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ABSTRACT 

The distribution network of the Swaziland Electricity Company consists of a number of 

components like distribution lines, wooden poles, insulators, conductors, pole mounted 

transformers and metering, to mention but a few. The most expensive of these components per 

unit cost is the pole mounted transformer and it takes longer to install. The distribution network 

is the less reliable compared to the transmission network, and its components fail regularly, and 

the pole mounted transformers are among the components which have a significant contribution 

to the failures.  Some interventions in the past have been tried, but the failure rate of transformers 

has not reduced to reasonable limits, thereby compromising the reliability of the distribution 

network. This research therefore tries to identify the causes of the high failure rate of 

transformers, the pattern of failure, areas where the failures are prevalent and what can be done 

to counter the root causes. 

Statistical data on the transformer failures was gathered over a period of four years, where on a 

daily basis, the number of failed transformers, weather conditions and time of day when the 

failures occurred were recorded. The weather conditions and time of day when the failures 

occurred made it easier to identify the possible causes of the failures. For instance, if there was a 

thunderstorm in a certain area and there were some failed units which were discovered 

immediately after the storm, then the failures of those units was attributed to lightning. Similarly, 

when there were no thunderstorms, but a transformer has failed windings, the likely cause of 

failure is overloading. After replacing that failed unit, its load was monitored to confirm overload 

and then take a corrective action. It is a standard practice that a failed transformer is replaced and 

the failed one taken for repairs and then later kept as a spare at the Swaziland Electricity 

Company. Basic tests on the failed transformers and visual inspections were carried out to 

determine the nature of damage on the failed unit, for instance, winding damage and bushing 

damage. Footing resistances were also recorded at the transformer structures and if there was a 

need, they were reduced to 10 Ω or less using the crowfoot earthing method or a combination of 

the crowfoot earthing method and conductive cement.  

From the collected data, a pattern was discovered that there was a relationship between 

transformer failures and lightning activity, and that failures due to lightning activity contributed a 

significant portion of the overall transformer failures. Lightning protection methods were 
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therefore analysed for effectiveness and were found to be inadequate when literature review was 

done. Simulations in Matlab 7.9.0 (R2009b) were therefore carried out to investigate the effects 

of lightning on transformer performance and it was discovered that if the primary side earth of 

the transformer and the neutral of the secondary are earthed at the same point, diverted surges 

enter through the earthed neutral and damage the transformer windings. The earths were then 

separated to eliminate diverted surges, but this introduced a problem of the damage of neutral 

bushings as a result of the separate earths. LV neutral surge arrestors were then installed on a 

pilot project at KaPhunga, and the experiment was monitored over a period of six months for 

effectiveness. The results were positive, but before recommendations to install LV neutral surge 

arrestors throughout the SEC network was made, a cost benefit analysis of the exercise was 

done. 

The effectiveness of the LV neutral surge arrestors in improved lightning protection, also 

improved the reliability of the distribution network. The failure modes effects and analysis was 

used to determine the extent of improvement in reliability by comparing the reliability indices 

before surge arrestor installation and after surge arrestor installation. 
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Chapter 1 
 

INTRODUCTION 

 

Swaziland is a landlocked country between South Africa and Mozambique. It is a developing 

country and is monarchical. Other pieces of information about Swaziland are listed in the table 

1.1 below. 

Table 1.1: General information about Swaziland [1] 

Parameter Value 

Area 17,200 𝑘𝑚2 

GDP $ 6.26 billion 

Population 1,420,000 

Population growth rate 1.14 

Life expectancy 50 years 

Official languages siSwati, English 

Literacy rate 88% 

Currency Emalangeni (R1 = E1) 

 

The Swaziland Electricity Company (SEC) is presently the only utility in Swaziland and was a 

monopoly until 2007 when it changed from being Swaziland Electricity Board to SEC. It 

generates, transmits and distributes electric power to end users. SEC has 4 hydro generating 

power stations which supply about 60 MW, which is about 25 % of the maximum demand (MD). 

The highest recorded demand was 230 MW and was recorded in winter, so the remainder, which 

is about 80%, of the needed power is received from Eskom and a small portion from the Day 

Ahead Market (DAM) of the Southern African Power Pool (SAPP). 

The transmission infrastructure consists of 400 kV, 132 kV, and 66 kV lines. The 66 kV network 

is the mostly used level for transmission, and most of the substations are 66/11 kV substations. 

There are currently about 60 substations which are spread country wide. The 400 kV substation 

at Dwaleni II is the main injection point from Eskom through the MOTRACO (owned by 
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Eskom, SEC and EDM) network, and from this point, it is stepped down to 132 kV lines which 

inject to transmission substations. The transmission substations then step down the 132 kV to 66 

kV, which is then transmitted to distribution substations. 

At distribution substations, the 66 kV is stepped down to 11 kV, which is then used to feed 

customers. Near or at the consumer premises, the 11 kV is further stepped down to 240 V as a 

three phase supply or a single phase supply. All SEC’s customers are at 11 kV or 240 V 

depending on the class of customers.  

The distribution of SEC’s customers is shown in the pie chart below; 

 

Figure 1.1: Distribution of SEC customers 

From the pie chart, a large portion of over 50 % is made up of domestic customers and a bulk of 

resources in terms of infrastructure; labour and transport are spent servicing the domestic 

customers. A majority of SEC’s revenue is from the minority large commercial customers who 

also subsidize the domestic customers. 

1.1 The distribution network 
 

The distribution network is the least reliable portion of SEC’s power network, and records the 

highest number of faults, hence outages. The faults are as a result of a number of causes, which 

result in failure of the distribution equipment. 

The distribution lines consist of 11 kV and 240 V lines which are linked by distribution 

transformers. A majority of these transformers are pole mounted single phase distribution 

transformers, due to rural loads as a result of rural electrification projects. 

58% 
30% 

12% 
Domestic customers

medium commercial
customers

large commercial
customers
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The pole mounted transformers take longer to replace and result to outages of a large number of 

customers. Whilst the breaking of line jumpers, burning of drop out fuses, breaking of 

conductors, to mention but a few, is also a problem, they take a short time to replace and the 

system is restored within a short time. On the other hand, if a transformer fails, it takes a long 

time to replace and is a costly exercise. The failure of transformers has been a cause for concern 

as even new transformers fail, hence the need to look into the major causes of their failures. One 

would expect to get a useful life of over 25 years [2], which has been hard to achieve. This 

research therefore aims to identify the major causes of pole mounted distribution transformer 

failures in SEC’s distribution network and recommend a solution which will reduce the failure 

rates to reasonable levels and thereby improve the reliability of the network.  

The above discussion provokes the hypothesis mentioned below. 

1.2 Hypothesis 

The hypothesis of this research is, 

When exposed to lightning activity during the summer months, the likely point of failure for 
pole mounted distribution transformers in the Swaziland Electricity Company’s network is the 
bushings. 

The research will lead to answers of the following questions, which will later help in testing the 

validity of the hypothesis stated above. 

1.3 Research objectives 

The research objectives are as follows; 

 Identify factors affecting a field transformer during its useful life

 Identify a factor that contributes significantly to the failures of the transformers and

recommend a solution

 The use of reliability indices to evaluate network performance

 Draw conclusions on recommended solution and its effects on network performance.

1.4 Research questions guiding the study 

The research questions are as follows; 



4 
 

1. Are the failure rates of pole mounted distribution transformers a cause for concern? 

2. Why do pole mounted transformers fail often in SEC’s distribution network and what are the 

possible causes? 

3. When do the distribution transformers fail and what is the pattern of failure? 

4. Are the transformer protection methods effective? 

5. Are the failures localized to a particular area? 

6. What can be done to reduce the failure levels? 

The research questions above will be answered during the course of the research, with the 

intention of identifying the major cause of failure which results in a significant number of 

transformers that fail. A solution will be proposed and implemented on site as a pilot study and 

monitored for effectiveness. Recommendations to reduce the failure rates further will then be 

made. 

1.5 Scope and limitation 
 

The Swaziland Electricity Company is doing a number of projects in trying to improve the 

reliability of the distribution network. Apart from transformer failures, there are also a number of 

issues with the distribution network which affect its reliability that need to be zoomed in and 

thereby provide solutions to them. For instance, domestic meter failures, power quality, breaking 

of switchgear vacuum bottles panels, ways to reduce electricity theft, to mention but a few. 

 

The above issues will not be considered in this research even though they affect the performance 

and reliability of the distribution network. The research will only be limited to pole mounted 

distribution transformers’ failure issues because of the cost associated with transformers. 

From the collected data, most transformers failed after there was lightning activity and that the 

failures usually included failure of the LV neutral bushing, surge arrestors were installed on 20 

transformers at KaPhunga area which has a lot of lightning activity. For better analysis of the 

effectiveness of the installation of the neutral surge arrestors, more than 20 surge arrestors would 

have been more effective. However, there was a limited budget available to carry out the pilot 

project. 

As highlighted above, a lot of transformers fail when there are a lot of thundershowers. However, 

2014 was a bit drier than the previous years, and a similar pattern happened in 2015. A 
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relationship between the amount of rainfall received (through thundershowers) and the failure of 

the pole mounted distribution transformers was observed. However, this study does not look into 

the distribution of the rainfall over the years, nor does it attempt to predict the amount of rainfall 

to be received in any given year in the future. Any studies relating to global warming which in 

turn affects the amount rainfall received are not considered in this thesis. Lightning protection 

methods will however be looked into as part of this research, as well as the improvement in 

lightning protection. 

Maintenance plans for the distribution network were in place for all the regions each financial 

year, but these plans were not audited if they were being executed. So ensuring that transformer 

maintenance, like changing primary surge arrestors if there is a need, was being carried out was 

not confirmed through this research.  

1.6 Structure of dissertation  
 

This research is structured in a systematic manner, as the author tries to find answers to the 

research questions guiding the study, and then test the validity of the hypothesis. An 

organisational structure of the thesis is outlined below with brief descriptions of each chapter’s 

contents. 

Chapter 2: Literature Review 

There are a number of factors that affect a transformer during its useful life, and some of these 

factors lead to eventual failure of a transformer. The causes of transformer failures are identified 

in literature and the work that has been done by other scholars on this subject. In the literature 

review, the research questions guiding the study are answered. 

 

Chapter 3: Distribution Network Reliability 

 

This chapter looks at the reliability of the distribution network with a major focus on transformer 

performance. Statistical data is presented in this chapter. 
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Chapter 4: Theory Development 

Having answered the research questions in the literature review, the failure causes were 

narrowed down in order to identify the one which contributes significantly to the failure rates. 

Through assessment of the failed transformers, a pattern was noted, and a solution to install 

neutral surge arrestors on the LV was proposed. This section presents a proposed network to 

monitor effectiveness of installing the arrestors and how the installation would be carried out 

practically on the transformers.  

Chapter 5: Results 

The simulation results are presented in this section on how the proposed LV surge arrestors 

behave under lightning conditions. Different scenarios under lightning conditions were analysed 

and included the following: effects of varying footing resistance, primary and secondary surges 

on transformer performance. Performance results of the implemented at KaPhunga area are 

presented here. A cost benefit analysis to install the surge arrestors throughout the network is 

also presented in this chapter. 

 

Network reliability indices as determined using the failure modes effects and analysis for the 

KaPhunga network are also presented in this section. 

Chapter 6: Case Study 

KaPhunga feeder 5030 was used as a case study, where neutral surge arrestors were installed on 

20 transformers. KaPhunga is a mountainous area and a number of transformers were lost due to 

lightning activity, in fact this area is famous for transformer failures. An electrical contractor was 

hired to install the surge arrestors on behalf of the researcher, and detailed instructions and scope 

were given. A cost benefit analysis was done for the surge arrestor installation exercise to 

determine if it was cost effective to install them throughout the country.  

Chapter 7: Discussion of results 

Results obtained through simulations, calculations and field data are analyzed here to see how 

well they relate to literature. The validity of the hypothesis was proved in this section. 
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Chapter 8: Conclusion and Recommendations 

Based on the results and discussions, conclusions are drawn and recommendations made. 

1.7 Publications during the completion of the dissertation 
 

1. M.T. Maziya and K. O. Awodele, “Investigation and Analysis of the Causes of 11 kV/ 

400 V Distribution Transformers’ High Failure Rate: Case Study – Swaziland Electricity 

Company,” in Proc. 2015 South African Universities Power Engineering Conference, pp. 

364-370 

2. M.T. Maziya and K. O. Awodele, “Lightning Overvoltage Protection and Network 

Performance of Distribution Transformers: Case Study – Swaziland Electricity 

Company,” in Proc. 2016 South African Universities Power Engineering Conference, pp. 

548-552 

 
An open field transformer is exposed to a number of conditions throughout its useful life. These 

conditions form the operational environment for an open field transformer. The following 

chapter looks at these conditions/operational environment and how they contribute to the failures 

of pole mounted open field transformers. 
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Chapter 2 

OPERATIONAL ENVIRONMENT FOR 
OPEN FIELD TRANSFORMERS 

2.1 Direct and indirect causes of transformer failures 

Transformers are used a lot in power networks, be it at transmission or distribution level. The 

Swaziland Electricity Company network has a number of transformers, with a large number 

found at distribution level. At the distribution level, a majority of transformers are single phase 

transformers which are pole mount. This chapter looks at the design of the transformers and what 

affects them during their service/useful life. The factors which affect the transformers mostly are 

then looked at, as well as what has been proposed to minimize/reduce transformer failures as a 

result of these factors. 

A transformer is a non-moving device consisting of two or more circuits which are magnetically 

coupled. It consists of windings and a ferromagnetic core [5]. The core is such that it provides 

high flux densities and strong magnetic coupling. The core is not just a solid iron core, but is 

made of laminations to reduce core losses. The windings for distribution transformers are usually 

primary and secondary windings, with the primary on the ac supply and the secondary on the 

load side. The windings are coiled on top of each other to get a tight coupling between them. 

The primary function of a transformer is to step down or step up voltage depending on the 

application. At the distribution level, step down transformers (11/0.4kV) are used, so the primary 

winding has more turns than the secondary winding. 

In analyzing a practical transformer, [5] uses the model shown in figure 2.1 below. 

 

Fig 2.1: Practical transformer model [5] 
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The above practical transformer model in figure 2.2 differs from an ideal transformer in that it 

has winding resistances, leakage inductances, core resistance and magnetizing inductance. In 

performing calculations, the winding impedances are referred to either primary or secondary for 

simplicity of the calculations. 

The above model only holds under normal conditions, but may differ when the transformer is 

exposed to lightning impulses. Under lightning impulse behavior, the transformer is modeled by 

its surge impedance and self-capacitance which respond to the inductive and capacitive 

component of the current during a lightning impulse [6]. A failed transformer has different 

values of surge impedance and self-capacitance than those before failure. 

This study does not look at large power transformers, so in the following section, only 

distribution transformers are discussed. 

2.2 Distribution transformers 
 

Distribution transformers in the SEC network are those that do not require a substation and are 

either pole mount or surface/ground mount. There are distribution substations, but the 

transformers referred to here are not those found in a distribution substation, see single line 

diagram in figure 2.2 below for clarity. 

 

Figure 2.2: Typical SEC distribution network 
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The 16 kVA single phase transformers constitute a large number of the distribution transformers 

on SEC’s network and they support single phase rural loads. Above the 16 kVA rating, the 

transformers are three phase instead of single phase. 

Most of failures are prevalent among 16 kVA single phase transformers, although the 25 kVA 

three phase transformers are also prone to the failures. Ten of the 16 kVA transformers’ 

nameplates were looked at to see the impedance, whilst other specifications on the nameplate 

remain the same.  

Table 2.1: Impedance of 10 transformers that were sampled 

TRANSFORMER IMPEDANCE (%) 

16 kVA 

ONAN 50 Hz 

11000/240 kV 

1.45/66.6 A 

LV Tappings HV voltage      LV Terminals 

                       94%                  a1   a4 

                       97%                  a1   a3 

                      100%                 a1   a2 

Welded cover 

Manufactured with Eskom specification 34-

346 Rev 0 

 

 

 

 

3.89 

 

 

 

 

 

 

Same as above 3.99 

Same as above 4.02 

Same as above 4.79 

Same as above 3.89 

Same as above 4.77 

Same as above 4.97 

Same as above 4.87 

Same as above 3.88 

Same as above 4.77 

Average Impedance 4.384 
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The average impedance is within tolerance as stated in [2] that this value shall be less or equal to 

4.5%. 

Using the average impedance in p.u. (Z) above, the maximum fault level (short circuit) on the 

LV side of the 16 kVA transformer is calculated as follows 

𝐼𝑓 = 𝑘𝑉𝐴𝑟𝑎𝑡𝑖𝑛𝑔/(𝑉𝑙𝑖𝑛𝑒−𝑔𝑟𝑜𝑢𝑛𝑑*Z)                                                                              (2-4) 

Substituting into the above equation, an average fault level of 1.52 kA on the LV is obtained for 

a 16 kVA transformer. This value may decrease due to the impedance of the conductor on the 

LV side as you move further downstream from the transformer. 

A surge of lightning current entering the secondary winding of the 16 kVA pole mounted 

transformer can be one of the causes of distribution transformer failures if it exceeds 

approximately 1.52 kA for an extended time periods. Distribution equipment is designed to 

handle currents up to a certain maximum value, and if this value is exceeded, then the equipment 

is likely to fail. 

For 25 kVA transformers the impedance should be less or equal to 4.5% [2], then the fault level 

would be 0.823 kA on the LV side. 

Due to the small size, distribution transformers have a low kVA rating and a small core area. A 

low kVA rating, small core area and the LV voltage results to low leakage impedance [7], hence 

increased fault levels on the secondary. 

The lower transformer impedances also has some advantages as it offers better voltage regulation 

and less voltage flickers for motor starting and other varying loads [7].  

2.3 Distribution transformer design 
 

The transformers mentioned above have the core and the windings submerged in mineral oil 

which provides insulation and also acts as a coolant. These are enclosed in an air tight metallic 

tank which is welded to provide such an environment. They do not have radiators for the cooling 

of the oil inside the transformer. Without adequate cooling, repeated overloading accelerates the 

deterioration of the winding insulation [8]. 
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Figure 2.3: 16 kVA single phase transformer 

From figure 2.3 above, it can be noted that the location of the MV and LV bushings is at the 

sides of the transformer, and not at the top. Though made aware of the adverse consequences, 

contractors used by SEC are tempted to lift the 16 kVA transformers by their bushings. Through 

this exercise, the surface of the bushing in contact with the tank is loosened. What is unfortunate 

is the fact that signs of disturbance between the two surfaces are not so obvious (eg oil leaking 

immediately). The same problem occurs during transportation of the transformers, from 

manufacturers to our main stores, then from main stores to depots, and lastly from depots to site, 

as the bonds between the bushings and the tank are weakened, thereby leading to the ingress of 

moisture and dust.   

This is one of the ways on how moisture and dust can enter inside the transformer, and other 

ways will be considered later. 

There is a batch of 16 kVA transformers that was purchased from Pakistan and these ones have 

some radiators for cooling. They are further not welded, but bolted with a gasket in between the 

tank and its cover. The failure rate for these transformers is very low. 

 

Figure 2.4: 16 kVA single phase transformer from Pakistan 
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2.4 Service life of a distribution transformer 
 

During its useful life, a transformer’s condition deteriorates due to the stresses it is exposed to. 

The stresses it is exposed to are mechanical, electrical, chemical and thermal [8]. Ageing of a 

transformer through the mentioned stresses is inevitable, but the process can be retarded through 

transformer maintenance. 

The repeated exposure to the stresses causes a reduction in a transformer’s ability to withstand 

lightning and switching impulses, through faults and overloads. This means that with time, a 

transformer is likely to fail for the same fault magnitude it was able to withstand whilst still new. 

2.4.1 Moisture 
 

As highlighted in the transformer design section, water may enter the inside of a pole mounted 

(open field) distribution transformer in a number of ways. The obvious one is when it is absorbed 

directly from the atmosphere, although moisture may also be absorbed through condensation of 

water on the tank walls.  

Therefore, the ingress of moisture is imminent on an open field transformer and this affects the 

dielectric system of the transformer [8]. This is further worsened by the fact that these 

transformers have neither cooling means nor silica gel to trap moisture in the air above the oil 

[9]. The effects of the moisture and dust which contaminates the oil, is an accelerated paper 

ageing, which in turn results in flashovers due to an increased rate of surface creeping 

discharges. Water content as small as 50 parts per million is capable of causing a breakdown 

strength to drop from 50 to 23 kV/mm [9]. 

Water could further be introduced into the transformer oil during the breakdown process of the 

paper insulation internally to the transformer [9]. 

2.4.2 Minimal/no transformer maintenance 
 

There is minimal or no maintenance on SEC distribution transformers. Previously, only basic 

tests were done, however, this exercise stopped some years back. We rely on the manufacturer’s 

tests and trust that they are genuine. Upon installation, the transformers are run to failure. 

According to [2], the economic life is assumed to be 25 years, but from the rate at which 
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transformers are replaced at SEC (see Table 3.2), it can be concluded that we hardly reach half of 

this value. 

There is no provision to sample the oil on the 16 and 25 kVA transformers, so techniques like 

dissolved gas analysis (DGA) before failure are almost impossible, hence predictions on when to 

do maintenance is impossible. SEC distribution network has a very large number of distribution 

transformers; hence it would not make business sense to take oil samples from each and every 

distribution transformer on the network. 

Without maintenance, and the stresses playing their part, we can expect three modes of failure on 

the transformers, namely: partial failure of insulation by localized high temperature overheating, 

total insulation failure due to severe insulation ageing and failure of the windings mechanically 

[8]. 

When doing feeder maintenance, part of it includes identifying transformer surge arrestors that 

need to be changed. Planned maintenance is usually scheduled for winter, as there are high 

numbers of faults around summer, so reactive maintenance is inevitable. Winter is a high season, 

and the load demand is the highest around this time of the year, so getting some of the feeders for 

maintenance is usually hard if not impossible. This is so unfortunate because SEC ends up doing 

a lot of reactive maintenance which is quite costly compared to the planned maintenance. Since 

lightning strikes are repetitive, surge arrestors are prone to fail as the number of operations is 

increased. Some transformers which could have been protected are sometimes damaged by 

lightning strikes due to the absence of surge arrestors. Therefore, without maintenance, it may be 

hard to discover damaged primary surge arrestors. 

