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CHAPTER 1 
 
 

INTRODUCTION 

 
 

1.1 General Introduction 

 
Since the second half of 19th Century, technology innovation has been 

improved and upgraded electrification of railway line due to the superiority of electric 

traction over diesel-electric traction and Hybrid traction. In the case of improvement, 

it has become a human demand from the benefit of increased speed, safety, efficiency, 

desired environment and reliability of economic enhancement depend on energy (Lu, 

2011). As demonstrated in Utlu and Hepbasli 2006, Railway travel is the friendly 

mode of transport depend on energy efficiency and the environment. Little energy is 

dissipated through rolling resistance due to the very hard contact (Hibbeler, 2008). 

Due to the benefits of the convoy formation, Railway locomotive and multiple unit 

trains have good aerodynamic performance (Browand, McCallen, Ross, Orellano, and 

Sperling, 2009). Railway locomotive and multiple units can operate without having 

onboard prime mover by getting electric energy from Railway Electrification System. 

There are several different Railway Electrification systems in use throughout the 

world and classified them by Voltages, Current (D.C or A.C) and Contact System 

(Third rail or Catenary/Overhead line). It needs sufficiency capital expenditure to 

install Railway Electrification System, but it has many advantages. 

Railway Electrification System has significant benefits of a higher power to 

weight ratio than another form of traction such as diesel, hybrid or steam that generate 

power on board. It enables faster acceleration and higher tractive effort on steep 
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gradients due to engine control technology, power electronics, and electric motor 

control. With the advent of modern electronic and electrical technology, it leads 

improvement in energy efficiency (Tan, Loh, and Holmes, 2005; Zhang et al. 2009; 

Park et al. 2008; Bae et al. 2005). On trains equipped with regenerative brakes, 

descending gradients require the minimal use of air brakes as the locomotive's traction 

motors; it becomes generators sending current back into the supply system and or 

onboard resistors. This conditions which convert the excess energy to heat and 

improve energy efficiency for Railway system (Oettich, Albrecht, and Scholz, 2004; 

Adinolfi et al. 1998; Adinolfi et al. 1997; Mellitt, Mouneimne, and Goodman, 1984). 

It also includes the lack of exhaust fumes at the point of use, less noise and 

lower maintenance requirements of the traction units. Electric trains create fewer 

carbon emissions than diesel trains, especially in countries where electricity comes 

primarily from non-fossil sources in given sufficient traffic density.  

Due to European and International standardization, there are six commonly 

used voltage which are 600 DC, 750 DC, 1,500 DC, 3 kV DC, 15 kV AC (16.7 Hz) 

and 25 kV AC (50 Hz).This voltage stated in standards BS EN 50163 and IEC 60850 

while there are many other systems of voltage used for electrification systems of 

railway over the world, and the current systems list for electric rail traction covers 

both standard voltage and non-standard voltage systems.  

DC Railway Electrification System was the early electrical system used low-

voltage DC where traction supplier supplies directly to DC Electric motors which 

were controlled using a combination of resistors and relays that connected in parallel 

or series. During the mid-20th century, AC Railway Electrification System becomes 

useful due to rotary converters or mercury arc rectifiers which were used to convert 
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utility (mains) AC power to the required DC voltage at feeder stations. Nowadays, 

this is usually done by semiconductor rectifiers after stepping down the voltage from 

the utility supply. AC Railway Electrification System has many advantages over DC 

Railway Electrification System which is quite simple, but it requires thick cables and 

short distances between feeder stations because of the high currents required that led 

high losses (Frey, 2012). 

 

Table 1.1 Operation limit of Nominal Voltage for Railway Electrification System 

                 according to BS EN 50163 and IEC 60850 (Frey, 2012). 

 

System Type L.N.P 

Voltage 

L.P 

Voltage 

N. 

Voltage 

H.P. 

Voltage 

H.N.P 

Voltage 

600 V DC 400 V 400 V 600 V 720 V 800 V 

750 V DC 500 V 500 V 750 V 900 V 1 kV 

1,500 V DC 1,000 V 1,000 V 1,500 V 1,800 V 1,950 V 

3 kV DC 2 kV 2 kV 3 kV 3 kV 3 kV 

15 kV 

AC,16.7 Hz 

11 kV 12 kV 15 kV 17.25 kV 18 kV 

25 kV AC,50 

Hz 

17.5 kV 19 kV 25 kV 27.5 kV 29 kV 

 

 
 

L.N.P Voltage: Lowest Non-Permanent Voltage 

L.P Voltage: Lowest Permanent Voltage 

N. Voltage: Nominal Voltage 

H.P. Voltage: Highest Permanent Voltage 

H.N.P Voltage: Highest Non-Permanent Voltage 
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Figure 1.1 Classification of Railway Electrification System in Europe (Frey, 2012). 

 

 
 

1.2 Thai Railway Electrification System. 
 
 

The main electrical traction power supply in Bangkok’s Urban Transport 

consists of 750 V DC and 25 kV AC, 50 Hz system in different three railway systems. 

Bangkok Mass Transit System Company Limited (BTSC) operates 750 V DC Third 

Rail on the double-track elevated railway system. This company covers two lines 

which are Sukhumvit Line (connecting Mo Chit in the North with Bearing in the East 

of Bangkok) and Silom Line (connecting National Stadium in the Center with Bang 

Wa in the South-West of Bangkok) at 36.75 km track length. Bangkok Metro Public 

Company Ltd (BMCL) operates 750 V DC Third Rail which was first underground 

railway system since July 3, 2004, and it covers one single line (Blue line) from Hua 

Lamphong main railway station to the North of Bangkok (Bang Sue Station) at 20 km 
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track length. SRT Electrified Train (SRTET) operates 25 kV AC, 50 Hz Catenary 

Contact System on double-track elevated railway system since August 23, 2010, 

which connects Suvarnabhumi Airport to central Bangkok (Phayathai, Makkasan). 

This Airport Rail Link covers three lines which are Makkasan Express line, Phayathai 

Express line and City line at 28.6 km track length (UMIASEA, 2014). 

The traction power supply can be subdivided into traction power generation, 

traction power transmission, traction power feeding, and traction power collection by 

mobile electric traction vehicle. In Thailand catenary railway, the traction power is 

supplied by AC 69 kV 50 Hz transmission lines as a part of the traction power supply 

grid. The traction power distribution is performed by the traction power substation 

and overhead contact lines. All traction power supply installations have to be 

designed, contracted and operated so that general requirement according to the 

standard user can be fulfilled. Therefore, contact lines are the networks which act as 

the traction power feeding system to an electric train.  

The overhead line equipment of A 25 kV AC, 50 Hz Catenary Contact System 

on double-track elevated railway system consists of six conductors per single track on 

the elevated pole and ground as shown in Figure 1.2. Contact wire, and Catenary wire, 

both noted as wires which used for feeding power to the locomotive through the 

pantograph located on the locomotive roof with 25 kV AC, 50 Hz. The lines are 

interconnected at every 7-10 m as in cross-sectional view in Figure 1.2 and Messenger 

wire, provides support to Contact wire, in order to reduce Catenary system 

impedance. Earth wire, used for returning traction current to the feeding station and 

Feeder wire used to supply power to trackside equipment through Catenary and 

Contact wires. 
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Figure 1.2 Double Track Railway Electrification system on elevated railway system          

                   and same cross-section view axis (UMIASEA, 2014; Sandra, Martin, and 

                    Menter, 2007). 
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Table 1.2 Conductors in Thai Railway Electrification System (Mazloom, 2010). 
 

Conductor Conductor Symbol Conductivity (S/m) 

I-Rail R1 4.4×106 

S-Rail R2 4.4×106 

Contact wire R3 5.8×106 

Catenary wire R4 5.8×106 

Earth Wire R5 3.5×106 

 

 
 

1.3 Problem Statement 
 
 

A 25 kV AC, 50 Hz Catenary Contact System on double-track elevated 

railway system is an among of railway electrification system which has an essential 

electrified railway transportation not only in peoples’ daily life but also in the global 

economic growth of Thailand. Railroad transportation remains very relevant due to 

improvement on electrification of the rail line. Modern equipment that is applied to 

electric traction system, to increase speed, safety, efficiency, and reliability of 

economic enhancement, need for a careful and accurate coordination of protection 

system. This application concerns the overvoltage protection, which includes 

disturbances of atmospheric origin.  

Security and reliability of power supply are very significant for electric energy 

utilities. Supply interruptions are mainly related to faults in its Overhead Catenary 

System, due to lightning strokes on them, producing dangerous overvoltages and 

damages on equipment.  Actually, this disruption leads various electrical elements 

failure, power losses, and other unreliable condition on Overhead Catenary System. 

The necessity of adopting additional protection is worth to be verified under IEC 

standard (IEC 60913). Lightning overvoltage in power systems is caused by lightning 

strokes to phase conductor (shielding failure), shielding wire (back flashover), and 

ground in line proximity (Induced voltage) (IEEE Std. 1313). Lightning induces over-
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voltages in the transmission line can cause flashover across insulators leading damage 

when it striking contact line installations and exceeds lightning withstand voltage 

level of insulators (Kiessling et al., 2009). Likewise, Lightning induces over-voltages 

in the mast can cause back flashover across insulators when it is striking on top of the 

mast and exceeds lightning withstand voltage level of insulators. Thailand is one 

among the Tropical countries having a lot of thunderstorm days and lightning 

discharge activities. It has been reported to have several incidences caused by the 

thunderstorm days and lightning events per year. The report about lightning statistics 

from Marungsri et al. (2008) showed that lightning often occurs in April-May but 

severely in June. The magnitude ranged 11-171 kA with a positive polarity which 

accounts for 5% and -10 to -139 kA with negative polarity is 95% of all lightning 

activities. In Omidiora and Lehtonen (2007); Martinez-Velasco and Aranda (2008); 

Rodriguez-Sanabria, Ramos-Robles, and Orama-Exclusa (2011) were stated that 

negative lightning could associate with multiple strokes per flash. Omidiora and 

Lehtonen (2007); Martinez-Velasco and Aranda (2008); Rodriguez-Sanabria, Ramos-

Robles, and Orama-Exclusa (2011) showed the report for the multiple strokes 

averaging 3 to 4 strokes per flash with intervals of tens of milliseconds. Most of the 

researchers in Thailand have been based on single lightning strokes without 

considering the effects of multiple lightning strokes. Due to the frequent occurrence, 

enormous amounts of stroke currents have a high possibility of multiplicity due to its 

negative lightning strokes. For that reason, it made this study to be done in the 

overhead catenary system when both single stroke and multiple lightning strokes 

strike on train’s pantograph, on top of Mast, Return wire (Earthing wire), and 

Catenary wire. Since slight differences in the design parameters values can affect their 
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lightning performance significantly, the correct and careful coordination of protection 

system should be considered as the most important issue of Overhead Catenary 

System for the rest of life due to lightning activities. 

In an effort to maintain failure rates in low level to provide high power quality 

and avoiding damages and disturbances, plenty of lightning performances estimation 

studies have been proposed as in AIEE Committee Report (1950); Bewley, (1951); 

Fisher, Anderson, and Hagenguth (1960); Anderson (1961); Sargent, and Darveniza 

(1970); Darveniza, and Popolansky (1975); IEEE Working Group on Lightning 

Performance of Transmission Lines (1985); Bouquegneau, Dubois, and Trekat 

(1986); IEEE Working Group on Estimating the Lightning Performance of 

Transmission Lines, (1993); Chowdhuri, and Mehairjan (1997); He et al. (2005); 

Martinez, and Castro-Aranda (2003). Designing appears to be a most important issue 

in the lightning performance of transmission line, not only in design parameters 

values that affect the lightning performance but also in design parameters values that 

can optimize lightning performance to make improvements and modifications to an 

existing transmission line. Several Lightning Performance Optimization studies have 

been conducted in order to determine the minimum cost design of transmission lines. 

Consequently, it explores the sensitivity of the required present worth of revenue, to 

minimize the line total annual cost considering the relevant technical constraints. Both 

fixed and running cost items were taking into account the customer and utility costs of 

line outages as in Chang, and Zinn (1976); Grant, and Clayton (1987). Also, the 

economic aspects of the overhead distribution line lightning performance have been 

alternative design procedures for uncompensated overhead transmission lines based 

on the derivation of closed-form analytical expressions. For both line power and 
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current ratings, the geometrical data of the line tower is regarding its bundled 

conductors. The method of an optimal design for improving the lightning performance 

of overhead high-voltage transmission lines has been presented in Kennon, and 

Douglass (1990); Saied, Jaboori, and El-Nakid (1990); Katic, and Savic (1998); Saied 

(1999); Ekonomou et al. (2006).  

The lightning performances estimation studies in 25 kV AC, 50 Hz Catenary 

Contact System based on simulation showed that the lightning performance of 

Overhead catenary system relying on their correct initial design of existing system 

needs to be optimized due to lightning activities in Thailand. This thesis proposes the 

developed methodology which is applied on operating Overhead Contact System with 

the help of Artificial Intelligence optimization algorithms, in order to validate desired 

results. The advanced method incorporates all the available protection, i.e., earthing 

wires and surges arresters, for the more effective lightning protection of transmission 

line which selects optimum values using optimization algorithm. Optimization 

algorithm calculates the optimum line insulation level, the grounding resistance, 

energy absorption capability of surge arresters, surge arresters’ installation interval, 

and a number of installed surge arresters depend on the cost values to the lightning 

failure costs. 

 

1.4 Case Study Overviews 

            The two interrelated studies considered in this thesis are; 

 

a) To the establishment of Typical values of modeled parameters for 

representing current situation based on the waveforms of Multiple 

lightning strokes, grounding resistances and Multi-grounding resistances 

of the existing system in ATPDraw.  
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b) To analyze lightning performance of 25 kV AC, 50 Hz Catenary Contact 

System which divide into five studies;  

i. Characteristics and Behavior of Transient Current during single 

and Multiple Lightning strokes on Train’s pantograph, on top of 

Mast, Return wire (Earthing wire), and Catenary wire,  

ii. Analysis of Flashover affected by Grounding resistance in 

Transient Current characteristics during single and Multiple 

Lightning strokes on Train’s pantograph, on top of Mast, Return 

wire (Earthing wire), and Catenary wire,   

iii. Flashover Effect with Multi-Grounding resistance to nearby 

Masts in Transient Current behavior and characteristics during 

single and Multiple Lightning strokes on Train’s pantograph, on 

top of Mast, Return wire (Earthing wire), and Catenary wire, and  

iv. Mitigation of Flashover with Transient Current behavior and 

characteristics during Multiple Lightning strokes on Train’s 

pantograph, on top of Mast, Return wire (Earthing wire), and 

Catenary wire.  

v. The optimization of the lightning performance of 25 kV AC, 50 

Hz Catenary Contact System with the help of MATLAB software. 

 

1.5 Objective 

 
The main objectives of the thesis are;  

a) To analyze and improve the lightning performance of Overhead Catenary 

System.  
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b) To optimize insulation level, grounding resistance, surge arrester’s 

energy absorption capability, the surge arrester installation interval, 

and number of surge arrester in Overhead Catenary System. 

1.6 Limitations of the Thesis 

In the intended improvement studies, analysis and mitigation of the lightning 

performance for the Catenary Contact System in transient current behavior during 

lightning strikes on Train’s pantograph, on top of the mast, return wire (Earthing 

wire), and catenary wire due to overvoltage situations were performed. For analysis 

evaluation, the waveforms of lightning strokes, grounding resistances and Multi-

grounding resistances effects were reviewed in transient current behavior and 

characteristics during single and multiple lightning strokes on the overhead line. In 

additional to mitigate overvoltage in the system, the transient current behavior during 

multiple lightning strikes on Train’s pantograph as a critical overvoltage condition in 

A 2×25 kV, 50 Hz AC Catenary Contact System was desired. The estimation of 

optimum line insulation level, the grounding resistance, energy absorption capability 

of surge arresters, surge arresters’ installation interval, and the number of installed 

surge arresters on overhead line equipment were determined under the proposed 

lightning performance index for stabilized the system against lightning disturbances. 

