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INVESTIGATION ON THE OVERVOLTAGE SURGES AND ITS 

PREVENTION AND PROTECTION 

 

 

ABSTRACT 

 

 

The reasons of carrying out this research are to investigate the different types of 

overvoltage surges, the effects of overvoltage surges, to figure out overvoltage surges 

prevention methods and its protection methods. Different types of overvoltage surges 

such as switching surge and lightning surge are identified. Each of the overvoltage 

surges have their own sources and effects. The overvoltage surges prevention 

methods such as the shield wire and grounding system are identified and discussed. 

The overvoltage surges protection systems are also identified. The protection method 

for lightning overvoltage surges on high power system using surge arresters is 

focused in this research. A switching overvoltage surges circuit is modelled using 

MATLAB and its protection method of converting power factor correction capacitor 

bank into harmonic filter is tested and verified. Apart from that, a lightning 

overvoltage surges circuit is designed to model the lightning overvoltage surges 

characteristic using MATLAB. Different types of protection circuit are simulated and 

analysed to prove that the protection circuit does indeed work. By implementing 

some recommendations such as carrying out the experiment practically by modelling 

the actual circuit, results that are more accurate can be obtained. 
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CHAPTER 1 

 

 

 

1 INTRODUCTION 

 

 

 

1.1 Background 

 

Overvoltage surges is one of the most frequent power quality issues in the power 

system. In the past, most of the equipment used in the power system are analogue 

and they can support higher overvoltage surges. However, there are more and more 

semiconductor electronic devices introduced nowadays and they are extremely 

popular due to their fast responses, high efficiency and lower cost. The 

semiconductor electronic devices indeed provide faster responses and high efficiency 

but they are very sensitive to power quality issues such as harmonics and overvoltage 

surges. The overvoltage surges are lethal to the semiconductor electronic devices as 

the thermal capacity of semiconductor electronic devices are very low. Figure 1.1 

shows the damage of overvoltage surges on electronic devices. 

 

 

Figure 1.1: Figure of Damage on Semiconductor Electronic Devices Due to 

Overvoltage Surges 
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The overvoltage surges not only able to damage the equipment at consumer’s 

end but also at utility’s end such as transformer, motor and even transmission line. 

This is extremely alarming as damage on such important equipment may cause 

failure of the whole power system and thus causing power interruption and affect the 

reliability of the power system. (Agrawal and Nigam, 2014). The reliability of the 

power system is extremely important to every consumer especially those companies 

with servers and those manufacturing company. Any power outage may cause those 

companies to lose up to millions or even billions of dollars. Figure 1.2 shows the 

annual business losses from grid problems in United States of America. 

 

 

Figure 1.2: Figure of Annual Business Losses from Grid Problems in USA 

 

 

 

 

1.2 Problem Statement 

 

Due to increase in sensitive equipment, the impacts of overvoltage surges greatly 

increase. In order to maintain high reliability of the power system, overvoltage 

surges which may damage and cause malfunction of equipment need to be prevented 

or the equipment needs to be protected from these overvoltage surges. Therefore, this 
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research will investigate and identify the types of overvoltage surges. After that, the 

causes and effects of those overvoltage surges will be investigated and identified. 

Then, methods of prevention on those overvoltage surges will be investigated and 

identified. Finally, in case methods of prevention are not feasible, protection methods 

against those overvoltage surges are also investigated and identified.  

 

 

1.3 Aims and Objectives 

 

The aims of undergoing this research are to investigate the overvoltage surges and 

determine its prevention and protection methods.  

 

 

 

The objectives of carrying out this research are: 

1) Investigate and identify the different types of overvoltage surges. 

2) Investigate and determine the causes and effects of different types of 

overvoltage surges.  

3) Research and identify the method of prevention against different types of 

overvoltage surges. 

4) Research, identify and verify the method of protection against different types 

of overvoltage surges using simulation.  

 

 

1.4 Structure of the Research Report 

 

This research report consists of five main chapters:  

1) Chapter 1 (Introduction). In this chapter, the brief background of the research, 

the problem statement as of why we need to carry out this research and the 

aims and objectives of this research are stated. 

2) Chapter 2 (Literature review). In this chapter, different types of overvoltage 

surges are identified and discussed. Information about lightning impulse 

waveform and lightning protection standards are also investigated and 
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discussed. The methods of prevention and protection for different types of 

overvoltage are identified and discussed. 

3) Chapter 3 (Methodology). In this chapter, the switching overvoltage surge 

and lightning overvoltage surge circuits and the protection circuits are 

modelled and simulated using MATLAB. 

4) Chapter 4 (Results and Discussions). In this chapter, the graphical results of 

the protection circuits modelled and simulated are acquired and analyzed.  

5) Chapter 5 (Conclusion and Recommendations). In this chapter, the 

conclusion is drawn by using the results obtained from the research. Some 

recommendations are also given. 



 

 

 

CHAPTER 2 

 

 

 

2 LITERATURE REVIEW 

 

 

 

2.1 Introduction 

 

In this chapter, the sources and types of overvoltage surges will be stated and 

explained. Information about lightning impulse waveform and lightning protection 

standards are also discussed. the methods of prevention and protection against 

different types of overvoltage surges are identified and discussed. In this research, 

higher priority is given to the overvoltage surges occur in high power system. 

According to statistic, the damage caused by lightning overvoltage surges are more 

severe as compared to switching overvoltage surges as the magnitude is much higher. 

Most of the equipment in high power system have certain voltage ride-through 

capability and most of the switching overvoltage surges lies in the margin. Therefore, 

higher priority is given to lightning overvoltage surges in this research. 