The dissolved gas analysis method, usually used on large power transformers, can be used on 

pole mount distribution transformers as well, is discussed below: 

 Dissolved gas analysis 
 

The insulation of a transformer consists of paper and transformer oil, so arcing, corona and 

pyrolysis (which is the decomposition due to heating in the absence of oxygen) are ways in 

which the transformer insulation decomposes [9]. During the decomposition process, gases are 

given out, namely; methane (𝐶𝐻4 ), ethane (𝐶2𝐻6 ), ethylene (𝐶2𝐻4 ), acetylene (𝐶2𝐻2 ), 

hydrogen (𝐻2 ), carbon monoxide (CO) and carbon dioxide (𝐶𝑂2 ). 
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These gases are trapped above the oil in a transformer and they are extracted and analyzed in the 

DGA method. The presence of the mentioned gases in the air above the transformer oil 

determines the amount of decomposition of the insulation that has taken place, and as mentioned 

above, this is useful in determining when to change oil, rewind the transformer etc.  

2.4.3 Effects of long distribution lines on transformer operation 
 

Consider the substations and 11 kV feeders as shown in table 2.2 below, as obtained from SEC’s 

master plan 2013: 

Table 2.2: Under-voltage 11 kV lines at different substations in Swaziland 

SUBSTATION FEEDER Feeder Length 

(km) 

Feeder Loading 

(%) 

Voltage (pu) 

Nhlangano 1 2120 44.44 26.19 0.87 

4610 67.34 17.87 0.80 

RiverBank 5055 31.45 34.51 0.81 

5080 34.93 62.21 0.87 

Piggs Peak 3440 37.51 29.34 0.84 

KaLanga 1240 65.88 41.8 0.67 

Sidvokodvo 636 42.96 46.65 0.86 

     

 

From the above table, it can be noted that the transformers at the end of the feeders are likely to 

experience localized high temperature overheating. This is because the LV side’s current will 

increase to maintain a constant output power, due to the reduced MV voltage. Without sufficient 

cooling, as is the case with our pole mounted distribution transformers, heating of the oil due to 

dielectric losses, winding and core losses, may increase the thermal resistivity of the surrounding  

oil [10], thus causing thermal instability. The thermal runaway results because the heat generated 

in the windings exceeds that released to the transformer oil. 

Even if the highest or extreme tap is used, the LV voltage would be less than 230 V, hence the 

transformers at the end of these feeders are likely to have constantly high LV currents. This 

would hasten the rate of ageing for these transformers, and partial failure of insulation is highly 

likely, leading to total failure [8]. 
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The long 11 kV distribution lines are also associated with low fault currents especially at the end 

of the line. The detection of these small fault currents may be a problem, plus clearing the low 

fault currents in a timely manner as observed by [11] may be a challenge in such lines. For 

instance, an incident took place at Sigcaweni on the 16
th

 December 2015 where a 6 year old was 

electrocuted to death whilst touching a live downed wire and the substation breaker did not 

detect the low fault current, although it was enough to kill a person. While the fault is not 

cleared, the fault current heats the winding insulation of transformers of that faulty section. The 

breakdown of the insulation will eventually lead to the total failure of the transformer. 

To overcome the challenge of low fault currents in the distribution lines, some of the lines are 

equipped with line reclosers and sectionalisers [11].  

 Reclosers and sectionalisers 
 

The reclosers mentioned here are oil based (although SEC is in the process of replacing them 

with electro-mechanical ones) and are capable of interrupting current under fault conditions 

(earth fault or over-current). They are found in distribution systems, that is on the 11 kV side of 

SEC network and they work closely with sectionalisers. 

Consider figure 2.5 below: 

 

Figure 2.5: Recloser – sectionaliser arrangement 

The recloser senses the fault current whilst the sectionaliser senses whether or not current is 

flowing. In case of a fault, say along the portion of the line labeled B, the recloser will sense the 

fault current (over-current or earth fault), then trip and close. This will be repeated depending on 

the number of fast operations set inside the recloser until the recloser trips and locks out for as 

long as the fault is still there. The sectionaliser on the other hand counts the number of trips of 

the recloser and eventually trips when the set counter is reached.  
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In fact, the recloser is set to have a higher count than the sectionaliser, with typical values of 3 

for the former and 2 for the latter. Therefore, during a non-transient fault, for each trip-close 

cycle for the recloser, the sectionaliser counts one. Because the fault would still be there, this 

cycle will be repeated and the sectionaliser will count two and then trip, thus sectionalizing the 

distribution line into two. For faults in portion B, only load B will have no power because of the 

tripped sectionaliser. The recloser will not trip for the third time because the fault would have 

been cleared by the tripped sectionaliser, hence portion A of the line will have electrical power. 

For non-transient faults in portion A of the line, the recloser would do the three trip and close 

cycles and eventually lock out. The sectioneliser on the other hand would also count and reach 

the two counts to which it is set and then trip. Therefore for faults in portion A of the line, both 

load A and load B will be without power. 

The above discussion on auto-reclosing is likely to be one of the contributors to pole mount 

transformer failures through closing onto faults. As the auto-reclosing occurs, the transformer 

insulation may be stressed to a point of failure if the fault magnitude is large enough. 

2.4.4 Inrush currents 
 

Transformer inrush currents are caused by transformer energization, auto-reclosing and transient 

faults. These currents flow inside a transformer momentarily as the flux inside transformer core 

is established. One of the factors affecting the magnitude of inrush currents is the polarity and 

value of residual magnetism in relation to the first half cycle of the alternating flux. If the sign 

and magnitude of the residual flux inside the transformer do not agree with the steady state flux 

at that instant, then magnetizing inrush occurs [12]. 

The inrush currents contain a dc offset and some harmonics [12], and these currents decrease 

very slowly. The effect of dc offset is highlighted in the geomagnetically induced currents 

section, and the effects of harmonics in 2.4.7. It is worth noting that pole mounted distribution 

transformers are likely to be affected by inrush currents in summer as the 11 kV switchgear trips 

regularly, and during fault finding exercises there is a lot of tripping and closing of these 

breakers.  
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2.4.5 Transformer over-excitation 
 

Transformer over-excitation is also highly likely to take place in summer, especially as a result 

of over-voltages. First consider equations 2-1 and 2-2 below, 

𝑬𝑠 = 4.44 n f Φ                                                                                                                           (2-1) 

so Φ = 𝑬𝑠

𝑓
(

1

4.44 𝑛
),                                                                                     (2-2) 

where 𝑬𝑠 is the secondary induced voltage, n is the number of secondary turns, f is the system 

frequency and Φ is the flux.  

High flux levels are due to over-voltages and under-frequencies as can be seen in equation 2-2. 

The magnitude of the voltage or frequency may be such that the transformer core is saturated. 

Repeated lightning strikes, hence over-voltages are likely to cause the transformers to saturate in 

summer. As mentioned in 2.7.4, a saturated core does not provide the least reluctance for the flux 

path, hence stray flux on tank walls, resulting in additional heating internally of the transformer. 

The repeated heating of the transformer, hence insulation, degrades the insulation and reduce its 

withstand capabilities. 

2.4.6 Temperature effects 
 

According to the Swaziland meteorological department, summer average maximum temperatures 

are 35−
+  ᵒC in the Lowveld and 25 −

+ ᵒC in the Highveld. Winter minimum temperatures are 8 −
+ ᵒC 

in the Lowveld and −5 −
+ ᵒC in the Highveld. However, with the effects of global warming, the 

average temperatures are likely to increase over the next few years henceforth. 

Apart from seasonal changes in temperatures, the pole mounted distribution transformers are 

exposed to a wide range of daily temperatures. 

Now, if for some reason (as highlighted on how moisture can enter a transformer) moisture has 

entered the transformer, the dielectric system of the transformer will be affected. With 

temperature variations, there is a constant migration of moisture from oil to paper and vice versa 

[13]. When temperatures increase, water moves from paper to oil, and generally temperatures are 

higher in Swaziland during the day. 
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It is therefore highly likely that in summer, the transformer oil has moisture, and therefore the 

withstand capability are decreased as highlighted. With the reduced withstand capability [9], 

most pole mounted distribution transformers are highly likely to fail in summer due to lightning 

impulses. 

2.4.7 Harmonics in the 11 kV network 
 

The presence of harmonics in the system has an influence on the internal temperature of 

transformers. Harmonics distort the current waveform and produce additional heating of the 

transformer core as well as the windings. The additional heating, together with the temperature 

rise due to transformer loading as observed by [14], leads to premature breakdown of the 

insulation, consequently a reduced lifespan of the transformer. 

Harmonic filters and power correction capacitors usually use a 12-pulse converter [15] which has 

ac currents consisting of harmonics of the order 12k + 1, where k is an integer.   

Ways to block harmonics in the power system are by using high pass filters for blocking low 

order harmonics (11
th

 and 13
th

) and a series tuned low pass filter for high order harmonics [15]. 

This is shown in figure 2.6 below. 

 

Figure 2.6: Per phase arrangement of PFC and filters 

The response obtained from the above arrangement is shown in figure 2.7 below. 
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Figure 2.7: Per phase filter impedance against frequency [14] 

The response shown in figure 2.7 shows that the eleventh and thirteenth harmonics are blocked 

so that they do not affect the capacitors by causing overvoltages as a result of resonant 

conditions. The high order harmonics which can also produce similar effects are blocked by the 

low pass filter.  

A number of ways have been used to determine the presence of harmonics in the power system. 

One method is the use of a crest factor, CF, which is calculated as follows: 

CF = 
𝐼𝑝𝑒𝑎𝑘

𝐼𝑡𝑟𝑢𝑒−𝑟𝑚𝑠
                                                                                                                        (2-5) 

For a pure sinusoidal waveform, the crest factor is 1.414. [14], however discredits the use of the 

crest factor method as it does not factor in harmonic frequencies. 

Another tool that is used to determine the content of harmonics is the total harmonic distortion. It 

is calculated as follows, 

THD = 

√∑ 𝐼ℎ
2∞

ℎ=2

𝐼1
                                                                                                                    (2-6) 

The above equation measures the distortion of the current waveform due to the presence of 

harmonics. This method too, according to [14], unlike the K-factor method, does not take into 

account the harmonic frequencies. 

The THD is the one used by SEC to determine the extent of the distortion. The distortion at 

individual 16 or 25 kVA transformers is not practical to determine due to the high number of 
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such transformers in our network. Instead, measuring instruments are placed at individual feeders 

or at the main 11 kV incomer.  

Sources of harmonics in power networks are power electronic loads which include: switching dc 

power supplies, uninterruptible power supplies, dc motor drives, induction motor drives and 

synchronous motor drives [15]. Residential applications such as high frequency fluorescent 

lighting also contribute to the harmonics injected into the grid.  

Measurements, modelling, designs and costing of a power factor correction exercise conducted 

in 2011 by SEC revealed poor harmonic distortions  at substations closer to the sugar belt and the 

most likely reasons for this is the number of factories, hence large motors and pumps for 

irrigation in the sugar cane fields. These are non-linear loads as they have variable speed drives 

which make use of power electronics, and therefore generate a lot of harmonics into the 11 kV 

networks to which they are connected. This point is called the point of common coupling, as 

shown in figure 2.8 below. 

 

Figure 2.8: Grid connection of power electronic load 

From the figure above, i(t) contains some harmonic components and is given by, 

i(t) = 𝑖1(𝑡) +∑ 𝑖ℎ(𝑡)                                                                                                                  (2-7) 

At the point of common coupling, the voltage may be distorted due to the presence of the 

harmonics to look like figure 2.9 below. 

 

Figure 2.9: Harmonic distortion of voltage 
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The 11 kV pole mounted distribution transformers are likely to be affected by overheating, 

consequently failures because of the contribution of these harmonics. 

To address the issue of harmonics, harmonic filters were installed at the substations closer to the 

sugar belt such as; Mhlume section 17, Tambankulu, Simunye and Nsoko. Some filters were also 

installed at Maloma substation whose major load is a colliery. 

The installation of harmonic filters (that is, capacitors applied as filters) at these substations is 

justified because the equipment generating these harmonics is usually more than 30% of 10 

MVA which is a standard substation transformer [16]. 

 Power factor correction 
 

There has been a power factor correction exercise that has been undertaken by SEC in the 

substations. The installation of the PFC is carried out on the 11 kV bus bars at the substation as 

shown below in figure 2.10. 

 

Figure 2.10: Connection of power factor correction on 11 kV bus bar 

The 11/0.4kV transformers downstream of the 11 kV feeders, experience an improvement in the 

11 kV voltage as a result of the installed capacitors. This is good for the transformers since they 

do not have an auto-tapping mechanism to ensure a constant output voltage on the secondary, 

that is, the 400V side. Without the capacitors, the 11 kV voltage downstream of the feeders will 

be low due to the inductive nature of the loads, and without auto-tapping, the secondary voltage 

of the pole mount distribution transformers will also drop. As the secondary voltage drops, more 

current is drawn in order to maintain a constant output power required from the transformer, thus 

causing additional heating of the insulation and windings. 
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Below are equations used in power factor correction calculations: 

Uncorrected power factor = 
𝑘𝑊

𝑘𝑉𝐴1
 = cos ∅1                                                                             (2-8) 

where ∅1 is uncorrected power factor angle. 

Corrected power factor = 
𝑘𝑊

𝑘𝑉𝐴2
 = cos ∅2                                                                                 (2-9) 

where ∅2 is corrected power factor angle. 

Required compensation Q, in kVAr = kW*( tan ∅1 – tan ∅2 )                                               (2-10) 

Given that the compensation of each capacitor can is 𝑄𝑁, rated at a voltage 𝑈𝑁, operating at 

system voltage 𝑉𝑆, the number of cans required is 
𝑄

(
𝑉𝑆

 𝑈𝑁
)2∗𝑄𝑁

                                          (2-11) 

Although capacitors can correct the power factor and improve voltage, as was observed with the 

operational sites where the power factor went very close to unity and transformer taps went 

down; the presence of capacitors as far as harmonics are concerned, may provide loops for 

possible resonant conditions [16]. If the capacitors tune the 11 kV network to resonate closer to a 

harmonic frequency, the current and the voltage at that frequency will be magnified significantly. 

This could have adverse effects on transformers as such conditions could also contribute to 

additional heating, hence loss of transformers. 

The calculation of the resonance frequency is determined by equating the capacitive reactance to 

the inductive reactance and then solving for the frequency. The resonance frequency is therefore, 

𝑓0 = 
1

2𝜋
 √

1

𝐿𝐶
                                                                                            (2-12) 

Where L is the inductance of the system in which the capacitors, of capacitance C, are connected. 

The use of harmonic filters as previously mentioned helps in avoiding resonance conditions 

through filtering of the undesired signals. 

Whilst the power factor in the system can be improved and harmonics filtered, the four seasons 

of the year have an effect on the operational environment for the pole mount distribution 

transformers. 
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2.5 Effects of seasons on transformers 
 

Seasons affect a number of factors mentioned previously, like temperature, moisture/humidity 

and power usage. The issues relating to seasons and transformer performance are discussed in 

the sections that follow. 

2.5.1 Winter (June-August) 
 

In winter, as mentioned above, minimum temperatures are 8−
+  ᵒC in the Lowveld and −5 −

+ ᵒC in 

the Highveld. It is during this season that the overall demand is the highest, and the highest 

recorded in 2014 was 230 MW. The low temperatures force people to use heaters for warmth and 

heating water. It is therefore highly likely that during the winter season transformers are 

overloaded especially during the peak hours. The tendency is that the peak hours coincide with 

the lowest temperatures of the day, so the overloading would be repeated daily for approximately 

the duration of the winter season. From table 2.3, the average monthly peak in winter is 181.40 

MW, whilst that for summer is 169.18 MW. As mentioned, the overloading acts on the 

insulation, and when acted upon by other stresses in summer, the withstand capability are 

reduced and the transformer is likely to fail. 

Table 2.3: Daily system peak loads for twenty two working days of each month 

 

                                                      SYSTEM DAILY PEAK LOADS 2013

JAN FEB MAR APR MAY JUN JULY AUG SEPT OCT NOV

165.31 145.7 183.7 156.58 145.67 173.41 195.28 188.44 148.96 186.71 137.9

148.48 147.09 166.12 192.67 167.17 149.44 192.33 176.01 167.86 199.57 142.94

144.06 149.6 161.34 185.87 164.02 188.25 186.08 161.77 195.4 192.17 145.57

152.19 151.09 193.51 183.86 168.77 183.77 189.83 163.5 193.05 185.88 175.9

145.84 163.66 210.02 172.94 149.77 193.22 179.09 195.29 192.6 172.51 180.43

150.94 155.73 205.88 165.78 141.01 197.7 170.16 193.46 170.96 162.08 200.04

183.06 156.87 190.16 158.99 178.8 183.96 160.79 188.6 168.05 190.9 186.38

190.72 159.43 166.61 185.46 176.5 168.36 200.96 177.39 160.6 196.54 180.31

170.54 165.84 168.77 194.06 180.26 165.08 193.84 177.52 190.96 194.8 171.51

191.49 159.12 149.77 204.71 179.27 161.14 213.74 166.65 193.71 187.92 165.45

168.61 185.14 141.01 203.44 169.75 195.8 196.71 159.89 191.79 200.16 203.44

144.53 184.89 178.8 193.44 177.59 190.76 186.65 181.94 192.59 175.77 190.11

136.38 186.97 176.5 169.95 143.81 190.95 177.4 185.9 181.08 162.44 185.09

163.67 189.71 180.26 167.78 178.15 182.22 162.75 187.91 151.76 203.44 186.58

149.02 184.4 163.67 195.43 172.36 169.78 196.11 188.07 160.64 198.4 174.34

148.14 162.56 149.02 193.78 177.54 175.05 187.63 180.02 190.35 196.63 170.76

151.53 158.91 148.14 191.05 151.53 197.79 193.22 169.07 192.6 193.4 176.2

147.4 201.14 161.15 176.05 163.89 195.52 187.78 161.15 191.96 175.3 188.96

126.72 206.82 183.69 154.31 163.19 198.63 178.66 183.69 178.63 169.78 194.17

125.46 192.58 196.99 155.13 154.22 198.74 161.7 196.99 157.13 160.94 192.05

156.18 190.9 185.68 151.8 191.66 182.86 149.61 185.68 169.32 182.03 170.1

150.64 186.95 172.51 166.14 185.9 162.84 176.75 187.83 170.11 178.77 140.3

3410.91 3785.1 3833.3 3919.22 3680.83 4005.27 4037.07 3956.77 3910.11 4066.14 3858.53

155.0414 172.05 174.2409 178.1464 167.3105 182.0577 183.5032 179.8532 177.7323 184.8245 175.3877
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Table 2.2 above shows daily system peak loads obtained from SEC’s National Control Centre. 

It is worth noting from table 2.3 above that the average system peak for October 2013 is high 

like those during winter. This is mainly due to the fact that the Royal Swaziland Sugar 

Corporation (RSSC) was not generating and was entirely dependent on SEC for all her energy 

needs, hence the distortion from the expected pattern. 

Not many transformers fail immediately due to overloading during this season, but the effects are 

seen during the summer season. 

2.5.2 Summer (November – March) 
 

Summer is associated with a high failure rate of transformers, and from table 3.2 below, 351 pole 

mounted distribution transformers were lost in 2012, whilst during the winter months, a total of 9 

distribution transformers were lost. A number of factors could contribute to the high failure rate 

of the transformers in summer. The same stresses which act on the transformers in winter or any 

other season also act on the transformers in summer. One of the most likely additional factors 

contributing to the high failure rates is the prevalence of lightning activity in the summer months. 

Factors like wind wrecking cannot be overlooked as a contributor to the failure rates of the 

transformers. Wind can affect transformers in two ways: mechanical and electrical (overcurrent) 

as discussed in section 2.5.3 below.  

2.5.3 Wind 

 Mechanical effects  
 

Wind can damage the transformer bushings and thereby reducing the voltage withstand 

capability of the bushings. The wind may be large enough to uproot the transformer structure and 

the transformer may be damaged in the process the pole falls to the ground. On 26
th

 October 

2013, there was a storm which hit all over Swaziland, and some transformer structures were 

uprooted and transformers were damaged in the process (for example, at eLangeni under 

Stonehenge depot, a 25 kVA was uprooted). Uprooting of transformer structures is attributed to 

poor workmanship, and the quality of the poles to some extent. In January 2014, 58 poles were 



26 
 

uprooted, whilst in February 2014, 87 poles were uprooted. The minimum depths of wooden 

poles used at SEC are shown in table 2.4 below. 

Table 2.4: Minimum pole depths for different distribution pole types 

Pole Type Pole Length 

(m) 

Pole Depth 

(m) 

Diameter 

    

The minimum standard 

diameter (round up 

figure) for all poles is 

30cm 

D9 9.3 1.5 

R10 10.5 1.7 

D12 12.3 1.8 

R13 13.5 2.0 

   

 

Going below these minimum requirements, the transformer structure cannot withstand the wind 

loading. 

It is therefore clear that with minimum supervision of external contractors installing distribution 

transformers, SEC is likely to experience uprooting of transformer structures, hence damaged 

transformers under windy conditions.   

In a study to identify renewable energy zones for a clean Africa energy corridor [17], wind zones 

were identified in Swaziland. Although the wind zones could not be used to harvest a significant 

amount of wind energy, the areas in which they fall are prone to strong destructive winds during 

windy days.  Figure 2.14 shows wind zones of Swaziland. 

Therefore, the mechanical strengths of poles in these areas cannot be the same as those 

throughout the country as the wind loading is different. The design of the structures is the same 

for both distribution and transmission is the same throughout the country and does not take into 

account the differences in wind loading. 

 



27 
 

 

Figure 2.11: Wind zones in Swaziland [17] 

 Overcurrent 
 

Wind has a tendency to move conductors around and adjacent phases cross phase, leading to line 

to line faults or rarely three phase faults. The phase current for a line to line fault (one phase not 

touching ground, ie  𝐼𝑎 = 0) is given by 

𝐼𝑏 = −𝐼𝑐 = 
𝑉𝑏𝑔− 𝑉𝑐𝑔

(𝑍𝐹)
  =  

2𝑉𝑏𝑔

(𝑍𝐹)
                                                                                                (2-13) 

Where 𝑉𝑏𝑔 =  −𝑉𝑐𝑔 and are phase voltages to ground, 𝑍𝐹 is the fault impedance (also used in 

equations 2-14 to 2-17).  