  
 

1.7 Thesis Structure 
 

            The outlines of this thesis are as follows: 

Chapter 1 provides an introduction, Thai Railway Electrification System, 

Problem Statement, Case studies overview, objective, scope and Thesis Structure. 
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Chapter 2 explains a review of Railway Electrification System, electric 

traction, DC motor drive, AC motor drive including the existed System, Preliminary 

Study, Analysis of Elevated Structure and Catenary Lightning Range, and proposed a 

system for overhead catenary system. This chapter gives the background of the 

electrical system behind railway electric vehicles. 

Chapter 3 illustrates the modeling of an essential element of an overhead 

catenary system including its setup and techniques for simulation purposes. 

Chapter 4 exhibits the outcomes for the simulating lightning consequences 

and mitigate the effects in ATP-EMTP. It also showed the optimum parameters with 

the help of AI optimization techniques in MATLAB software.  

Chapter 5 discusses the results obtained in Simulation and their usefulness in 

lightning protection for Railway electrification networks. 

Chapter 6 concludes the results of the overhead catenary system against 

lightning disturbances in line insulation and recommends actions to be carried out. 

 

1.8 Chapter Summary 

 
This chapter explained the general introduction about an electric train with 

their advantages at the different type and their various prime mover as electrical 

energy. Also, it described in short about Thai Railway Electrification System and its 

components Apart from that, in the problem statement, it showed how lightning 

strokes affect the overhead catenary system and what the action should take to protect 

the system. Lastly, it direct to the case study overview, objective, and scope of 

research including an outline of the thesis have been mentioned in this chapter.  
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CHAPTER 2 
 
 

LITERATURE REVIEW 

 
 

2.1 Introduction 

 
 

This chapter reviewed electric train, including the significant potential for the 

application of electrification system in the railway, electrical supplies remain 

impressive as electric vehicle operates without having an on-board prime mover. An 

electric train is a series of a vehicle powered by electrical energy to run along a rail 

track which used to transport passengers or cargo. Electric locomotive, Electric 

Multiple Unit, A Battery Electric Multiple Unit, and Tram are the most of the electric 

trains used through the worlds. Since the second half of 19th century, technology 

innovation has been improved and upgraded electrification of railway line due to the 

advantage of electric traction over diesel-electric traction and Hybrid traction. In order 

to increase speed, safety, efficiency, desired environment and reliability of economic 

enhancement, a human being has demanded this service for energy dependent (Lu, 

2011). As demonstrated in Utlu and Hepbasli 2006, Railway travel is the friendly 

mode of transport depend on energy efficiency and the environment. Little energy is 

dissipated through rolling resistance due to the full contact (Hibbeler, 2008). Due to 

the benefits of the convoy formation, Railway locomotive and multiple unit trains 

have good aerodynamic performance (Browand, McCallen, Ross, Orellano, and 

Sperling, 2009). Railway locomotive and multiple units can operate without having 

onboard prime mover by getting electric energy from Electricity.  
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2.2 Railway electrification system 
 

A railway electrification system is a system which operates without having an 

on-board prime mover by supply electrical energy to railway trains and multiple unit 

locomotives. There are several different electrification systems in use throughout the 

world. Railway electrification requires a significant capital expenditure for installation 

although it has many advantages. A higher power-to-weight ratio is the main 

advantage of electric traction over diesel/steam-electric traction and Hybrid traction 

that create power on board. Electricity permits faster acceleration, and higher tractive 

effort on steep gradients to increase speed, safety, efficiency, desired environment and 

reliability of economic enhancement depend on electric energy as it becomes a human 

demand. On trains equipped with regenerative brakes, descending gradients require 

the little use of air brakes for the locomotive's traction motors as becoming generators 

sending current back into the supply system and onboard resistors, which transforms 

the excess energy to heat. The lack of exhaust fumes at the point of use, less noise and 

lower maintenance requirements of the electric traction units are the other advantages 

of a railway electrification system. Electric trains produce fewer carbon emissions 

than diesel trains especially for the countries where electricity comes primarily from 

non-fossil sources in a given sufficient traffic density. 

Operations of electrified railway became more efficient because there is no 

need to switch between methods of electric traction unless it used more than one 

system (multi-system locomotives or other rolling stock) which still required a switch 

of traction method. Voltage, Currents, and Contact system are three parameters which 

used to classified Railway Electrification system. Overhead Line System, Third Rail 
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System, and Ground-Level Power Supply System are the railway electrification 

systems which discussed in this chapter as follow 

 

2.2.1 Overhead line system 

 

Overhead Line System is a railway electrification system which uses 

overhead lines or overhead wires to transmit electrical energy at a distance from the 

energy supply point to trams, trolleybuses, and trains. The voltages above 1 kV DC 

are usually limited to overhead wiring for safety reasons. The system of 600 V, 750 

V, 1500 V, 3 kV for Direct Current (DC), 15 kV, and 25 kV for Alternative Current 

(AC) at 16.7 and 50 Hz are the most common voltages used by overhead line system 

(Frey, 2012). 

         The principle of one or more rails or overhead wires (particularly in 

tunnels) is designed by overhead line situated over rail tracks, raised to a high 

electrical potential by connection to feeder stations from a high-voltage electrical grid 

at regular intervals. 

         A pantograph, bow collector, or trolley pole are the devices used to 

collect their current from an overhead line system to the electric trains as shown in 

Figure 2.1. The device depresses against the underside of the lowest wire of an 

overhead catenary network and the catenary wire. The collectors of current are 

electrically conductive which allow current to flow through to the tram, trolleybuses, 

and train and back to the feeder station through the steel wheels on one or both 

running rails. Overhead line system is classified according to the devices used to 

collect current from an overhead line system to the electric trains. Bow Collector 

System, Trolley wire in overhead line system, and Catenary Overhead System are 

three overhead line systems presented in this chapter as follow 
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Figure 2.1 Current Collector (Naupane and Rimal, 2016). 

 

 

2.2.1.1 Bow collector system. 

 

Bow Collector System is an overhead line system which uses 

bow collector to collect current from an overhead line system to the electric tramcars. 

In either the late 1880s or early 1890s, the Siemens electric company was first used 

the bow collector by in its early electric tramcars conceived by German inventor Ernst 

Werner von Siemens. 600 V DC, 750 V DC were the most common voltages used by 

overhead line system (Frey, 2012). 

The bow collector is one of the straightforward and most 

dependable methods of current collection used on tramways. The very earliest 

versions were simply a very heavy-gauge steel bars, or wire bent into a shape of 

rectangular and mounted long-side-down on the roof of tramcar. The collector height 

was on its top of the edge which would scrape across the wire above. The section of 

the top is made with a 1-inch broad or thereabouts steel rod, machined to have a bow-

shaped cross section. This bow-shaped rod is referred to as the 'collector plate, and in 

later models may be up to several inches wide as shown in Figure 2.2. 
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For the simple framing methods mentioned above, it was 

gradually replaced by more sophisticated and complex methods, but the general 

operation mode remained the same (Kiessling et al., 2009). The design changes were 

most noticeable on systems where both single and double deck cars were used on the 

same network. Single deck trams usually have high and lightly constructed collectors 

with frames which complicated to support the huge collector of the cast-steel plate, 

while double deck cars usually have more massive collectors with less complex 

structures as shown in Figure 2.3. For maintaining good electrical contact, the bow 

collector must bring to bear enough intense pressure on above of the wire, and so that 

the complicated networks of weights or springs were put into use to ensure excellent 

electrical contact to maintain efficient operation (Kiessling et al., 2009). 

Suitably, the top edge of the collector plate which would rise 

several inches above the wire collector should be mounted on the bow when the 

collector frame is standing straight up. Thus, when the time comes to move in the 

opposite direction, the collector must be swung over on it which usually leads 

opposite to the direction of travel. In the case of allowing this to happen, the wire of 

overhead must be lifted by several inches at places where the bows were swung over, 

in such ways the terminals were turn-outs. In the previous operation, it is usually 

achieved by pulleys and ropes. A horizontal position was folded down by the collector 

when the car was not in use. In early years, most of the cars had no means to swing 

over by the bows. It was thought that this could happen automatically when the tram 

car started traveling the other strategy, but collectors such as these were a 

nonfulfillment. Most Soviet trams of which some are still in use in ex-USSR had no 

means to swing the bowl over (Frey, 2012; Kiessling et al., 2009). These trams were 
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not invented to travel two ways. Another example is tramcar which had two bow 

collectors for the two directions of moving (Bow collector, 2017; Kiessling et al., 

2009). 

 

 

 

Figure 2.2 An old tram with a bow collector (Bow collector, 2017). 
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Figure 2.3 Tram with a bow collector (Bow collector, 2017). 

 

The bow collector has fewer traveling parts than the trolley pole, 

but had high weight and sometimes more complex to construct. The overhead wires 

construction for bow collectors is simpler than trolley pole wiring. As bow collectors 

do not have revolving mountings, the collector could not jump off the fence to follow 

the wrong one in intersections as trolley poles sometimes do. Thus, the frogs of 

overhead and escorts for trolley poles were not obligatory with bow collectors. 

However, the collectors of the bow were much noisier than trolley poles. The 

overhead wires for bow collectors are stretched tighter than for trolley poles, and 
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straight sections are 'staggered, that is, the wire does not run completely straight down 

the track centerline, but rather zig-zags slightly across a small distance. The 

distributor was worn in the whole bow collector's collector plate and extends the 

collector's life. 

On the Mountain Railway's implementation was unusual in that 

the overhead wire that slack and free to hang in a catenary. Bow collectors were used 

to avoiding problems with trolley poles in high winds on the hilly route (Hennessey, 

2008). The hill line also was used a Fell rail for braking. Each car has two rigidly 

vertical bow collectors, with a slack wire above them making contact under its 

weight. At its suspension points, the collectors are not quite tall enough to make 

contact with the wire. As far enough apart, in relative to the spacing of pole, it was out 

of touch with the cable, while the other is mid span and making good contact. The 

collectors can only be lowered by unbolting them at roof level, while the power is off. 

This inability to isolate them easily hampered firefighting when car 5 caught fire. 

Similarly, collectors were also utilized at first on the nearby and 

slightly earlier during Electric Railway invasion. With weak contact, and so the loose 

wire, the system was trouble initially developed. A tensioned cable usually gave a 

good connection when broke contact passed over the collector at the pole. The wire of 

slackening and deliberately lifting it up clear of the collector at the poles allowed its 

weight to give a reliable connection over the other collector, spaced to be at the 

midpoint between masts. In those years, a revised collector was in use within the short 

time. A small hinged bow frame was placed on top of the fixed uprights, giving a 

sprung contact as shown in Figure 2.4. Bow collectors systems were not last though 

and were replaced with trolley poles (Edwards, 1998). 
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Figure 2.4 Rigid bow collectors at Snaefell Summit station (Hennessey, 2008). 

 

2.2.1.2 Trolley wire overhead line system. 

 

Trolley Wire Overhead Line System is an overhead line system 

which uses trolley pole to collect current from an overhead line system to the 

trolleybuses. It comprising a trolley wire, Span wire or bracket arms and Traction 

poles, and wall anchors (or rosettes). The name ‘trolley wire’ relates to the use of a 

trolley pole on the tram to collect current, although trolley wire systems may also be 

used for vehicles equipped with bow collectors or pantographs. 600 V DC, 750 V DC 

are the most common DC voltages used by Trolley Wire Overhead Line System 
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(Frey, 2012). Circuit Configuration of Trolley Wire Overhead Line System is the 

same as the Circuit Configuration of bow collector system as indicated in Figure 2.5 

but different contact system as shown in Figure 2.6. 

 

 

 

Figure 2.5 Circuit Configuration of Trolley Wire Overhead Line System (Source:  

                      Naupane and Rimal, 2016). 

 

 

 

Figure 2.6 Trolley Wheel on TCRT 1300 (Frey, 2012). 
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A trolley pole was the device of a tapered cylindrical pole made 

up of wood or metal, utilized to transport electricity from a live overhead wire to the 

propulsion and control equipment of a trolley or tram bus. The use of overhead wire 

in a current collection network was reputed to be the electrical invention to ensure 

efficient power. Machining trolley wheels are shown in Figure 2.7. 

 

 

 

Figure 2.7 Machining trolley wheels (Frey, 2012). 

 

The invention of the trolley pole was predated by the term 

trolley. The earliest electric cars, the locomotives did not use a pole, but a system in 

which each engine dragged behind it, an overhead cable were connected to a small 

cart that rode on an overhead wires track. From the side of hauling lines, the car was 

made to seem like trolling as in fishing. Later, when a mast was added, a trolley pole 
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came to be known. The pole or the passenger car using the trolley pole was derived 

from the grooved conductive wheel stroller or cart which attached to the end of the 

pole in which the trolls the overhead wire was also used by the term trolley for 

description. 

An early development of an experimental tramway, Locomotive 

was built and having been developed by the brother of the Whitaker Wright in mining 

entrepreneur. At the Canadian National Exhibition (CNE), Wright has been assisted in 

the installation of electric railways and even have used a pole system, to evidence that 

its efficient system. Likewise, Wright was issued or never filed a patent. For the 

electric trolley pole invention, Official credit has gone to an American, for installed a 

working system in the railway system. As the Richmond Union Passenger Railway 

known, this 12-mile system was the first big-scale trolley line in the world, opening to 

great fanfare. 

In through the 1940s and 1950s, The wheel of the grooved trolley 

was used on many large city systems; it was used on systems with old style around the 

cross-sectional wire of the overhead. The cart wheel was problematic at best that the 

grooved circumferential contact wheel compartments on the overhead underside wire 

provided minimal electrical contact and tended to arc spark excessively and 

maximized overhead wire wear. The newer sliding carbon trolley shoe was used with 

a unique grooved cross section of overhead trolley wire; the significant the sliding 

trolley shoe advantage was threefold which provided far better electrical contact with 

a considerable moderation in arcing sparking, it dramatically lower overhead wire 

wear as well. Many systems began changing to the sliding trolley shoe in the 1920s as 

it turned its extensive system in the late 1920s (Frey, 2012). Curiously, Philadelphia 
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did not turn its trolley wheels on its remaining streetcars until 1978. Although a 

vehicle with a cart wheel may evoke a look of old fashioned, the trolley shoe was far 

more practical and modern as well as economical in use as indicated in Figure 2.8. 

 

 

 

Figure 2.8 Modern trolley poles as installed on Vancouver's low floor electric trolley  

                   buses (Frey, 2012). 

 

In Figure above, the overhead wire was not attached to a trolley 

pole. The pole sits atop a sprung base on the roof of the trolley vehicle, the springs 

maintaining the tension to keep the cart shoe or wheel in contact with the wire. In the 

case of the pole was made up of wood, a cable brought down the electrical current to 

the locomotive (Frey, 2012). For instance of a metal pole used as a wire, it required 

the base to be insulated from the vehicle body as itself may be electrically live. 

On double-ended railway cars systems with running capability in 

both directions, the trolley pole was always be dragged behind the car and not pushed 

or rewiring as very likely as it could also destroy the overhead wires (Frey, 2012). At 

terminus ends, therefore, the conductor must revolve the pole of the trolley around to 
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face the correct heading, pulling it off the wire either with a pole or a rope and 

strolling it around to the other point. In many cases, two trolley poles were provided, 

one for each direction, so in this instance, it was just a raised one matter and reducing 

the other. Since the conductor reduced the other while the operator could high the 

pole at one end, this was much easier and save time for the engineer. Care must be 

taken to increase the downed pole first and eliminate the damage caused by arcing 

between the wire and pole. In the United States, the system of dual-pole was the most 

recurrent arranged on double-ended locomotives. However, thrusting of the pole 

called back-poling in the spear-poling was quite regular in which the trams were 

moved at slow speeds, such as at wye terminals also known as reversers while 

backing to the sheds. 