 

This chapter will be talking about: 

1) Sources and Types of Overvoltage Surges 

1.1) Capacitor Switching 

1.1.1) Isolated Capacitor Switching 

1.1.2) Back to Back Capacitor Switching 

1.1.3) Capacitor Switch Restrike 

1.2) Ferroresonance 

1.3) Lightning 

1.3.1)   Lightning Impulse 

1.3.2)   Lightning Protection Standard 
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2) Prevention of Overvoltage Surges 

3) Protection of Switching Overvoltage Surges 

4) Protection of Lightning Overvoltage Surges 

4.1)  Surge Arrester 

 4.1.1) Principal of Operation of Surge Arrester 

 4.1.2) Surge Arrester Design 

 4.1.3) Surge Arrester Characteristic 

 4.1.4) Metal Oxide Varistor (MOV) Surge Arrester) 

 

 

2.2 Sources and Types of Overvoltage Surges 

 

Overvoltage surges on power system come from external and internal sources. The 

three major sources of overvoltage surges are capacitor switching, ferroresonance 

and lightning. (Pawar and Shembekar, 2013) 

 

 

2.2.1 Capacitor Switching 

 

Capacitor switching is an event that are very common in power systems. This is due 

to the mass usage of capacitor bank to provide reactive power for power factor 

correction. The drawback of using capacitor banks for power factor correction is the 

oscillatory transient produced during switching. There are few types of capacitor 

switching overvoltage surges. (Bacvarov, Lee and Jackson, 1984) 

 

 

2.2.1.1 Isolated Capacitor Switching 

 

Isolated capacitor switching is the switching on of an isolated single or three-phase 

capacitor bank. When multiple capacitor banks are located nearby, switching on only 

one of them while the others remain offline is also considered as isolated capacitor 

switching. The equivalent circuits of isolated capacitor switching are shown in the 

figure below. (Dugan et al.,2012) 
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Figure 2.1: Figure of Equivalent Circuits of Isolated Capacitor Switching 

(Dugan et al.,2012) 

 

 

 The figure above shows the single line diagram of isolated capacitor 

switching, equivalent circuits of isolated capacitor switching in time-domain and s-

domain. The isolated capacitor switching will cause the overvoltage surges on phase 

voltage and current. Figure 2.2 shows the overvoltage surges produced from isolated 

capacitor switching. (Dugan et al.,2012) 

 

 

Figure 2.2: Figure of Overvoltage Surges due to Isolated Capacitor Switching 

(Dugan et al.,2012) 
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2.2.1.2 Back to Back Capacitor Switching 

 

Back to back capacitor switching is the switching on of a capacitor bank when one or 

more nearby capacitor banks area in service. The equivalent circuits of back to back 

capacitor switching are shown in the figure below. (Dugan et al.,2012) 

 

 

Figure 2.3: Figure of Equivalent Circuits of Back to Back Capacitor Switching 

(Dugan et al.,2012) 

 

 

 The size of capacitor bank that are already in service (C1) and the size of 

capacitor bank (C2) that switch on will affect the magnitude of overvoltage surges.  

 

 

Figure 2.4: Figure of Overvoltage Surges due to Back to Back Capacitor 

Switching (Dugan et al.,2012) 
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 Figure 2.4 shows the overvoltage surges produced from back to back 

capacitor switching with different sizes of capacitors. (Dugan et al.,2012) When C1 = 

0.5C2, the overvoltage surges may reach a magnitude more than 1 pu. When C1= C2, 

the overvoltage surges may reach magnitude of 1 pu. When C1 = 2C2, the 

overvoltage surges will reach magnitude less than 1 pu. The adding of power factor 

correction capacitor bank at the end-user location may produce the side effect of 

increasing the impact of utility capacitor switching overvoltage surges on end-user 

equipment. The capacitor on the high voltage system has much larger capacity than 

the capacitor at the low voltage bus. Therefore, when the utility capacitor is switched 

on, the overvoltage surges on the low voltage bus will be very high and potentially 

damaging the end-user equipment. 

 

 

 

2.2.1.3 Capacitor Switch Restrike 

 

De-energizing capacitor usually does not result in any overvoltage surges. However, 

if the contactor does not open successfully due to contamination or insulation failure 

during the de-energizing process, arc will be established between the contacts and the 

capacitor will be re-energized. This restrike process will cause overvoltage surges. 

Figure 2.5 shows the equivalent circuit of capacitor de-energizing. (Dugan et al.,2012) 

while overvoltage surges produced from capacitor switch restrike is shown in Figure 

2.6. (Dugan et al.,2012) 

 

 

Figure 2.5: Figure of Equivalent Circuit of Capacitor De-energizing (Dugan et 

al.,2012) 
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Figure 2.6: Figure of Overvoltage Surges due to Capacitor Switch Restrike 

(Dugan et al.,2012) 

 

 

 

2.2.2 Ferroresonance 

 

Ferroresonance is a kind of resonance that occurs between capacitance and 

inductance. It normally occurs when the magnetizing impedance of a working 

transformer is positioned in series with a capacitor bank. Figure 2.7 shows the 

common system conditions where ferroresonance occurs and Figure 2.8 shows stable 

and unstable ferroresonance overvoltage surges. (Dugan et al.,2012) The most 

common events that causes ferroresonance are: 

1) Manual switching on or off an unloaded 3-phase transformer where only one 

of the phases is closed. 

2) Manual switching on or off an unloaded 3-phase transformer where only one 

of the phases is open. 

3) One of two riser-pole fuses malfunction causing 3-phase transformer with 

one or two of the phases open. 
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Figure 2.7: Figure of Common System Conditions where Ferroresonance 

Occurs (Dugan et al.,2012) 

 

 

Figure 2.8: Figure of Stable and Unstable Ferroresonance Overvoltage Surges 

after Initial Transient (Dugan et al.,2012) 

 

 

 

2.2.3 Lightning 

 

Lightning is the most common source of overvoltage surges. There are two ways 

lightning can generate overvoltage surges which are direct strike and flashover. 