The above equation may vary if both lines touch and there is somewhat a path to ground. The 

phase currents are then given by the following: 

𝐼𝑏 +  𝐼𝑐  = 
𝑉𝑏𝑔

𝑍𝐹 
,                                                                                                                         (2-14)  

If the phase currents are the same for the duration of the fault, then    

  𝐼𝑏 = (𝐼𝑐)                                                                                                                                  (2-15) 
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  𝐼𝑏 = (𝐼𝑐)  =  
𝑉𝑏𝑔

(2𝑍𝐹) 
                                                                                                              (2-16) 

 

The duration of the cross phasing may be shorter than the fuse clearing time, such that the fuse is 

not able to operate for such a fault. This when combined with continual overloading is likely to 

eventually lead to the total failure of the transformer. 

Fuses are used on both the MV and LV sides of the transformer for overcurrent protection. On 

the MV, drop out fuses are usually used whilst on the LV fuses which burn (blow) internally 

without dropping out are used. Discussed in the sections below is the normal setup used in 

overcurrent protection for distribution pole mount transformers. 

Single line to ground faults are also possible as a result of wind, especially when there are trees 

which touch a phase. The phase current for the affected phase (say phase a) is given by the 

following: 

𝐼𝑎 =  
𝑉𝑎𝑔

(𝑍𝐹) 
                                                                                                                                (2-17) 

In the 11 kV distribution network, there is no grading of fuses, that is, there is just a standard 

practice of using available fuses at the stores. For instance, when there are fuses rated 30 A, then 

whether it is an 11 kV line switch (drop out) or a transformer switch (drop out) these fuses will 

be used. Take for instance a 16 kVA 11/0.4 kV single phase transformer; the rated MV current is 

1.45 A. A 5 A (smallest fuse rating available at SEC stores) rated fuse would work fine and will 

allow for inrush during switch on of the transformer. With the current arrangement, the 30 A fuse 

would never protect the transformer from most faults or extreme overloading conditions. 

The maximum fault level on the MV side of such a transformer is approximately,  

𝐼𝐹𝑀𝑉  = (
16000

11000
)/0.045 = 32.2 A,                                                                                          (2-18) 

The 0.045 used in the above equation is the impedance from the nameplate of the transformer. 

The 30 A fuse rating is almost equal to the fault level on the 11 kV of the 16 kVA single phase 

transformer. Such fuses can only operate when the maximum fault level is reached, and will not 

operate for overcurrent (less than 30 A) as a result of overloading. The delayed clearing of the 

faults may lead to the windings inside the transformer getting hotter and heating the transformer 
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oil in the process. As the heated oil expands, it needs more volume which is unavailable, and this 

would eventually cause the transformer to burst. A burst transformer would spill the oil, and 

thereby leading to environmental issues. 

2.5.4 Soil resistivity  
 

The performance of lightning protection for pole mount transformers is largely dependent on the 

footing resistance. The footing or soil resistance is in turn affected by a number of factors which 

among others include temperature and moisture content. These two factors affecting soil 

resistivity are looked at individually. 

 Moisture 
 

Seasons as considered above have a direct influence on the amount of rainfall received. For 

instance, most rain in Swaziland is received during the summer months as compared to the 

winter months. The seasonal variation of rainfall in turn affects the amount of moisture that can 

be found inside the soil at any given time. It can therefore be concluded that the soil contains a 

lot of moisture in summer as compared to winter months.  

Moisture affects the resistance of soil, as shown in the graph in figure 2.12 below. 

 

Figure 2.12: Graph of soil resistivity against moisture content for top, sandy loam, red clay soil 

[18] 
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From the graph above, it can be seen that a small percentage change in moisture content results 

in a large change in resistivity. For instance, an increase in moisture content from 3% to 5% 

results in a drop in resistivity from 1500 Ω.m to 420 Ω.m. Surge arrestors therefore operate 

optimally in summer, where the moisture content of the soil is highest. 

 Temperature 
 

Temperature in Swaziland varies largely with seasons, with the highest temperatures recorded in 

the summer months. High temperatures heat the water until it evaporates from the soil, thus 

lowering the moisture content of the soil. Temperatures also vary throughout the day, with the 

lowest temperatures experienced in the morning and highest at mid-day.  

So apart from heating the oil, high temperatures affect the resistivity of the soil and thus 

affecting the footing resistance, which in turn affects the performance of lightning protection. 

The temperature dependence of resistance for materials (soil included) is shown in equation 2.17 

below, 

𝑅𝑇 = 𝑅𝑅𝑒𝑓 * [ 1 + α (T - 𝑇𝑅𝑒𝑓)]                                                                                                (2-19) 

Where 𝑅𝑇 is the resistance at temperature T, 𝑅𝑅𝑒𝑓 is the resistance at a reference temperature and  

α is the temperature coefficient for the material investigated, that is soil in this case. 

Having looked at a number of factors which affect a field pole mounted distribution transformer, 

lightning is explored further in the next section.  

2.6 Lightning effects on transformers 
 

As noted that the higher failure rate of SEC’s pole mounted distribution transformers is in 

summer, lightning is one factor that plays a part in the transformer failures. Unlike winding 

failure due to overloading, transformer winding failures due to lightning are obvious as can be 

observed in the extent of the damage on the windings. Shown below in figure 2.13 are windings 

damaged by lightning. 
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Fig 2.13: Transformer windings damaged by lightning 

Lightning effects on damaged transformers are also evident in swollen transformers. The 

swelling is as a result of the expanding oil due to the heat generated internally as the winding is 

melted. Shown in figure 2.14 below is a transformer that was struck by lightning at Sithobela on 

17
th

 November 2013 (there were thundershowers on this day). 

 

Fig 2.14: Swollen transformer 

It is therefore worth looking into the physics of lightning before protective measures against it 

are considered. 

2.6.1 Lightning prevalence in Swaziland 
According to the National Electrical Engineering Research Institute [19], Swaziland is a severe 

lightning area with lightning ground flash density, 𝑁𝑔, of more than 9/𝑘𝑚2/year. The number of 
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lightning strokes is four per flash and each stroke has 48 component strokes [20]. Of the 48 

strokes, [20] observed that only 14 were proper strokes, with the time interval between strokes 

being 40-50 ms.  The small interval in between the strokes will not give a surge arrestor time to 

cool down in readiness for the next stroke as is the case when it s tested. 

Figure 2.15 below also confirms that the entire of Swaziland is a severe lightning area. 

 

 

Figure 2.15: Isokeraunic Map of South Africa [21] 

 

A lightning stroke consists of a leader and a return stroke. The initial downward discharge also 

called a leader can be viewed as a conductor from the cloud progressing towards the earth 

bringing a negative charge. Now, as the leader approaches the ground, a strong electric field is 

established between the tip and the positive charge induced in the ground [20]. The increased 

ionization coefficient [9], hence electric field, at the tip of the leader results in a streamer 

(avalanches), which establishes continuity between the earth and the ground. 

When lightning strikes the earth, one would expect that the dissipation of the current will be 

downwards into the ground from the point of incidence, however, the current movement can also 
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be horizontal especially when there is a rock underneath [20]. The Bruce-Golde curve shows that 

the return stroke current rises steeply to its peak value in less than 10 µs and thereafter it decays 

slowly, and [20] identifies the connecting relationship between the current and time with 

equation 2-18 and its graphical representation is shown in figure 2.16. 

𝑖.= 𝑖0 (𝑒−𝛼𝑡- 𝑒−𝛽𝑡)                                                                                                                    (2-20) 
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Fig 2.16: Graph of stroke current against time [20] 

If the current from a lightning stroke can be horizontal as well, then transformers at a distance 

from the point of strike can be affected. The lightning can enter through the earth lead which is 

earthed through earth spikes in the ground. The role of the shield wire in lightning protection is 

discussed below. 

2.6.2 Shield wire 
 

One of the reasons that affect the lightning performance of networks at different voltage levels is 

the type of lightning protection methods used. For instance, the 11 kV distribution power lines 

have no shield wire, which the 66 kV network and upwards have. For 33 and 11 kV lines, 

induced voltages are prevalent, so shielding earth wires are of little value in preventing lightning 

incidents especially when wooden structures are used [23]. The economic benefits of installing 

shield wires would therefore not be realized. The role of the shield wire is explained below. 

Shield wires are used to intercept the leader of the lightning, and thereby preventing the lightning 

from striking the phase conductors. As the leader approaches the earth and reaches a certain 

distance, called the striking distance, flashover takes place to the closest object [9]. If the correct 

shielding angle is used, the vulnerable area where the leader would strike the phase conductor 
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instead of the overhead earth is greatly minimized. This therefore implies that in most instances, 

the closest object to be struck is the overhead shield wire which is earthed at multiple points. 

The striking distance as approximated in [9], is given by 

𝑅𝐴 = 0.84 𝐼 0.74 ℎ 0.6                                                                                                                (2-21) 

where I is the stroke current and h is the structure height. The height of the structure affects the 

shielding angle. 

Other than the benefits of having an earth shielding wire, the wind load that has to be withstood 

by the structure is increased [24]. The height of the structure is increased as the presence of the 

earth wire is factored into the designs. 

In order for the benefits of the shield wire to be recognized, the earthing of the shield wires has 

to be within tolerance limits, and that means a footing resistance of less than 10 Ω according to 

SEC standards [25] and the basic insulation level has to be low as stated in section 2.6.6.  If this 

is not the case, flashover is likely to take place. Consider figure 2.17 below: 

 

Figure 2.17: Flashover due to high footing resistance 

The current i, in figure 2.17 is approximated by [19] to be between 15 and 20 kA, which is about 

half of the stroke current, which could be between 30 and 40 kA. The current i, is affected by the 

basic insulation level of the line [19]. 
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2.6.3 Earthing of the 11 kV network 
 

Most of the 11 kV lines are operated as fully insulated, and this was the case with all of the lines 

until 2010. Earthing, though not properly done (as shown in Table 2.7), was only concentrated at 

the transformer structures. The reason for the poor earthing was that the contractors made 

earthing to be standard at all sites, yet it should be site specific. The effects of earthing only at 

the transformer structures are highlighted below. 

 Low currents at transformer structures compared to other unearthed wooden structures 

[19] 

 Since no shielding is done on the 11 kV network, insulation levels were in the MV range. 

This caused high stress on terminal equipment, like transformers, where surge arrestors 

were installed and earthing done. Consider a direct strike between two 11 kV structures 

shown in figure 2.18 below: 

 

Figure 2.18: A direct lightning strike on the 11 kV line 

If an overhead power line is struck by lightning, two travelling waves in two directions result [9]. 

The two voltages have a peak value of  

𝑣𝑝 = 
1

2
 𝑖 𝑍𝑐                                                                                                        (2-22) 

Where 𝑍𝑐 is the characteristic impedance of the line conductor. The characteristic impedance can 

be calculated from the conductor electrical properties as follows 

𝑍𝑐 = √
𝐿

𝐶
                                                                                                             (2-23) 
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The peak voltages are obtained from the tower travelling wave equation, which [26] pointed out 

that it is hard to solve using hand calculations. The compact form of the travelling wave equation 

is 

V(t) = 𝑍𝑖 i(t) - 𝑍𝑤 ∑ {𝑖(𝑡 − 2𝑛𝜏𝑇)𝛹𝑛−1}𝑁
𝑛=1                                                      (2-24) 

Where 𝑍𝑖 is the combined impedance of the shield wires and the footing resistance.  

𝑍𝑤 is the wave impedance  

𝜏𝑇 is the travel time which is established by the velocity of light. It is assumed to be a constant 

value and varies with the height of pole structure. It basically represents the travel time in µs 

from tower top to base divided by 300. 

𝑖(𝑡 − 2𝑛𝜏𝑇) is the stroke current that entered the system at a previous time. n is an integer 

from 1 to N and represents the wave number. 

Ψ is the damping constant to reduce the contribution of reflections up and down the earthed 

structure. If the 11 kV network is fully insulated, then the oscillations would take place at the 

transformer structures. 

The travelling wave voltage may be so high (in the MV range) that immediately the air between 

the conductor and earth breaks down, resulting in an earth fault [9].  If this does not happen, then 

this wave would propagate at terminate at the transformer structure which is earthed and has 

some surge arrestors. 

2.6.4 Winding resonance 

Sometimes a transformer may have some surge arrestors, but still some lightning surges may 

pass through the transformer and stress its windings in the process. The windings have some 

natural frequency characteristic which can create some resonance with the lightning surge 

waveform [27]. The above mentioned condition would lead to the generation of resonance over-

voltages. Though surge arrestors functioning correctly and correctly installed, transformers may 

fail due to these internal over-voltages due to the resonance conditions of the windings. To 

protect against internal over-voltages due to resonance conditions, the installation of a surge 

arrestor in the tap winding of the protected transformer is suggested [27]. This approach 

however, may not be practical to the pole mounted distribution transformers in the SEC network, 

due to the compact size of such transformers. 



37 
 

2.6.5 Lightning protection of the 11 kV network 

A number of initiatives have been taken by the Swaziland Electricity Company to address the 

issue of lightning. One of them is the installation of down-wires on intermediate structures. This 

has been aimed at reducing the basic insulation level of the line to between 200 and 300 kV. As 

previously pointed out that the lightning current experienced by a structure is dependent on the 

line basic insulation level [19], the installation of the down-wires will therefore lower insulation 

values significantly from the MV range.  

 

Figure 2.19: BIL down wire at pole near Nisela Safaris 

2.6.6 Geographic location effects 

Swaziland is divided into four geographic locations namely: Highveld, Middleveld, Lowveld and 

Lubombo. The distribution depots are distributed over the geographic regions of the country, and 

service areas closer to them. The Highveld is mountainous and receives the most annual rainfall, 

whilst the Lowveld is relatively flat with the least annual rainfall. The Middleveld and Lubombo 

receive average amount of rainfall. The Middleveld has some mountains, but not like the 

Highveld, whilst the Lubombo is just a Plateau separating Swaziland and Mozambique. The 

Lubombo Plateau has geographic conditions similar to those of the Middleveld. Shown in table 

2.5 below are the heights above sea level and mean annual rainfall. 
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Table 2.5: Altitude and annual rainfall in Swaziland 

Geographic Region Mean annual rainfall (mm) Altitude (m) 

Highveld 1100 – 1400 1050 – 1400 

Middleveld 800 – 1100 400 – 1000 

Lowveld 600 – 800 150 - 400 

Lubombo 800 - 1100 400 - 777 

The Highveld has the highest total number of transformer failures due to the high number of 

depots and customer density, hence a high number of installed distribution transformers. 

Stonehenge, Malkerns, Manzini and Nhlangano depots usually have more transformers failing 

during thunderstorms as can be seen in table 3.4. 

Swaziland has a subtropical climate, and most rainfall is received between October and March 

[28]. The rains in summer are received through thunderstorms, and it is not uncommon for the 

Highveld alone to receive rainfall without the other regions receiving a drop. Therefore, the 

Highveld receives most lightning compared to the other geographic regions. The repeated 

exposure to lightning strikes increases the risk of failure for the transformers in this geographic 

region. 

It seems as if the high areas in terms of height above sea level receive a lot of lightning. The 

performance of insulators at these heights above sea level is explored in the next section. 

 Altitude and insulator performance 

The most common point of failure of transformers in summer was the bushings/insulators, either 

of the LV or MV side of the distribution transformer. Effects of altitude on insulator performance 

are therefore explored. Mercure [29], observed that insulators behave differently at altitudes of at 

least 1 km above sea level, and attributes this mainly to changes in pressure. He further observed 

that insulators exhibit pressure dependence at altitudes of below 4 km, and suggests the factoring 

in of a derating factor of 6% per km to account for the changes in pressure due to altitude effects. 

Atmospheric pressure is not the only factor affecting critical flashover voltage, but also 

atmospheric conditions such humidity, temperature, precipitation and contamination/pollution 
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[29]. These factors have compounding negative effects whose repeated exposure leads to 

reduced insulator withstand capability, and eventually lead to total failure of the insulator. The 

mentioned factors should therefore be included in the calculation of critical flashover voltage as 

means of voltage correction of the sea level flashover voltage. 

2.7 Geomagnetically induced currents 

2.7.1 Introduction 

The existence of geomagnetically induced currents is not a new phenomenon as their existence 

especially in the northern latitudes has been known for quite some time. It had been thought that 

GICs were a problem in these areas, yet [30] noted that GICs did have an impact on mid latitude 

regions. For instance at Tsumeb geomagnetic station located (17.4 ᵒE, 19.2 ᵒS), it was estimated 

that GIC as high as 17 A, could exist in the Namibian transmission network during severe 

magnetic storm. In the ESKOM network, GICs were measured at two transformer locations in 

1998, at Grassridge (25.6 ᵒE, 33.7 ᵒS) and at Hydra (24.09 ᵒE, 30.71 ᵒS) [30]. The SEC network 

is therefore prone to GICs, although calculations on the SEC network could be challenging 

because available geomagnetic data is from distant locations. 

2.7.2 Geomagnetic storms 

Geomagnetic storms are initiated by some activity in the sun, and one of the observable 

occurrences associated with magnetic fields is sunspots. Sunspots are areas on the sun with lower 

temperatures than the surrounding areas and they appear as dark spots on the sun [30]. These 

sunspots are a source of solar flares and coronal mass ejections (CMEs) due to the strong 

magnetic field associated with the sunspots. The CMEs are responsible for the magnetic storms, 

and the larger the ejections, hence the magnetic storms, the larger the induced currents on the 

surface of the earth.  

In table 2.6 below, are dates when there were magnetic disturbances/coronal mass ejections and 

as a result geomagnetic storms, as obtained from solar cycle 24 and the space weather forecast. 

Geomagnetic storms occur regularly, but not all reach the minor storm level, otherwise only 

those reaching at least the minimum are of importance.  
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Table 2.6: CME over three years 2011-2013 [44] 

YEAR Geomagnetic Storm  YEAR Geomagnetic storm 

2011, Feb 15 Minor  2012, Jan 23 Minor 

2011, March 9 Moderate  2012, March 5 Moderate 

2011, Aug 3 Severe  2012, March 7 Strong 

2011, Aug 4 Severe  2012, March 9 Moderate 

2011, Sept 6 Strong  2012, March 13 Moderate 

2011, Sept 7 Minor  2012, July 6 Minor 

2011, Sept 8 Minor  2012, July 12 Moderate 

2011, Sept 25 Minor  2013, May 15 Minor 

The sunspot activity is periodical and the average cycle is 11years [32], and may be viewed as 

the time between consecutive minimums/maximums. The magnetic field of the sun changes with 

the solar activity cycle [30]. 

2.7.3 Ionospheric currents 

Not all released CMEs and other particles into the interplanetary space reach the earth, but those 

that manage to reach the earth, collide with the earth’s magnetic sphere leading to ionospheric 

currents [32]. The ionosphere according to [30] is the lower layer/boundary of the earth’s 

magnetosphere which envelops the earth’s magnetic field. The changing ionospheric field 

induces a current on the earth’s surface that is low varying, with a frequency of about 1 Hz [32]. 

For a network operating at 50 Hz, this current can be seen as a quasi-dc current [30]. 

Faraday’s Law can be used to better explain how this current is induced from the changing 

ionospheric field, B. 

∇ x E = - 
𝒅 𝐁

𝒅 𝒕
                                                                                             (2-25) 

According to Ohm’s law, current density is proportional to the force per unit charge, so  
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J = σ (E + v x B)                                                                                                                      (2-26) 

and on the surface of the earth, the magnetic force is much smaller than the electric force, so  

J = σ E                                                                                                                                     (2-27) 

Therefore, 

∇ x J = - σ 𝒅 𝐁
𝒅 𝒕

                                                                                          (2-28) 

The effects of the induced currents on the network are looked at in the section below. 

2.7.4 Effects of GICs on the power network 

Induced voltages as a result of the GICs are between 1 and 6 V/km [32], therefore on the 11 kV 

network; the effects of GICs cannot be immediately realized. The longest 11 kV line is less than 

70km, which is a fairly short distance.  

However, the presence of GICs has an influence on transformers as well as other components of 

the transmission network. As far as transformers are concerned, GICs can enter the transformer 

through the neutral which is grounded and produce an extra magnetic flux [30]. This extra 

magnetic flux as a result of the presence of dc current drives the transformer into half cycle 

saturation [32]. This is because for normal ac flux operation, transformers operate near the knee 

point in the linear region. The graphs in figures 2.20 and 2.21 below are used to better explain 

the concept of half cycle saturation [32]. Under normal conditions, that is figure 2.20, there is no 

dc component in the exciting current, and therefore there is no extra magnetic flux produced. 

 

Figure 2.20: Flux against current for normal operation [32]     
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When there are GICs, the extra flux produced is increased due to the increase in dc component of 

the exciting current, thereby driving the transformer into half cycle saturation mentioned above. 

This is shown in figure 2.21 below. 

 

Figure 2.21: Half cycle saturation in presence of GIC which offsets the flux [32] 

When the half cycle saturation happens inside the transformer, there is increased heating 

internally; tank, windings and oil. The combined heating effects act on the insulation, thereby 

reducing the lifespan of the transformer. The heating of the tank is caused by the fact that upon 

saturation, the core reluctance is increased and no longer is the path of least reluctance, so the 

flux will leak to the tanks as well, hence the heating. 

A transformer that is drawn into half cycle saturation due to the presence of GICs, draws 

harmonics [32]. The effects of the harmonics were previously discussed. 

It therefore has been gathered through literature that GICs are more likely to affect the 

transmission network than the distribution network. There was further no link between the dates 

of the geomagnetic storms (minor, moderate and severe) and the transformer failures.  

The protection against lightning is further explored through a closer look at the currently used 

protection equipment. The major one is surge arrestors, and they are discussed in the next section 

below. 

2.8 Metal oxide (ZnO) varistor 
 

Metal oxide varistors, commonly known as MOV have been implemented in SEC’s transmission 

network and they seem to be effective when it comes to lightning protection. During a 
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thunderstorm, the faults on the transmission network are usually much smaller than those on the 

distribution network. Ever since the installation of these MOV units after a study by Mswane 

[33], lightning related damages in the transmission network were reduced, and as a result, the use 

of MOVs has been translated to the distribution network, that is, the 11 kV network. Without the 

surge arrestors, in the event of a lightning surge, the voltage seen by the windings may exceed 

the insulation strength of the insulation, resulting in a flashover [33], hence transformer failure. 

Surge arrestors divert this surge to the ground, avoiding flashovers in the process. There have 

been some improvements in the reduction of transformer failures over the years due to the use of 

arrestors on the MV side, but the levels are not so low enough. 