Usually, Trolley poles were lowered and raised manually by a 

rope from the back of the locomotive (Frey, 2012). The cable feeds into a spring reel 

mechanism, called a trolley retriever or trolley catcher. The catcher of the trolley 

contains a detent, like that in an automotive shoulder for safety belt, which seizes the 

rope to prevent the trolley pole from flying upward at the pole that was desired. The 

similar looking in retriever added a mechanism of spring that yanks the mast 

downward when it should leave the wire, and pulled it away from all overhead wire 

fittings. Catchers are commonly used on trams operating at lower speeds, as in a city, 

while retrievers were used on suburban and interurban properties to limit destruction 

at high speed to the overhead. 

On some older networks, the poles were raised and reduced using 

a long mast with a hook of the metal. As it's available, it may have been made of 

bamboo due to its natural straightness, length, and strength, combined with its 
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relatively light weight and the actuality that it is an insulator. Usually, Trolleybuses 

were carried one with the locomotive, for use in the event of retirement, but systems 

of tram normally had them placed along the route at locations where the pole of 

trolley could need inverting. 

The poles used on trams were typically shorter than those used on 

trolleybuses, to allow the bus to take fuller significant of it's not being confined to a 

solid way in the rails of the street. By giving a lateral steerability degree that enables 

the trolleybus to load passengers at curbside, it was also done to all buses. 

In a railway vehicle, at a trolley car or tram was used on, a single 

trolley pole regularly collects current from the wire of overhead, and the rails of the 

steel on the tracks react as the electrical return. On the other hand, Trolleybuses might 

use two trolley poles and dual overhead wires, wire, and one pole for the positive live 

current, the other for the negative or neutral return. Some of the tramway systems 

were also utilized the dual cable system, while others streetcar system were not. For 

aid in the spread-out reduction of electrolytic damage, underground pipes and metallic 

structures where most tram lines maneuvered with the wire positive concerning the 

rails. 

All trolleybuses were used trolley poles, and thus trolley poles 

remained in use worldwide, wherever trolleybuses are in operation, currently in some 

340 cities, and different manufacturers were continued to make them, including some 

cities apart from this towns. On most railway locomotive using overhead wire, 

however, the pole of trolley has provided the way to the bow collector, and later, the 

pantograph, a construction of folding metal that depresses a full contact pan against 

the wire of the overhead. While more complicated than the trolley pole, the 
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pantograph has the sign of being more stable, being almost free from wiring, at high 

speed, and being easier to increase and reduce automatically. Additionally, on double-

ended trams, they remove the need to turn the trolley pole when changing direction 

manually. The use of bow collectors or pantographs exclusively also eliminates the 

need for frogs of wire by switches in the overhead wiring to make sure the pole goes 

in the correct direction at junctions as shown in Figure 2.9. 

 

 

 

Figure 2.9 Locomotive with trolley poles (Frey, 2012). 

 

The very few tram/streetcar systems apart from heritage streetcar 

lines in worldwide continue to use trolley poles on vehicles used in standard service. 

Among the largest exceptions are the vehicle systems of the Subway-Surface lines 

and Tramways was one of the systems in small size using trolley poles for regular 

service. 

These systems and a few others worldwide retain use of trolley 

poles, even on new streetcars, in order to resist the hardness and expense of restyling 
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stretches of existing overhead wires to accept pantographs. Light rail cars or Trams 

was equipped with pantographs normally cannot operate on lines with overhead 

wiring designed for trolley pole collection. It is possible to build overhead wiring that 

was able to accommodate both trolley poles and pantographs, but such models are 

more expensive to maintain and are seen only in cities where modern light rail cars or 

streetcars utilize same tracks with vehicles of preserved historic. 

 

2.2.1.3 Catenary contact system 

 

Catenary Contact System is an overhead line system which uses a 

pantograph to collect current from an overhead line system to the trains. The 

pantograph of Catenary Contact System allowed an electric rail vehicle to travel at 

higher speeds without losing contact with the catenary which was an improvement 

over the simple trolley pole as prevailed up to that time of invented pantograph. 

In a flat side, the pantograph was invented at the Railroad and in 

worldwide by Siemens & Halske. The simple diamond-shaped roller pantograph was 

invented by the Key System shops for their commuter trains which ran between Bay 

section of the some Area in some countries. In photographs of the first day of service, 

it also appeared in the modern locomotive. After that, for many decades, the same 

diamond shape was used by systems of electric rail around the world and still in use 

by some today (Frey, 2012). 

During the mid-20th century, rotary converters or mercury arc 

rectifiers were used to convert utility (mains) AC power to the required DC voltage at 

feeder stations. Today, this is usually done by semiconductor rectifiers after stepping 

down the voltage from the utility supply. 



31 

 

In almost all overhead lines system as known variously as 

Overhead contact system (OCS) in Europe, except Spain and UK. Also, Overhead 

equipment (OHE) in the UK, India, Malaysia and Pakistan, Overhead line equipment 

(OHLE or OLE) in the UK, Overhead wiring (OHW) in Australia, and Catenary in 

United States, UK, India, Singapore in North East MRT Line, Spain and Canada 

(Frey, 2012).1500 V DC, 3 kV DC, 15 kV AC, 16.7 Hz and 25 kV AC, 50 Hz are the 

most common voltages used by Catenary Contact system (Frey, 2012). Catenary 

Contact System is classified according to the driven actuating mechanism used to 

drive an electrical motor by received current from overhead line system. DC Catenary 

Contact system, AC-DC Catenary Contact system and AC-DC-AC Catenary Contact 

system are three Catenary Contact system which classified according to the driven 

actuating mechanism used to drive an electrical motor by received current from 

overhead line system. 

 

1. DC Catenary contact system  

 

DC Catenary Contact system is a Catenary contact system which 

supplies DC power to the contact system (pantograph) and then applied to the DC 

motor.750 V DC, 1500 V DC, and 3 kV DC are the most common voltages used by 

DC Catenary Contact system for DC motor drive.  

Power supply voltages are fed from substations which are located 

3-5 km for suburban services and 40 to 50 km for mainline services. These 

substations collect power (typically, 110/132 kV, 3 phase) from electric power grids. 

This three-phase high voltage is stepped down and converted into single phase low 

voltage using Scott-connected three phase transformers as shown in Figure 2.10.  
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Figure 2.10 Circuit Configuration of Substation receive power from three phase high  

      voltage to electric train (a) near to substation (b) away from the 

substation (Source: Catalogue RAIL Surge Arresters, 2016) 

 

The DC voltage using suitable converters or rectifier such as 

power electronic converter, rotary converters, mercury as converters which were then 

converted from single phase low voltage and then supply to the contact system. In this 

system, electrical motors are operating on DC supply to produce necessary movement 

of the electric train. In this system, mostly DC series motors are used (Source: 

Naupane and Rimal, 2016). Circuit Configuration of DC Catenary Contact System is 

shown in Figure 2.11. 
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Figure 2.11 Circuit Configuration of DC Catenary Contact System  

                                    (Source: Naupane and Rimal, 2016). 

 

2.       AC-DC Catenary contact system  

 

AC-DC Catenary Contact System is a Catenary Contact System 

which used to supply AC single phase supply to the contact system (pantograph) and 

converted into DC using rectifier in the locomotive and then applied to DC series 

motor. This system is most popular and widely used system everywhere. It combines 

the single-phase high voltage AC distribution at the frequency of industrial with DC 

series motor traction. In this network, the overhead line carries single phase, 25 kV, 

50/60 Hz supply which is then stepped down to the desired range using step-down 

transformer located in the locomotive unit itself (Wensheng, 2016). The significant of 

this system include less number of substations, higher starting efficiency, lower cost 

of fixed installations and simple substation design. (Source: Naupane and Rimal, 

2016). Also, Single phase AC system has less distribution cost whereas DC system 
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has the excellent driving capability by DC series motors. Circuit Configuration of 

AC-DC Catenary Contact System is shown in Figure 2.12. 

 

 

 

Figure 2.12 Circuit Configuration of AC-DC Catenary Contact System 

                                (Source: Naupane and Rimal, 2016). 

 

3.       AC-DC-AC Catenary contact system 

 

AC-DC-AC Catenary Contact System is a Catenary Contact 

System which consists of single phase 15 kV, 16.7 Hz supply which is fed from the 

substation and is being carried through a single overhead conductor. The single-phase 

supply is then converted into three phase supply of the same frequency using phase 

converter equipment in the locomotive itself. The three-phase supply is then fed to 

induction motors to drive the vehicles. It is also possible to advance starting induction 

motors at high torque by diminishing the supply frequency at ½ to 9 Hz using 
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controlled inverter through silicon controlled rectifiers. The primary advantage of this 

system is that the two conductors of the overhead in the arrangement of three phase 

AC network are reduced to a single overhead wire and hence more economical 

(Source: Naupane and Rimal, 2016).  

There is two type of AC-DC-AC Catenary Contact System which 

are AC-DC-AC Catenary Contact System with transformer and AC-DC-AC Catenary 

Contact System without a transformer (Transformerless AC-DC-AC Catenary Contact 

System). This type is due to usage of the transformer for stepped down voltage before 

applied to AC motor. Circuit Configuration of AC-DC-AC Catenary Contact System 

with transformer and Circuit Configuration of Transformerless AC-DC-AC Catenary 

Contact System with an electric multiple unit (EMU) is shown in Figure 2.13 and 

Figure 2.14 respectively. 

 

 

 

Figure 2.13 Circuit Configuration of AC-DC-AC Catenary Contact System 

                             (Source: Naupane and Rimal, 2016). 
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Figure 2.14 Circuit Configuration of Transformerless AC-DC-AC Catenary Contact  

                      System (Wensheng, 2016). 

 

 

2.2.2 Third railway system 
 

 

A Third rail system is a system which used top contact (third rail) as a 

continuous rigid conductor placed alongside or between the running rails of a railway 

track to providing electric power to a railway train. 600 V DC, 750 V DC, and 1500 V 

DC are the most common voltages used by third rail system (Frey, 2012). It is used 

typically in a rapid transit or mass transit system, which has alignments in its 

corridors, almost entirely or fully separated from the outside environment. In most 
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instance, systems of third rail supply direct current (DC) electricity. The 

electrification of the third-rail system is unrelated to the third rail used in dual-gauge 

railways. The third rail is at the top contact, with a white canopy above it as shown in 

Figure 2.15. 

 

 

 

Figure 2.15 Third rail at the West Falls Church Metro stop near Washington, D.C.,  

                       electrified at 750 volts (Frey, 2012). 

 

         The current from the third rail returns to the power station through the 

two lower rails which are the conventional running rails. In Third rail systems, an 

electric traction power to railway trains was provided by using an additional track 

which called a conductor rail. On most systems, the rail of the conductor is replaced 

on the ends outside of the sleeper in the running rails, but in some cases, a central 

conductor rail is used. The conductor rail is supported on ceramic insulators or 

insulated brackets, typically at intervals of 10 feet (3 meters). The trains have blocks 

of the metal contact called shoes which make contact with the conductor rail as shown 
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in Figure 2.16. The generating station through the running rails is returned by the 

traction current. The conductor rail is usually made of the running rails and high 

conductivity steel which has to be electrically attached using wire devices or other 

bonds, to minimize resistance in the circuit of the electric. The conductor rails have to 

be obstructed at ramps and level crossings, and crossovers are provided at the ends of 

the sections to provide a smooth transition to the shoes of the train. The position of 

contact between the rail and the train was considerably by diversity in some of the 

earliest systems which used top contact, but developments used bottom or side 

contact, which permitted the conductor rail to be protected, covering track workers 

from accidental contact and protecting the conductor rail from leaf fall and snow. 

 

 

 

Figure 2.16 A top-contact third railway in different design of shoes and shoe gear  

                        (Source: Naupane and Rimal, 2016). 
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         The systems of the electric traction where the power of electric is 

generated at a station of remote power and transmitted to the trains are substantially 

more cost-full than steam or diesel units, where the unit of power is carried on the 

train. This advantage is especially marked in urban and rapid transit systems with a 

high traffic density. So far as the first cost-effective is concerned, third-rail systems 

are comparatively cheap to install, relative to systems of overhead wire contact, as no 

structures for carrying the wires of overhead contact which are required, and then no 

need to reconstruct over bridges to give clearances. The visual intrusion on the 

environment was much less. However, third rail systems represent the hazard of 

higher system voltages, electric shock, (above 1500 V) which are not considered safe. 

Powerful currents were therefore used, resulting in considerable power loss in the 

system, and requiring relatively closely spaced feed points (sub-stations). In theory, a 

negative current is collected to the negative side of rectifier via the live rail, the third 

rail and so on EMU rail. When the track carries the actual current, the voltage will 

drop on the rail, and rail-to-ground resistance could not be completely insulated.  

         In safe reasons, it also extremely dangerous for a person to fall into the 

tracks due to the presence of an electrified rail. In this fact, however, can be prevented 

using doors of platform screen or the minimized risk by securing the conductor rail 

which is on the trackside away from the platform. Furthermore, third rail systems 

must either be fully grade-separated or, if they operate at grade, effective pedestrians 

should be stopped by implement some kind of mechanism from walking onto the 

tracks at grade crossings. The conductor rails end ramps where it changes sides or 

interrupted present a limitation of practical on speed due to the impact of mechanical 

on the shoe, and 160 km/h (100 mph) is considered the upper limit of possible 
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operation of the third-rail. However, no testing over 100 mph has been attempted. The 

worldwide speed record for a third rail train is almost 174 km/h (108 mph) that has 

attained on some electric cars by an EMU (Frey, 2012). 

         Third rail systems which used the top contact are prone to accumulations 

of ice and snow formed from refrozen snow, and this could interrupt operations. In 

some systems, the service was dedicated de-icing trains to deposit an oily fluid on the 

rail of the conductor to avoid the build-up. For a train, it is possible to stop in a 

location where all of its shoes are in gaps so that no power of traction is available 

because of the holes in the conductor rail at crossovers and level crossings. The train 

is said to be gapped. In these circumstances, the following vehicle is brought up 

behind the stranded train to push it onto the jumper cable or a conductor rail is 

supplied to use enough power to the locomotive to get one of its shoes of the contact 

back on the third rail. In some systems, this avoids the running of the very short 

vehicle which has fewer shoes. 

 

 

2.2.3 Ground-level Power Supply System 
 

 

         Ground-level power supply system is a railway electrification system 

which collects current from the ground surface. Alimentation par le Sol (APS) which 

mean feeding via the ground is a third-rail electrical pick-up modern method for street 

trams. It was innovated for the Bordeaux tramway, which was constructed from recent 

years and opened in nowadays (Frey, 2012). Currently, in this network,  it is the only 

place that employed, but there were and are proposals to install it elsewhere (Frey, 

2012). 
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         As an alternative to overhead lines, the ground-level power supply is 

used as a primary for aesthetic reasons. The ground-level power supply is different 

from burying a third and fourth rail in an underground conduit (vault) between the 

running rails to collect current which was one of the first ways of supplying power to 

a tram system. In historical streetcar systems, current conduit collection was used in 

some cities around the world. It was fell into disuse because wires of overhead proved 

much less troublesome and expensive for railways of the street because in other cities 

all trams were replaced by buses for reasons unrelated to the power supply issue 

(Frey, 2012). 

         Unlike the track-side third rail and some mainline railways, APS does 

not pose a danger to animals or people and so can be used in city streets and 

pedestrian areas. APS uses a third rail placed between the running rails, divided 

electrically into eight-meter segments with three-meter neutral sections between as 

shown in Figure 2.17. In each tram, antennae next to which send radio signals to 

energize the power rail segments have skated by two power collection as the tram 

passes over them. At any one time, no more than two consecutive segments under the 

tram should be live. 