Direct strike is just as the name indicate which is the direct strike of lightning on the 

phase conductor which will generate very high overvoltage surges. As for flashover, 

it is the striking of the lightning near to the phase conductor which induce 

overvoltage surges on the phase conductor. (Golde, 1954) 
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2.2.3.1 Lightning Impulse 

 

In a typical lightning impulse wave, there are two important parameters which are 

front time (tf) and tail time (tt). Front time is the time taken for the lightning impulse 

at 10% of its peak value to reach 90% of its peak value and tail time is the time taken 

for the lightning impulse to reach 50% of its peak value. A typical lightning impulse 

wave will front time (tf) of 1.2µs and tail time (tt) of 50µs. The figure below shows a 

typical lightning impulse waveform. (Agrawal and Nigam,2014) 

 

 

Figure 2.9: Figure of A Typical Lightning Impulse Waveform (Agrawal and 

Nigam, 2014) 

 

 

 

2.2.3.2 Lightning Protection Standards 

 

There are lightning protection standards that needed to be followed. The BS EN/IEC 

62305 lightning protection standard is used by Tenaga Nasional Berhand (TNB) in 

Malaysia. There are four main sources of lightning which will produce three types of 

damage and causing four types of losses. A building can be divided into different 

Lightning Protection Zone (LPZ) as shown in Figure 2.10. The Lightning Protection 

Zone (LPZ) is divided according to the probability of lightning strikes. The 
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Lightning Protection Level (LPL) can be classified into 4 classes, each with their 

own maximum and minimum lightning current as shown in Table 2.1. Each of the 

Lightning Protection Level (LPL) need to be protected by their own level of 

Lightning Protection System (LPS) as shown in Table 2.2. The BS EN/IEC 62305 

lightning protection standard is attached in the appendixes.  

 

 

Table 2.1: Table of Lightning Protection Level Characterization (BS EN/IEC 

62305) 

 

 

Table 2.2: Table of Relation between Lightning Protection Level and Class of 

Lightning Protection System (BS EN/ IEC 62305) 

 

 

Figure 2.10: Figure of Lightning Protection Zone Characterization (BS EN/IEC 

62305) 
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2.3 Prevention of Overvoltage Surges 

 

For switching overvoltage surges, synchronous closing control can be used. 

(Alexander, 1985). The overvoltage surges can be prevented by switching the 

capacitor contact at the instant of system voltage matches the capacitor voltage 

which is normally during the change of positive to negative cycle of the phase 

voltage. It avoids the sudden change in voltage when capacitor banks are switched on. 

The timing required for synchronous closing control is determined by forecasting 

upcoming system voltage when it reaches zero. Due to the requirement of 

anticipating and forecasting, each of the switches requires microprocessor to process 

and provide the closing signal. Figure 2.11 shows the comparison of switching 

overvoltage surges with and without synchronous closing control. (Dugan et al.,2012) 

 

 

Figure 2.11: Figure of Comparison of Overvoltage Surges without Synchronous 

Closing Control (a) and with Synchronous Closing Control (b) (Dugan et 

al.,2012) 

 

 

For the prevention method of capacitor switch restrike, regular checking and 

maintenance can be carried out to make sure the contact must not be contaminated 

and the insulation must not fail. Without the presences of insulation failure on the 

contact, capacitor switch restrike will not occur and the overvoltage surges will be 

prevented.  
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 For lightning overvoltage surges, it is impossible to prevent lightning from 

happening since it is a natural phenomenon. Thus, the only way to prevent lightning 

overvoltage surges is to prevent the lightning inducing any overvoltage surges on the 

phase conductor. This can be achieved by using shield wire. The overhead 

transmission lines can be protected from lightning overvoltage surges by shield wire 

above the conductor lines. In order to limit the overvoltage developed on the shield 

wire due to lightning strikes, the tower footing resistance need to be less than 25𝛺. 

(Mahmoudian and Niasati, 2016). The figure bellows shows placement of a shield 

wire on top of phase wire. 

 

 

Figure 2.12: Figure of Shield Wire on top of Phase Wire (Mahmoudian and 

Niasati, 2016). 

 

 

 

2.4 Protection of Switching Overvoltage Surges 

 

To protect against switching overvoltage surges, synchronous closing breakers with 

pre-insertion resistors can be used. When the switch is closed, the switching 

overvoltage surges will occur. However, due to the presence of the resistors, the 

overvoltage surges will be damped to a negligible level. Significant power loss is the 

major disadvantages of using this method to protect against switching overvoltage 

surges. 
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 Apart from that, the conversion of consumer’s power factor correction 

capacitor banks into harmonic filters can also be used as protection against switching 

overvoltage surges. Inductor is added in series with the capacitor bank to create a 

harmonic filter.  The adding of inductor in series with the capacitor bank will damp 

the overvoltage surges to acceptable levels. This is the more preferred method as it 

provides three positive improvements which are power factor correction, work as 

harmonic filter and the limiting of overvoltage surges. 