Metal oxide varistors exhibit non-linear voltage-current characteristic; they have a high 

impedance (behaves as an open circuit) at low voltages/normal system operation, and a low 

impedance at high voltages associated with lightning over-voltages. Once the clamping voltage 

is exceeded, the arrestor behaves like a short circuit, thus protecting the equipment it is 

connected across. The non-linearity makes MOVs suitable for voltage regulation [35]. The V-I 

graph is shown in figure 2.22 below. 
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Figure 2.22: V-I characteristics of an MOV [33] 

MOVs can handle large surge currents associated with lightning, and can further switch at very 

high speeds [35], which is necessary for repetitive lightning strikes. The curve shown in figure 

2.22, can be expressed as follows: 

I = 𝐾𝑉𝛼                                                                                                                                    (2-29) 
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Where K is a constant, and α represents a steady state dissipation and varies between 25 and 50 

[35]. The higher the α value, the lower the steady state dissipation for the MOV, and the contrary 

is true for low α values. 

The installation of these units is an ongoing exercise for SEC depots and it is through the 

installation of COMBI units. COMBI units are a parallel combination of fuses and surge 

arrestors. The COMBI units are a modified version of the configuration that was previously used, 

which was not so effective economically and technically. The previous arrangement is shown in 

figure 2.23 below: 

 

Figure 2.23: Previous arrangement of fuse and MOV 

The drawbacks of the above arrangement were realized in nuisance fuse blows due to the large 

series currents flowing through it before entering the arrestor. Further, if the lightning arrestors 

needed to be changed, an outage was needed. Fuse replacement after storms was a costly 

exercise with this arrangement. 

Based on the foregoing reasons/observations, COMBI units were installed and shown in figure 

2.24 below is the arrangement; 

 

Figure 2.24: COMBI unit arrangement 
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The above arrangement minimizes nuisance fuse trips [36] and protects the fuse at the same time. 

The arrangement shown in figure 2.24, works well with a system that has been effectively 

earthed. Soil resistivity in Swaziland is generally higher, especially on the western side of the 

country [33]. It was discovered that most parts of Swaziland have a geology that is mostly 

granite [37], which has a high electrical resistance leading to higher footing resistances. A 

number of methods have been adopted by SEC to reduce earth resistance values to desired 

values. Minimum allowed values can be summed up as follows: clay 10 Ω, sand 40 Ω and stone 

80 Ω. In addition to the methods that could be used for effective earthing, the use of conductive 

cement is necessary to further bring down the resistance values to less than 10 Ω, especially sand 

and stone. Though the earthing guidelines are in place, high earthing values are common on 

transformer structures, hence even with the available lightning protection schemes for pole 

mounted transformers, they may not be so effective. A sample of 16 kVA transformers was 

surveyed at Stonehenge depot in August 2013, and earthing values noted (on the MV side where 

there are lightning arrestors), and shown in table 2.7 were the findings. The expected footing 

resistance was 10 Ω. 

From both arrangements, it can be seen that the MOV is placed on the primary side of the 

transformer. Despite the arrangement shown in figure 2.23, the failure rates have not been 

reduced to satisfactory levels. 

2.8.1 Failure of primary surge arrestors 
 

Surge arrestors have energy absorption capabilities which increase with an increase in current 

levels and the failures of the surge arrestors are proportional to increasing current levels [38]. 

The energy absorbed must be dissipated, and the arrestor should be able to recover its thermal 

properties without being physically damaged. Now, as the energy through the arrestor increases, 

the absorbed energy may exceed the energy absorption rating, and thus lead to the total failure of 

the arrestor. 

With the ongoing exercise on the 11 kV network to install down-wires in order to reduce the BIL 

to about 200kV, these insulation levels are still high. The pole mounted distribution transformers 

according to [2] are designed for a BIL of 95kV at 11 kV. Further, the arrestors that are in use 

were chosen based on a BIL of 95kV. The arrestors as a result of the high BIL absorb more 

energy than they were designed for, and this leads to their failure. 
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Table 2.7: Randomly selected transformers at Stonehenge depot and their earthing values  

Structure number Earth resistance (MV side) value in Ohms 

M1840 140 

M1842 280 

M1839 20 

M1496 320 

M1837 240 

M1838 440 

M1377 400 

M1455 20 

M1819 140 

M1822 340 

M1760 360 

M1761 460 

M1494 240 

M1519 520 

M2045 40 

M1627 200 

M918 40 

M167 600 

M174 60 

M884 180 

M1191 60 

M754 800 

M1199 160 

M791 120 

M1235 260 

M1237 880 

M1236 440 

M273 140 

M885 60 

M885 60 

M1510 80 

 

In some areas, the installation of the down-wires has not been completed, hence more arrestors 

can be expected to fail in such places. 
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Apart from the high BIL on the 11 kV network, the surge arrestors are exposed to multiple 

lightning strokes. In fact, a single flash does not produce one stroke, rather multiple strokes, 

hence multiple surges. In the laboratory tests by [39], which included; residual voltage test, high 

current withstand test, long duration current withstand, and duty cycle tests, the arrestor was 

allowed to cool back to ambient temperature between the test impulses. In the field, due to the 

nature of lightning, the surge arrestor may experience repeated lightning strikes which may not 

allow it to cool to ambient temperature. When the arrestor has not cooled, there are some 

changes in its characteristics, which may make it not to behave as expected according to its 

specifications or design. 

When determining the surge arrestor specification, strokes of very high energy are not 

considered as they may never occur, and may lead to choosing a surge arrestor with a high 

withstand capacity which is above the BIL as shown in figure 2.25 below; 

 

Figure 2.25: Volt-time curve for surge arrestor and protected device [9] 

The device which is to be protected is exposed to the over-voltage before the surge arrestor acts. 

Therefore, the device which ought to be protected is never protected against overvoltages  

The above stated points may therefore be some of the reasons why the 11 kV transformer surge 

arrestors fail. 

Gapless ZnO surge arrestors: The surge arrestors mentioned above are gapless ZnO and such 

arrestors overcame the shortcomings of the conventional surge arrestors. However, the absence 

of the gaps means that the system voltage into which the arrestor is connected appears 

continuously across the ZnO element, and this gradually degrades it [40]. When a high energy 

surge passes through the arrestor, the ZnO elements’ temperature rises, so does the Watt loss 

increase due to the continually applied voltage across the terminals [40]. As the Watt loss 
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increases, it may increase to levels that the arrestor becomes thermally unstable, and once this 

condition results, a thermal runaway may result. 

The voltage constantly appearing across the arrestor terminals results in a small leakage current 

given in [40] by, 

𝐼𝐶 = 𝐼𝐶𝑜 𝑒
𝐸𝑎−𝑓(𝑉)

𝑘𝑇                                                                                                    (2-30) 

Where Ea is the activation energy for chemical reaction, 

V the voltage applied to ZnO boundary layer 

k Boltzmann’s constant, and  

T absolute temperature 

 

When such a current which is dependent on the applied voltage and temperature flows, the 

physio-chemical structure at the boundary of the ZnO and the intergranular  material degrades 

[40]. These are therefore some of the drawbacks of the gapless ZnO surge arrestors apart from 

the advantages they offer. 

In Swaziland, surge arrestors are only installed on the MV and HV networks, and they are not 

used on the LV networks. The section below explores the use of surge arrestors on the LV 

networks, particularly on the neutral. 

2.8.2 Secondary surge arrestors 
 

As highlighted above, despite the installation of primary surge arrestors, pole mounted 

distribution transformers continue to be damaged by lightning strikes. In some feeders, 

maintenance is done during the winter season, and arrestors checked and replaced if need be, but 

still the failure rates are not dropping to acceptable levels. 

Pole mounted distribution transformers are often damaged by surge currents which enter through 

the unprotected secondary (LV windings) side [34]. The current surges on the LV side are non-

destructive, but may induce destructive over-voltages on the primary side [34]. The 16 kVA 

transformers have the secondary windings thicker in cross sectional area than the primary 

windings due to the high LV currents. 

It can therefore be said that the use of primary arrestors on their own does not protect the 

transformer from lightning surges, as they can enter through the secondary windings and then be 
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induced into the primary windings. Lightning may enter the transformer LV through direct 

strikes [34], or through a primary strike which has some surge diverted to the neutral of the 

secondary which is connected to ground. See figure 2.26 below: 

 

Figure 2.26: Points on a transformer where primary surge can also enter the secondary winding. 

This can also be shown electrically through figure 2.27, below. 

 

Figure 2.27: Electrical representation of figure 2.26. 
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If a surge i1 as a result of a lightning strike flows in the primary, then i2 flows in the secondary 

of the transformer and i3 is diverted to ground.  

𝑉𝑔 = i3* 𝑅𝑓                                                                                                                                (2-31) 

𝑉𝑛 = 𝑉𝑔 + i2* 𝑅𝑛𝑠                                                                                                                      (2-32) 

𝑉𝑝 = 𝑉𝑔 + i1* 𝑅𝑆𝐴                                                                                                                      (2-33) 

where  𝑅𝑛𝑠 is the LV neutral secondary resistance,  𝑅𝑆𝐴 is the surge arrestor resistance,  𝑅𝑓 is the 

footing resistance. 

Since lightning surges are generally in kA, and if the footing resistance is also high, then 𝑉𝑛 and 

𝑉𝑝 become high. If these voltages rise to values which are higher than the BIL of the primary and 

secondary voltage as a result of the high footing resistance, the primary surge arrestor and the 

LV neutral bushing may be damaged. Even if i2 is not high enough to lead to high values of 𝑉𝑛 to 

exceed the BIL of the LV neutral bushing, its transformed value through the transformer turns 

ratio may lead to destructive overvoltages on the primary of the transformer leading to the 

damage of primary surge arrestors. If the primary surge arrestor is damaged, then the transformer 

is unprotected from lightning strikes. The induced voltage (𝑉𝑖𝑛𝑑𝑢𝑐𝑒𝑑) in the primary as a result of 

the diverted surges is calculated in equation 2-34 below. 

𝑉𝑖𝑛𝑑𝑢𝑐𝑒𝑑 = 
𝑉𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝑉𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
 * 𝑉𝑛                                                                                                         (2-34) 

where  𝑉𝑝𝑟𝑖𝑚𝑎𝑟𝑦 is the primary side voltage, 𝑉𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 is the secondary voltage and 𝑉𝑛 is shown 

in figure 6.3. 

Therefore, connecting the LV neutral to the earth stud on the secondary of the pole mount 

transformer led to the damage of many pole mounted transformers due to diverted surges and 

induced overvoltages. The neutral on the secondary of the transformer was then earthed on the 

next structure so that the LV earth is a separate earth from the transformer tank earth to eliminate 

the issue of diverted surges and induced overvoltages 

From the above information, it can be noted that the absence of LV surge arrestors has a 

contribution in the failure of transformers and is probably the main culprit as there are primary 

surge arrestors as far as lightning protection is concerned. 

The majority of the pole mounted distribution transformers are manufactured according to 

ESKOM standards and 4.3.2 of [2] states the following,”The design shall take into account that 

Eskom will mount a neutral surge arrestor on the secondary earth terminal.” In figure 2.28 

below is how the LV arrestor should be connected. 
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Figure 2.28: Connection of an LV surge arrestor in a 16 kVA transformer 

Although the installation of the surge arrestors on the LV is to be done on the transformer 

structure, the surge arrestors on the LV will be installed at the following structure and the 

reasons are given below. 

 Not every lightning strike results in the failure of the LV neutral bushing through overvoltage 
during a flashover caused by a lightning strike in the case of separate earths. The problem 
with a common primary and secondary earth was the issue of diverted surges when there was 
a primary side strike. The diverted surge may not be large enough to trigger the operation of 
the surge arrestor on the secondary (for common earth), but the transformed value of this 
diverted surge through the turns ratio may result in destructive overvoltages on the primary 
and thus leading to failure of the transformer windings. 

 In case of failure of the LV surge arrestor; there will still be some sort of protection from 
lightning (particularly diverted surges) on the secondary of the distribution pole mounted 
transformer through the separate earths. 

 The life span of a surge arrestor is measured by the energy absorption in Joules rather than 
years. The repeated operations reduce the energy absorption capabilities. Therefore, earthing 
at the following structure minimizes operations of the surge arrestor as a result of diverted 
surges, and thereby prolonging the lifespan of the surge arrestor. 

 

Having determined the operational environment for open field transformers, the reliability of the 

distribution network is presented in the next chapter. The main focus however is transformer 

reliability and its impact on the overall distribution network reliability. 
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Chapter 3 

DISTRIBUTION NETWORK RELIABILITY 

 

Distribution networks are an important part of the power system just like the transmission 

network and generation. It provides an interface between the power system and the customers 

who form the load points. Distribution networks consist largely of radial networks which are 

susceptible to outages more often as a result of a single event on the network [3], thus 

interrupting power supply to customers. The distribution network consists of line 

sections/conductors, transformers, breakers, fuses, isolators, to mention but a few. The 

mentioned components are prone to failure and may need to be replaced or maintained to 

prolong their useful life [4]. The equipment therefore is either up and running, also known as 

time to failure (TTF) or down in an unusable state. The down time is also known as time to 

replace or repair (TTR) [4]. Both these times can be obtained from historical data, and the stated 

up and down times are summarized in figure 3.1. 

 

Figure 3.1: Operating and repair history for equipment [4] 

As pointed out above, the change from the equipment up state to down state may be as a result of 

a breakdown or scheduled maintenance. 

To evaluate network performance, in terms of past performance and future performance, 

reliability assessment studies can be carried out. Indices for the system or at the load points are 

used to give an idea of the performance of the network. The indices that are used in reliability 

studies are; System Average Interruption Duration Index (SAIDI), System Average Interruption 

Frequency Index (SAIFI) and Customer Average Interruption Duration Index (CAIDI). The 

formulas for calculating the indices are as follows: 
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SAIFI = 
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑠𝑒𝑟𝑣𝑒𝑑
 = 

∑ 𝜆𝑖𝑁𝑖

∑ 𝑁𝑖
                                       (3-1) 

Where 𝜆𝑖 is the failure rate and 𝑁𝑖 is the number of customers at load point i. 

SAIDI = 
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑠𝑒𝑟𝑣𝑒𝑑
 = 

∑ 𝑈𝑖𝑁𝑖

∑ 𝑁𝑖
                                      (3-2) 

Where 𝑈𝑖 is the annual outage time and 𝑁𝑖 is the number of customers at load point i. 

CAIDI = 
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛
 = 

∑ 𝑈𝑖𝑁𝑖

∑ 𝑁𝑖𝜆𝑖
                                      (3-3) 

Where 𝜆𝑖 is the failure rate, 𝑈𝑖 is the annual outage time and 𝑁𝑖 is the number of customers at 

load point i. 

The reliability assessment studies are useful in the planning of the distribution network to 

improve reliability. With the introduction of the Swaziland Energy Regulatory Authority, the 

Swaziland Electricity Company is now forced to comply with statutory requirements in terms of 

service delivery and power quality.  

In the distribution network, it was discovered that transformers are one of the components with a 

high failure rate and longest replacement time. As presented in the preceding chapter that 

lightning has a huge impact on the performance of the power network in general, the effects 

however, are more prevalent in the distribution network. The effects of lightning on the 11 kV 

network are discussed below. 

3.1 Effects of lightning on the 11 kV network 
 

The 11 kV network for the Swaziland Electricity Company consists mainly of wooden pole 

structures and overhead lines and the associated equipment. The number of faults in the entire 

network is mainly concentrated on the 11 kV network and consequently the 230 V network. 

The transmission voltages are 400 kV, 132 kV and 66 kV, with majority being the 66 kV. On the 

thunderstorm of the 20
th

 November 2013 which lasted for about an hour (1250 – 1345 hours), 1.5 

hours after the storm, the fault statistics are shown in table 3.1: 
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Table 3.1: Recorded faults at different voltage levels after storm of 20
th

 November 2013 

Voltage Level (kV) Number of faults 

400 0 

132 0 

66 4 

11 and 0.4 295 

 

Table 3.2: Distribution transformer failure statistics and weather  

DATE WEATHER FAILED TRANSFORMERS 

22 Nov 2013 Thunderstorm, windy 9x16 kVA, 1x50kVA, 1x100 kVA 

24 Nov 2013 Thunderstorm 3x16 kVA 

26 Nov 2013 Thunderstorm 1x16 kVA, 1x100 kVA 

30 Nov 2013 Lightning, windy, hailstones 9x16 kVA, 1x50 kVA, 1x100 kVA 

3 Dec 2013 Thunderstorm 3x16 kVA 

5 Dec 2013 Thunderstorm 2x16 kVA, 2x50 kVA 

7 Dec 2013 Clear weather 1x16 kVA 

8 Dec 2013 Clear weather 2x16 kVA 

11 Dec 2013 Minor thunderstorm none 

13 Dec 2013 Mild thunderstorm 5x16 kVA 

14 Dec 2013 Thunderstorm 3x16 kVA 

15 Dec 2013 Thunderstorm 2x16 kVA, 1x50 kVA 

16 Dec 2013 Thunderstorm 5x16 kVA, 1x25 kVA 

18 Dec 2013 Clear sunny weather 1x16 kVA 

26 Dec 2013 Thunderstorm none 

27 Dec 2013 Light storm 1x200 kVA 

29 Dec 2013 Light storm 1x16 kVA 

14,17,18 Jan 2014 Clear, sunny 1x16 kVA,1x50 kVA,1x100 kVA 

25 Jan 2014 Light Thundershower 3x16 kVA,2x50 kVA 

26 Jan 2014 thunderstorm 3x16 kVA,2x50 kVA 

31 Jan 2014 Light thundershowers 1x16 kVA,1x200 kVA 

5 Feb 2014 thunderstorm 1x16 kVA,1x50 kVA,1x200 kVA 

11,13,18 Feb 2014 Clear sunny 1x100 kVA,2x16 kVA,1x16 kVA 

20 Feb 2014 thunderstorm 1x50 kVA 
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From table 3.1 above, it seems as if outages due to lightning activity increase with decreasing 

voltage levels. One of the main reasons apart from immunity with increasing voltage; is that 

capital investment is higher for equipment rated for high voltages than that at low voltage, hence 

the need for improved protection at low voltages despite the lower investment cost compared to 

the transmission network. 

Table 3.2 shows the impacts of lightning on pole mounted distribution transformers starting from 

November 2013 to February 2014. The weather conditions were recorded as well as the number 

of distribution transformers that failed during those weather conditions. This was done to 

determine if there was any link between the distribution transformers’ failure and the weather 

patterns. Weather patterns are influenced by seasons, so the performance of the distribution 

network is largely affected by seasons. 

3.2 Seasonal performance of the distribution network 
 

 Effects of seasons on transformers were discussed in section 2.5. Table 3.3 shows the monthly 

statistics over a period of four years and figure 3.2 shows a seasonal distribution of the failures 

due to lightning during the different times of the day. 

Figure 3.2:Transformer failures as a result of lightning activity for the different seasons each day. 

3.3 Geographic influence on transformer performance 
 

Geographic locations have an impact on the amount of rainfall, hence thundershowers, received 

by a certain area. Depots are grouped according to geographic location for ease of administration 

purposes. Table 3.4 presents the distribution of transformer failures per geographic region for 

SEC’s financial year 2012/2013. 
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Table 3.3: Transformer failures in the SEC distribution network 2012-2015 

MONTH 2012 2013 2014 2015 TOTAL 

January 76 138 52 41 307 

February 128 181 44 29 382 

March 72 175 49 23 319 

April 16 56 14 19 105 

May 5 43 8 16 72 

June 4 23 5 8 40 

July 2 11 4 9 26 

August 3 45 7 16 71 

September 30 18 17 18 83 

October 23 66 18 38 145 

November 24 113 25 20 182 

December 51 102 37 33 223 

TOTAL 434 971 280 270 1955 

 

 

Table 3.4: Transformer failures per geographic region for financial year 2012/2013 

 Highveld Middleveld Lowveld Lubombo 

 Nhlangano = 165 Malkerns = 196 Mhlume =115 Siteki = 98 

 Piggs Peak = 99 Manzini = 185 Big Bend =158  

 Stonehenge = 200 Matsapha = 50   

 Hluthi = 114    

Total failed 578 431 273 98 

Total 

Installed 

6250 7325 2050 1125 

% failure 9.2 5.9 13.3 8.7 
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3. 4 Wind effects on network performance 
 
Wind has an effect on the performance of the distribution network as it uproots some structures, 
breaks conductors and destroys transformer structures. Table 3.5 shows the contribution of wind 
to transformer failures in 2014, but figure 3.3 gives a summary of the failures due to wind over a 
period of four years for different seasons and time of day [48]. 

 

Figure 3.3: Transformer failures as a result of wind during the different seasons from 2012-2015 

 
Table 3.5: Wind effects on distribution network 

Portion of line/area Falls inside wind zone 
(y/n) 

No of damaged poles 

January 2014   
Countrywide  Majority in wind zones 58poles, 7x16 kVA 

transformers 
   
February 2014   
countrywide Majority in wind zones 67 poles, 11x16 kVA, 

1x25 kVA transformers 
   
October 2014   
Kalanga-Big Bend (Mpolonjeni) yes 10 (high wind zone), 3x16 

kVA transformers 
Hhelehhele-Riverbank yes 5 
Big Bend-Ncandvwini yes 6, 1x16 kVA 
Ncandvwini-Maloma yes 4 
Nsoko yes 7 (high wind zone) 
Sithobela-Maloma yes 8 (high wind zone), 2x16 

kVA 
Maloma yes 4 
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3.5 Reliability evaluation using failure modes and effects analysis 

(FMEA) 
 

Having determined from simulation that the installation of LV neutral surge arrestors was 

necessary for improved lightning protection, the reliability indices were calculated using the 

FMEA before the surge arrestors were installed. A pilot project at KaPhunga was therefore 

undertaken where the LV surge arrestors were installed on some transformers. After installation, 

the reliability indices were calculated to determine if there was any change, and thereafter draw 

conclusions on the effectiveness of the LV surge arrestors as far as the distribution network 

reliability is concerned.  

After the transformers were selected, the failure modes and effects analysis was used to calculate 

the reliability indices of the chosen network. Figure 3.4 shows the network where the 

transformers were selected, and how the network has been sectioned for analysis purposes. 

 KaPhunga network assumptions 
 

The following assumptions were made for analysis purposes; 

1. Switching time is 2 hours. This allows for travel, taking into account the terrain of the 

place as well as the time for switching. 