         In the modern Bordeaux tramway, the modern ground-level current 

collection was pioneered in some areas. The public had assumed that the new system 

would use a traditional conduit system, like that of the Bordeaux trams which ran and 

condemned when they well informed that it was not contemplated safe and that 

overhead wires were to be utilized instead. The planners developed APS as a modern 

way of replicating the conduit system. 
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Figure 2.17 A section of APS track (Frey, 2012). 

 

         APS was developed by Innorail, a subsidiary of Spie Enertrans but was 

sold to Alstom when Spie was acquired by Amec. There is 12 km of APS tramway in 

the three-line network of 43.3 km as of 2008. APS infrastructure is about 300% more 

expensive than overhead wires. Bordeaux Citadis trams use pantographs and electric 

overhead lines in outlying areas to compensate the cost of the trams due to APS 

implementation. Before use in Bordeaux, APS was proved and tested viable on a 

reserved track tramway in short section of it in the French city of Marseilles. 

Nevertheless, Bordeaux has experienced problems, with APS being so temperamental 

that if availability could not be managed, it would have to be replaced with overhead 

wires. APS was enhanced in nowadays. It was declared that 1 km of APS tramway is 
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to be transformed to overhead wires. The water-logging was problems which have 

included when the water does not drain quickly enough after torrential rains. 

         In recent year, Two new French tram systems were used APS over part 

of their networks. These were Tramway d'Angers and Tramway de Reims, with both 

systems which were opened. A couple of months later, another same network was 

added to the list, this being more developed, which used APS on a section of its 

second tram line. The planned Al Sufouh Tramway in Dubai was also used APS.  

 

2.3 Traction power supply 

 
 

      Traction power supply is an electric grid for supply electric to the electrified 

rail network. The objective of traction power supply is to ensure uninterrupted, 

reliable, and safe of the electric traction vehicle. The traction power supply is 

subdivided into traction power generation, traction power transmission, traction 

power feeding and traction power collection by mobile electric traction vehicle. 

Contact line system as traction power feeding system is subdivided into overhead 

contact line installation, third rail installation and overhead conductor rail facility 

(Kiessling et al., 2009). In order to comply with the requirement of reliable operation 

of electric traction, the following criteria are applicable, particular with regards to 

contact lines:  

• The provision of uninterrupted traction power at the pantographs of the 

traction vehicles. 

• The ability of the railway network to continuously absorb regenerated braking 

energy. 
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• Compliance with specified and standardized quality parameters for voltages 

available at pantographs of electric traction vehicles. 

 

 

2.3.1 Traction power supply Networks. 

 
 

            Type of current is generally used to distinguish between the various type 

of Electric energy supply for electric traction. Operation limit of Nominal Voltage for 

Railway Electrification System according to BS EN 50163 and IEC 60850 is shown 

in Table 1.0 (Frey, 2012). There are DC traction network and AC traction network for 

traction power supply network., AC 16.7 Hz single phase traction power networks 

and 50 Hz single phase AC traction power system are standard power supply network 

in AC traction network. 

 
  

Table 2.1 Operation limit of Nominal Voltage for Railway Electrification System  

                 according to BS EN 50163 and IEC 60850 (Frey, 2012). 

 

System Type 
L.N.P 

Voltage 

L.P 

Voltage 

N. 

Voltage 

H.P. 

Voltage 

H.N.P 

Voltage 
 

 Vn Vmin2 Vmin1 Vmax1 Vmax2 Vmax3 

600 V DC 400 V 400 V 600 V 720 V 800 V - 

750 V DC 500 V 500 V 750 V 900 V 1 kV 1270 

1,500 V DC 1,000 V 1,000 V 1,500 V 1,800 V 1,950 V 2540 

3 kV DC 2 kV 2 kV 3 kV 3 kV 3 kV 5075 

15 kV 

AC,16.7 Hz 
11 kV 12 kV 15 kV 17.25 kV 18 kV 24300 

25 kV AC,50 

Hz 
17.5 kV 19 kV 25 kV 27.5 kV 29 kV 38750 

 

 
 

L.N.P Voltage: Lowest Non-Permanent Voltage 

L.P Voltage: Lowest Permanent Voltage 
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N. Voltage: Nominal Voltage 

H.P. Voltage: Highest Permanent Voltage 

H.N.P Voltage: Highest Non-Permanent Voltage        

                     In 50 Hz single phase AC traction power network, power is 

supply with single phase and two phase AC 50 Hz in the universal AC traction supply 

which supplies electric energy for operation of 50 Hz single phase AC traction power 

network. Single Phase AC Power supply at 50 Hz loading power from the three-phase 

network of public energy supply. But this network causes current imbalance effect on 

the generators, which affect the consumer.  The voltage imbalance is the ratio 

between the inverse voltage and direct voltage. This voltage occurred when power 

substation of three phase network powers traction was applicable. The voltage 

imbalance leads to a reduction in the life of three-phase asynchronous motors running 

on three phase currents. According to EN 60034-1, three phase motors may only be 

operated in power supply system where the voltage imbalance may not exceed 1% 

continuously or 1.5 % for only a few minutes. Figure 2.18 shows the alternative of 

connection 50 Hz single phase tractions power substation to the three-phase network 

without compensation for imbalance; indirect compensation of the imbalance; direct 

compensation of the imbalance (120° connection) and direct compensation by 120° 

switching (Kiessling et al., 2009). 
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Figure 2.18 The alternative of connection 50 Hz single phase tractions power  

               substation to the three-phase network (Kiessling et al., 2009). 
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                     Power supply with two-phase AC 50 Hz is used for high-

performance traffic to improve transmission properties. This type of feeding is used 

additional autotransformers and return line at a potential of 25 kV. The return line acts 

as a negative feeder. Twin pole switchgear is required in the overhead line network. 

The basic design of this feeding system is seen in Figure 2.19. 

 

 
 
 

 

Figure 2.19 Basic design of 2×25 kV feeding system (Kiessling et al., 2009). 

 

 

2.4 Railway Electric Traction 
 

 

Railway Electric Traction is the force used to generate motion between 

locomotives/multiple units and a railway, through the dry friction due to shear forces 

of the railway which commonly used on electrification system. Various type of 

locomotive and multiple units describes by Railway Electric traction. Most of the 

locomotive and Multiple Units due to a railway traction power system provides 

mechanical power from an electrical power that can be converted into kinetic and 

potential energy and can be used to overcome resistance to motion (Guzzella, and 

Sciarretta, 2007). Ability to start and haul for the specified route within maintaining 

timetable, long sufficiency lifetime without frequently services or nonavailability due 

to maintenance and standby, Fuel efficient, and environment-friendly are 
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requirements that should meet for Railway electric traction. These requirements 

should be considered in order for Railway electric traction to be running efficiently. 

The earliest electric locomotives tended to be battery-powered. In 1834, 

Thomas Davenport, in Brandon, Vermont, erected a circular model railroad on which 

ran battery-powered locomotives or locomotives running on battery-powered rails. In 

1839, an electric locomotive created by Robert Davidson, of Aberdeen, Scotland, and 

moved at 4 miles per hour on the Edinburgh-Glasgow railway. Thomas Edison built a 

small electrical track in 1880, using the rails and a dynamo as the motor as the 

current-carrying medium (Frey, 2012). The electric current flowed through the metal 

rim of otherwise wooden wheels, being picked up via contact brushes. 

At the time of the ending 19th century, Rail electrification as a means of 

traction emerged, although in electric rail experiments have been detected back to the 

mid-nineteenth century. At this stage, due to the development of electric traction, DC 

motor, and low voltage DC traction line were the main electric traction power supply 

method due to simple torque control behavior. The inherence tractive characteristic of 

the induction motor and difficulty of supply electric from DC or single phase AC 

transmission line was the reason for the emergence of AC transmission line (Lu, 

2011; Hill, 1994). The high voltage and industry frequency AC transmission became a 

reality in 1950’s with the advancement of power electronics. Since 1950’s, some of 

DC networks were replaced by 25 kV single-phase (16.7 and 50/60 Hz) AC 

transmission systems (Lu, 2011; Hill, 1994). Currently, low voltage DC transmission 

network and high voltage with frequency (16.7 and 50 Hz) AC transmission network 

became most two standard electric supply for electric traction. There are three types 
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of units according to power supply system based on Railway Electric Traction (Lu, 

2011; Andrews, 1986; Hill, 1994; Frey, 2012). 

 

 

2.4.1 DC Traction Units 
 

         DC Traction Units drawn direct current from either a conductor rail or an 

overhead line which is adjacent to the running rails. It was easy to control the vehicle-

mounted traction equipment due to DC power supply system. It has a compact size 

and weight of monitoring devices regarded as power electronics technology (Lu, 

2011). This network implies that DC Traction Units drawn higher current going 

through the supply circuits and caused higher electrical loss compare to AC Traction 

Units. 

 

 

2.4.2 AC Traction Units 
 

AC Traction Units drawn alternative current from an overhead line 

consists of a contact line carrying live current and catenaries, which is an insulated 

suspension system supporting the contact line adjacent to the running rails. Its 

overhead line is located at a certain height above the running rails. The Higher voltage 

level in an AC power supply system reduces the current and electrical loss. Also, 

fewer substations are required compared with the lower voltage in DC traction 

networks. Generally, it is economical to use such system for high-speed or heavy-haul 

railways (Frey, 2012). 
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2.4.3 Multi-System Units 
 

AC Traction Units drawn either direct current or alternating current from 

either a conductor rail or an overhead line consists of a contact line carrying live 

current and catenaries, which is an insulated suspension system supporting the contact 

line adjacent to the running rails. Trains often have to pass from one system to another 

due to a variety of railway electrification systems which can vary within Multi-system 

units. This system is accomplished by turning trains at the stations for switching. In 

stations, it has overhead wires that can be interchanged from one voltage to another, 

and so the train appears with one locomotive and then departs with another. However, 

this is inconvenient and time-consuming. The switching stations have very expensive, 

and they were very sophisticated components (Frey, 2012). Multi-system locomotives 

that can operate at several different voltages and current types is another way to 

manage multi-system units. In the case of trains, it does not have to cease when 

passing through one system of the electrification to another, the changeover occurring 

where the train strands for a short time. 

 

2.5 DC Motor Drive 
 

Series and separately excited motors are the most common DC traction motors 

used in the railway electrification system (Lu, 2011). In the series motor, resulting in 

the fields are determined by the armature current due to the field winding which is 

connected in series with the armature. The series field allows current to flow in the 

motor after a corresponding field have been established. Without a relevant field 

having already been set, no current flows in the motor. When iron saturation occurs at 

a higher current, the field becomes non-linear., Wheel-slip correction can be 



51 

 

inherently realized with a high starting torque followed by a constant power operation 

regime with increasing speed for any series traction motor with a steady terminal 

voltage. For stable operation, this feature is desirable. By varying the terminal voltage 

at the starting stage and the field through the diverter resistor at a greater speed, Speed 

control for a series DC machine can be achieved. This process is usually referred to as 

a Field weakening operation. Although, wasteful of power and limited use occurred 

when a series resistor inserts into the motor circuit.  

The overall characteristic as shown in Figure 2.20 obtained when the series 

resistance is varied in a camshaft controlled train. A constant torque generated at the 

beginning by maintained constant armature and field current. The output power is 

increased until the base speed with the growth of rotating speed. The output torque 

decreased by reduced field current. This operation called field weakening operation. 

The armature current begins to drop and further bring down the torque after the 

rotating speed is over the transition speed. Finally, the motor goes into a weak field 

operation.  

The field excitation circuit is independent of the field circuit for the separately 

excited motor. By changing the field current or the armature voltage, the speed of the 

motor is controlled. This type of motor with its separately excited field can be used 

for regenerative braking. Three control operations have been identified with different 

characteristics regarding torque, current, speed, and power (Hill, 1994). 
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Figure 2.20 Operation control in separately excited DC motor traction drive  

                            (Lu, 2011). 

 

2.6 AC Motor Drive 
 

For regeneration and steep speed and torque characteristics, the induction 

machines have long been regarded as a suitable final drive for railway electric traction 

systems due to its inherent capability. After advancement of modern power 

electronics, the introduction of induction motors became more available. The two 

reasons for this are as follows: 

• By changing the input frequency and voltage of the input power supply, speed 

control of the induction motor is achieved. 
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• Power electronics techniques solve the difficulties that obtained by the proper 

three-phase supply from a DC or single phase AC traction line. 

In Hill (1994); Lu (2011) showed on the advancement of semiconductor 

devices, power electronics techniques became more developed. In the 1960s, trials of 

several experimental inverter-fed induction motor locomotive drives were raised due 

to the development of the power thyristor reduced current and voltage level which it 

could withstand and limits its application in high power fields. In the 1970s, 

deployment of the Current Source Inverter (CSI) in DC-fed metro traction drives was 

led by the development of a high-power force-commutated thyristor. Later, the 

Voltage Source Inverter (VSI) in railway were applicable in the large power Gate-

Turn-O (GTO) thyristor. Until then, the GTO was replaced by the Insulated Gate 

Bipolar Transistor (IGBT) which has a lower operating current and higher switching 

speed. The pulse converter was developed, which is a four-quadrant AC-DC line 

converter that enables three-phase VSI-Induction Motor drives on single-phase AC 

supplied railways in the 1980s. Due to the advancement of technology in Induction 

motor drives, synchronous and asynchronous motors are the most common AC 

traction motor used in the railway electrification system (Lu, 2011). 

In synchronous motors, the stator consists the armature winding, and the rotor 

comprises the field winding with induced the main voltage which producing the 

primary magnetic field. In normal practice, such roles of the winding are converse to 

it. A uniform rotating magnetic field is generated by the symmetric three-phase 

sinusoidal currents in an armature winding. The Direct Current (DC) through the field 

winding produces a steady-state magnetic field. The rotor field tries to line up with 
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the stator field which produces torque. The greater the torque on the rotor is obtained 

when there is the larger the angle between the two magnetic fields (Chapman, 2005). 

The synchronous motor was once used in electric railway traction and was replaced 

by the second type of AC motor until GTOs were introduced (Hill 1994; Lu, 2011). 

The asynchronous motor is also referred to as an induction motor since the 

rotor voltage, and rotor magnetic field is induced rather than being connected 

physically by wires (Chapman, 2005; Lu, 2011). Asynchronous motor is not required 

Direct Current (DC) in the rotor winding. This current is the significant difference 

compare to synchronous motor. The three-phase current through stator induces a 

rotating flux in the air-gap. An opposite air-gap flux to this rotating flux vector set up 

in such a way the current is induced in the rotor conductor. The torque is produced 

due to the reaction between the rotor current and net air-gap flux. The following 

comments are made according to the individual induction motor torque-speed 

characteristic curve in Chapman (2005); Lu (2011) as shown in Figure 2.21 

represented by the percentage of full-load torque which is the torque of point A. 

1. The torque of the motor at synchronous speed in point B is zero. 

2. Curve attain nearly linear the torque-speed characteristic between no load 

(Point B) and full load (Point A). 

3. Breakdown torque or pull out torque is referred as a maximum torque  

4. The motor can take up any amount that it can supply at full power due to the 

starting torque of the motor is slightly larger than its full-load torque. 

5. The torque will switch its direction when the speed of motor goes higher than 

synchronous speed, implying that the machine switches to generator mode 

under regenerative conditions. 
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It is necessary to apply voltage and stator frequency for control the speed of 

the motor. It is practical to vary the speed of the motor to either above or below the 

base speed by using variable frequency control as shown in 2.21. In the case of 

avoiding magnetic saturation, the core of the induction motor and excessive 

magnetization currents were needed to flow through the machine as it is necessary to 

reduce the terminal voltage applied to the stator. This process is called derating (Hill, 

1994). To control the torque and the speed needs to vary frequency induction motor 

drives. This method is referred as Vector control. The stator current vector is 

transformed into rotor flux linkage current in this control method, i.e., excitation 

current, vector and rotor torque current vector (Gabriel, Leonhard, and Nordby, 1980; 

Lu, 2011). 