 

 

 

2.5 Protection of Lightning Overvoltage Surges 

 

Every equipment such as transformers and motors in high power system have a Basic 

Impulse Insulation Level (BIL). Basic Impulse Insulation Level (BIL) is a reference 

insulation level expressed as an impulse crest voltage with a standard wave not 

longer than 1.2µs - 50µs wave which is identical to the typical lightning impulse 

waveform as shown in Figure 2.13. (Sporn and Powel,1940) In short, any waveform 

below the Basic Impulse Insulation Level (BIL) will not damage the equipment 

while any waveform above the Basic Impulse Insulation Level (BIL) will damage the 

equipment. Therefore, voltage input to the equipment must be always lower than 

Basic Impulse Insulation Level (BIL) so that the equipment will be protected. Basic 

Impulse Insulation Level (BIL) is normally established at 25% - 30% above the 

protection level as shown in Figure 2.14 and Figure 2.15. (Sporn and Powel,1940) 

 

 

Figure 2.13: Figure of Basic Impulse Insulation Level (BIL) (Sporn and Powel, 

1940) 
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Figure 2.14: Figure of Protection Level 25% - 30% lower than Basic Impulse 

Insulation Level (BIL) (Sporn and Powel, 1940) 

 

 

 

Figure 2.15: Figure of Relationship of Protection Level with Basic Impulse 

Insulation Level (BIL) (Sporn and Powel, 1940) 

 

 

 There are six principles of overvoltage protection (A. Rakov, 2012): 

1) Limit the voltage  

2) Divert the overvoltage surge away from the load 

3) Block the overvoltage surge from entering the load 

4) Equipotential bonding of ground 

5) Reduce or prevent the surge current from flowing between grounds 

6) Create a low-pass filter for limiting and blocking of overvoltage surge 
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2.5.1 Surge Arrester 

 

Surge arrester is a protective device designed for limiting of overvoltage surges into 

the sensitive equipment in an electrical power system by diverting the surges current 

to the ground. It allows discharge of any dangerous overvoltage surges before it do 

any damage and restore the line to normal operation after the discharge. (Ehtishaan et 

al., n.d.) Surge Arrester is a type of surge protection device (SPD). 

 

 

 

2.5.1.1 Principle of Operation of Surge Arrester 

 

When an overvoltage surge occurs, it will travel along the phase conductor. When 

the overvoltage surge reaches the point at which a surge arrester (SPD) is installed, it 

will find a lower resistance path to the ground than that presented by the equipment 

or line. The overvoltage surge usually breaks down the insulation of the arrester 

momentarily allowing the overvoltage surges to travel to the ground and dissipate 

itself. The insulation of the surge arrester then recovers its properties and prevents 

further current from flowing to the ground.  

 

 A surge arrester (SPD) must not allow current to flow to ground as long as 

the system voltage remains normal. It provides a path to ground when the voltage 

rises over a predetermined value above normal, to dissipate the energy from the 

overvoltage surge without raising the voltage at which the system is operating. It 

stops the flow of surge current to ground as soon as the voltage drops below the 

predetermined value and restore the insulating qualities between the conductor and 

ground. Surge arrester will not be damaged by the discharge and are capable to 

repeat the discharge action every time when an overvoltage surge occurs. 
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2.5.1.2 Surge Arresters Design 

 

An equivalent circuit of surge arrester will be non-linear resistors in series with spark 

gaps as shown in Figure 2.16. (Dugan et al.,2012) The spark gap inside the surge 

arrester acts as a switch while the non-linear resistors provide the low impedance to 

ground path. The overvoltage surge causes an arc to form across the air gap just like 

the switch is turned on. The surge current is then discharge to the ground through the 

arc and non-linear resistors. There are different types of surge arrester. All of them 

have resistive element and may or may not have spark gap. They differ only in 

mechanical construction and in the type of resistive element employed. Although 

there are different types of surge arresters such as silicon carbide (SiC) arresters with 

spark gaps, silicon carbine (SiC) arresters with current limiting gaps, gapless metal 

oxide (zinc oxide) varistor (MOV) arresters and hybrid of metal oxide varistor and 

silicon carbine (SiC), the surge arresters normally divided into two major types 

which are the surge arresters with spark gap and the metal oxide varistor (MOV) 

surge arrester without spark gap. Figure 2.17 shows the appearances of surge arrester 

and Figure 2.18 shows the internal construction of surge arrester. 

 

 

Figure 2.16: Figure of Equivalent Circuit for Surge Arrester (Dugan et al.,2012) 

 

 

Figure 2.17: Figure of Appearances of Surge Arrester 
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Figure 2.18: Figure of Internal Construction of Surge Arrester (Dugan et 

al.,2012) 

 

 

 

2.5.1.3 Surge Arresters Characteristic 

 

Surge arrester has a characteristic equation of 

 

𝑉 = 𝑘𝐼𝑑     (2.1) 

Where  

V = applied voltage across the element, 

I = discharge current, 

k, d = constant depending on the material and dimensions of element 

 

When an overvoltage surge passes through the surge arrester, it breaks down and 

discharge the surge current and maintains a voltage across it. Therefore, it provides a 

protection to the equipment at a certain voltage protection level. Figure 2.19 shows 

the characteristic curves for surge arrester. 
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Figure 2.19: Figure of Surge Arrester Characteristic Curves (Dugan et al.,2012) 

 

 

 

2.5.1.4 Metal Oxide Varistor (MOV) Surge Arrester 

 

Metal oxide (zinc oxide) arrester consists of disks of zinc oxide material that 

produces characteristics of low resistance at high voltage and high resistance at low 

voltage. By selecting the appropriate configuration of disk material, the surge arrester 

will conduct a low current of a few milli-amperes during normal system voltage. 