2. Repair time for the 11 kV main line and the branches is assumed to be 5 hours. 

3. All transformers of the KaPhunga network were assumed to have the LV neutral surge 

arrestors because the reliability impact of only 20 transformers out of the total number of 

transformers at KaPhunga may not be so significant 

4. Repair time for transformers, isolators and reclosers is 7 hours under normal conditions. 

5. Failed components are replaced, and repaired later and kept as spares. 

6. Assume mink conductor on the main line and gopher conductor for laterals. Take all 

laterals to be 50 m, although some may be longer than this. 

7. Load points are named after the section to which they are connected. For instance if A81 

has 3 load points, they will named: LPA81-1, LPA81-2 and LPA81-3. See table 3.5 

8. With the 30 A fuses  on the MV side of the pole mounted distribution transformers, faults 

are not detected and end up damaging the transformer windings and result in earth faults 

which would cause either the sectionalisers or substation breakers to trip. Before the 
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installation of LV neutral surge arrestors and the use of correct MV transformer fuses, 

transformer faults and/or lateral faults and cause main lines or sections of main lines to 

trip. However, after the installation of LV neutral surge arrestors and 5 A fuses on the 

MV side of the transformers, faults on transformers and/or laterals are cleared by the 

transformer drop out fuses without interrupting main line or main line sections. 

9. The probability of failures, as stated in [3] will be used and are as follows; 
a. 11/0.4 kV transformers: 0.015 per year. From gathered statistics over a period of 4 

years, the failure rate per year is between 0.015 and 0.058, so if we take an 
average we get 0.037. Although more data is required to come up with the failure 
rate for our network, 0.037 will be used for transformers before the installation of 
the LV surge arrestors 

b. Mink conductor failure rate per year per km is 0.065  
c. Reclosers’ failure rate per year is 0.006  

10. A single state weather analysis will be used in both instances of the transformer failure 
rates per year. 

 

Table 3.6: KaPhunga Feeder 5030 Network information 
Section 
of line 

Distance 
(km) 

Load points on line section 

   
B1 4.8 LPB1-1, LPB1-2……LPB1-16 
B11 2.4 LPB11-1, LPB11-2…….LPB11-8 
B12 0.6 LPB12-1, LPB12-2 
B2 1.5 LPB2-1, LPB2-2……..LPB2-5 
B21 0.9 LPB21-1, LPB21-2, LPB21-3 
B22 0.9 LPB22-1, LPB22-2, LPB22-3 
B23 1.8 LPB23-1, LPB23-2…….LPB23-6 
B24 0.9 LPB24-1, LPB24-2, LPB24-3 
B25 1.2 LPB25-1, LPB25-2….LPB25-4 
B26 2.7 LPB26-1, LPB26-2……LPB26-9 
B27 6.6 LPB27-1, LPB27-2…….LPB27-22 
B271 1.8 LPB271-1, LPB271-2……LPB271-6 
B272 0.9 LPB272-1, LPB272-2, LPB272-3 
B273 0.6 LPB273-1, LPB273-2 
A1 3.3 LPA1-1, LPA1-2 ……. LPA1-11 
A11 2.1 LPA11-1, LPA11-2…….LPA11-7 
A12 0.6 LPA12-1, LPA12-2 
A13 0.9 LPA13-1, LPA13-2, LPA13-3 
A14 0.6 LPA14-1, LPA14-2 
A15 0.9 LPA15-1, LPA15-2, LPA15-3 
A16 1.2 LPA16-1, LPA16-2, LPA16-3, LPA16-4 
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A17 1.2 LPA17-1, LPA17-2, LPA17-3, LPA17-4 
A18 1.8 LPA18-1, LPA18-2…..LPA18-6 
A2 4.2 LPA2-1, LPA2-2…….LPA2-14 
A21 1.5 LPA21-1, LPA21-2……LPA21-5 
A22 0.9 LPA22-1, LPA22-2, LPA22-3 
A23 0.9 LPA23-1, LPA23-2, LPA23-3 
A3 4.5 LPA3-1, LPA3-2…..LPA3-15 
A31 0.9 LPA31-1, LPA31-2, LPA31-3 
A32 2.1 LPA32-1, LPA32-2…..LPA32-7 
A33 0.6 LPA33-1, LPA33-2 
A34 0.9 LPA34-1, LPA34-2, LPA34-3 
A35 0.6 LPA35-1, LPA35-2 
A4 9.9 LPA4-1, LPA4-2…… LPA4-33 
A41 0.6 LPA41-1, LPA41-2 
A42 0.9 LPA42-1, LPA42-2, LPA42-3 
A43 0.9 LPA43-1, LPA43-2, LPA43-3 
A44 4.2 LPA44-1, LPA44-2…..LPA44-14 
A441 1.8 LPA441-1, LPA441-2…..LPA441-6 
A45 0.6 LPA45-1, LPA45-2 
A46 0.6 LPA46-1, LPA46-2 
A47 0.6 LPA47-1, LPA47-2 
A48 0.6 LPA48-1, LPA48-2 
A49 0.6 LPA49-1, LPA49-2 
A5 4.5 LPA5-1, LPA5-2…….LPA5-15 
A51 2.7 LPA51-1, LPA51-2…….LPA51-9 
A52 0.6 LPA52-1, LPA52-2 
A6 3.9 LPA6-1, LPA6-2……..LPA6-13 
A7 5.7 LPA7-1, LPA7-2………LPA7-19 
A71 0.6 LPA71-1, LPA71-2 
A72 3.3 LPA72-1, LPA72-2…..LPA72-11 
A8 4.2 LPA8-1, LPA8-2…….LPA8-14 
A81 0.9 LPA81-1, LPA81-2, LPA81-3 
A82 0.6 LPA82-1, LPA82-2 

 

 

Customer and system indices will be calculated for the network where the neutral surge arrestors 
were installed. The indices to be calculated are; system average interruption frequency index 
(SAIFI), system average interruption duration index (SAIDI) and the customer average 
interruption duration index (CAIDI). They are calculated using equations 3-1 to 3-3 and the 
results are presented in chapter 6. 
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3.6 Performance of transformers with LV surge arrestors 
 

The performance of the surge arrestors that were installed on at KaPhunga is given in Table 3.7. 

From the time of installation to December 2015, none of the LV surge arrestors had failed 

despite the thunderstorms that were received at KaPhunga. 

Table 3.7: Performance of LV neutral surge arrestors on site 

DATE Number of damaged 

transformers 

WEATHER 

(clear, 

thunderstorm,etc) 

EXTENT OF DAMAGE 

(LAs, bushings etc), 

comments 

 With surge 

arrestor 

Without surge 

arrestor 

  

25-07-2015 0 0 Minor Thunderstorm  

11-08-2015 0 0 Thunderstorm There was an earth fault on the 

main feeder  

08-09-2015 0 0 Minor thunderstorm  

23-09-2013 0  Thunderstorm 2 earth faults, main breaker was 

remotely closed 

01-10-2013 0 2 Heavy thunderstorm No damage, but there were some 

outages of the main feeder. 

 

02-10-2013 0 1 Heavy thunderstorm Failed transformer closer to B481. 

Neutral bushing was damaged. 

15-10-2015 0 3 Heavy thunderstorm Main feeder outage.MV bushings 

and neutral bushings damaged 

16-10-2015 0 1 Minor thunderstorm LV neutral bushing damaged 

 

24-10-2015 0 3 Heavy thunderstorm Main feeder outage. Damaged 

windings and MV windings 

08-11-2015 0 2 Thunderstorm Primary surge arrestors damaged, 

windings also damaged. MV 

footing resistances were 39 Ω and 

46 Ω  

13-11-2015 0 4 Heavy thunderstorm, 

hail 

Damaged primary surge arrestors, 

MV and LV bushings damaged. 

MV footing resistances were 17 Ω, 

27 Ω, 63 Ω and 33 Ω 
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Figure 3.4: Portion of KaPhunga Feeder single line diagram 

 



63 
 

The following chapter gives a theory development used to solve the problem of transformer 

failures due to lightning overvoltages. 
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Chapter 4 

THEORY DEVELOPMENT 

 

A number of factors, both environmental and technical/operational, have an effect on the 

performance of any transformer during its operational/useful life. 

Environmental factors include moisture, temperature, wind and lightning; whilst operational 

effects include overloading, overcurrent, harmonics, over-excitation and inrush currents, to 

mention but a few. All these factors apart from wind and lightning, act on the transformer and 

reduce its withstand capability as they act on the transformer repeatedly. When such a 

transformer is exposed to lightning, it is likely to fail. Lightning is generally a means through 

which total failure for most transformers in the SEC network is brought about. 

The failure is usually through failure of the windings and bushings, although failure of the 

bushings is the most common one in transformers that have been struck by lightning. In all the 

transformers that were inspected, at the depots or at the rewinding specialists, the failure 

included at least one damaged bushing. What was worth noting was the fact that the a1 bushing 

(neutral LV bushing) showed signs of damage in most transformers that were sampled (see 

figure 4.1). 

When the MV bushings were damaged, it was because the lightning arrestors on the MV side of 

the transformer were damaged (from previous lightning strikes and not replaced). The current 

surges on the LV side are non-destructive, but may induce destructive over-voltages on the 

primary side [34]. Therefore, strikes on the secondary side, may lead to failure of the primary 

side bushings, hence the a1 bushing does not fail alone but usually with another primary bushing. 

Consider the table 4.1 below showing 11 kV and 240 V bushing minimum withstand capability. 

Table 4.1: 16 kVA bushing properties [2] 

Rated voltage BIL (kV) Power frequency withstand 

voltage (kV) 

11 kV (phase to phase) 95 28 

240 V (phase to ground) 30 2.5 
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From table 4.1 above, once the voltage exceeds the withstand voltage, the insulator is stressed 

and eventually fails. The LV surges together with the footing resistance results in over-voltages 

appearing at the terminals of the bushings. The overvoltages seen by insulators are discussed 

below. 

 

 

Figure 4.1: Damaged a1 bushing after lightning strike (from Manzini and Malkerns Depot) in 

February 2014 
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4.1 Overvoltages 
 

From the chapters above, it is evident that overvoltages account for most of the transformer 

failures in summer. Overvoltages experienced by bushings for pole mounted distribution 

transformers are of three types viz: temporary overvoltages (TOV), switching overvoltages and 

lightning overvoltages [9]. Typical magnitudes and durations for these overvoltages are shown in 

the table below, 

Table 4.2: Typical values of magnitude and duration for overvoltage types [9] 

 Magnitude (p.u.) Duration 

TOV (at 50 Hz) 1.5 50 s 

Switching overvoltage 4.0 10 ms 

Lightning overvoltage 6.5 100 µs 

 

4.1.1 TOV  
 

Temporary overvoltages occur at the fundamental frequency (50 Hz for SEC), and [9] mentions 

a few sources of TOVs and these are earth faults, load rejection, line energizing and auto-

reclosing, and lastly resonance effects. These sources are looked at for their effects on the pole 

mounted transformer bushings. 

When an earth fault occurs on the LV side of the 11/04 kV transformer, the magnitude of the 

overvoltage is largely dependent on the earthing resistance on this side of the transformer. 

Lowering this earthing resistance value (to less than 10 Ω according to SEC practices) can help 

to lower the overvoltages due to earth faults to values that are within bounds of the rated voltage 

of the bushings. 

Load rejection on the other hand results in an overvoltage when a large load is disconnected 

suddenly. Since SEC’s pole mounted transformers supply mostly domestic/residential loads, it is 

therefore unlikely that all customers connected to that transformer can drop their load at the same 

time. For such transformers then, load rejection is not so much of an issue. 

There are no auto-reclosers at 400 𝑉𝐿−𝐿, so TOVs due to auto-reclosing are unlikely. 

Furthermore, due to the short length of such lines as well as the low voltage, the capacitance is 

not significant, so resonance as well as Ferrantic effects are unlikely. 
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4.1.2 Switching overvoltage 
 

Switching overvoltages are as a result of breaker operation (opening and closing) to energize 

lines/transformers, clear faults and switching on of capacitors/reactors [9]. In SEC’s network, 

breakers are only found in 11 kV systems and upwards, and not on the 230 V network. So for 

11/0.4 kV transformers, only the MV is likely to experience overvoltages as a result. For system 

voltages of less than 345 kV, overvoltages caused by faults or switching operations are not high 

enough to damage equipment insulation as compared to voltages above 345 kV where switching 

overvoltages become significant even more than lightning overvoltages [41]. 

4.1.3 Lightning overvoltage 
 

Lightning overvoltages are destructive to equipment (in our case, bushings and windings), 

whether the strike is on the MV or LV of the pole mounted distribution transformer. Unless 

protected, when equipment is exposed to lightning overvoltages, it can be stressed to the point of 

failure. 

4.2 Conclusion on overvoltages 
 

Lightning overvoltages are the major causes of failures in 11/0.4 kV pole mounted distribution 

transformer failures in the SEC network, as it was shown above, that switching overvoltages are 

not so significant at these voltage levels.  

Because lightning overvoltages are destructive to equipment, overvoltage protection is necessary 

on both sides of the transformer. The failure rates are highest in summer where there is a lot of 

lightning activity, hence lightning overvoltages. From the nature of the failures, as evident in 

figure 4.1, overvoltages result in failure of the bushings and windings (damaged insulation). 

The LV neutral surge arrestor is therefore necessary for secondary side protection against 

lightning overvoltages, just like the primary side is protected against overvoltages by surge 

arrestors. 

The following sections will look at a simulation of a small network with surge arrestors, and then 

how in practice this exercise will be carried out. 
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4.3 Simulation arrangement to test surge arrestor operation 
 

The main goal of this research is to identify the root causes for the high failure rates in pole 

mounted distribution transformers, and suggest measures to reduce these values to acceptable 

levels. As pointed out, one of the causes is the absence of overvoltage protection in the 

secondary side of the pole mounted transformer, especially the neutral winding. This section of 

the simulation will first look at the effect of varying the earthing resistance, then the arrestor 

operation when a lightning surge is applied at various points of the network. Varying levels of 

surges on the surge arrestor operation is also looked at. The proposed network showing the 

importance of arrestors was implemented using MATLAB 7.9.0 (R2009b). 

A single line diagram of the network to be used in the simulation is shown in figure 4.2 below. 

 

Figure 4.2: Single line diagram for network to be simulated 

4.3.1 The proposed network 

 

Figure 4.3: Simulation arrangement 

The above network is made up of a 16 kVA transformer which steps down 11 kV to 240 V, a 

voltage source at 11 kV and some loads on the secondary of the transformer. The loads are 
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resistive and/or inductive. Surge arrestors are then connected on either sides of the transformer, 

and finally a current source which will be used to simulate a lightning surge into this network. 

Detailed parameters for the transformer, arrestors, current source and voltage source as well as 

the distribution lines are shown in Appendix A and Appendix B. 

For analysis purposes, scopes will be used for monitoring both voltage and current as seen by the 

surge arrestors on either side of the transformer. A plot of the current against voltage is also 

connected. 

4.3.2 Limitations of the model 
 

The loads were randomly chosen, so is their placement on the network model. Matlab 7.9.0 

2009b cannot model electromagnetic transients. The surge arrestor is set by inputting the 

protection voltage and reference current, and does not have a system BIL input.  

4.3.3 Effects of varying the earthing resistance 
 

The earthing resistance was set to 5 Ω, 10 Ω and lastly 15 Ω. As this resistance was varied, a 

fault was applied at point F. Scope1’s output will be used to monitor the output across the LV 

surge arrestor. 

 

Figure 4.4: Model to observe earth resistivity effects  

Surge arrestors work well with effectively earthed systems, and ideally an earthing resistance of 

zero would be suitable. In practice, to achieve a zero ground potential is not possible due to a 

number of factors. For instance, the earthing leads, the earthing spikes, the surrounding soil, and 
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other factors, all have some internal resistance which contributes to the overall resistance as far 

as the surge arrestors are concerned. Consider figure 4.5 shown below, 

 

Figure 4.5: Effects of footing resistance on surge arrestor operation 

Under ideal conditions, one would want 𝑉𝑔 to be zero so that the voltage 𝑉𝑎 appears at the surge 

arrestor point connected to the protected transformer. However due to the footing resistance 𝑅𝑓, 

and a surge flowing through the circuit as a result of a lightning strike, 𝑉𝑔 does not become zero, 

but is a product of the surge current and the footing resistance. The voltage at the arrestor 

terminal is therefore, 

𝑉𝑎 = (𝑅𝑎 + 𝑅𝑓) * 𝑖𝑙𝑖𝑔ℎ𝑡𝑛𝑖𝑛𝑔                                                                                                         (4-1) 

     = 𝑉𝑔 +   𝑅𝑎* 𝑖𝑙𝑖𝑔ℎ𝑡𝑛𝑖𝑛𝑔 

Where 𝑅𝑎 is the resistance of the surge arrestor. 

4.3.4 Effects of primary and secondary lightning strikes 
 

With resistors A and B both set to 10 Ω, the surge was set to 5 kA and applied to F1 and F2. 

Scope 1 and scope 2 were then monitored to see what happened during MV or LV lightning 

strikes.  
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Figure 4.6: Model used to investigate primary and secondary strikes effects 

Having done the theory development, the practical implementation of the LV surge arrestors is 
done at KaPhunga to see effectiveness and a business case for the exercise is looked at so that a 
recommendation is drawn, as to whether or not this exercise is economical to be rolled out 
throughout Swaziland. 
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Chapter 5 

INSTALLATION OF LV NEUTRAL SURGE 
ARRESTORS 

 

The secondary side of SEC’s pole mounted distribution transformers is protected only against 

overcurrent, through the use of fuses. These fuses burn when there is an overload or under fault 

conditions which result in overcurrent. Depending on the kVA rating of that pole mounted 

transformer, it is important to select the right secondary fuses. For earth faults, which are the 

most common in the distribution network, these fuses protect the transformers. Due to work 

pressure, it has been unfortunate that some wrong fuses are often used just to make the customer 

happy by leaving the customer with a supply of power. Fuses which are above the rated 

secondary current have been used, and in some cases the burnt fuse is re-used by bridging it with 

a wire. In such instances, the transformer is then not protected against overloading and 

overcurrent conditions due to faults. A fault under such conditions if not cleared on time will end 

up damaging the transformer, which would result in outages of the main feeder or sections of the 

main feeder. Currently, fuses are the only secondary protection that is available for transformers. 

The secondary of the pole mounted as mentioned above is only protected against 

overcurrent/overloading conditions, but not from overvoltages. As far as lightning is concerned, 

the secondary of the transformer is vulnerable to LV lightning strikes, which may appear on the 

MV as overvoltages. It was also found from literature that MV strikes of the transformer may be 

diverted to the LV side. In the pilot network, the LV and MV earth points were separated to 

avoid diverted surges from the MV into the LV through the neutral which was connected to the 

same earth. LV surge arrestors for overvoltage protection were installed as a pilot at KaPhunga 

and the fuses were also changed from 30 A to 5 A fuses so that faults resulting in overcurrent are 

cleared on time. 

The selection of the transformers to be used in the pilot project is explained in section 5.1 below. 
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5.1 Choosing the surge arrestor for pole mounted distribution 

transformers 
 

In 4.1, it was shown that in LV distribution systems, overvoltages due to switching operations 

are not common in at these voltage levels. Temporary overvoltages may occur in LV distribution 

systems, but from the gathered statistics, it is clear that most failures take place when there has 

been a thunderstorm. The surge arrestor will therefore be selected mainly based on the lightning 

withstand capability. Consider figure 5.1 below, 

 

Figure 5.1: Factors considered when choosing a neutral arrestor [2] 

The arrestor chosen was manufactured by ROCKWILL Electric Surge Arrestors, and is supplied 

by Actom. The specifications for the arrestor are as follows: 

Table 5.1: Neutral Surge arrestor Specifications 

Rated Voltage 6 𝑘𝑉𝑟𝑚𝑠 

Continuous Operating Voltage 4.8 𝑘𝑉𝑟𝑚𝑠 

Lightning Impulse Residual voltage under nominal discharge current ≤18 𝑘𝑉𝑝 

Creepage Distance 240 mm 

2 ms square wave Impulse Current Withstand 250 A 

4/10 µs high current Impulse Withstand 100 kA 
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Using figure 5.1, the choice of LV surge arrestor was selected in table 5.1.The selection of the 

different surge arrestor parameters is explained below: 

Rated Voltage – this is the temporary overvoltage (TOV), which is the maximum permissible 

r.m.s. voltage that the arrestor can withstand and still operate correctly under such conditions as 

those obtained in the duty cycle tests. This voltage is at the system frequency, which is 50 Hz. 

These conditions are established in the duty cycle tests [39], where rated voltage is applied at the 

arrestor’s terminals, and then 20 of 8/20 µs 10 kA impulses applied in groups of 5. The 5 

impulses are applied 50-60 s between impulses and about 30 minutes between groups. The 

arrestor should operate correctly under such conditions.  

In section 4.1, sources of TOVs were looked at and it was discovered that at SEC’s LV network, 

these are not so much of an issue, apart from those as a result of earth faults. Earth faults can be 

cleared by fuses. It is mainly those earth faults as a result of lightning strikes that are a problem, 

so TOV were not so critical in the selection of the surge arrestor. The 6 kV rated voltage is 

therefore way above the value that could be obtained from the equation below; 

  𝑅𝑎𝑡𝑒𝑑 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 =  𝑉𝐿𝑉*1.05                                                                                                (5-1) 

Equation 4.1 is used for solidly earthed systems, as is the case in the SEC distribution network. 

In this case, the chosen arrestor will not provide any protection against any TOV other than those 

due to lightning. TOVs on the primary side will not appear on the secondary side, because there 

are primary side arrestors which will handle them. The MV arrestors of a 11/0.4 kV transformer 

are rated at 12 kV and have a continuous operating voltage of 10.4 kV. The continuous operating 

voltage is explained below. 

Continuous Operating Voltage – this is also known as MCOV which stands for maximum 

continuous operating voltage. This is the system voltage at the system frequency that the arrestor 

should be able to handle continuously. The MCOV for the arrestor is 4.8 kV which is also a bit 

high for a 0.4 kV system. Since lightning overvoltages are the main issue, the overvoltages that 

can damage the protected LV side of the transformer are higher than this value. From table 3.1, 

the BIL for the LV is 30 kV. The diverted surge values may vary, but the output of the arrestor 

will remain at 4.8 kV. 

Lightning Impulse Residual voltage under nominal discharge current- before this is explained, it 

is worth looking at the waves that are used in the testing of arrestors as stated by the IEEE [42]. 
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In the testing of surge arrestors, waves are used to simulate lightning induced transient activity. 