 

 

 

Figure 2.21 Torque-speed characteristic curve of the induction motor  

                                  (Chapman, (2005); Lu, (2011). 
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Different control of the operation in Torque-speed characteristic curve of the 

induction motor is shown in Figure 2.22. Firstly, it is necessary to introduce the 

relationship between flux and the voltage-to-frequency ratio /Va was in (2.1) and 

(2.2), 
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where aE  is the air-gap Electromotive Force (EMF), which is approximately the same 

as terminal voltage aV  except at low speed when more voltage drop is introduced 

between aE  and aV .  is the magnetic flux and NP is a constant. 

Flux is proportional to the voltage-to-frequency ratio as stated from (2.2). For 

the start-up stage, A constant flux should be maintained, and for a constant torque 

operation, constant flux region can be achieved by keeping voltage-to-frequency ratio 

constant. 
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Figure 2.22 Traction duty cycle of mechanical and electrical variables (Lu, 2011). 

 

Various operation regions are identified throughout the whole traction duty 

cycle from low to higher speed. 

• Startup region: At low speed, the stator resistance becomes comparable to 

the reactance as the impedance of stator which caused voltage drop increases. 

/Va w  must be increased to maintain a constant voltage-to-frequency ratio as a 

result of reducing the air-gap flux.  

• Constant flux region: The torque in the machine is proportional to the air-gap 

flux density for a given current through the rotor. In constant torque operation, 

results in a constant flux density. 
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• Field weakening region: The frequency will increase further whereas the 

terminal voltage remains unchanged when the speed increases further above 

the base speed. Both the air-gap flux and available torque reduce during this 

period. This process is termed as field weakening. When machine slip 

increases, constant values of both the current and voltage are maintained. This 

stage will last until the working torque and breakdown torque became equal as 

shown from Figure 2.22. 

• Reduced power region: Further speed increases are obtained by increasing 

the stator frequency while the line current decreases at this stage. If steady 

speed is achieved at which the maximum output torque equals to load torque, 

power consumption will reduce, and the slip will increase by a small amount. 

 

2.7 Lightning Vulnerability 
 
 

The result of the equivalent collection of the structure area or object and the 

density of flash for the region that the structure is located determine the probability 

that lightning will strike a structure or object. The average annual number of flashes 

to ground per square kilometer is predicted by Lightning Flash Density (Ng)/Ground 

Flash Density of that Area (CTBTO/IMS Earthing and Lightning Protection 

Minimum Standard, 2016). Some areas in the world have this value which is available 

from ground flash location networks of the map. Temperate regions Ng may be 

estimated in case of a map of Ng as in (2.3) is not available: 

 

TdNg 1.0                                                            (2.3) 
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where Td is the average number of storm days per year (which can be obtained from 

isokeraunic maps from local meteorological services). Due to different weathering in 

some of the tropical countries in the world, they have different ground flash location 

networks of the map compare to the one above (De la Rosa et al. 2000). The ground 

lightning location systems of the map (Ng) can be estimated based on thunderstorm 

hour records as in (2.4). But this Ng equal or higher than 4 is more suitable for 

lightning protection (IEEE Std. 1410).   

 

1.1054.0 hTNg                                                         (2.4) 

 

where Th is the average number of thunderstorm hours per annual. 

The existence of large crowds, Necessity of service continuity, very high 

lightning flash frequency, Tall isolated structures, Buildings containing explosive or 

flammable materials and Buildings containing unique cultural heritage are the most 

cases which require lightning protection as per standard. 

The necessity of service continuity, very high lightning flash frequency and 

Tall isolated structures are cases which need lightning protection in order to get the 

desired performance. Lightning Protection System (LPS) is the one which consists 

external and internal lightning protection of structures against physical damage. The 

external LPS protects the building against direct lightning flashes to the structure and 

also the flashes to the side of the structure in order to conduct the lightning current 

from the point of the strike to the ground. The flow of current to the earth through the 

external LPS avoids thermal or mechanical damage and dangerous sparking which 

may lead explosions or fire. An internal LPS precludes hazardous sparking within the 

area of the structure with the guide of either a separation distance or equipotential 
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bonding and hence insulation of electrical between the external LPS elements and 

other electrically conducting components internal to the structure. IEC Standard 

62305 explains all necessary information for a proper lightning protection which is 

four parts such as Risk Management, General Principles, Physical damage to the 

structure and life hazards and Electrical, and electronic systems within structures (IEC 

62305:1-4; DEHN + SÖHNE – Lightning Protection Guide, 2014). 

 

2.7.1 Direct lightning strikes 
 

Direct lightning strikes depend on the frequencies of lightning strikes 

which can be relevant for a stroked object. The following are the different frequencies 

of lightning strikes: 

• Frequency of direct lightning strikes to the building or structure (Nd); 

• Frequency in close lightning strikes with electromagnetic effects (NM); 

• Frequency of direct lightning strikes in utility lines entering the building or 

structure (NL); 

• The frequency of lightning strikes adjacent to utility lines entering the building 

or structure (NI). 

Direct lightning strikes to a structure depend on the yearly lightning 

strike frequency to the building or structure (Nd) as in (2.5) (IEC 62305-1). 

 

610 ddgd CANN                                          (2.5) 

 

Where: Nd = the yearly lightning strike frequency to the site 

 Ng = the annual average flash density in the region where the structure is 

located 
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 Ad = The structure collection area 

 Cd = the factor of location. 

 

2.7.2 Direct and Indirect lightning strikes to the overhead or cable  
 
 

 

The frequency of lightning to or nearby a service line (power, a data line, 

telecommunication, etc.) entering a building or a station is determined Direct and 

Indirect lightning strikes to the overhead line, or cable (CTBTO/IMS Earthing and 

Lightning Protection Minimum Standard, 2016). This possibility can be predicted in 

(2.6), (2.7), (2.8) and (2.9) as follow:  

 

610 eIgL CANN           (Direct lightning strikes)                  (2.6) 

 

610 eigi CANN          (Indirect lightning strikes)                 (2.7) 

 

   CbaCI HHHLA  63                                       (2.8) 

 

Ci LA 1000                                                      (2.9) 

 

Where: Ce is environmental factor 

 AI is the collection area of flashes hitting the service (m2) 

 Ai is the collection area of flashes to ground near the service (m2) 

 HC is the service conductors height above ground (m) 

 LC is the service section length from the structure to the first node (m). A 

maximum value Lc = 1 000 m should be assumed. 

 Ha is the height of the structure connected to service first point (m). 
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 Hb is the height of connected structure at last point of service (m) near to the 

structure. 

  is the resistivity of the earth (Ωm) in or on which the line is laid, up to a 

maximum value of ρ = 500 Ωm. 

 

2.8 Lightning protection system  
 

The Lightning protection system is the system used to reduce physical damage 

due to the surge overvoltage in power system caused by lightning flashes 

(CTBTO/IMS Earthing and Lightning Protection Minimum Standard, 2016; DEHN + 

SÖHNE – Lightning Protection Guide, 2014). An external Lightning protection 

system (LPS) protect the structure against the direct lightning flashes and conduct it 

from the stroked point to the ground. Also, the lightning protection system should 

base on the regulation and type of classes of LPS to be used under the particular 

standard. If the rule does not meet the requirement class III of LPS should be utilized 

as a minimum (IEC 62305-3). 

 

2.8.1 Lightning protection level classification  
 

There is four lightning protection level (LPL) according to IEC 62305-1. 

For each LPL, a set of maximum and minimum parameters of lightning current is 

secured. In LPL I, Only 1% of lightning events are above the maximum values of 

lightning current parameters specified. For LPL II, the parameters are decreased to 

75% compared to LPL I. For LPL III and IV; these values are 50 % of LPL I 

(CTBTO/IMS Earthing and Lightning Protection Minimum Standard, 2016). 

Lightning Protection classes such as classes I, II, III, and IV are represented with the 
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LPL I, II, III, and IV respectively. Air-Termination System, Down-conductors, Earth-

termination System, Equipotential Bonding and Surge Protection based on Lightning 

Protection Zone (LPZ) are the components of a LPS. Air-Termination System 

decrease the probability of the lightning current to penetrate into the structure. Rods, 

Catenary wires, and meshed conductors are the components of Air-Termination 

System. Figure 2.23 shows the among of the elements in a Lightning Protection 

System (LPS): Air-Termination System, Down-conductors, Earth-termination 

System, Equipotential Bonding in Railway Station.  

 

 
 

 

Figure 2.23 The components of a Lightning Protection System (LPS): Air-

Termination System, Down-conductors, Earth-termination System, 

                              equipotential Bonding in Railway Station 

                              (Pešič, and Grmovšek, 2007). 
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2.9 Lightning voltage surge  

 
Surge Protection can protect lightning voltage surges based on Lightning 

Protection Zone (LPZ). A direct lightning strike on an overhead contact line will 

cause lightning voltage surges. The peak of lightning voltage surge is approximated 

by empirical equation (2.10) (Kiessling et al., 2009).  

 

BB IU  82max                                                 (2.10) 

 

 
In overhead contact line installation, the impulse voltage limiting can be 

achieved by overvoltage protection devices. The most efficient overvoltage protection 

device is the valve-type arresters. They are used for an economic reason unless there 

is no an extremely of lightning existence since the limited protection is possible with 

overvoltage protection devices. 

 
2.9.1 Lightning protection in Catenary Contact system  

 
 

For A.C voltage railways, the overvoltage protection of the electrical 

energy supply installations of railroad facilities has an enlarging importance 

nowadays. The dimensioning and application of metal oxide (MO) surge arresters 

without spark gaps in alternating current networks with 16.7/50 Hz were used. 

Moreover, the modern MO surge arresters without spark gaps and with silicon 

insulation make it possible to develop solutions for specialized implementations. In 

the fact of developing new and more optimal overvoltage protection devices, the 

electrical railways were expanding very rapidly which shows the necessity to the 

people demands. In electrical supply networks, Overvoltages was resulted from the 

effects of lightning strokes and switching actions which cannot be prevented. For 
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endangering the electrical equipment, in all possible cases, the voltage withstand 

insulation capability cannot be created due to economic reasons. Therefore, reliable 

service and commercial calls for excellent protection of the electrical equipment 

against unacceptable overvoltages. 

In fact, this overvoltage applies to all networks of the energy supply. 

There are different kinds of overvoltage and the possibility of reducing them. 

Generally, Surge Arrester may use according to the Dimensioning, testing and 

application of metal oxide surge arresters in medium voltage networks (Application 

Guidelines Overvoltage Protection, 2007). Lightning strokes are the most dangerous 

threat for rail networks. That is why it is obligatory to decrease the overvoltage to a 

safe value through proper protection. MO surge arresters without spark gaps give 

excellent protection in this situation. In this device, the technical outdated for 

protection appliances like spark gap and arcing horns arresters as well as surge 

arresters in porcelain housings, are not dealt with anymore. In applications, for 

instance on overland lines in regions with high risks of lightning on bridges or 

elevated poles, the total lightning current parts may emphasize the Metal Oxide (MO) 

surge arrester immediately due to nearby or direct lightning. Consequently, 

parameters of lightning current, resulting overvoltages, and energy stresses according 

to the standard need to be considered. Some of standards that were used for lightning 

protection in Railway Facilities are given in Table 2.2. All power supply, control and 

communication circuits and Railway Vehicle should be protected against lightning 

overvoltage. 
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Table 2.2 Standards for lightning protection in Railway Facilities  
 

 

No. Standard Description/ Title 

1 EN 50163, 

IEC 60850 

Railway applications – The Supply 

voltages of traction systems 

2 EN 60099 -4, 

IEC 60099 –4, Ed2.1,2006-7, 

Part 4: Metal-oxide (MO) arresters 

without gaps for a.c systems 

3 EN 50124 – 1, 

IEC 62497 – 1, Ed1.0, 2010- 

02 

Railway applications – Insulation 

coordination Part 1: Basic 

requirements – Clearances and 

creepage distances for all electrical 

and electronic equipment 

4 EN 50124 – 2, 

IEC 62497 – 2, Ed1.0, 2010- 

02 

Railway applications - Insulation 

coordination- Part 2: Overvoltages 

and related protection 

5 IEEE Std. C62.22-2009 IEEE Guide for the application of 

metal oxide (MO) surge arresters for 

alternating- current systems. 

 

6 IEC Std. 60099-5, edition 1.1, 

2000 

Surge arresters—Part 5: Selection 

and application recommendations 

 

7 IEEE Std. C62.11-2005 IEEE Standard for Metal-Oxide 

(MO) Surge Arresters for Alternating 

Current Power Circuits (>1 kV) 

  

 
 

2.9.2 Application of surge arrester 
 

 

Up to last Century at the middle of the eighth decade, surge arrester was 

installed in Electrical Railway network. Spark gap arrester was used at that time as a 

protection against lightning overvoltage. It consists of series of SiC resistors and 

sparks gap. But due to its disadvantages over MO surge arrester, Spark gap arrester 

was replaced by MO surge arrester. MO surge arrester consists of series of Metal 

oxide resistors that replaced SiC resistor and Spark gap. Also, set of Metal oxide 

resistors of MO surge arrester is insulated with Silicon material. Hydrophobicity of 

the material, self-extinguishing Behaviour, no toxic elements, mechanical breakability 
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and small weight are the dominant properties of silicon for the insulation of Metal 

Oxide (MO) surge arresters. The diameter of the MO resistors correlates with the line 

discharge classes corresponding to IEC/EN 60099-4 are shown in Table 2.3. Also, 

definition and voltage values of A.C voltage railways, which are essential for surge 

arrester and the overvoltage protection are explained in   European Standard EN 

50163 and also in IEC 62497-2 (Ed.2.0, 2010-2). The Operation limit of Nominal 

Voltage for Railway Electrification System according to BS EN 50163 and IEC 

60850 are given in Table 2.4 (Frey, 2012). 

 

Table 2.3 Correlation of typical MO resistors to the line discharge classes according    

                 to IEC/EN 60099-4 

 

Line discharge class 

acc. IEC/EN 60099-4 
1 2 2 3 4 5 

Diameter of 

MO resistor in mm 
38 42 47 62 75 108 

Rectangular wave, 

2 ms, in A 
250 350 550 1000 1350 2000 

Energy absorption 

in kJ/kVUc 
3.6 3.5 5.5 9.0 13.3 19.8 

Arrester 

Classification in kA 
10 10 10 10 20 20 

Surge Impedance of 

the line Z in Ω 
4.9 Ur 2.4 Ur 4.9 Ur 1.3 Ur 0.8 Ur 0.5 Ur 

 

 
 

Table 2.4: Operation limit of Nominal Voltage for Railway Electrification System  

                 according to BS EN 50163 and IEC 60850 (Frey, 2012; ABB Application  

                 Guidelines Overvoltage Protection, 2011). 

 

System 

Type 

L.N.P 

Voltage 

L.P 

Voltage 

N. 

Voltage 

H.P. 

Voltage 

H.N.P 

Voltage 

 

   Vn Vmax1 Vmax2 Vmax3 
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Table 2.4: Operation limit of Nominal Voltage for Railway Electrification System  

                 according to BS EN 50163 and IEC 60850 (Frey, 2012; ABB Application  

                 Guidelines Overvoltage Protection, 2011) (Continued). 