During conditions of overvoltage surges, the surge current will be limited by the 

circuit. The disks are placed in porcelain enclosures which provide physical support 

and heat dissipation. It is also sealed for isolation to prevent any contamination from 

the environment. Figure 2.20 shows a metal oxide varistor (MOV) surge arrester 

while Figure 2.21 shows the characteristic curves of metal oxide varistor (MOV) 

surge arrester. 
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Figure 2.20: Figure of Metal Oxide Varistor (MOV) Surge Arrester 

 

 

Figure 2.21: Figure of Characteristic Curves of Metal Oxide Varistor (MOV) 

Surge Arrester 

 

 Metal Oxide Varistor (MOV) surge arresters have several advantages. They 

are simple in construction, have flat V-I characteristic over a wide current range and 

they do not have spark gap. However, the continuous flow of power frequency 

current even during normal system voltage cause some power loss in the system. In 

high power system, Metal Oxide Varistor (MOV) surge arresters are much more 

preferable due to their absence of spark gap which produces steep voltage gradients 

when sparking occurs. In high power system, this steep voltage has very high 

magnitude and it may cause some damage to the equipment. Thus, it is not desired. 

Although there is continuous current flow which result in power loss, the current 

flow to the ground is just in milli-amperes which result in insignificant power loss in 

high power system.  
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2.6 Conclusion 

 

In short, there are three major sources of overvoltage surges which are capacitor 

switching, ferroresonance and lightning. Although the most frequent overvoltage 

surges among those three will be capacitor switching overvoltage surges, the 

lightning overvoltage surges are more severe in high power system and thus, it will 

be the main focus of this research. The standards of lightning protection system are 

also identified. There are prevention methods against overvoltage surges such as 

synchronous closing control for capacitor switching overvoltage surges and shield 

wire for lightning overvoltage surges. As for protection method, power factor 

correction bank can be configured into low pass filter by connecting inductance in 

series to damp the switching overvoltage surges. Apart from that, surge arrester can 

be implemented to protect power system equipment against lightning overvoltage 

surges. The main focus of the research will be on surge arrester. 
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CHAPTER 3 

 

 

 

3 METHODOLOGY 

 

 

 

3.1 Introduction 

 

In this chapter, the protection method of overvoltage surges which is verified using 

simulation. First, circuit models switching overvoltage surge and lightning 

overvoltage surge is designed in MATLAB SIMULINK to generate the overvoltage 

surges. After that, the protection methods are implemented into the design of the 

models. This chapter covers: 

 

1) Switching Overvoltage Surges Circuit 

2) Switching Overvoltage Surges Protection by Adding Inductance in Series 

with Capacitor Bank 

3) Lightning Overvoltage Surges Circuit 

4) Lightning Overvoltage Surges Protection using Surge Arrester 

5) Lightning Overvoltage Surges Protection using Equivalent Circuit of Surge 

Arrester (IGBT) 

6) Lightning Overvoltage Surges Protection using Equivalent Circuit of Surge 

Arrester (Thyristor) 
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3.2 Project Pathway 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Start 

Literature Review 

1) Find out different sources of overvoltage surges 

2) Find out different types of overvoltage surges 

3) Find out effect of different types of overvoltage 

surges on the power system 

4) Find out prevention methods against different 

types of overvoltage surges 

5) Find out protection methods against different 

types of overvoltage surges 

Methodology 

1) Model the overvoltage surges in MATLAB 

2) Simulate the overvoltage surges with protection 

circuit in MATLAB 

Results and Discussion 

1) Evaluate and analyze the results 

Conclusion 

1) Conclude the results of the research 

2) Provide some recommendations 
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3.3 Switching Overvoltage Surges Circuit 

 

Switching overvoltage surges circuit is constructed by with a few simple components 

such as AC source, transformer and most importantly capacitor bank and its 

contactor. The components are used to represent a very simple power system which 

contains its own 3-phase power source, transformer, capacitor banks and the load. A 

simple circuit representing power factor correction capacitor bank in the power 

system is modelled. The voltage level is set to be 11kV and 400V to match actual 

power system’s voltages. By switching on the capacitor bank through the contactor 

will produce switching overvoltage surges to the system. The switching overvoltage 

surges circuit modelled in MATLAB SIMULINK is shown in the figure below. 

 

 

Figure 3.1: Figure of Switching Overvoltage Surges Circuit modelled in 

MATLAB SIMULINK 

 

 

Figure 3.2: Figure of Switching Overvoltage Surges Simulated from Modelled 

Circuit 
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Figure 3.2 shows the overvoltage surges simulated from the modelled circuit. 

The 0.4kV capacitor bank is switched on at 0.023s. From the results simulated, it is 

shown that switching overvoltage surges occur at the instant the capacitor bank 

switched on. Thus, the switching overvoltage surges are successfully modelled. 

 

 

 

3.4 Switching Overvoltage Surges Protection by Adding Inductance in 

Series with Capacitor Bank 

 

In the previous literature review, switching overvoltage surges is said to be able to be 

protected by converting capacitor bank into harmonic filters. Therefore, an inductor 

is added in series with the capacitor bank at phase A. The modified circuit is shown 

in the figure below. 

 

 

Figure 3.3: Figure of Simulation Model of Switching Overvoltage Surges 

Protection by Adding Inductance in Series with Capacitor Bank 
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3.5 Lightning Overvoltage Surges Circuit 

 

Lightning overvoltage surges circuit can be constructed by using only a few simple 

components such as spark gaps, resistor and capacitor. By arranging the components 

in a certain manner and supply it with an input voltage source, lightning overvoltage 

surges can be generated. There are two circuits that are commonly used to generate 

the lightning overvoltage surges as shown in Figure 3.4 and Figure 3.5. 

 

 

Figure 3.4: Lightning Overvoltage Surges Circuit (a) 

 

 

Figure 3.5: Lightning Overvoltage Surges Circuit (b) 

 

 

In analysis of lightning overvoltage surges circuit (a), the current in generator circuit 

is I(t) at any time (t) after the gap sparks over.  