The commonly used wave is the combination waveform, which is a combination of a voltage and 

current waveform, just as the name suggests. It is a combination of a 1.2/50 µs voltage waveform 

and a 8/20 µs current waveform [42]. These waveforms are both short duration and are at a high 

frequency. 

By a lightning impulse residual voltage under nominal discharge current of ≤18 kVp, the 

following is meant; if a test generator with an open voltage of 18kV peak was applied to the 

arrestor, the arrestor would withstand a rise of voltage from zero to 18 kVp in 1.2 µs, and further 

withstand a decay from this value to 9 kVp in 50 µs.  

On the other hand, if the generator short circuit current was 10 kA, the arrestor would withstand 

a rise of current from zero to 10 kA in 8 µs and a decay from 10 kA to 5 kA in 20 µs. Shown 

below are graphical illustrations; 

 

Figure 5.2: Combination waveforms used for lightning impulse residual voltage under nominal 

current test [42] 

With the lightning residual voltage of 18kVp, the safety margin can be calculated as follows; 

Safety margin = [ 1 – ( 18kV/30 kV) ] * 100% = 40%                                                           (5-2) 

Creepage distance – this is the length of the surge arrestor, from the point where the surge 

arrestor is connected to the neutral bushing to the point where it is connected to the earth. The 

chosen insulator has a creepage distance of 240 mm. This length would not be a problem as the 

height from the base of the pole mounted transformers is ≤ 1500 mm. 

2 ms square wave Impulse Current Withstand – [39] also calls this a long duration current 

withstand, where the arrestor is tested and should withstand 20 of 250 A of 2 ms square wave 
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impulses applied in groups of 4, each group consisting of 5 square wave impulses. The time 

intervals are similar to those used in the rated voltage test mentioned above. 

4/10 µs high current Impulse Withstand – this test according to [39] is done by passing through 2 

of 4/10 µs current impulses at 100 kA through the surge arrestor, and it should withstand without 

failing. The current wave used for this test, rises to 100 kA in 4 µs and decays to 50 kA in 10 µs. 

The surge arrestor is allowed to cool between the applied impulses. 

5.2 Operation environment 
The transformers to be protected are inland transformers at altitudes below 1400 m above sea 

level. Wind forces are minimal, except of course for those extreme cyclones which rarely 

happen. The areas where these arrestors will be installed are non-heavily polluted areas and the 

ambient temperatures can go up to 40 ᵒC in summer, but are usually below this value on average. 

5.3 Maintenance 
There is no maintenance required on the surge arrestors themselves, but can only be replaced if 

they are damaged. The earthing conductor can also be checked if it is still in place, as there is a 

tendency for young boys to cut these earthing wires, and thereby removing the connection to 

ground. Otherwise the surge arrestors themselves are maintenance free, and are run to failure. 

5.4 The test system 
The system to be installed is shown in figure 5.3 below. 

 

Figure 5.3: Side view of the system to be installed. 
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The emphasis is on the LV side of the transformer, as all pole mounted transformers have surge 

arrestors on the primary side, whereas the secondary does not have. The neutral is earthed at the 

first structure after the transformer structure, which is usually 15-30 m away to avoid diverted 

surges from the MV side of the transformer to the LV side.  

 Material needed 
 

As mentioned, there will be 20 pole mounted distribution transformers that will be utilized for 

this experiment. The transformers will consist mainly of 16 kVA single phase transformers, 

although some 25 kVAs will also be included. From the gathered statistics in the literature, it was 

discovered that failures were mostly common among the 16 and 25 kVA transformers, hence the 

decision to consider them for this experiment. They also have a high number in the SEC 

network. 

Earth wire 

From the neutral bushing down to earth, the conductor to be used is gopher. This is because 

gopher is a cheaper conductor and it is readily available at SEC’s stores. It is mostly used in rural 

electrification projects. The length of gopher conductor to be used at each transformer is about 

30 m, so in total about 600 m will be needed. Below are properties of gopher; 

Table 5.2: Gopher properties 

Total area (cross sectional) 30.62 𝑚𝑚2 

Weight:  steel 

              Aluminium 

              Total 

72 kg/km 

34 kg/km 

106 kg/km 

Rated strength 1025 kgf 

Maximum dc resistance at 20 ᵒC 1.07 Ω/km 

Current rating (Tropical) 130 A 

 

Earth rod 

The crow foot method of earthing will be used and it is shown graphically in figure 5.4. A 

maximum of 4 rods will be used in the crowfoot to lower the earth resistance. However, if the 

resistance is still high even after installing the 4 rods, then other means to lower the footing 
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resistance will be done, like the use of conductive cement. Not in all instances are the 4 rods 

going to be used. In some cases for instance, only 2 may be required. Since it was stated above 

that only 30 m of gopher will be assigned to each transformer, if there is a need for more, then 

scrap gopher will be used. The scrap gopher is gopher from sites where the conductor needed to 

be uprated, say to a mink conductor, for a higher current carrying capability.  

Figure 5.4: Crowfoot method of earthing of the neutral 

Earth spike clamp 

These clamps are for clamping the gopher conductor to the earth roads. A maximum of 5 earth 

spike clamps will be used per transformer, assuming 5 earth rods will be used. Earth spike 

clamps are necessary because they help in making a good connection between the conductor and 

the rod. The earth spike clamps and the earth rods are made of copper. 

35 𝑚𝑚2 lug 

A total of 3 of such lugs will be needed for the experiment per transformer. Two are for 

connecting the piece of conductor/jumper from the arrestor to the neutral bushing, and one will 

be used to connect the downward earthwire to the neutral bushing. The choice of this lug was 

based on the fact that the cross sectional area for the gopher conductor is 30.62 𝑚𝑚2, which is

less than 35 𝑚𝑚2. The conductor would fit well inside this lug, and after crimping, a good

connection will be made. 
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 Labour 
 

The implementation of this pilot project will be subcontracted so that it is implemented within a 

short space of time. The works involved will be directly managed by the author of this 

dissertation. There are some standard rates used in the payment of contractors, and in this 

instance they will be paid for transformer earthing and trenching for the earth. This exercise will 

be done and completed in winter before the start of the rains/thunderstorms. Maximum estimated 

time per transformer is 4 hours. 

5.5 The test system business case 
 

The cost of doing the experiment is calculated in table 5.3. 

Table 5.3: Cost for the experiment (E1 = R1) 

EQUIPMENT  COSTS (E) 

6kV CL1 Neutral Surge Arrestor 20 @ 300each 6,000.00 

35 𝑚𝑚2 lug 90 @ 6.20each    558.00 

Earth spike clamp 150 @ 6.55each    982.50 

Earth rod 150 @ 43.13each 6,469.50 

Labour  
(transformer earthing is E61.78/trfr, 
Trenching for earth is E54.86/trfr) 

4 hours X 20 at E116.64 per 
transformer 

 9,331.20 

Gopher conductor drum  300 m @ E 4.02/metre   1,206.00 

Transport to the sites 300 km @ E3.00/km      900.00 

Total  25,447.20 

 

The total cost for the experiment is E 25,447.20, and most of the material other than the surge 

arrestors will be purchased directly from SEC stores, and the prices are stores prices. The neutral 

surge arrestors will be procured from South Africa via SEC procurement office, and maximum 

delivery date is 2 weeks from order placement. On average, the cost per transformer to install the 

neutral surge arrestor is E 1,272.36 

5.5.1 Transformer replacement costs 
 

A 16 kVA single phase pole mounted transformer costs around E 9,000 whilst a 50 kVA costs 

around E 19,000 (in 2014). Whilst, the damaged transformer is being repaired, that is, if the 

damage is repairable, a new one has to be installed on site. For every transformer replacement, it 
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is likely that a new transformer will be installed instead of a repaired one. Other costs apart from 

the cost of the new transformer are the following costs: 

 Transport costs – these are incurred during fault finding, and getting the required 

material to replace the transformer from stores to site.  

 Labour costs – this may be in the form of overtime if the replacement is done after 

working hours. 

 Unserved energy costs (COUE) – this is a cost per kWh of not supplying a customer due 

to an outage. This value is with respect to the customer and varies from customer to 

customer, although a fixed value may be assumed by utilities for planning purposes. In 

some instances, however, this cost may not be easy to determine, take the instance of a 

hospital. No value has been assigned in Swaziland, although if there is a need, an Eskom 

value may be applied. 

 Revenue loss – this is a direct revenue loss that would have been received through the 

sales of energy to the interrupted customer. 

 Increased Customer Complaints - The Swaziland Electricity Company receives a lot of 

calls during the summer months when there are a lot of outages. Complaints may not be 

quantified in monetary terms, but they have an impact on the corporate image of the 

company. There are a lot of negative comments about the reliability of SEC’s 

distribution network. 

A cost benefit analysis is done to see the financial viability of installing LV neutral surge 

arrestors. 

5.5.2 Cost benefit analysis of installing LV neutral surge arrestors 

 

Whilst a project may bring engineering benefits, it may not be economical to undertake it if its 

net present value shows adverse results. The cost of a transformer shown in section 5.5.1 is an 

off the shelf cost and does not take into account the no load and load losses. When these are 

taken into account, the net present value is calculated as follows [45]: 

 

N =  A + 𝐶0𝑃0 + 𝐶1𝑃1                                                                                                                (5-3) 

Where N is the net present value; 

A is the off the shelf price in Emalangeni; 
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𝐶1 , 𝐶0 are the capitalized costs of no-load and load losses, per kW of loss in Emalangeni. These 

are calculated by utilities, and in SEC’s case, Eskom values for 16 kVA transformers will be 

used, and the values are E 1,418/kW and E 11,942/kW respectively [2]; 

𝑃1 , 𝑃0 are the no load and load losses in kW. These are design parameters of a transformer and 

for 16 kVA Eskom transformers the values are 0.4 kW and 0.08 kW respectively [2]. 

 

The cost of a transformer taking into account losses is 

N = 9000 + (11,942*0.08) + (1,418*0.4) 

    = E 10,522.56 

When the transformer surge arrestors (E 1,272.36) and other transformer accessories are taken 

into account plus installation costs (E 750.00), the transformer cost becomes E 12,544.92. 

 

To take the life cycle cost of the project into account, the NPV of the project needs to be carried 

out by calculating costs (cash outflows) and revenues (cash inflows) together over the life of the 

project [47]. A decision is then made if this exercise is economical to be rolled throughout the 

country. The calculation for NPV for any project is shown in equation 5-4. 

NPV = ∑
𝐹𝑛

(1+𝑑)𝑛
𝑁
𝑛=0                                                                                                  (5-4) 

         = 𝐹0 + 𝐹1

(1+𝑑)1
 + 𝐹2

(1+𝑑)2
 +…….+ 𝐹𝑁

(1+𝑑)𝑁
 

where 𝐹𝑛 is the cash flow in year n ; 

N is the analysis period; 

d is the annual discount rate. 

 Assumptions considered in calculation of NPV for the project 
 

 Transformer useful life is 25 years with a depreciation of 10 % using the 

straight line method. 

 Yearly income/revenue from a 16 kVA transformer = 150 kWh * 8 customers 

per transformer * E 1.13 = E 16,272.00. It was assumed that a rural homestead 

will consume 150 kWh of units per month and that the unit cost of electricity 

for this class of customers is E1.13 on year zero.  

 Tariff increases are assumed to increase by 13 % on a yearly basis. 

 A discount rate of 12 % , which is realistic for Swaziland as it is a developing 

country [45]. 
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 Operational and maintenance (O&M) costs yearly costs are = E 1,872.36*12 = 

E 22,468.32. A monthly provision to replace damaged surge arrestors is made 

as part of the O&M. This is done due to the high lightning prevalence in 

Swaziland which results in surge arrestor failures. There is a limit to the total 

amount of energy in Joules which a surge arrestor can absorb [46]. The 

absorbed energy is cumulative and once the cumulative value reaches the 

maximum that the surge arrestor can absorb, it fails. Surge arrestors with 

higher Joule ratings last longer than those with lower ratings.  

 Income tax on net taxable income in Swaziland is 33 % 

The NPV for the installation of surge arrestors on a transformer is calculated in table 5-4.  

 Observations on table 5.4 
 

The following observations on table 5-4 are made: 

 The net cash flow for the first 6 years indicates that SEC will be spending more money 

on operations and maintenance and on taxes on the transformer than she is making from 

the revenue from the 8 customers who are connected to the transformer. A different 

picture will emerge if seasonal variations in electricity usage are taken into account. This 

is because the total number of units is likely to increase due to a significant contribution 

of usage during the winter months when temperatures are low and the 8 customers will 

use electricity for heating. 

 From the 7th year up to the end of the useful life of the transformer, SEC is generating 

more money from the transformer through the connected 8 customers than the one she 

spends on operations and maintenance and taxes. 

 The NPV is positive E 82,006.15 and this indicates that the investment on surge arrestors 

as lightning protection for both the MV and the LV is economical.  

 

 Implementation exercise throughout Swaziland 
 

Currently, SEC is investing a lot on transmission infrastructure than on the distribution network. 

However, in 2019, when all the transmission projects will have been completed or at least near 
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completion, the attention will be paid to the distribution network. In rolling out the LV surge 

arrestor installation exercise, the project can be approached in at least two ways; 

a) Install the LV neutral surge arrestors at once in 2019 (In 2014 there were 18,425 distribution 

transformers and the cost to install an LV neutral surge arrestor on a transformer is E 1,272.36. 

The number of distribution transformers grows at 10 % each year and inflation is 10 %). 

The cost to do this exercise in 2019 is: 

𝐶𝑛 = (1 + i )𝑛 * 𝐶0                                                                                                                     (5-5) 

Where 𝐶0 is the initial value; 

n   is the number of years; 

𝐶𝑛   is value in n years expressed in today’s terms; 

i is the inflation. 

𝐶2019  = 1.15*18,425*(1+0.1)5*1,272.36 = E 60,805,753.24                                                                                      

b) Install LV surge arrestors on all transformers in 2015, then install them on a yearly basis to 

new transformers installed that year. If the LV neutral surge arrestors are installed on new 

transformers, then transport costs are catered for in the installation of the transformer, so 

installing an LV surge arrestor on a new transformer at the same time it is installed is E 1,227.36 

𝐶2015 = (1.1*18,425) *(1+0.1)1*1,272.36 = E 28,366,311.93 

𝐶2016 = 0.1*(1. 12*18,425) *(1+0.1)2*1,272.36 = E 3,310,931.00 

𝐶2017 = 0.1*(1. 13*18,425) *(1+0.1)3*1,272.36 = E 4,006,227.18 

𝐶2018 = 0.1*(1. 14*18,425) *(1+0.1)4*1,272.36 = E 4,847,534.89 

𝐶2019 = 0.1*(1. 15*18,425) *(1+0.1)5*1,272.36 = E 5,865,517.21 

Total = E 46,396,522.21 

The best approach to roll out the installation of surge arrestors throughout Swaziland is first 

installing them on all existing transformers in 2015 and then installing them in stages on all 

transformers that are installed in that year. On the other hand, installing them at once in 2019 is 

expensive by over E 13 million. 
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5.6 Case study: Phunga feeder 5030 
 

This section looks at the practical implementation of the neutral surge arrestors at KaPhunga 

feeder 5030. Feeders at the Swaziland Electricity Company are named after the substation 

breaker, in this case, 5030 is the outdoor 11 kV breaker located at Sithobela substation.  

5.6.1 Background information for Kaphunga area  
 

KaPhunga is a rural area located in between the Highveld and the Lowveld. It is a small village 

located in the mountains of KaPhunga. There is one dirt road connecting this area with Sithobela 

and Siphofaneni, and during rainy days, this area is inaccessible. A majority of homesteads in 

this area are connected to the grid, and this has been made possible through the rural 

electrification project which is sponsored by the government of Swaziland and the Taiwan 

government. The main use of electricity is for domestic purposes; hence a majority of the 

transformers in this area are pole mounted 16 kVA transformers. This area (due to the altitude) 

receives a lot of lightning, and the transformer failures are the highest in all distribution depots 

located under Lubombo region. As mentioned, customers in this village suffer prolonged outages 

as the area is inaccessible during rainy days, yet it is a lightning prone area. 

5.6.2 Selection criteria for transformers to be equipped with LV neutral surge 

arrestors 
 

For monitoring purposes, the selected transformers were on one side of either 5033 or 5034, 

which are remotely controlled sectionelisers. Figure 5.5 below is the network and the 

transformers that are at the peak of the highest mountain are circled.
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1 

            Table 5.4 Cost benefit analysis 

YEAR 
CAPITAL 
INVESTMENT  

O & M 
COSTS 

COST OF 
SALES/REVE
NUE 

DEPRECIATI
ON 

NET 
TAXABLE 
INCOME INCOME TAX CASH FLOW 

PRESENT VALUE 
INTEREST FACTOR 

PRESENT 
VALUE 

  C O&M R D I IT CF PVIF PV 

          R-O&M-D I*0.33 R-C-O&M-IT 1/(1+ d)^n CF*PVIF 

0 12,544.92 0 16,272.00 0.00 16,272.00 
        
5,369.76  -1,642.68 1 

   
(1,642.68) 

1 0 22,468.32 18387.36 1254.49 -5,335.45 
      
(1,760.70) -2,320.26 0.892857143 

   
(2,071.66) 

2 0 24,265.79 20777.72 1129.04 -4,617.11 
      
(1,523.65) -1,964.42 0.797193878 

   
(1,566.03) 

3 0 26,207.05 23478.82 1016.14 -3,744.37 
      
(1,235.64) -1,492.59 0.711780248 

   
(1,062.39) 

4 0 28,303.61 26531.07 365.81 -2,138.36 
         
(705.66) -1,066.89 0.635518078       (678.03) 

5 0 30,567.90 29980.11 877.94 -1,465.74 
         
(483.69) -104.10 0.567426856         (59.07) 

6 0 33,013.33 33877.52 790.15 74.04              24.43  839.75 0.506631121         425.45  

7 0 35,654.40 38281.60 711.13 1,916.06            632.30  1,994.90 0.452349215         902.39  

8 0 38,506.75 43258.20 640.02 4,111.43 
        
1,356.77  3,394.68 0.403883228      1,371.05  

9 0 41,587.29 48881.77 576.02 6,718.46 
        
2,217.09  5,077.39 0.360610025      1,830.96  

10 0 44,914.28 55236.40 518.42 9,803.71 
        
3,235.22  7,086.90 0.321973237      2,281.79  

11 0 48,507.42 62417.13 466.58 13,443.14 
        
4,436.24  9,473.48 0.287476104      2,723.40  

12 0 52,388.01 70531.36 419.92 17,723.43 
        
5,848.73  12,294.62 0.256675093      3,155.72  

13 0 56,579.05 79700.44 377.93 22,743.46 
        
7,505.34  15,616.04 0.22917419      3,578.79  

14 0 61,105.38 90061.49 340.13 28,615.98 
        
9,443.27  19,512.84 0.204619813      3,992.71  

15 0 65,993.81 101769.49 306.12 35,469.56 
      
11,704.96  24,070.73 0.182696261      4,397.63  
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16 0 71,273.31 114999.52 275.51 43,450.70 
      
14,338.73  29,387.48 0.163121662      4,793.73  

17 0 76,975.18 129949.46 247.96 52,726.33 
      
17,399.69  35,574.60 0.145644341      5,181.24  

18 0 83,133.19 146842.89 223.16 63,486.54 
      
20,950.56  42,759.14 0.13003959      5,560.38  

19 0 89,783.84 165932.46 200.85 75,947.77 
      
25,062.77  51,085.85 0.116106777      5,931.41  

20 0 96,966.55 187503.68 180.76 90,356.37 
      
29,817.60  60,719.53 0.103666765      6,294.60  

          

21 0 104,723.88 211879.16 162.68 106,992.60 
      
35,307.56  71,847.73 0.092559612      6,650.20  

22 0 113,101.79 239423.45 146.42 126,175.25 
      
41,637.83  84,683.83 0.08264251      6,998.48  

23 0 122,149.93 270548.50 131.77 148,266.80 
      
48,928.04  99,470.53 0.073787956      7,339.73  

24 0 131,921.92 305719.81 118.60 173,679.29 
      
57,314.16  116,483.72 0.065882103      7,674.19  

25 0 142,475.68 345463.38 106.74 202,880.97 
      
66,950.72  136,036.99 0.058823307      8,002.15  

        
NPV =     82,006.15  
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Figure 5.5: KaPhunga Feeder 5030 from Sithobela substation. 
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5.7 Transport 

Transport was the responsibility of the contractor, although a 4x4 raised body vehicle was 

recommended due to the terrain of KaPhunga. The pilot project implementation was estimated to 

take 4 days, and 75 km was allowed for each day. A total of 300 km was therefore budgeted for 

at E3.00 / km. 

5.8 Procurement plan 

The material needed for the installation of the neutral surge arrestors was identified, and included 

the following; 

 Neutral surge arrestors – these were sourced from Actom South Africa in Germiston 

 Gopher conductor for earthing – scrap material was used 

 35 𝑚𝑚2 lug for connecting gopher conductor to the surge arrestor – SEC Stores  

 Earth spike clamps for connecting gopher conductor to the earth rod – SEC Stores 

 Copper earth spikes – SEC Stores 

 Bracket to support arrestor on the pole – scrap brackets were used 

 U-nails to hold downward gopher earth in position – SEC Stores 

 5.9 Labour 

 

This section was outsourced due to limited internal resources and maintenance commitments of 

SEC’s Sithobela depot staff. The Swaziland Electricity Company’s tender processes were 

followed and Powerline Electrical Contractors Pty Ltd was the eventual winner of the pilot 

project. The team consisted of 9 members and their roles are highlighted in table 5.5 below, 

Table 5.5: Team members and their roles 

Qty Designation Responsibilities 

1 Technician Monitor program, daily reporting, safety, footing resistance testing, 

isolation, customer outage notification 

2 Electrician Safety, lead assistants team of 3, pole drilling for surge arrestor brackets, 

surge arrestor installation, earthing 

6 Assistant Manual excavation, backfilling, tools 
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5.10 Program 

 

Figure 5.6: Gantt Chart for the pilot project 

The activities in the program are looked at below, 

 Tender process – This is an internal process used by the Swaziland Electricity Company 

for any outsourced work. It is intended to give all service providers/suppliers a fair 

chance in the bidding process. The tender committee checks if all tender processes were 

followed in the awarding of tenders. 

 Negotiations- This is contract negotiation, where the conditions were stated clearly for 

the contractor. The scope of work was discussed, and prices negotiated based on the 

quantities that were submitted. There were however, no adjustments to the submitted 

bidding price, so it was agreed to proceed with the submitted prices by the contractor. 