 

15 kV 

AC,16.7 

Hz 

11 kV 12 kV 15 kV 17.25 kV 18 kV 24.311 kV 

25 kV 

AC,50 Hz 

17.5 kV 19 kV 25 kV 27.5 kV 29 kV 38.746 kV 

 

 

L.N.P Voltage: Lowest Non-Permanent Voltage 

L.P Voltage: Lowest Permanent Voltage 

N. Voltage: Nominal Voltage 

H.P. Voltage: Highest Permanent Voltage 

H.N.P Voltage: Highest Non-Permanent Voltage 

When designing the arresters for several system voltages, three 

behaviors are to be taken into attentiveness: the highest constant voltage that arises in 

the system, the arresters protection level, and the arrester energy absorption 

capability. The most important behavior taken into consideration by the model is that 

the arrester in the system should be stable no matter which stresses occur from the 

thermal point of view. The high voltage fluctuations in the line of supply due to the 

operating conditions caused it significant to set the constant voltage of the arrester Uc 

over the highest constant voltage of the system Umax1 (see Figure 2.24 and Table 2.4). 

The largest non-permanent voltage Umax2 can occur for maximum 5 min. Regarding 

the specification, but it is not known how often and in which time interval this voltage 

increase may seem. As the modern MO surge arresters have a very favorable 

protection level and a capability of high-energy absorption, it is possible to lay the 
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continuous operating voltage Uc of the arrester similar or higher Umax2, that is Uc ≥ 

Umax2 (ABB Application Guidelines Overvoltage Protection, 2011). 

 

 

 
 

Figure 2.24 Highest values of the voltage occurring in the systems depending on time  

                     duration (Pešič, and Grmovšek, 2007). 

 

Key: Zone A: Lightning overvoltages. 

         Zone B: Switching Overvoltages, due to high impedance phenomena (currently  

                       turned off in inductive circuits). 

         Zone C: Temporary overvoltage, due to low impedance phenomena (voltage  

                       a variation on the primary network). 

         The term “temporary overvoltage” is identical to “Long-term  

  overvoltage” in IEC 60850. 

         The variation of the ratio U/ Umax2 versus duration is identified by U = Umax2×t-k 

where  
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t is the time in (0.02 ≤t≤1) 

k is coefficient (0.0767 for 15 kV and 0.0741 for 25 kV) 

Zone D: Highest Non-Permanent Voltage, Umax2 

Zone E: Highest Permanent Voltage, Vmax1 

For the Lightning protection of AC Railway network, classes 3, 4, and 5 

are used (Pešič, 2007). Arresters Class 3 as line arresters used to prevent flashover 

due to lightning overvoltage. Also, earthed shielding wires with the application of 

lightning protection structures, are essential for the protection concept. The arresters 

are intended to conduct the charge only when the overvoltage is higher than expected 

switching overvoltage in the system. This state leads automatically to unfavorable 

great protection ration Upl/Uc. Arresters Class 4 are used to protect substations, 

feeder, Overhead contact lines, running rails, locomotive and rolling stock against 

lightning overvoltage. Arresters Class 5 are used to protect contact lines and rolling 

stock against overvoltage in areas with high risk of direct lightning. Figure 2.25 

shows a schematic representation of a 15 kV A.C, 16.7 Hz railway current supply and 

the surge arresters application while Figures 2.26 -2.27 show the installation of surge 

arrester on the overhead line & the rails and locomotive for the A.C system. The 

position of the surge arrester installation on the train is shown in Figure 2.28 where 

the first place is a current collector on the locomotive roof and the second position 

which may be optionally installed prior main circuit breaker to increase safe due to 

redundancy.  
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Figure 2.25 The application of surge arresters in 15 kV A.C, 16.7 Hz railway current  

                      supply (Source: ABB Application Guidelines Overvoltage Protection,  

                      2011). 

 

 

 
 
 

 

Figure 2.26 Installation of MO surge arrester on overhead line and the rails  

                             (Pešič, and Grmovšek, 2007). 
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Figure 2.27 Installation of MO surge arrester on locomotives  

                                        (Pešič, and Grmovšek, 2007). 

 

 
 

 
 

Figure 2.28 Position of the surge arrester installation for lightning protection of train  

                      (Pešič, and Grmovšek, 2007). 
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2.10 Improvement and optimization techniques Review 
 
 

Generally, Optimization refers to the procedure of selecting one feasible 

solution to minimize or maximize the objective function (Nocedal and Wright 2006; 

Jeter 1986). The purpose of this study is to optimize the lightning performance of 25 

kV AC, 50 Hz Catenary Contact System in railway system of double-track elevated 

after surge arrester implementation. The application of surge arrester is used to 

improve the lightning performance by eliminating circuit tripping for Overhead 

Catenary line protection against Lightning. Also, the performance of the system is 

justified by sizing a surge arrester (SA) to install and analyzing different parameters 

of Overhead Catenary transmission line for surge arrester’s application to determine 

the best location. The following are some of the studies presented estimation, 

improvement, and optimization of lightning performance in the power system. 

Christodoulou, Gonos, and Stathopulos (2008) presented a study of the 

Lightning performance of HV transmission lines protected by surge arresters: a 

simulation for the Hellenic transmission network. The analysis of transmission lines 

lightning failure shows that the simple solution to eliminate lightning flashovers 

completely is to install of surge arresters on every single tower although this solution 

needs massive capital investment. The arresters strategical installation from the 

electric companies at optimum locations were decided based on simulation studies, 

using Simulink and data collected from Hellenic Public Power Corporation S.A.  

Christodoulou et al. (2009) described a numerical method for Optimization of 

Hellenic Overhead High-Voltage Transmission Lines Lightning Protection. The 

predominant objective of the study was to minimize the line total annual cost, 
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considering the significant technical constraints and both fixed and running cost items 

of overvoltage protection system to protect against lightning stroke to 150 kV 

Overhead high-voltage line based on the results of techno-economical optimization 

analysis of overvoltages in the power system. This study was done after studying 

Transmission line’s lightning failures. Using a more sophisticated optimization 

algorithm, in contrast to this in Ekonomou et al. (2006), based on direct computation, 

optimum values of those four parameters which were calculated in order to minimize 

the defined performance indices. It must be mentioned that the optimization 

methodology incorporates all the available protection means, i.e., ground wires and 

surge arresters, something which is not a standard practice for all electric utilities’ 

designs. New values for the studied transmission line parameters were proposed as a 

result of the adequate lightning protection of the lines. Comparison of the actual 

recorded and the computed lightning failure rates using the new optimum produced 

design parameter values and Percentage failure rate reduction between actually 

recorded lightning failures and lightning failures calculated using the new optimum 

provided design parameter values. Therefore, optimum values for the average 

insulation level, the tower footing resistance of each region of the transmission lines, 

the energy absorption capability of the surge arresters and the surge arresters’ 

installation interval in each region were calculated.  Due to the difficulties of the 

estimated interval, the usefulness of the proposed methodology can be easily noticed 

for cases of new transmission lines. If the examined transmission lines were 

constructed using the method obtained by calculating the parameter values, they 

would indeed present lower failure rates. Results show that installation interval of 
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surge arresters used in the sub-stations is 300–700m away from them (first and second 

tower of the transmission line). 

Chmielewski and Dziadkowiec (2013) introduced Simulation of Fast 

transients in Typical 25 kV, A.C Railway Power Supply System. The simulation of 

the lightning phenomenon (Fast Transients) in a conventional railway catenary system 

conducted in PSCAD software. The phenomenon that was investigated lightning 

overvoltages caused in power system when lightning stroke to phase conductor 

(shielding failure) of the railway overhead catenary system. The voltages were 

measured in most vital points of the network which are a transformer, cable bushing 

or switchgear. The frequency dependent models of cables, overhead catenary lines, 

surge arresters, transformers, and rails were simulated in various system configuration 

and compared in determining possible overvoltages in railway system along with a 

proposal of rating and locations of additional surge arresters’ installation. 

Pastromas et al. (2016) demonstrated Investigation of grounding resistance 

effect on the MV grid of Hellenic electromotive railway during lightning strikes. The 

simulation of model time-domain solver was analyzed in ATP-EMTP. Lightning 

performance regarding current dissipation and voltage clearance were evaluated 

through the effect of earthing resistance in the ERMV during lightning strikes. 

Overhead contact medium voltage line (OHCL), Railway, Medium-voltage insulators 

and return wire were used for study as the main components. The outcomes include 

measured current in the poles and Measured voltage in the rails, catenary wire, the 

insulators and on the top of the poles due to a lightning strike on the top of the pole 

and the catenary wire. From the results, it was showed that the effects in poles are 

quite small than another one with maximum currents of 10 kA. It was noticed that 
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also that with an increase of lightning amplitude and earthing resistance most of the 

insulators led to the breakdown. It was acquired that the ideal earthing resistance is 

one of 10 Ω from the simulation. Insulation breakdown occurs on the pole that was hit 

by lightning strikes on the catenary wire while for a hit on the pole no failure has been 

noticed. 

Yang and Zhang (2015) presented a Research on Lightning Protection 

Simulation of High-speed Railway Catenary Based on ATP-EMTP. The study used 

the improved electrical geometric model to analyzed the lightning strike station of the 

catenary. The established lightning strike catenary model was simulated under 

different factors affecting the change catenary voltage of the insulator and lightning 

withstand the level of change. Insulator terminal voltage waveform of positive feeder 

line and contact wire was measured during different waveforms of the lightning 

current hit pillars, positive feeder, and contact wire when power frequency voltage 

and protection wire was ignored respectively.  Results showed that, when lightning 

hits the catenary pillar, lightning resisting level of positive feeder line and contact line 

decreases with the increase of the impulse grounding resistance, and the lightning 

resisting level of contact line is far greater than positive feeder line. Also, it showed 

that about 83% of the lightning current makes the positive feeder line insulator 

flashover; About 43% of the lightning current that causes the contact line insulator 

flashover. It has also been showed that when lightning strikes positive feeder and 

contact line, its insulation voltage has a same changing trend, but voltage peak of 

insulator contact line is far greater than the peak voltage of positive feeder line. The 

conclusions drawn from the analysis revealed that the positive feeder line and contact 

line is vulnerable to lightning strike. Also, protection wire is shield by the positive 
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feeder line, the probability of a lightning strike is extremely low. Moreover, when the 

lightning hits the catenary pillar, the shorter the front time of lightning current, the 

greater the damage to the catenary, and the smaller the pillar's impulse grounding 

resistance. Furthermore, the higher the lightning resisting level of catenary which is 

better for the lightning protection to the catenary.Lastly, the existence of the 

protection line can improve the enduring lightning level of the catenary. The power 

frequency voltage can make the lightning opposing level of positive feeder line 

insulator, and contact line insulator fluctuates, but for the whole catenary system, 

power frequency voltage reduces its lightning resisting level. 

Achouri and Khamliche (2015) investigated a Protection of 25 kV Electrified 

Railway System. The investigation of the system was developed, and each element 

was represented by a model corresponding in EMTP Program. The ZnO arrester was 

installed on the roof of the vehicle parallel with a transformer which was the first 

element to meet in the traction vehicle. Analysis of the protective effect of the surge 

arrester used to protect primary of the locomotive transformer representing traction 

vehicle was discussed in the case of lightning strike a mast. Also, the analysis showed 

that arrester itself could support discharge current which it crosses through it during a 

lightning strike. 

Wanjari (2014) presented an Effect of Lightning on the Electrified 

Transmission Railway System. The design of DC overhead system and an 

investigation was done in PSCAD/EMTDC software. The consequences of the 

transient overvoltages caused due to a lightning strike on AC and DC side of the 

substation and the effective method for eliminating such condition with the help of 

surge arrester was investigated and discussed. The high peak voltage was measured in 
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phase conductor. It was concluded that when the lightning strikes any of the phases in 

traction station on the AC side, the lightning overvoltage flows respecting the rectifier 

along with the induced overvoltages in the other phases which eventually affects the 

DC overhead line. Additionally, the phenomenon of lightning when strikes cause 

distortion into the supply voltage which creates further harmonics in the rectifier. It 

can also be said that the line which is a strike by lightning rises the flux around it 

which could produce a maximum force between two lines that can be hazardous. With 

the utilization of surge arresters in such system manifests the necessity and efficiency 

of decreasing the high voltage surges triggered due to lightning. Also, the location 

where the surge arresters should be placed is of great importance. 

There are different Transient program softwares used for studying of 

estimation, improvement, and optimization of lightning performance in a power 

system. Among of this software are PSCAD/EMTDC, EMTP, ATP-EMTP, Simulink 

(MATLAB), ATPDraw, etc. These transient program softwares have different 

distinctive attributes, capacities, and capabilities. ATPDraw was chosen for 

estimating, improving and optimizing the lightning performance of Catenary Contact 

System. 

The Alternative Transients Program (ATPDraw) is a powerful tool widely 

used in solving and analyzing electromagnetic and transient problems. It is also useful 

in performing insulation coordination in the power system. Built-in models and the 

use of TACS (Transient of Control Systems) and MODELS make it capable of 

simulating electromagnetic and electromechanical transients (Haginomori et al. 2016; 

Guardado, and Guardado 2016). It contains a large variety of detailed power 

equipment models or builds in setups that simplify the tedious work of creating a 
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system representation. Generally, this simulation software can be used in the design of 

an electrical system or in detecting or predicting an operating problem of a power 

system (Prikler, and Høidalen 2002). ATPDraw is used in this simulation process of 

observing the electrical response of the transmission system. In order to represent the 

electrical response of the transmission system, the electrical model of the transmission 

system apparatus has to be selected and validated to gain high accuracy result (Dugel 

2007). 

 

2.11 Existed System 

 
A 25kV/50Hz Catenary contact system consists of traction power system 

(TPS) which supply power to Overhead contact system (OCS) as shown in Figure 

2.29. The details of Overhead catenary system and Airport Rail link line in Thailand 

are indicated in Figures 2.30 – 2.31. The system has a function for safely transporting 

people or good without interruption, unreliable or unsafe operation of the electric 

traction vehicle under normal condition. To comply with requirements for reliable 

operation of electric traction, the following are applicable, particular about contact 

line: 

• The provision of uninterrupted traction power at pantographs of traction vehicles 

• The ability of the railway network to continuously absorb regenerative braking 

energy 

• To have quality parameters for voltages available at pantographs of electric 

traction vehicles. 

Compliance with IEC 62305-1, the system shows to have an interruption to 

the return circuit to the transformer because the rails as a part of the circuit need to be 
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protected against lightning overvoltages. In case if not protected, there will be an 

electromagnetic interference with electrical systems in the vicinity of the railway 

system.  

 

 
 

 
 

Figure 2.29 Overall TPS & OCS Schematic Diagram (Wilke, and Gabriel 2005). 
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Figure 2.30 Overhead catenary system (Kiessling, et al., 2009). 

 

 

 

Figure 2.31 Airport Rail link line in Thailand (UMIASEA, 2014). 
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2.12 Preliminary Study 

 
Preliminary investigation on Catenary Contact system shows that lightning 

performance of the overhead catenary system needs to be improved according to IEC 

62305-1. Surge arrester has been recently used as an effective protection against 

lightning voltage surges (Nafar, Solookinejad, and Jabbari, 2014; Kiessling, et al., 

2009; Saengsuwan, and Thipprasert, 2008; Mungkung, et al., 2007; Pešič, and 

Grmovšek, 2007; Imece, et al.,1996; Durbak, 1985). To date, Catenary Contact 

system has Surge arrester on its OCS. But, surge arrester need to be connected to the 

rails for more protection of the system include the rails against lightning stresses on 

elevated railway system (Pešič, and Grmovšek, 2007). The analysis of lightning 

Elevated Structure and Catenary Lightning Range of existed system explain in detail 

in the next part.  

 

2.13 Analysis of Elevated Structure and Catenary Lightning Range 

of existed system. 