 

By using Laplace transform, the impedance of circuit is  
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Output voltage is  
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The output voltage can be further simplified into 
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By using inverse Laplace transform, the output voltage is 
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Similar analysis is carried out for lightning overvoltage surges circuit (b). 

The output voltage is  
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In lightning overvoltage surges circuit (a), the R2 is on the load side of R1 and this 

forms a potential divider which reduce the output voltage. On the other hand, in 

lightning overvoltage surges circuit (b), the R2 is on the generator side of R1. 

Therefore, the reduction of output voltage is absent. Due to the absent in loss of 

output voltage, lightning overvoltage surges circuit (b) is chosen to be modelled in 

MATLAB SIMULINK. A typical lightning overvoltage surges have a front time, tf 

of 1.2µs and a tail time, tt of 50µs. In order to model the lightning overvoltage surge, 

the input voltage source is assumed to be 400kV, C1 = 0.125µF and C2 = 1nF. The 

resistance R1 and R2 are calculated by using the formulas from the circuit analysis. 

The calculation of resistance R1 and R2 is shown below: 

 

∴ 𝐾 − 1 =
0.7

(𝛼 − 𝛽)𝑇𝑓
 

 

𝑇𝑡

𝑇𝑓
− 1 =
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(𝛼 − 𝛽)𝑇𝑓
 

 

50𝜇

1.2𝜇
− 1 =

0.7

(𝛼 − 𝛽)1.2𝜇
 

 

∴ (𝛼 − 𝛽) = 14344.2623 

 

∵ 𝑅2 =
1

𝐶1(𝛼 − 𝛽)
 

 

𝑅2 =
1

0.125𝜇(14344.2623)
 

 

∴ 𝑅2 = 557.714 𝐺Ω 

 

∴ 𝑇𝑓 = (
1
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) ln [

𝛼 + 𝛽

𝛼 − 𝛽
] 

 

1.2𝑢 = (
1

2𝛽
) ln [

2𝛽 + 14344.2623

14344.2623
] 
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𝛽 = 2428185.929 

 

(𝛼 + 𝛽) = 2𝛽 + 14344.2623 

 

(𝛼 + 𝛽) = 2(2428185.929) + 14344.2623 

 

(𝛼 + 𝛽) = 4870716.12 

 

𝑅1 =
1

𝐶1(𝛼 + 𝛽)
+

1

𝐶2(𝛼 + 𝛽)
 

𝑅1 =
1

0.125𝑢(4870716.12)
+

1

1𝑛(4870716.12)
 

 

𝑅1 = 206.951Ω 

 

The lightning overvoltage surges circuit is modelled based on the information 

obtained. The figure below shows the lightning overvoltage surge circuit modelled. 

 

 

Figure 3.6: Figure of Lightning Overvoltage Surges Circuit Modelled in 

MATLAB SIMULINK 
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Figure 3.7: Figure of Lightning Overvoltage Surges Simulated from Modelled 

Circuit 

 

From Figure 3.7, the waveform of lightning overvoltage surges simulated from 

modelled circuit is identical to the typical lightning overvoltage surges which have 

front time, tf of 1.2µs and tail time, tt of 50µs. Different magnitude of the lightning 

overvoltage surges can be obtained by changing the magnitude of the input voltage 

source. Different front time, tf and tail time, tt can also be obtained by changing the 

resistance R1 and R2 and capacitance C1 and C2.  

 

 

 

3.6 Lightning Overvoltage Surges Protection using Surge Arrester 

 

In the previous literature review, lightning overvoltage surges is said to be able to be 

protected by using surge arrester (SPD). Therefore, the surge arrester is connected at 

the output of lightning overvoltage surges circuit to verify its protection against 

lightning overvoltage surges. The simulation circuit is shown in the figure below. 
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Figure 3.8: Figure of Simulation Model for Lighting Overvoltage Surges 

Protection using Surge Arrester 

 

 

 

3.7 Lightning Overvoltage Surges Protection Modelled using Equivalent 

Circuit of Surge Arrester (IGBT) 

 

Equivalent circuit of surge arrester is modelled together with lightning overvoltage 

surges circuit to investigate the effectiveness. An equivalent circuit of surge arrester 

is just a switch connected in series with non-linear resistance. In this model, 

Insulated-Gate Bipolar Transistor (IGBT) is used as the switch connected in series 

with non-linear resistance. The simulation circuit is shown in the figure below. 
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Figure 3.9: Figure of Simulation Model for Lighting Overvoltage Surges 

Protection using Equivalent Circuit of Surge Arrester (IGBT) 

 

 

 

3.8 Lightning Overvoltage Surges Protection Modelled using Equivalent 

Circuit of Surge Arrester (Thyristor) 

 

Equivalent circuit of surge arrester is modelled together with lightning overvoltage 

surges circuit to investigate the effectiveness. An equivalent circuit of surge arrester 

is just a switch connected in series with non-linear resistance. In this model, thyristor 

is used as the switch connected in series with non-linear resistance. The simulation 

circuit is shown in the figure below. 
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Figure 3.10: Figure of Simulation Model for Lighting Overvoltage Surges 

Protection using Equivalent Circuit of Surge Arrester (Thyristor) 

 

 

 

3.9 Conclusion 

 

As a conclusion, the switching overvoltage surge and lightning overvoltage surge 

circuit are modelled and the overvoltage surges are simulated. Both the switching 

overvoltage surge and lightning overvoltage surge simulated followed the typical 

pattern of the overvoltage surges. The protection methods for the overvoltage surges 

are implemented into the models for further simulation, verification and analysis. 
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CHAPTER 4 

 

 

 

4 RESULTS AND DISCUSSION 

 

 

 

4.1 Introduction 

 