 Contract signing – If the negotiations go well above, the contractor is then issued with the 

contract to engaged their legal office before coming to SEC for signing. 

 Issuing of purchase order – a purchase order is then issued to the contractor  

 Procurement – this involved the purchasing of the surge arrestors from Actom South 

Africa based in Germiston. It also involved the requesting of material from SEC internal 

stores, such as earth spikes and accessories. 
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 Scrap gathering – this involved gathering of scrap brackets from scrap material at 

Sithobela and Big Bend depots. The brackets are from gang link isolators, and they are 

scrapped because in the installation of the gang links, they are not all used. Gopher 

conductor was also taken from the scrap material. 

 Customer outage notification – According to SEC customer charter and the Swaziland 

National standard 028, it is stipulated that customers should be given a 7 day notice 

before shutdown. This was done through the issuing of cards to the homesteads that were 

going to be affected. 

 Induction and briefing – despite Powerline Electrical Contractors being on SEC’s 

database, they needed to be inducted before the start of the project. Then the team 

members were briefed on what the project was about and what it intended to achieve. 

What was expected from the contractor was highlighted to them. 

 Site handover – this involved showing the contractor the transformers that would be used 

in the pilot study. They were also given material that they would work with. 

 Excavations for crowfoot – this involved manually excavating the trenches to enable 

earthing using the crowfoot method. 

 Isolation – the transformer LV fuses were opened/ or the pole mounted circuit breakers 

tripped to make dead the sections where the surge arrestors would be connected. This was 

done before the ladder was leaned against the pole for drilling for the surge arrestor 

bracket. 

 Drilling of pole for bracket – the bracket needed to be drilled for in order to be held in 

position.  

 Bracket fitting – after drilling, the bracket was fitted. 

 Mounting of surge arrestor – after fitting the bracket, the surge arrestor was mounted, and 

was supported by the bracket. 

 Earthing – earth spikes were hammered down in the excavated crow foot trenches. Then 

the gopher conductor was into each of the spikes of the crowfoot, and finally to the surge 

arrestor. 

 Testing of crowfoot earthing – these were tests that were done by the contractor to ensure 

that the footing resistance was within tolerance, otherwise more spikes were drilled into 

the ground to extend the crowfoot. There was no need to use conductive cement, although 
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2 transformers had footing resistances of 15Ω and 20Ω, even after installing more spikes 

to extend the crowfoot. 

 Backfilling – if the footing resistances were less than 10Ω, the trenches were backfilled 

with the soil. 

 Restore supply – when all the work was completed on each transformer, the breaker or 

fuses that were opened were then closed. 

 Commissioning and handover – This involved a visit to all the sites, and the work in 

general for each transformer was inspected and approved. The footing resistance was also 

confirmed to see if it was within specification. 

 Closeout – a closeout meeting was then held, so that the project was reviewed at the 

various stages to determine if there were any lessons learnt. Recommendations were also 

made on how the project could be managed better in future. 

 5.11 Risk assessments 
 

Risks for the project were analyzed so that if an alternative could be made, it could be made to 

avoid delays in implementation of the project. The following risks were identified and measures 

put in place, 

Table 5.6: Risk identification and mitigation measures 

RISK CONTROL MEASURE/MITIGATION 

Electrocution during surge arrestor installation Open fuses on the LV side of the transformer 

before carrying out any work. Full personal 

protective equipment. Fill out risk and hazard 

identification form for each task 

Falling from heights Have a safety harness when climbing a pole. 

Assess if pole is not rotten before climbing up. 

Environmental  Rehabilitate area after working. Backfill 

material that was excavated. Correctly dispose 

plastic food containers. Report any transformer 

oil leaks if discovered  

Unavailability of material/late delivery of 

material 

Secure all material before handing over site to 

contractor 
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5.12 Installation exercise 
 

The site was handed over on Thursday 21st May 2015 to Powerline Electrical Contractors after 

an induction and a briefing. Since the contractor’s offices are located at Big Bend, they did not 

need to establish site as KaPhunga is close to Big Bend. The contractor started with the 

excavations right away so that whichever order they decided to install the surge arrestors, 

everything would be ready. During the excavations however, the contractor camped in one of the 

homesteads to avoid multiple trips. 

Feedback on progress was received from the contractor’s technician on a daily basis. During 

commissioning and acceptance, a visit to the individual transformers where the surge arrestors 

were installed was done when the contractor indicated that they had finished everything. 

Pictures were taken during this visit and the footing resistance was measured at each and every 

structure and the results recorded are given in chapter 6.  

Shown below are some of the pictures that were taken during acceptance of the installation of the 

surge arrestors at KaPhunga feeder 5030. 

 

Figure 5.7: Connection of neutral surge arrestor on structure after the transformer for an aerial 

bundled conductor (ABC) at KaPhunga Primary School 
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Figure 5.8: Testing of the crowfoot method at KaPhunga Primary School 

 

Figure 5.9: Neutral surge arrestor at KaPhunga High School transformer 

 

Figure 5.10: Neutral surge arrestor installed at Akukhanye Gwebu – 2 transformer 
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Figure 5.11: Surge arrestor installed at Vonya B98 transformer 

 

Figure 4.12: Surge arrestor for transformer structure B1662 

5.13 Closeout  
 

The project was completed successfully within the right time, cost and quality. It was then 

accepted from the contractor after the site visit and testing of the footing resistances. There were 

no incidents that were recorded, nor any near misses. A post mortem for the project was also 

conducted to see if there was any room for improvement, as well as to highlight lessons learnt to 

be used/applied in future. 

Having concluded the installation exercise, simulation results and field results were collected and 
are presented in chapter 5 below. 
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Chapter 6 

SIMULATIONS AND RESULTS 

 

Pole mounted distribution transformers are exposed to a number of operational and 

environmental conditions which affect their performance during their useful life. In the 

preceding chapters, a number of such factors which eventually lead to transformer failure were 

analyzed, as well the failure modes of the transformer due to each factor. 

Out of the identified root causes of the high failure rates of pole mounted distribution 

transformers, failures due to lightning were found to be most dominant. The existing pole 

mounted distribution transformers’ protection schemes were then analyzed on why they did not 

offer maximum protection against lightning and then explored how they could be improved to 

reduce the high failure rates.  

This chapter of the dissertation presents the results of the effects of installing neutral surge 

arrestors at the secondary of the pole mounted distribution transformers. The first part presents 

results obtained from simulation under different scenarios, whilst the second part presents actual 

field data after the secondary surge arrestors were practically installed on site.  

Reliability indices were then calculated for the chosen network before the LV neutral surge 

arrestors were installed and after they were installed to determine if there was any change in the 

reliability indices. 

6.1 Simulation results 
 

Seven cases will be considered in this section, and each case is described briefly below; 

Case 1: Effects of varying the earth resistivity (5 Ω, 10 Ω and 15 Ω) 

Case 2: Primary and secondary lightning strike effects on surge arrestor operation 
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Case 1 

 
Figure 6.1: Surge arrestor current and voltage waveforms for 5 Ω footing resistance and a 
strike of 5 kA 
 

 
Figure 6.2: LV surge arrestor’s graph of current against voltage for 5Ω resistance 
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Figure 6.3: Surge arrestor current and voltage waveforms for 10 Ω footing resistance and 
a strike of 5 kA 
 

 
Figure 6.4: LV surge arrestor’s graph of current against voltage for 10 Ω footing 
resistance 
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Figure 6.5: Surge arrestor current and voltage waveforms for 15 Ω footing resistance and 
a strike of 5 kA 
 

 
Figure 6.6: LV surge arrestor’s graph of current against voltage for 15 Ω footing 
resistance 
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Case 2 

a) Primary side lightning strike and effects 

 
Figure 6.7: Primary side (MV) currents and voltages for a primary lightning strike 
 

 
Figure 6.8: MV arrestor graph of current against voltage for a primary lightning strike 
 
 

 
Figure 6.9: Secondary side currents and voltages for a primary side strike 
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b) Secondary side lightning strike and effects 

 
Figure 6.10: Secondary side currents and voltages for a secondary lightning strike 
 

 
Figure 6.11: LV arrestor’s graph of current against voltage for a secondary side lightning 
strike 
 

 
Figure 6.12: Primary side voltages and currents for a secondary side lightning strike 
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6.2 Failure of the surge arrestors due to underrating of some 

specification parameters 
 

A lightning surge was applied at point F2 and the LV surge arrestor’s protection voltage was 
reduced to half of 4.8 kV and the plot of current against voltage is shown in figure 6.13. 

 

Figure 6.13: Graph of voltage against current for an underrated LV surge arrestor 

6.3 Field results from pilot project 
 

Shown below are transformers where the neutral surge arrestors were installed. The earthing 

resistances on the LV side of the transformer are recorded in the table 
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Table 6.1: Places where neutral surge arrestors were installed and the footing resistances 

Location Transformer drop out fuse 

number 

Secondary Resistance Ω 

KaPhunga Primary School B358 0.73 

KaPhunga Secondary School B359 9.9 

Akukhanye Gwebu Group 

Scheme - 1 

B1668 2.6 

Akukhanye Gwebu Group 

Scheme - 2 

B1667 1.9 

Akukhanye Gwebu Group 

Scheme - 3 

B1386 4.6 

Akukhanye Gwebu Group 

Scheme - 4 

B1662 0.83 

KaMatsebula B464 3.9 

Hhometini Clinic B481 10.3 

Hhometini B480 23.2 

KaPhunga MTN 2 B755 0.28 

KaNdlovu B756 15.2 

Vonya B98 11 

Dwaleni Group Scheme - 1 B1322 5.4 

George Group Scheme - 1 B1318 3 

George Group Scheme - 2 B1664 7.6 

George Group Scheme - 3 B1656 11.2 

George Group Scheme - 4 B1657 4.7 

George Group Scheme - 5 B1658 6.2 

 

In Appendix C, the mean earth value was 6.3 Ω with a standard deviation of 5.6. According to 
SEC’s standards, a value of l0 Ω or less is desired for footing resistances. 

 

The installed surge arrestors were observed over a period of 6 months to see the performance of 

the pole mounted transformers with the neutral surge arrestors installed. The performance of 
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these surge arrestors is recorded in table 3.7 of chapter 3 and will be discussed in next chapter 

together with other obtained results. 

6.4 Calculation of reliability indices for KaPhunga feeder using failure modes 

effects and analysis (FMEA) 
 

Below in table 5.4, calculation of failure rate per year for the pole mounted distribution 

transformers is shown. 

Table 6.2: Calculation of failure rate per year (averaged over three years) 

YEAR No of failed 

transformers 

Total No of 

transformers in 

system 

Probability of failure 

per year, λ 

2012 434 15,075 0.029 

2013 971 16,750 0.058 

2014 274 18,425 0.015 

Average 560 16,750 0.037 

 

Using the above failure rate for transformers, that is, λ = 0.037, the indices were calculated as 

shown in the spreadsheet in the attached spreadsheet, and the results are shown in table 6.3.  

If the installed LV neutral surge arrestors are effective, then the failure rate per year for the pole 

mounted distribution transformers will drop. Using a failure rate per year, λ, of 0.015, as per the 

Roy Billinton Test System [4], the new reliability indices are calculated and shown in table 6.4. 

Table 6.3: Reliability indices with λ = 0.037 

(∑Ni) (8 customers per transformer 

on average) 

784 

(∑Ni λi)  28,922.428 

(∑Ui Ni)  75,580.318 

SAIFI (∑Ni λi)/ (∑Ni) 10.271 

SAIDI (∑Ui Ni)/ (∑Ni) 26.840 

CAIDI (∑Ui Ni)/ (∑Ni λi) 2.613 
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Table 6.4: Reliability indices with λ = 0.015 

(∑Ni) (8 customers per transformer 

on average) 

784 

(∑Ni λi)  10,100.11 

(∑Ui Ni)  37,812.56 

SAIFI (∑Ni λi)/ (∑Ni) 3.587 

SAIDI (∑Ui Ni)/ (∑Ni) 13.431 

CAIDI (∑Ui Ni)/ (∑Ni λi) 3.744 

 

Having obtained the simulation results, field data and the reliability evaluation of the KaPhunga 
network, the results are discussed in the next chapter. 
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Chapter 7 

Discussion of Results 

7.1 Effects of footing resistance on primary surge arrestor performance 
 

The results in figures 6.1 to 6.6, show that as the footing resistance was varied from 5 Ω to 15 Ω, 

the average voltage appearing across the surge arrestor also increased, for the same lightning 

surge. The increase in voltage was observed in the voltage spikes which were momentarily above 

the protection or clamping voltage as shown in figures 6.4 and 6.6. As the footing resistance 

increased above 10 Ω, the spikes were becoming significant. In the simulation, the surge arrestor 

does not fail as a result of these spikes, but in practice the surge arrestors would fail as shown in 

the next paragraph. 

From figure 4.5, if 𝑉𝑎 rises above the surge arrestor rated value and above its impulse withstand, 

then the surge arrestor is likely to fail and leave the transformer vulnerable to damages as a result 

of lightning strikes. In table 3.7, the transformers that were damaged on the 08-11-2015 had MV 

footing resistances of 39 Ω and 46 Ω, whilst those damaged on the 13-11-2015 had MV footing 

resistances of 17 Ω, 27 Ω, 33 Ω and 63 Ω. The extent of damage after assessing was that the 

primary surge arrestors had also failed. These footing resistances were then corrected before 

power restoration. It is therefore likely that an arrestor would fail instead of withstanding a surge 

which was within its capabilities as a result of the additional voltage 𝑉𝑔 (in figure 4.5) added to 

the arrestor terminal because of the footing resistance. For this reason, it therefore, recommended 

that earthing resistance should be kept lower than 10 Ω where possible. 

Therefore, an indirect cause of failure of pole mounted distribution transformers is the failure of 

the primary surge arrestors as a result of high footing resistances at transformer structures. First 

ten entries of table 2.11 are shown in table 6.1 below indicating that footing resistances are 

generally higher at transformer structures in the Swaziland Electricity Company’s distribution 

network. 
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Table 7.1: First 10 transformers of table 2.7 

Structure number Earth resistance (MV side) value in Ohms 

M1840 140 

M1842 280 

M1839 20 

M1496 320 

M1837 240 

M1838 440 

M1377 400 

M1455 20 

M1819 140 

M1822 340 

  

Unless the values are lowered to values below 10 Ω, more surge arrestors will fail first and leave 

the transformers unprotected. The surge arrestor replacement exercise will not help much, as this 

exercise will have to be done over and over again. Replacing is not a permanent solution to the 

problem, and further installing arrestors in such a way that it is easy to spot them when damaged 

(COMBI Units) is not a solution either; rather it just facilitates the replacement exercise. An 

exercise that will be worthwhile is lowering the earthing resistance values at pole mounted 

transformer structures. 

Conclusion on effects of footing resistance 
 

High earthing resistances result in high voltages appearing at surge arrestor terminals, which 

their combined effect with lightning surges, may lead to eventual failure of the surge arrestors. 

Upon failure, the transformer is left unprotected from lightning strikes. The failure of surge 

arrestors therefore is one of the causes of pole mounted transformer failure in the Swaziland 

Electricity Company network. 
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7.2 Failure of 11 kV surge arrestor due to low lightning impulse 

withstand 
 

The graph shown in figure 6.13 shows a lot of overvoltage spikes above the protection voltage of 

the LV surge arrestor. This indicates that the surge arrestor operates but the voltage appearing 

across its terminals is above its withstand capability. A similar situation can be observed if the 

lightning impulse withstand parameter is reduced. The 11 kV specifications for surge arrestors at 

SEC are specified in [43] to have a maximum residual voltage of 40kV. With this specification, 

it is assumed that lightning impulses will be below 40kV. When looking at 16 kVA pole 

transformer bushing properties, the BIL for the 11 kV is 95kV [2], making the maximum 

protective level for this arrestor to be approximately 42% of the BIL, resulting in a large safety 

margin. The results of the simulation shown in figure 6.13 suggest that lightning spikes at 11 kV 

will be above 50 % of the BIL, so the impulse withstand of the 11 kV surge arrestor should be 

above 48 kV. 

The NRS 039-1:2008 states that the safety margin for any surge arrestor should be around 20-

25%. A very large safety margin implies that the lightning impulse protective level of the 

arrestor is reduced, resulting in unnecessary surge arrestor failures. With the current 

specifications, the arrestors at 11 kV have a safety margin of 58%. The implication of this is that 

for lightning impulses greater than half of the BIL, the arrestor would operate, but would not be 

able to handle the amount of energy from the stroke, as a result would get damaged. 

For such arrestors, energy surges at voltages above 40kV are considered to be high energy surges 

and may result in the surge arrestor being thermally unstable [40]. Once thermally unstable, 

thermal runaway is very likely and will eventually result in total failure of the surge arrestor.  

7.3 Effects of primary side lightning strikes 
 

When there is a primary side strike, the primary surge arrestor conducts and protects the 

transformer as can be seen in the operation of the primary surge arrestor in figures 6.7 and 6.8. 

However, some surge is diverted to the secondary of the transformer through the common earth 

as evident in figure 6.9. The voltage appearing across the secondary surge arrestor and the 

current through it is small, but it does show that primary surges are diverted to the secondary if 

the neutral is earthed at the same point as the primary earth. Figure 7.1 shows graphically how a 
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primary surge enters the secondary of the transformer. These diverted surges may reappear as 

overvoltages which are a function of the turns ratio on the primary of the transformer. 

 
Figure 7.1: How lightning enters the LV of a pole mount transformer 

 

The diverted surge to ground may enter through the neutral which is connected to earth on the 

LV side of the transformer. From the simulation results, the LV surge arrestor operated when 

there was a primary side strike, implying that some of the discharge current was diverted to the 

secondary of the transformer through the neutral which is connected to earth. From the graph 

shown in figure 5.6, the secondary surge arrestor conducts for faults applied on the primary.  

Figure 6.2 below shows what happens as some of the surge current is diverted to the secondary 

through the LV neutral earthed at the same point as the primary earth. 

 

To eliminate the issue of diverted surges, the primary earth was separated from the secondary 

earth. This had some adverse consequences on the transformers apart from the advantages it 

offered, and the issue of separate earths is discussed below. 

 Flashover at neutral bushing as a result of separate earths and a 

primary strike 
 

Apart from the absence of neutral surge arrestors, the earthing of the neutral bushing which was 

done at the next structure (between 20 and 50 metres), was one major cause for flashovers when 

the primary surge arrestor operated.  
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Consider figure 7.2 below used in trying to explain the effects of having separate earths. 

 

 
Figure 7.2: Effects of separate earths 

 

The failure of the LV neutral bushing was due to the difference in potentials when the primary 

surge arrestor operated, leading to a flashover (if the critical voltage is exceeded) as explained in 

figure 7.2 above. As the primary surge arrestor discharges, the transformer tank rises as a 

function of the surge current and the footing resistance. Since the LV neutral is earth at a 

separate point, the tip of the neutral bushing is at a zero potential whilst the other end of the 

bushing is at the tank potential. If this potential becomes large enough, a flashover from the 

transformer tank to the tip of the LV neutral bushing results. Shown in figure 7.3 are pictures 

taken from Stonehenge depot in May 2015 after a strange winter thunderstorm. 

 

 
Figure 7.3: Neutral bushings that flashed over  
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 Winding insulation may be stressed as a result of the overvoltages appearing on the neutral 

bushing and may be damaged. At times, the neutral bushing may not be damaged, yet the 

winding insulation may be damaged.  Its withstand capability could be reduced to a lower value 

due to being exposed to a number of stresses [45]. Therefore, the presence of the neutral surge 

arrestor limits the voltage as seen by the neutral bushing during the operation of a primary side 

surge arrestor. Consider figure 7.4 below: 

 
Figure 7.4: Effect on neutral surge arrestor when tank voltage rises during a primary strike 

 

As mentioned in the paragraphs above, that when the tank voltage rises due to a surge diverted to 

ground by the primary surge arrestor during a primary side strike, the voltage seen by the neutral 

bush becomes high due to the separate earths, hence a large potential difference, and if it exceeds 

the critical voltage, a flashover results [9]. With the surge arrestor installed on the neutral 

bushing, the voltage at the terminal connected to the bushing is a function of the surge current 

and the footing resistance. With this scenario, the full voltage appearing at the tank does not 

appear across the neutral bushing. Consider equations 6-5 and 6-6 below, 

𝑉𝐵𝑢𝑠ℎ = 𝑉𝑇 - 𝑉𝑔                                                                                                                           (7-1) 

𝑉𝐵𝑢𝑠ℎ = 𝑉𝑇 – (𝑉𝑆𝐴 +  𝑉𝑔)                                                                                                             (7-2) 

 

The combined effect of the voltage across the surge arrestor and footing resistance reduces the 

voltage appearing across the neutral bushing of the transformer. In table 3.7, no transformers 

with LV neutral surge arrestors failed, and this proves the effectiveness of the installed surge 

arrestors. 

7.4 Secondary side lightning strikes 
 

A majority of LV surges are non-destructive [34], but the combined effects of these surges and 

the footing resistances can produce catastrophic effects on pole mounted distribution 
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transformers. This section of the simulations focuses on the effects on the primary that the LV 

diverted surges or direct LV strikes produce.  

 

For analysis purposes, consider the graph in figure 7.5 of the primary side voltage when a 

lightning fault was simulated on the secondary of the transformer. 

 

 
Figure 7.5: Effects of LV strikes on the primary side of a transformer 

 

From the above graph, when the fault was applied, the voltage waveform on the primary was 

distorted for a few milliseconds. Then after the distortion, an overvoltage was observed 

throughout the duration of the fault. After removal of the applied fault, the primary system 

voltage returned to nominal. 

The induced overvoltages as a result of direct LV strikes unfortunately appears across the 

primary windings of the transformer [34], and the primary surge arrestors only operate when the 

windings have already been exposed to the overvoltages. The insulation of the primary winding 

may fail as a result of these induced overvoltages.  

The number of lightning strokes is four per flash and each stroke has 48 component strokes, with 

the time interval between strokes being 40-50 ms [20]. Even if the insulation on the primary of 

the transformer were to withstand, the reappearing of overvoltages on the primary as a result of 

diverted LV surges, would eventually stress the insulation to the point of failure. This is because 

over time, as the insulation is repeatedly exposed to stresses, its withstand capability is reduced 

[8]. Therefore, both the transformer insulation and the primary surge arrestor would eventually 

fail as a result of the repeated strikes and diverted surges reappearing on the primary of the 

transformer. The surges reappearing as induced overvoltages on the primary side of the 

transformer also do not give the primary surge arrestor enough time to cool down to ambient 
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temperature. In the laboratory tests by [39], which included; residual voltage test, high current 

withstand test, long duration current withstand, and duty cycle tests, the arrestor was allowed to 

cool down to ambient temperature between the test impulses. When the arrestor has not cooled, 

there are some changes in its characteristics, which may make it not to behave as expected 

according to its specifications or design. 