Thai Overhead Catenary System consists of Substation, return conductor, 

Catenary line, and Running rails. There are also interconnections between the 

Overhead Catenary conductors on the double-track elevated railway system. In the 

double-track electrified railway system with Running rails (I-rail and S-rail), contact 

line and Return conductor (Earth wire) that are interconnected as a circuit shown in 

Figure 2.32. The substation infeed with two transformers is provided in Figure 2.33 

and Configuration view in Figure 2.34 (Sandra, Martin, and Menter 2007; Kiessling, 

et al., 2009). The return conductors are also interconnected to the Substation systems, 
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and it’s also connected to the S-rail at the midpoint. At every pole position, the S-rail 

(R2) is shorted to the elevated pole footing.  

 

 

 

Figure 2.32 Truck return circuit via running rails and return conductor  

                                 (Kiessling, et al., 2009). 

 

 

 

Figure 2.33 Substation infeed (Sandra, Martin, and Menter 2007). 
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Figure 2.34 The configuration of Overhead Catenary System  

(Sandra, Martin, and Menter 2007). 

 

Due to the unpredictability of lightning strike point on multiple unit trains in 

pantograph which touches the catenary wire, it better to study the parts which are 

exposed to lightning according to the IEEE STD. 1234-1997, by using the formula 

(2.11) in (Yang and Zhang 2015). 

 











gc

c

rr

Ihr 65.06.034.1
                                              (2.11) 

 

 
where rc is lightning strike distance of catenary which touches on pantograph of 

multiple unit trains, its UI is m; h is the average height of hanging wire, its UI is m; I 
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is the lightning current amplitude, its IU is kA; rg is lightning strike distance of earth 

on top of elevated pole, its UI is m. 

The range of triggered lightning of catenary shown in Figure 2.35 as in (Yang 

and Zhang 2015) but in this study, was considered when it is on top of the elevated 

pole. AB arc line is triggered a lightning range of auxiliary line (feeder line) (rR6), CD 

arc is triggered a lightning range of catenary line (contact line and messenger line) 

(CA). The lightning current reaches first to the line which has a higher range of 

lightning strike distance compared to other wires. Auxiliary line (feeder line) (rR6) and 

return line (rR5) are on the same side on top of the mast. Whereas lightning strike 

distance of auxiliary line (rR6) is greater than return line (rR5) which lead rR6 to shield 

rR5 but there is no any shield for the catenary line that touch pantograph, and lead 

immense possibilities to be attacked by lightning strikes on it. In this study, we focus 

when multiple lightning strokes on Train’s pantograph, on top of Mast, Return wire 

(Earthing wire), and Catenary wire because there is a possibility to strike on either of 

these lines. It is casual that catenary on high ground like on top of an elevated pole 

experience more lightning strike than that on low ground as in Liu, and Liu (2012).  
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Figure 2.35 The range of triggered lightning of Catenary on the double-track  

                       elevated railway system. 

 

2.14 Proposed system. 
 

 
 

This precise work model the existed system for estimating, improving and 

optimizing the lightning performance of Catenary Contact System due to frequency 

number of lightning overvoltage faults. In an effort to maintain failure rates at a low 

level, supplying high power quality and resisting damages and disturbances, plenty of 

lightning performance estimation studies have been conducted. According to the 

lightning performance, estimation studies of Overhead catenary lines are exclusively 

showed that the lightning performance of Overhead catenary system relying on their 

correct initial design of existing system needs to be improved and optimized. Analysis 
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Transient Program (ATPDraw) with the help of iterative optimization algorithm was 

used to estimate, improve and optimize the lightning performance due to overvoltage 

was caused by characteristic and behavior of transient current during multiple 

lightning strokes.The striking on Train’s pantograph, on top of Mast, Return wire 

(Earthing wire), and Catenary wire of a 25 kV AC, 50 Hz Catenary Contact System 

on double-track elevated railway system at the Mast (7th Mast) for Case 1 as shown in 

Figure 2.36 (a) and Figure 2.37 include at the mid-span of Masts (sixth and seventh 

Masts) for Case 2 as shown in Figure 2.36 (b) and Figure 2.38 were considered. The 

points 1-4 from the Figures 2.36-2.38 represent the lightning strokes strikes on Train’s 

pantograph, on top of Mast, Return wire (Earthing wire), and Catenary wire 

respectively. By using this method, optimal values of the line insulation level, the 

tower footing resistance, energy absorption capability of surge arresters, surge 

arresters’ installation interval and a number of installed surge arresters are calculated 

in order to minimize the defined objective function, aiming to reduce or even 

eliminate lightning failures. Optimization method was considered all the available 

protection means, i.e. Earth wires and surge arresters.  

 

 

 
 

 
Figure 2.36 Lightning strike on train’s pantograph (a) at the Mast and (b) at the mid- 

                     span of Masts in the 2D view. 
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Figure 2.37 Lightning strike on train’s pantograph at the Mast in the 3D view. 
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Figure 2.38 Lightning strike on train’s pantograph at the mid-span of Masts in the 3D  

                     view. 

 

 
 

2.15 Chapter summary  

 
 

This chapter has reviewed railway electrification systems, including electric 

railway traction and final DC and AC motor drives. Furthermore, with significant 

potential for the application of the railway electrification system, electric supplies 

remain impressive as electric vehicle operates without having an on-board prime 

mover. Three railway electrification systems were discussed. Overhead Line System, 

Third Rail System, and Ground-Level Power Supply System. DC Catenary Contact 

System, AC-DC Catenary Contact System, and AC-DC-AC Catenary Contact System 
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are the three most popular types of Overhead line system in the railway electrification 

system. Two Overhead line systems for the DC motor drive are discussed. There are 

two types of Overhead line systems for AC motor drive: AC-DC-AC Catenary 

Contact System and Transformerless AC-DC-AC Catenary Contact System. The AC 

motor type is also referred to as the induction motor, which is more popularly applied 

to railway electrification described by electric railway traction. The duty cycle of 

operation of induction motors is also discussed. Multi-system Units as used the 

multiple power systems, such as engines and motors, are commonly adopted on 

modern railway electric vehicles. The operations between these electrification systems 

are usually considered to be homogenous. However, the distinctive operation can be 

possible if the electrification systems can be decoupled and work independently. The 

power demand from the driver or the supervisory control unit is met by summed up 

power outputs from different sources.  

Currently, AC-DC Catenary Contact System has been employed in Thailand 

due to inherent advantages in magnetic field protection and wheel slip correction in 

the DC motor drive. Usually, electricity in this electrified railway transmission system 

must be stably secured with effectively track system and control system. Electric 

Power is injected into the system which is in the form of overhead catenary 

transmission line without any disturbance. But the hardship of transmission line that 

injects power into a system along distance may likely cause the electrical breakdown 

when lightning strikes on multiple train’s pantographs as a natural disturbance. 

Actually, this leads various electrical elements failure, power losses, and other 

unreliable condition on Catenary Contact System which gives rise to another problem: 

“how to optimize the lightning performance of the Catenary Contact system?”. Such a 
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problem can only be answered with further study of optimization techniques for the 

power system. 

In the improvement and optimization techniques review, it has been observed 

that most of the studies in Catenary Contact System made the focus on estimation and 

development of lightning performance without considering the optimization of 

lightning performance in Catenary Contact System. The best way is to estimate, 

improve and optimize. The best model is one that can obtain excellent method, which 

reduces the failure rates at low cost. This approach was compared to previous studies 

of the Lightning performance in high voltage transmission lines safeguard by surge 

arresters, a simulation for the Hellenic transmission network and Optimization of 

Hellenic Overhead High-Voltage Transmission Lines Lightning Protection by using 

Simulink and numerical techniques. These techniques are showing the usefulness of 

the method, which can prove to be a valuable tool for the studies of Catenary Contact 

System designers.  Lastly, overhead catenary system in Airport Rail Link, Thailand 

has finally discussed. The preliminary Study, Analysis of Elevated Structure and 

Catenary Lightning Range were undertaken. The proposed system of an overhead 

catenary system based on two different cases has been shown. For designed the 

proposed system, the next chapter has been undertaken the significant elements in an 

overhead catenary system for representing the effectuated power network.  
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CHAPTER 3 

 
 

METHODOLOGY 

 
 

3.1 Introduction 

 
The proposed ATP-EMTP software which recognized as standard procedure 

in power system used to investigate transient current behavior during multiple 

lightning strokes on multiple unit train’s pantographs. Modeling of multiple lightning 

sources, mast, multiple unit trains, overhead catenary transmission line, insulator, 

elevated pole, and the ground was guided to represent catenary contact system on the 

double-track elevated railway system for analyzing the problem. 

As a version part of the electromagnetic transients’ program, ATP-EMPT is 

the powerful tool for steady state and transient analysis of power systems (Lee and 

Goldsworthy 2011). It has been recognized as per international standard as IEEE and 

CIGRE in arithmetic circuits (Wu and Cao 2012). In this task, ATP-EMTP is utilized 

as time domain computation in overvoltage protection against lightning as indicating 

from Figures. 2.36-2.38. 

3.2 Catenary Contact System 

 
Overhead Catenary Transmission line involved Catenary line, return line, 

Auxiliary line with running rails (S-rail, I-rail) and distributed-parameter line spans on 

both sides of the impact point. The details of  Overhead Catenary Transmission line 

were given Table 3.1 as in Mazloom (2010); Achouri, Achouri, and Khamliche 

(2015); Yang and Zhang (2015) with Autotransformer and Booster transformer as 
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modeled by 1:1 ideal transformers in ATPDraw. Mast configuration parameters of 

2×25 kV AC, 50 Hz Catenary Contact System are given in Table 3.2 (Andreotti, et 

al., 2014). Its cross-section view axis of double track Railway Electrification system 

on elevated railway system is shown in Figure 2.34. A Railway Transmission line was 

modeled by LCC_8 with JMARTI model in ATPDraw as illustrated in Figure 3.1. 

 
 

Table 3.1 Details of 25 kV Overhead Catenary Transmission Line (Mazloom, 2010). 

 

Overhead Catenary Transmission line 

Conductor Catenary (R1) Return (R2) Auxiliary (R3) S-rail I-rail 

Radius  5.06 cm 0.82 cm 0.56 cm 4.95 cm 4.95 cm 

Ruling 

Span 

Between the Masts 

60 

Grounding 

System 

Grounding Resistance (Ω) Pole Resistance (Ω) 

5-100 50 

 

 
 

 
 

 
 

Figure 3.1 Transmission line data in ATP EMTP 
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Table 3.2 Mast Configuration (Andreotti, et al., 2014). 

 

Parameters (m) 

h1  h2  h3  h4  h5  r1  r2 r3 r4 r5 

8 5.5 5.3 0.96 0.96 1.1625 0.12 2.4575 1.74 3.175 

 

 
 

3.3 Modeling of Lightning Source 

 
The report of lightning statistics in Thailand from Marungsri et al. 2008 shows 

that the Lightning often occurs in April-May but severely in June. The magnitude 

ranges 11-171 kA with positive polarity and -10 to -139 kA with negative polarity. 

Positive lightning strokes account for 5% while negative is 95% with the magnitude 

of -10 to -50 kA. Also, Negative lightning stroke association with multiple strokes per 

flash averaging 3 to 4 strokes per flash with intervals of tens of milliseconds were the 

most reported lightning incidences in Omidiora and Lehtonen 2007; Martinez-

Velasco and Aranda 2008; Rodriguez-Sanabria, Ramos-Robles, and Orama-Exclusa 

2011. Since negative lightning strokes may associate with subsequent strokes, only 

single stroke and multiple strokes in the first and second strokes are highly considered 

due to the effects of their current magnitudes in insulation (Martinez-Velasco and 

Aranda 2008). But the behavior of tower grounding electrode and surrounding soil at 

higher frequencies of up to 10 MHz is not yet explicitly represented (Pattanadech and 

Yutthagowith 2014). Therefore, the Heidler current function model in ATP-EMTP 

was used to represent the lightning current as shown in equation (3.1) (Das, 2010; 

Yang, and Zhang, 2015; Thanasaksiri, 2014).  
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Where k is the correction coefficient for the peak current; 

1 is the virtual front time;  

2 is the virtual tail time; 

Im is the lightning current peak; and  

n is the lightning current gradient factor 

Parameters of lightning sources are given in Tables 3.3-3.4, and the 

waveforms of the single and multiple strokes as recommended by IEC 62305 are 

shown in Figures. 3.2-3.5 for -34 kA and 50 kA respectively. 

 
 

Table 3.3 Parameters of the single lightning source (Marungsri et al., 2008; IEC  

                 62305:1-4; Thanasaksiri, 2014). 

 

Parameter First strokes 
Type Heidler 15 

Amp. (kA) 
-34 

-50 

Front time (μs) 2 
Tail time (μs) 100 

 

 
 

Table 3.4 Parameters of multiple lightning sources (Marungsri et al., 2008; IEC  

                 62305:1-4). 

 

Parameter First strokes Subsequent Strokes 
Type Heidler 15 Heidler 15 

Amp. (kA) 
-34 -34 
-50 -50 

Front time (μs) 1 0.2 
Tail time (μs) 100 50 
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Figure 3.2 Waveforms of the Single lightning of -34 kA (2.0/100 μs) strokes  

                       modeled in ATP-EMTP. 
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Figure 3.3 Waveforms of the Single lightning of -50 kA (2.0/100 μs) strokes  

                       modeled in ATP-EMTP. 
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Figure 3.4 Lightning current waveforms of the -34 kA first stroke-(1.0/100 μs),  

                     subsequent stroke -(0.2/50 μs) designed in ATP-EMTP. 
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Figure 3.5 Lightning current waveforms of the -50 kA first stroke-(1.0/100 μs),  

                     subsequent stroke -(0.2/50 μs) designed in ATP-EMTP. 
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3.4 Modeling of Mast 
 

The mast was modeled by cylindrical geometrical steel column in single wave 

impedance model as recommended by IEEE and CIGRE by expression (3.2) (Yang, 

and Zhang, 2015; Zhang, Sima, and Zhang, 2006). The modeled parameters of the 

mast are shown in Table 3.5. 

 

          

















H

R
InZ arctan5.0cot60                                           (3.2) 

 

 
 

where  Z is the surge impedance, its IU is Ω;  

R is the equivalent radius of the mast; its IU is m;  

H is the height of the mast; its IU is m.  

 
 

Table 3.5 Modeled Parameters of Mast. 

 
Location Parameters 

Auxiliary Zaux= 157.64 Ω, L1= 2.5 m 

Return Zreturn=293.57 Ω, L2= 0.2 m 

Catenary Zcatenary= 113.77 Ω, L3= 5.3 m 

 

 

3.5 Modeling of Train. 
 

The train was modeled as electric locomotive which contains pantograph, 

locomotive transformer, diode rectifier bridge and DC motors as stated in (Zupan, 

Teklić, and Filipović-Grčić, 2013; KaragÖz, 2014). Figure 3.6 shows the model of 

Train system at the Mast (7th Mast) for Case 1 with Mast, elevated pole, and 

grounding, Railway Transmission line, Ground, and Insulators modeled with a branch 

of capacitor and voltage controlled switch at Mast. Figure 3.7 shows the model of 
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train at the mid-span of Masts (6th and 7th Masts) for Case 2 with Railway 

transmission line  

 

 

Figure 3.6 Mast with Train, Railway Transmission line, Pole, Ground, and 

                        Insulators at Mast in ATP-EMTP. 
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Figure 3.7 Train with Railway Transmission line at the mid-span of Masts in  

                       ATP-EMTP. 

