can 

be based on a controlled environment where a conductor is placed in tension and 

current is allowed to pass through the conductor. The damage can then be 

investigated in terms of how brittle the conductor became and when it may lead to 

conductor failure. Different conductor types and materials can be investigated. This 

topic leans more towards a material science topic. This can also be extended to an 

actual feeder for comparison. 
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ADDENDUM A CASE STUDY INFORMATION 

A.1 CASE STUDY 1 FEEDER DATA 

The network information used for the network models of case study one in Chapter 6 are 

provided here. For case study 1 the network consisted of a single radial feeder. The feeder 

sequence impedance values are provided in Table A1.  

Table A.1  Feeder sequence impedance values for case study 1. 

Feeder Length (km) R1 (ohm) X1 (ohm) R0 (ohm) X0 (ohm) 

Feeder 1 20 9.096037 6.674832 12.04378 35.66912 

 

A.2 CASE STUDY 2 FEEDER DATA 

The network information used for the network models of case study two in Chapter 6 are 

provided here. For case study 2 the network consisted of five feeders. Each feeder’s sequence 

impedance values are provided in Table A2.  
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Table A.2  Feeder sequence impedance values for case study 2. 

Feeder Length (km) R1 (ohm) X1 (ohm) R0 (ohm) X0 (ohm) 

Feeder 1 20 9.096037 6.674832 12.04378 35.66912 

Feeder 2 10 4.548018 3.337416 6.021892 17.83456 

Feeder 3 20 9.096037 6.674832 12.04378 35.66912 

Feeder 4 30 13.64406 10.01225 18.06568 53.50368 

Feeder 5 20 9.096037 6.674832 12.04378 35.66912 

 

A.3 CASE STUDY 1 FEEDER DATA 

The network information used for the network models of case study three in Chapter 6 are 

provided here. For case study 3 the network consisted of five feeders. Each feeder’s sequence 

impedance values are provided in Table A3.  

Table A.3  Feeder sequence impedance values for case study 1. 

Feeder Length (km) R1 (ohm) X1 (ohm) R0 (ohm) X0 (ohm) 

Feeder 1 20 9.096037 6.674832 12.04378 35.66912 

Feeder 2 3 1.364406 1.001225 1.806568 5.350368 

Feeder 3 20 9.096037 6.674832 12.04378 35.66912 

Feeder 4 30 13.64406 10.01225 18.06568 53.50368 

Feeder 5 20 9.096037 6.674832 12.04378 35.66912 
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