Conclusion on effects of secondary side strikes 
 

Both LV direct strikes and diverted surges have a tendency of producing induced overvoltages 

on the primary side of the pole mounted distribution transformer. The induced overvoltages act 

on the insulation of the transformer, that is both bushings and winding insulation, and stress it to 

the point of failure. Based on the analysis of the results of case 2, it can be concluded that any 

strike to the transformer, whether primary or secondary, produces detrimental effects to the 

transformer. It can be concluded that one of the causes of failures of pole mount distribution 

transformers in the Swaziland Electricity Company Network is the absence of neutral surge 

arrestors. The neutral surge arrestors would help to avoid diverted surges reappearing as 

overvoltages on the primary of the transformer, and also avoid similar effects due to LV direct 

strikes. 

7.5 Absence of LV neutral secondary surge arrestor 
 

Whilst the installation of the secondary neutral surge arrestor is an exercise that was undertaken 

as part of the research, the absence of these surge arrestors as part of transformer protection is in 

itself one of the causes of high failure rates in pole mounted distribution transformers. Pole 

mounted distribution transformers, which are a stock item at the main stores, are procured from 

South Africa, and all the manufacturers from which they are procured state explicitly that they 

are manufactured according to ESKOM standards and specifications. Section 4.3.2 of ESKOM’s 

specification for oil-immersed power transformers up to 500 kVA and 33 kV states the 

following, “The design shall take into account that Eskom will mount a neutral surge arrestor on 

the secondary earth terminal.”[2].  

Separating the earths by earthing the neutral of the transformer at the next structure does not 

solve the problem of diverted surges entirely. Whilst it does eliminate the issue of diverted 
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surges, it introduces failure of the neutral bushing of the pole mount distribution transformers 

due to the differences in potential between the tank and the earthed side of the LV neutral 

bushing. The presence of a neutral bushing is still critical for pole mount distribution 

transformers. From field data, it was observed that some transformers still had their neutral 

earthed at the transformer tank, thus introducing the issue of diverted surges. 

7.6 Other identified causes of transformer failures from collected data 
 

7.6.1 Seasons 
 

The above highlighted factors contributing to the failure of pole mounted distribution 

transformers are all associated with lightning activity. The statistics gathered on failed 

transformers and the rainfall (received through thundershowers) received on a monthly basis are 

shown in figure 7.6 below: 

 

Figure 7.6: Mean Monthly Rainfall, 2012 - 2015 Failed pole Mounted Transformers 

The graph shows mean monthly rainfall from 1901 to 2009 [1], and the number of failed 

transformers per month from 2012 to 2015. This presents a very strong relationship between 

rainfall which is received through thundershowers and transformer failures. Lightning is 

prevalent during the wet months of the year; hence the high failure rates of transformers during 

summer [28]. 
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The pattern observed is that the failure rates are highest during the summer months (November 

to March). In Table 3.2, it was discovered that during the summer months, the failures were 

prevalent when there was a thunderstorm. Whenever, there was a thunderstorm, there would be a 

high number of failed transformers, whereas the failure rates were low during clear sunny days. 

From the collected statistics of transformer failures on a monthly basis, it is evident that seasons 

play a very important role in the failure of the transformers. This is because the seasons have an 

effect on the amount of rainfall received, hence lightning activity, and lightning activity is 

common mostly in the summer months. Whilst seasons are in a sense not a direct cause of the 

failure of the transformers, they affect the weather patterns to a large extent, and therefore 

indirectly contribute to the failure of distribution transformers. 

Whilst in the summer months, the failures are attributed to lightning activity; there are some 

failures that are observed during the other months throughout the year. The factors behind these 

failures will be discussed shortly. 

7.6.2 Geographic location 
 

Just like seasons, geographic location does not have a direct impact on the failures of the 

transformers. The geographic locations only affect the weather patterns which in turn affect the 

amount of rainfall received, as shown in table 2.5. On the other hand, table 3.4, shows some 

statistics that were gathered from each of the four geographic regions of Swaziland, and the 

failures of the transformers were categorized into these regions. The Highveld region recorded 

the highest number of transformer failures, and receives the highest amount of rainfall compared 

to the other geographic regions. The Middleveld has the second highest failure rate of 

transformers, yet at the same time it receives the second highest annual rainfall after the 

Highveld. The Lowveld followed the Middleveld with the third highest transformer failures, and 

the last was the Lubombo region.  

As mentioned that rainfall in Swaziland is received through thunderstorms, and the geographic 

locations only affect the amount of rainfall that can be received by a particular area. More rain 

implies more lightning activity. Geographic locations have an impact on the weather patterns 

which have a direct effect on the failures of pole mount distribution transformers. 

7.6.3 Protection of the pole mount distribution transformer 
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Lightning is not sorely responsible for transformer failures, but may be a means through which 

total failure comes about. Throughout its useful life, a transformer is exposed to a number of 

stresses which reduce its withstand capability in the process [8] [9]. The stresses act on the 

insulation and reduce its withstand capability to an extent that when exposed to lightning strikes, 

the insulation fails instead of withstanding.  

One of the factors under the protection of the pole mount distribution transformer that will be 

looked at is overloading and overcurrent. Pole mount transformers in the SEC network are 

protected from overcurrent by fuses both on the primary and secondary of the transformer. The 

rating of the fuses should be such that it protects the transformer from overcurrent.  

There is a growing tendency to install main line fuses which are usually rated at 30 A as 

transformer primary side fuses. Take for instance at Stonehenge depot, in July 2014, a visit was 

made by the author of this dissertation to enquire about the type of fuses used for transformer 

overcurrent protection, and it was gathered that the depot stores had been out of 5 A and 10 A for 

over a week, so 50 A fuses were used instead. Other depots used 30 A fuses for overcurrent 

protection on the primary side of 16 and 25 kVA pole mounted distribution transformers. 

Consider the calculation in equation 6-8 below for full load primary current for a 16 kVA single 

phase pole mount transformer, 

𝐼11𝑘𝑉 = 
16 𝑘𝑉𝐴

11 𝑘𝑉
 = 1.45 A                                                                                                             (7-3) 

Whilst for a 25 kVA, the full load current is (25 kVA/[√3 *11) A or simply 1.31 A 

For this magnitude of 11 kV current, a 5 A (lowest fuse rating at SEC main stores) fuse would 

work well for transformer overcurrent protection because the full load current is 1.45 A. As you 

go further down the 11 kV line feeders, fault levels drop because of the line impedances. The 

many branches along the feeder to the load points may not get a 30 A or 50 A current magnitude, 

implying that any transformer with a fuse rating of above 5 A is not protected from an 

overcurrent likely to occur at that section of the feeder. A 30 A fuse is over 20 times higher than 

the rated current of the transformer on the 11 kV side. There is also a tendency to use overrated 

secondary fuses which further compromises the overcurrent protection of pole mounted 

transformers.  
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Drop out fuses protect the transformer from overcurrent conditions, and may allow some 

overload so long as the rated threshold is not reached. A 5 A fuse used for overcurrent 

protection, will not blow when a 3.5 A current (which above 200% of rating) passes through it 

into the transformer continuously. Such a magnitude of current means that the transformer is 

overloaded to beyond its current handling capability and this stresses the insulation [8]. While 

the transformer may not fail immediately, the insulation withstand capability may be reduced to 

low levels such that the transformer cannot withstand overvoltages. The prolonged overloading 

produces a lot of internal heat inside the transformer, and the combined effects of overloading, 

hot temperatures and a lightning surge through the transformer may lead to an explosion of the 

transformer. 

The LV side of the transformer also has some fuses. They too are overrated at times, resulting to 

overload of the transformer. Sometimes the technicians/electricians get tired of going to one 

place to replace a fuse, so they opt to put an over rated one instead. In such cases, uprating the 

transformer could be one option, but if that is not possible, some of the load may be shifted to 

another nearby transformer. 

Therefore, wrong fuse ratings on the transformer may lead to overloading which produces heat 

and degrades the insulation. With the reduced withstand capability of the insulation as a result of 

overloading; eventual failure may be due to lightning strikes, direct or indirect. 

Overloading of transformers is also likely to take place during the winter months, where load 

points draw more current for heating purposes. Over the winter months, overloading may be 

prolonged. In summer however, during peak hours, the transformer may be overloaded, and the 

repeated overloading on a daily basis will produce similar consequences to continual 

overloading, but over an extended period of time. 

Conclusion on the protection of pole mounted transformers 
 

Overloading is one stressor for pole mounted distribution transformers whose consequences are 

not immediate, but are cumulative, and are affected by overload magnitude and time period of 

overload. The higher the overload current, the shorter the time period for the consequences to be 

realized on the transformer. Using higher rated fuses than normal increases the risk of 

overloading of the transformer. Overloading acts on the insulation, thereby weakening its 
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withstand capability, resulting to total failure of the insulation when exposed to lightning 

overvoltages. Overloading is therefore one of the causes of transformer failures in the Swaziland 

Electricity Company network. 

7.6.4 Wind Effects  
 

The results shown in table 3.5 show that wind does to some extent contribute to the failure of 

pole mount distribution transformers by uprooting the transformer structure and damaging the 

transformer as the structure hits the ground. At times the transformer structure just breaks 

without being uprooted, and as the portion that carries the transformer falls to the ground, the 

transformer gets damaged. Figure 3.3 shows a distribution of the failures during the various 

seasons of the year, and most failures are common in summer in the early and late hours of the 

day. A similar pattern is also observed in winter between July and August just before spring 

starts.  

Affected areas are usually within the high wind areas of Swaziland as shown on the map in 

figure 2.11. Grey portions on the map are high wind zones, whilst zones marked in blue are 

moderate wind zones.  

Conclusion on effects of wind 
 

Wind therefore is one of the causes of transformer failures, as it uproots/breaks transformer 

structures. The transformers get damaged as the structures carrying them fall to the ground.  

7.7 Reliability Evaluation of KaPhunga Feeder 5030 using FMEA 
 

There was an improvement in the reliability indices as shown in table 7.2, after the LV neutral 

surge arrestors were installed at KaPhunga area and correct fuse ratings on the primary of the 

transformers. The positive impacts were observed in the significant changes in the SAIFI and 

SAIDI indices when single state weather analysis is used. The significant change in the indices 

was due to the improvement in the pole mounted transformers’ lightning protection and the use 

of correct fuses on the primary of the transformers so that faults on laterals do not affect main 

lines. 
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Table 7.2: Improvement in indices after installing LV neutral surge arrestor and using correct 

fuse ratings 

 λ = 0.037 λ = 0.015 % Difference 

SAIFI 10.271 3.587 180 

SAIDI 26.840 13.430 100 

CAIDI 2.613 3.744 30 

Conclusion 
 

When the failure rate per year of the pole mounted distribution transformers is reduced as a result 

of the installation of neutral surge arrestors, the system and customer performance indices 

improve. The installation of neutral surge arrestors in the entire network will help improve the 

reliability of the 11 kV network because it is also economical as was shown in section 5.5. 

7.8 Summary 
Factors which affect the field transformers directly and indirectly have been identified. A 

conclusion that lightning is the means through which total failure is brought about is drawn 

based on the discussion of the results above. 

The discussion above is therefore summarized as follows: 

 High footing resistance leads to damage of surge arrestors on the primary of the pole 

mounted transformers 

 Primary side lightning strikes are responsible for 

o Diverted non-destructive surges to the secondary which reappear on the primary as 

destructive overvoltages. This happens in systems where the neutral is earthed on the 

transformer tank together with the primary earth. 

o Damage of the neutral bushing. This happens for systems where the neutral is earthed 

separately from the primary side earth.  

 Direct secondary strikes are non-destructive, but may induce destructive overvoltages on the 

primary of the transformer. 
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 Incomplete protection of the transformer, as there is no secondary surge arrestor as per the 

transformer specification. LV surge arrestors were therefore installed on the secondary of the 

transformer, but not on the transformer tank, but at the following structure. Possible issues 

with this arrangement are the damage of the surge LV surge arrestors as a result of the 

additional voltage on the surge arrestor due to the inductance of the line. The additional 

voltage on the LV surge arrestor is a product of the conductor self-inductance and the fast 

changing lightning surge. This additional voltage and the discharge voltage contributes to the 

overall voltage appearing across the surge arrestor terminals and the sum of the two may be 

above the withstand capabilities of the surge arrestor. 

 Seasons affect weather patterns, hence lightning activity. Lightning in turn has a direct effect 

on field transformers. 

 Geographic locations have an effect on the amount of rainfall received, hence lightning 

received by a certain area. Lightning is the one with a direct impact on open field 

transformers. 

 Wind breaks or uproots transformer structures, thus directly damaging transformers in the 

process. 

 There is some improvement in the network indices if surge arrestors are installed on the 

neutral of the LV as indicated in the reliability evaluation using Failure Modes and Effects 

Analysis (FMEA) 

 

Having discussed the results, the research questions that were asked at the start of the research 

are revisited, and then conclusions drawn and recommendations made thereafter. 
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Chapter 8 

CONCLUSIONS AND 
RECOMMENDATIONS 

8.1 Validity of Hypothesis 
 

The research hypothesis is, 

When exposed to lightning activity during the summer months, the likely point of failure for 

pole mounted distribution transformers in the Swaziland Electricity Company’s network is the 

bushings. 

Swaziland falls inside the high lightning intensity area in the world [21] and it was gathered from 

the collected data that most of the transformers fail during the summer months where there is a 

lot of lightning activity. There was a relationship between rainfall (received through 

thunderstorms) and the transformer failures. The majority of the failed transformers had the 

neutral bushing damaged, which is the a1 bushing for the Actom transformers, and those 

transformers are a majority of the pole mounted distribution transformers in the Swaziland 

Electricity Company’s distribution network. The failure of the LV neutral bushing is due to the 

separate primary side and secondary side earths, and the analysis of this was detailed in section 

6.2 of the results and discussions. In some instances, the LV neutral bushing would be damaged 

together with the MV bushings, especially in cases where the primary surge arrestor was 

damaged. The hypothesis therefore is valid for pole mounted distribution transformers in SEC’s 

distribution network that have been damaged as a result of lightning overvoltages. 

8.2 Revisit to the research questions 
 

There were some questions at the start of the thesis which were formulated in section 1.4 and 

they were as follows, 

1. Are the failure rates of pole mounted distribution transformers a cause for concern? 

2. Why do pole mounted transformers fail often and what are the possible causes? 

3. When do they fail? 
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4. Are the lightning protection methods effective? 

5. What is the pattern of failure? 

6. Are the failures localized? 

7. What can be done to reduce the failure levels? 

The above questions, led to the testing of the hypothesis for its validity. The answers to the 

above questions are summarized below. 

1. Are the failure rates of pole mounted distribution transformers a cause for concern? 

Yes the failure rates of pole mounted distribution transformers are a cause for concern. 

Although there is a drop in the number of failures from previous years, the failure rates are 

still high. It has become a normal thing that after a thunderstorm, a number of transformers 

are lost, and as a result, a lot of money is spent on reactive maintenance, which in turn 

increases the overtime bill during the summer months. One of the strategic initiatives for the 

Swaziland Electricity Company is to reduce reactive maintenance costs through 

implementation of network strengthening and reliability projects. 

 

2. Why do pole mounted transformers fail often and what are the possible causes? 

During a transformers’ useful life, it is exposed to a number of factors which act on it, thus 

reducing its performance with time. An open field transformer, especially a pole mount, is 

exposed to a number of such harsh factors, which act on its withstand capability. There were 

some factors which were discovered to be direct or indirect causes to the failure of the 

transformers. Whilst the other factors act on the transformer over time before their effects are 

seen, eventual failure is caused by lightning strikes most of the time. To some extent, wind is 

also a cause to transformer failures. Indirect factors that were identified were; overloading, 

wrong fuse ratings, harmonics, auto-reclosing especially closing onto faults, repeated 

exposure to a wide range of daily temperatures, dust or moisture ingress, inadequate 

protection, to mention but a few. 

 

3. When do they fail? 

It was very interesting to notice that the failures were seasonal and were proportional to the 

amount of rainfall, hence lightning received. The spring and summer seasons recorded the 

highest failures in four years. The autumn and winter seasons record the lowest failures. 
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4. Are the transformer protection methods effective? 

The current protection philosophies protect the field pole mount transformer from 

overcurrent and lightning on the primary side. The secondary side is however not protected 

from any overvoltages. Therefore the current protection methods do not protect the 

transformer entirely. 

 

5. What is the pattern of failure? 

After being exposed to lightning overvoltages, a majority of the inspected transformers were 

found to have damaged neutral bushings on the secondary side of the pole mounted 

transformer. This was a common pattern throughout the country where the transformers had 

the primary and secondary earths earthed at different points. 

 

6. Are the failures localized? 

The failures are not necessarily localized, rather they are more pronounced in the Highveld, 

Middleveld and Lubombo because of the amount of rainfall received by these areas 

respectively. If there is a storm in the Lowveld, the failure pattern is also observed there.  

 

7. What can be done to reduce the failure levels? 

Preventative maintenance is important in reducing the failure rates to acceptable limits. For 

instance, ensuring that surge arrestors on the primary side of the pole mount transformer are in 

good condition would be one way. The installation of LV neutral surge arrestors would also 

protect the transformer from any possible overvoltage on the secondary side. 

8.3 Recommendations 
 

In testing the hypothesis, a number of recommendations are made which will help in improving 

the reliability of the distribution network, especially as far as pole mounted distribution 

transformer failures is concerned. The following recommendations are therefore made; 

1. Revise the 11 kV surge arrestor specification, which is document MSD-1048_1 so that 

the lightning impulse residual voltage under nominal discharge current is changed from 
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40 𝑘𝑉𝑝 to any value between 70 𝑘𝑉𝑝 and 75 𝑘𝑉𝑝, so that the safety margin is between 20 

and 25 % of the BIL as per section 4.7.3.2 of NRS 039-1:2008 

2. Install neutral surge arrestors throughout the network as the pilot project at KaPhunga 

area was successful. The implementation costs of neutral surge arrestors are much less 

than replacement costs of a pole mounted distribution transformer. With the improved 

lightning protection, the reliability of the distribution network improves as well, so the 

installation of such arrestors will be worthwhile. The cost benefit analysis showed that 

the installation of surge arrestors was economical. 

3. Conduct some audits for pole mount distribution transformers to identify those that are 

overloaded and uprate where necessary. 

4. Use a variety of transformer manufacturers than sticking to one supplier to avoid 

common mode failure.  

5. Use steel structures for transformers in the high wind zones instead of wooden structures 

to avoid breaking transformer structures, thereby damaging the pole mount transformers.  

6. LV bushings should not be closer to each other like in the transformer shown below, 

 

 
Figure 8.1: LV bushings closer to each other 

 

The bushings should however have enough spacing between them as shown in the figure 

below: 
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Figure 8.2: Bushings have some spacing between them 

7. Install 5 A fuses on the primary side of 16 kVA transformers. Weekly performance and

incident reports conducted by SEC every week indicate that after transformer

replacement, 30 A fuses are installed on the primary side of the transformer. A refresher

course on transformers is also recommended for the distribution team.

In conclusion, the root causes of high failure rates of transformers were investigated and 

analyzed. During its useful life, a pole mounted transformer is exposed to a number of failures 

which act on it, thus reducing the withstand capability. In the Swaziland Electricity Company’s 

network, the total failure is often brought about by lightning activity. A successful pilot study 

was put in place showing the effectiveness of the proposed solution to the high failure rates of 

the pole mounted transformers. 

Transformer failures cannot be eliminated completely, but can be reduced to acceptable values 

through maintenance and proper lightning protection methods. 
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APPENDICES 

Appendix A: Model used to test surge arrestor operation 
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Appendix B: Network parameters 

Transformer 

Nominal Power 16 kVA 
Frequency 50 Hz 
Winding 1 parameters 7.778 kVrms, R1 = 0.01 p.u., L1 = 0.03 p.u. 
Winding 2 parameters 170 Vrms, R2 = 0.02 p.u., L2 = 0 
Magnetization resistance and inductance Rm = 50 p.u., Lm = 50 p.u. 

Power source 

Peak voltage 11 kV 
Frequency 50 Hz 
Internal resistance 2.6Ω 
Internal inductance 95.5 mH 

MV Surge arrestor 

Protection voltage 12 100 V 
Number of columns 20 
Reference current per column 500 A 
 K1, α1 0.995, 50 
K2, α2 1, 25 
K3, α3 0.9915, 16.5 

LV Surge Arrestor 

Protection voltage 4 800  V 
Number of columns 10 
Reference current per column 500 A 
 K1, α1 0.995, 50 
K2, α2 1, 25 
K3, α3 0.9915, 16.5 

Load 1 

Nominal rms voltage 170 V 
Frequency 50 Hz 
Active Power 7 kW 
Inductive Power 0.1 kVar 



132 

Load 2 

Nominal rms voltage 170 V 
Frequency 50 Hz 
Active Power 2 kW 

Load 3 

Nominal rms voltage 170 V 
Frequency 50 Hz 
Active Power 5 kW 
Inductive Power 0.3 kVar 

Appendix C 

Transformer LV resistances where neutral surge arrestors were installed 

Transformer 
Earth resistance 
Value Resistance - mean resistance (x-mean)^2 
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1 0.73 -5.647 31.888609 

2 9.9 3.523 12.411529 

3 2.6 -3.777 14.265729 

4 1.9 -4.477 20.043529 

5 4.6 -1.777 3.157729 

6 0.83 -5.547 30.769209 

7 3.9 -2.477 6.135529 

8 10.3 3.923 15.389929 

9 23.2 16.823 283.013329 

10 0.28 -6.097 37.173409 

11 15.2 8.823 77.845329 

12 11 4.623 21.372129 

13 5.4 -0.977 0.954529 

14 3 -3.377 11.404129 

15 7.6 1.223 1.495729 

16 11.2 4.823 23.261329 

17 4.7 -1.677 2.812329 

18 6.2 -0.177 0.031329 

19 2 -4.377 19.158129 

20 3 -3.377 11.404129 

623.98762 

31.199381 

sum 127.54 

Mean resistance 6.377 

standard deviation 5.585640608 