In this chapter, the protection methods of overvoltage surges implemented into the 

models designed in MATLAB SIMULINK are simulated and the effectiveness are 

verified. The graphical results obtained from the simulation is analysed and 

conclusion is drawn from the analysis. This chapter covers: 

 

1) Results and Analysis of Switching Overvoltage Surges Protection by Adding 

Inductance in Series with Capacitor Bank 

2) Results and Analysis of Lightning Overvoltage Surges Protection using Surge 

Arrester 

3) Results and Analysis of Lightning Overvoltage Surges Protection using 

Equivalent Circuit of Surge Arrester (IGBT) 

4) Results and Analysis of Lightning Overvoltage Surges Protection using 

Equivalent Circuit of Surge Arrester (Thyristor) 
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4.2 Results and Analysis of Switching Overvoltage Surges Protection by 

Adding Inductance in Series with Capacitor Bank 

 

 

Figure 4.1: Figure of Voltage Waveform After Adding Inductance in Series with 

Capacitor Bank 

 

Figure 4.1 shows the voltage waveform after converting the 0.4kV capacitor bank 

into harmonic filter in phase A. As the inductor is added in series with the capacitor 

bank in phase A, the phase A waveform is observed. From the simulated results, it is 

clear that the magnitude of switching overvoltage surges dramatically reduced after 

the addition of inductance in series with capacitor bank. Therefore, this protection 

method by converting power factor correction capacitor bank into harmonic filter is 

verified. 

 

 

4.3 Results and Analysis of Lightning Overvoltage Surges Protection using 

Surge Arrester 

 

Figure 4.2: Figure of Output Voltage Waveform after Protection by Surge 

Arrester 
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Figure 4.2 shows the output voltage waveform after the protection by surge arrester. 

The voltage protection level of the surge arrester is chosen to be 200kV. The input 

lightning overvoltage surges has a peak magnitude of 390kV. From the above figure, 

it is clearly shown that the surge arrester function as soon as the voltage exceeds 

200kV and limit the output voltage. Once the voltage exceeds the voltage protection 

level, the surge arrester function and the extra surge current is diverted to the ground. 

As soon as the voltage drops back to below the voltage protection level, the surge 

arrester will stop functioning. Throughout the whole process, the system reliability is 

not affected while the power system equipment is protected from the lightning 

overvoltage surges. Thus, the protection method against lightning overvoltage surges 

using surge arrester is verified. The type of surge arrester used is MOV arrester 

without spark gaps therefore the surge arrester is always on and there is always 

leakage current to the ground which leads to power loss. 

 

 

 

4.4 Results and Analysis of Lightning Overvoltage Surges Protection 

Modelled using Equivalent Circuit of Surge Arrester (IGBT) 

 

 

Figure 4.3: Figure of Output Voltage Waveform after Protection by Equivalent 

Circuit of Surge Arrester (IGBT) 

 



40 

Figure 4.3 shows the output voltage waveform after protection by equivalate circuit 

of surge arrester (IGBT). The voltage protection level of the surge arrester is chosen 

to be 200kV. The input lightning overvoltage surges has a peak magnitude of 390kV. 

From the above figure, it is clearly shown that the equivalent circuit of surge arrester 

function as soon as the voltage exceeds 200kV and limit the output voltage. Once the 

voltage exceeds the voltage protection level, a triggering signal is sent to the IGBT 

and it switched on. Once the IGBT is switched on, the extra surge current is diverted 

to the ground through the non-linear resistance. As soon as the voltage drops back to 

below the voltage protection level, the triggering signal disappear and the IGBT 

switched off. Throughout the whole process, the system reliability is not affected 

while the power system equipment is protected from the lightning overvoltage surges. 

Thus, the protection method against lightning overvoltage surges using equivalent 

circuit of surge arrester (IGBT) is verified. However, the peak voltage experienced 

by the load is slightly higher than protective level because of delay due to switching 

time of IGBT. This circuit does not have leakage current to the ground as the arrester 

only function when there are overvoltage surges higher than protection level. This 

circuit requires a microprocessor to process and provide the triggering signal. 

Therefore, the system voltage needed to be monitored and feed into the 

microprocessor. The method is very feasible in instrumentation level but not in high 

power system as the system voltage needed to be step down by another transformer 

which requires its own surge protection before feeding into the microprocessor. 
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4.5 Results and Analysis of Lightning Overvoltage Surges Protection 

Modelled using Equivalent Circuit of Surge Arrester (Thyristor) 

 

 

Figure 4.4: Figure of Output Voltage Waveform after Protection by Equivalent 

Circuit of Surge Arrester (Thyristor) 

 

Figure 4.4 shows the output voltage waveform after protection by equivalent circuit 

of surge arrester (thyristor). The voltage protection level of the surge arrester is 

chosen to be 200kV. The input lightning overvoltage surges has a peak magnitude of 

390kV. From the above figure, it is clearly shown that the equivalent circuit of surge 

arrester function as soon as the voltage exceeds 200kV and limit the output voltage. 

Once the voltage exceeds the voltage protection level, a triggering signal is sent to 

the thyristor and it switched on. Once the thyristor is switched on, the extra surge 

current is diverted to the ground through the non-linear resistance. As soon as the 

voltage drops back to below the voltage protection level, the triggering signal 

disappear and the thyristor switched off. Throughout the whole process, the system 

reliability is not affected while the power system equipment is protected from the 

lightning overvoltage surges. Thus, the protection method against lightning 

overvoltage surges using equivalent circuit of surge arrester (thyristor) is verified. 

However, the peak voltage experienced by the load is slightly higher than protective 

level because of delay due to switching time of thyristor. This circuit does not have 

leakage current to the ground as the arrester only function when there are overvoltage 
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surges higher than protection level. This circuit requires a microprocessor to process 

and provide the triggering signal. Therefore, the system voltage needed to be 

monitored and feed into the microprocessor. The method is very feasible in 

instrumentation level but not in high power system as the system voltage needed to 

be step down by another transformer which requires its own surge protection before 

feeding into the microprocessor. 

 

 

 

4.6 Conclusion 

 

From the simulation results, it is verified that converting power factor correction 

capacitor bank into harmonic filter helps to protect against switching overvoltage 

surges. Apart from that, surge arrester is also verified to be able to protect against 

lightning overvoltage surges. The equivalent circuit of the surge arrester is also 

verified. Although the equivalent circuits are verified, they are not practical. This is 

due to both Insulated-Gate Bipolar Transistor (IGBT) and thyristor both requires the 

triggering signal to function as a switch. Most of the triggering signal are obtain from 

microprocessor control. Microprocessor cannot handle such a high magnitude of 

current input from the lightning overvoltage surges. Therefore, transformer is needed 

to step down the current input before feeding into microprocessor. However, this 

conflicts with the principle of protection as the overvoltage surges protection devices 

need to be located before the transformer or any other sensitive equipment to prevent 

any damage in case of overvoltage surges. Thus, the equivalent circuits are not 

implemented in practical. The summary of the results and its analysis on the 

protection methods in shown in the table below. 
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Table 4.1: Summary of Results and Analysis on the Protection Methods 

 

Protection Method Results and Analysis 

Switching Overvoltage Surges Protection 

by Adding Inductance in Series with 

Capacitor Bank 

Magnitude of switching overvoltage 

surges dramatically damped into an 

acceptable level. Thus, load is protected 

from overvoltage surges. 

Lightning Overvoltage Surges Protection 

using Surge Arrester 

Any lightning overvoltage surges with 

magnitude higher than protective level is 

shunted to the ground and the load is 

protected from the overvoltage surges. 

The surge arrester is always on and there 

is always leakage current to the ground 

which leads to power loss. 

Lightning Overvoltage Surges Protection 

using Equivalent Circuit of Surge 

Arrester (IGBT) 

Any lightning overvoltage surges with 

magnitude higher than protective level is 

shunted to the ground and the load is 

protected from the overvoltage surges. 

However, the peak voltage experienced 

by the load is slightly higher than 

protective level because of delay due to 

switching time of IGBT. Does not have 

leakage current to the ground as the 

arrester only function when there are 

overvoltage surges higher than protection 

level. However, it is not really practical 

as it needs monitoring of microprocessor 

on the system voltage in real time which 

requires another transformer to step 

down the voltage and that transformer 

needs its own surge protection. 
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Lightning Overvoltage Surges Protection 

using Equivalent Circuit of Surge 

Arrester (Thyristor) 

Any lightning overvoltage surges with 

magnitude higher than protective level is 

shunted to the ground and the load is 

protected from the overvoltage surges. 

However, the peak voltage experienced 

by the load is slightly higher than 

protective level because of delay due to 

switching time of Thyristor. Does not 

have leakage current to the ground as the 

arrester only function when there are 

overvoltage surges higher than protection 

level. However, it is not really practical 

as it needs monitoring of microprocessor 

on the system voltage in real time which 

requires another transformer to step 

down the voltage and that transformer 

needs its own surge protection. 
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CHAPTER 5 

 

 

 

5 CONCLUSION AND RECOMMENDATIONS 

 

 

 

5.1 Introduction 

 

After acquiring all the results and undergo analysis, the conclusion is drawn. This 

chapter covers: 

1) Conclusion 

2) Recommendations 

 

 

 

5.2 Conclusion 

 

As a conclusion, there are three sources of overvoltage surges which are capacitor 

switching, ferroresonance and lightning. The different types of capacitor switching 

overvoltage surges are isolated capacitor switching, back to back capacitor switching 

and capacitor restrike. As for lightning overvoltage surges, there are only direct 

strikes and flashover. Each of the overvoltage surges have their own effect and 

influences on the voltage waveform. The prevention method of capacitor switching 

overvoltage surges is synchronous closing control. By closing the power factor 

correction capacitor banks when the phase voltage is at level zero will eliminate the 

severe damage of capacitor switching overvoltage surges. Apart from that, capacitor 

restrike overvoltage surges can be prevented by making sure the closing contact is 

free of contamination and the insulation is good. The protection method of capacitor 
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switching overvoltage surges is by configuring the capacitor banks into harmonic 

filter by adding inductance in series. This is the best method as it provides three 

positives which are power factor correction, filtering or harmonics and damping of 

overvoltage surges.  

 

 The only way to prevent lightning overvoltage surges is by installing shield 

wire on top of the phase conductor. The lightning will strike on the shield wire 

instead of the phase conductor and thus preventing the lightning overvoltage surges 

from occurring in the phase conductor. There is no any effective method to protect 

the lightning overvoltage surges from direct strikes. As for lightning overvoltage 

surges induced from flashover, the most effective method is by installing surges 

arresters before the critical equipment. Surge arresters will function to protect the 

equipment from any lightning overvoltage surges. The feasibility of protection using 

surge arresters is verified by using simulation. 

 

 

 

5.3 Recommendations 

 

This research focused on the investigating and identifying the sources, types, effect, 

prevention and protection method of overvoltage surges. Simulation approach is used 

to verify the feasibility of the protection method. Therefore, most of the parameters 

used are ideal parameters, which are not the case in real life. Thus, it is 

recommended to build the practical model to verify the feasibility of the protection 

method. This will provide the most accurate results, which may prove the simulation 

results to be wrong. Finally, more advanced software or more complex circuit can be 

utilized to obtain results that are more accurate and practical. 
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