3.6 Modeling of Insulator. 
 

Generally, insulator resists the flow of current from phase conductor to the 

ground during normal operating condition. Since the capability of an insulator to 

withstand stress depends on its voltage withstand level, this behavior can be 

represented as a voltage controlled switch (Imece et al., 1996). Moreover, the effects 

of coupling conductors to mast structure can also be represented by the capacitor. If 

the voltage across insulator terminals is greater than control voltage of the switch, the 

switch closes which indicates flashover. Otherwise, if the voltage stress is less than 

control voltage, the switch remains open to show no flow of current across the 

insulator. In the simulation, the voltage controlled switch was designed by 
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Switchvc.sup model. The voltage withstands capabilities for the rod/composite, spool 

and pin as given in Table 3.6 were set as the control voltage of the switch (Mazloom, 

2010). The values of capacitance for suspension insulators are 80 pF/unit while for 

pin insulators are around 100pF/unit (Imece et al., 1996). 

 
Table 3.6 Details of 25 kV Overhead Catenary Transmission Line (Mazloom, 2010). 

 

Insulators (Impulse Withstand Voltage) 

Rod/Composite (R1) Spool (R2) Pin (R3) 

225 kV 60 kV 140 kV 

 

 
 

3.7 Modeling of Grounding Resistance. 
 

Once the lightning current discharges to earth through the mast, the ionization 

process occurs around soil surrounding the grounding rod. This situation makes 

surrounding soil as non-linear and the frequency dependent. A non-linear frequency-

dependent representation is required to obtain an accurate simulation (Martinez-

Velasco and Aranda 2008; Pattanadech and Yutthagowith, 2014; Chisholm and 

Janischewskyj, 1989; Mousa, 1994). Due to difficulties of information to representing 

this behavior not always available, the reasonable model approximation of grounding 

resistance as recommended by IEC and IEEE standards is given in (3.3)-(3.4) (Yang, 

and Zhang, 2015; Imece et  al. 1996; IEC 60071-2, 1996; IEEE Std. 1313.2, 1999; 

Martinez-Velasco and Aranda 2003). 
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Where Rf = tower grounding (Ω) 
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Rg = tower grounding resistance at low current and low frequency 

I = surge current into ground (kA) 

Ig = limiting current initiating soil ionization (kA) which is given in (Mousa, 

1994) 
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                                                    (3.4) 

 

 
 

Where 0 = soil resistivity (Ω-m) 

E0 = soil ionization gradient (400kV/m) (Mousa, 1994) 

 
 

3.8 Modeling of Metal Oxide Surge Arrester. 
 

Metal Oxide Surge Arrester protect string insulator against lightning flashover 

in power system by maintaining voltage across insulator as in (Rodriguez-Sanabria, 

Ramos-Robles, and Orama-Exclusa 2011; Nafar, Solookinejad, and Jabbari 2014; 

Durbak 1985; Saengsuwan, and Thipprasert 2008; Mungkung et al. 2007). In order to 

attain the required performance, TLAs must be correctly matched with the existing 

line conditions. For Overhead line protection, TLA should not conduct or act as an 

open circuit at normal operation and conduct current during overvoltage without 

causing a fault (Nafar, Solookinejad, and Jabbari 2014; Ametaniand, and Kawamura 

2005). This condition describes the behavior of TLA of having extremely high 

resistance during normal operation and a relatively small resistance during 

overvoltage. A good TLA should have a non-linear voltage versus current (V-I) 

characteristic. A Silicon Carbide (gapped arrester) has been in service for a long time, 

but its failure is mainly due to gap spark over caused by moisture ingress or 
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contamination (Mungkung et al. 2007). Despite its disadvantages over Silicon 

Carbide, Metal Oxide Surge Arrester (gapless) has been a substitute for a couple of 

years because of its high non-linear V-I characteristics. The model proposed by 

Durbak (1985) and adopted by the IEEE WG 3.4.11, (1992) including committee 

papers and standards (IEEE Std. C62.22-1997), and then modified by Pinceti 

(Rodriguez-Sanabria, Ramos-Robles, and Orama-Exclusa 2011; Durbak 1985, 

Mardira, and Saha 1996). Metal oxide surge arrester is modeled by using MOV Type 

92 in ATPDraw represent a nonlinear resistor used in surge arrester as shown in 

Figure 3.8.  

 

 
 

 
 

Figure 3.8 Pinceti model 

 

The model is composed of two sections of non-linear resistances A0 and A1 

separated by inductances L0 and L1. On IEEE WG 3.4.11, the non-linear 

characteristics of A0 and A1 are established in uniform designed curve. Additionally, 

these behaviors are referred to as peak values of residual voltages measured under a 

discharge test with a 10-kA multiple lightning current impulse in 8/20 μs (Vr8/20) 

(Nafar, Solookinejad, and Jabbari 2014; Durbak 1985; Mungkung et al. 2007; 

Mardira, and Saha 1996). TheV10 is often taken as a 1 p.u value and the V-I curve can 
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be obtained by multiplying the per unit arrester voltages by V10 of that rating to get 

discharge voltages for nonlinear resistors A0 and A1 by using equation (3.5) and (3.6) 

respectively (IEEE WG 3.4.11, 1992). The data for arrester modeling was based on 

ABB MWK after Arrester selection under IEC and IEEE standards (ABB Surge 

arrester POLIM-S, 2016; IEC Std. 60099-5; IEEE Std. C62.22-1997) which proposed 

the procedures for selection of MO arresters. A one column arrester with 0.387 m 

length and the discharge voltage, V10, for this arrester is 87 kV (Ur = 36.3). The V-I 

curve is obtained from the power function equation (3.7) (Rodriguez-Sanabria, 

Ramos-Robles, and Orama-Exclusa 2011; Nafar, Solookinejad, and Jabbari 2014; 

Ametaniand, and Kawamura 2005; IEEE WG 3.4.11, 1992) as shown in Table 3.7. 

 

   0 10         .    /  1.6The Discharge Voltage in kV Relative IR in p u for A i V          (3.5) 

 

 
   1 10       .    /  1. 6The Discharge Voltage in kV Relative IR in p u for A i V          (3.6) 

 

 
 
















V ref

pi

q

                                                      (3.7) 

 

where  q=exponent,  

p=multiplier and  

Vref=reference voltage. 

 
Inductance L1 and L0 are calculated by means of equations (3.8), (3.9) and 

(3.10) in (Martinez-Velasco 2010). L1 (810 nH) acts as a filter affecting during surge 

voltages, L0 (270 nH) represents magnetic fields during arrester operation and R (1 

MΩ) with the aim of avoiding numerical troubles (Omidiora and Lehtonen 2007; 
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Mungkung et al. 2007; Abd-Allah, Ali, and Said, 2014). For normal operations, surge 

arrester current is less than 0.1 mA (Ametaniand, and Kawamura 2005). In order to 

suit the modeling, non-linear arrester characteristics should be modeled to at least 20 

kA to 40 kA because high surge current to be discharged by arrester can occur above 

10 kA during lightning (Mungkung et al. 2007). Parameters of the model are also 

shown in Table 3.7.  
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                                                   (3.10) 

 

 
Where nV = the arrester rated voltage in kV 

10V = the discharge voltage for a 10 kA, 8/20 µs current in kV 

1 2TV = the discharge voltage for a 10-kA steep current pulse in kV 

 

The value  
1 2TV is similar to the front of wave (FOW) discharge voltage 

defined in the IEEE standard (IEEE Std. C62.22-1997). The front of the wave (FOW) 

discharge voltage for selected arrester is 94.2 kV (Type POLIM-S Surge Arresters, 

2008). 
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Table 3.7 V-I Characteristics for nonlinear resistor A0 and A1 of the Pinceti model. 

 

  A0 A1 

kA V (p.u) V(kV) V (p.u) V(kV) 

0.01 1.40 76.125 - - 

0.1 1.54 83.7375 1.23 66.88125 

1 1.68 91.35 1.36 73.95 

2 1.74 94.6125 1.43 77.75625 

4 1.80 97.875 1.48 80.475 

6 1.82 98.9625 1.50 81.5625 

8 1.87 101.68125 1.53 83.19375 

10 1.90 103.3125 1.55 84.28125 

12 1.93 104.94375 1.56 84.825 

14 1.97 107.11875 1.58 85.9125 

16 2.00 108.75 1.59 86.45625 

18 2.05 111.46875 1.60 87 

20 2.10 114.1875 1.61 87.54375 

R=1 MΩ       L0=270 nH       L1=810 nH 

 

 
 

3.9 Optimization Method. 
 

The analysis of transmission lines lightning failure (NT) shows that the simple 

solution to eliminate lightning flashovers completely is to install of surge arresters on 

every single tower although this solution needs massive capital investment. Therefore, 

in order to reduce the lightning failure rates at a minimum cost, it could be worthwhile 

to investigate further on the most appropriate selection of these parameters (insulation 

level, grounding resistance, surge arrester’s energy absorption capability, surge 

arresters’ installation interval) (Christodoulou, et al., 2009). But this thesis would 

investigate more parameters include a number of surge arresters to be installed. 

A performance index was defined from APPENDIX B for each region N of 

the examined transmission line in order to relate the total flashover failure rate annual 

cost to the total investment cost of the regional values. The insulation level, the 

grounding resistance, the energy absorption capability of surge arresters, the surge 
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arresters’ installation interval, and a number of surge arresters to be installed are the 

regional values as in Equation (3.11) (Christodoulou, et al., 2009). 

 
           i i Ti U i i Ri i Ei i Ii i Ki iJ k N g U g R g E g I g K               (3.11) 

 

 

where 1,...,i N  region number; iJ  is the performance cost index of the 
thi  region; 

 ik   is the annual line failure cost;  jig   is the equivalent annual investment of the 

thi  region line design characteristic j; TiN is the total flashover failure rate of region i; 

iU  is the insulation level of region i; iR  is the grounding footing resistance of region 

i; iE is the energy absorption capability of the surge arresters of region i; iI  is the 

surge arresters’ installation interval of region i and iK  number of surge arresters to be 

installed. The annual line failure cost is given in equation (3.12): 

 
  MEU RE FCk C C C                                             (3.12) 

 

 

where MEUC  is the mean annual cost of undelivered energy for the utility, equal to 

zero for non-open loop lines; REC is the mean cost of one permanent failure repair, and 

FCC is the equivalent annual line failure consumer cost. 

 

The full investment cost calculates the equivalent annual investment as in 

equation (3.13) (Christodoulou, et al., 2009). 
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where  G   is the total cost of investment of the transmission line’s design 

parameters; r  is the annual interest rate; t  is the estimated line exploitation period in 

years and p is an empirical coefficient which defines the ratio of the yearly 

maintenance cost to full investment cost. 

The studied parameters, insulation level, grounding resistance of each region, 

energy absorption capability of the surge arresters, surge arresters’ installation 

interval and a number of surge arresters to be installed in the form of a column vector 

x in equation (3.14). 
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Optimal selection of 'ix s  values minimize the set of the N  performance 

indices defined in the equation (3.15) below: 
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under the operating limits in equation (3.16): 

 
 

 

min max

min max

min max

min max

min max

i i i

i i i

i i i

i i i

i i i
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                                         (3.16) 
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where 
min max min max min max min max min max

, , , , , , , , ,i i i i i i i i i iU U R R E E I I K K 
 are electrical utilities 

define limit values.  

 
Application of an optimization algorithm determines the values of the 

optimum xi, i.e. the insulation level, the tower footing resistance, the energy 

absorption capability of the surge arresters, the surge arresters’ installation interval 

and a number of surge arresters to be installed. For the rest of the parameters the 

typical values of the horizontal spacing, between the ground wires b , the tower 

height th , the total inductance of the system L , the conductor line surge impedance 

surgeZ , which represent the standard equipment used by electrical utilities, were 

considered. All of the limit values and parameters result from safety, reliability, or 

economic considerations. They can be based on detailed engineering studies or little 

tradition. Optimization aims to minimize the objective vector function of several 

variables. The optimum solution vector x can be found for the J  function presented 

in equation (3.14).  

The minimization of (3.15) is carried out by intelligence search method called 

Genetic Algorithm (GA). The Genetic Algorithm was used to manipulate a set of 

initial random parameters in order to reduce programming complication. The toolbox 

that was employed in MATLAB to solve this algorithm is called GADS TOOLBOX 

(Genetic Algorithm and Direct Search Toolbox, 2004; El-Abiad, and Jaimes, 1969; 

Leeton, and Kulworawanichpong, 2011). The best result was observed in the 

generation process. The following steps as developed on Genetic Algorithm has been 

achieved. 
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Step 1 Randomly initializes values for insulation level aU , grounding resistance R , 

energy absorption capability of the surge arresters  E , surge arresters’ installation 

interval I and a number of surge arresters to be installed K . 

Step 2 Determine  'iJ s  function in reference to the overhead catenary system data, 

from (21). 

Step 3 Repeat 

1. Select TiN  from insulation level aU , grounding resistance R , energy 

absorption capability of the surge arresters  E , surge arresters’ installation 

interval I and a number of surge arresters to be installed K . 

2. Perform crossover on TiN  from insulation level aU , grounding resistance R , 

energy absorption capability of the surge arresters  E , surge arresters’ 

installation interval I and a number of surge arresters to be installed K . 

3. Perform mutation of insulation level aU , grounding resistance R , energy 

absorption capability of the surge arresters  E , surge arresters’ installation 

interval I and a number of surge arresters to be installed K . 

4. Determine  'iJ s of insulation level aU , grounding resistance R , energy 

absorption capability of the surge arresters  E , surge arresters’ installation 

interval I and a number of surge arresters to be installed K . 

Step 4: Until the best individual is good enough. 

 

3.10 Chapter summary. 
 

Implementation of the relevant model parameters in ATPDraw has been 

finished in this chapter. Typical values of modeled parameters are described and 
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provided for each component. Models are a circuit or mathematical or electrical 

representation of physical equipment so that its characteristic using output when 

applied to the particular input. In ATP-EMTP simulation, the input and output that are 

usually observed like current, voltage, power and energy. A complete set of 

representations of an Overhead Catenary Line system is a combination of every model 

of the transmission line equipment itself. The following chapter contains the results of 

the simulations in this chapter and then be analyzed to get the conclusion in 25 kV 

AC, 50 Hz Catenary Contact System which was modeling in ATP-EMTP. 
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CHAPTER 4 
 
 

SIMULATION RESULTS 

 
4.1 Introduction 

This chapter demonstrates the results of the simulations carried out by the 

ATP-EMTP simulation for analysis of direct lightning strokes with mitigation of the 

flashover from single and multiple lightning strokes on overhead catenary system and 

the MATLAB simulation for the lightning performance optimization for 25 kV AC, 

50 Hz catenary contact system.  

 

4.2 Analysis of Direct Lightning strokes 

For analysis purpose, the direct lightning strokes were effectuated by ATP-

EMPT. Since direct lightning strikes likely to cause the charges to flow in the form of 

two same current waves in both directions, it strikes starting from the point of hitting. 

One side from the stroke point was considered and inspected by arranging the masts 

with its ground resistances into three configurations with two cases each. The first 

configuration was based on studying the effect of flashover from the affected mast to 

nearby masts when their grounding resistances (Rf) are similar (same soil profile) 

when lightning strikes on train’s pantograph based on two cases (see Fig. 4.1-4.2). 

The second configuration was done when their grounding resistances (Rf) are 

different but in increasing order (different soil profile). Lastly, the third configuration 

was done when their grounding resistances are also different but in decreasing order 

(different soil profile). Table 4.1 and 4.2 show the arrangement of configuration 2 and 
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3 respectively. Since the lightning source was set at various points such as Mast, 

Return line, Catenary line and Train’s pantograph at respective positions near to mast 

4 (M4), the concern was to check the effect of flashover and back flashover into 

affected mast (M4), the nearby mast (mast 5 or M5) and far end mast (mast 7 or M7) 

under same and different soil profiles. The simulation results of the mast induced 

voltages across the insulators in the overhead catenary system are shown in 

APPENDIX C. The amplitude values of Mast induced voltages in the catenary, 

auxiliary and return lines for case one and two are recapitulated in Tables from 

APPENDIX D and analyzed in Figures. 4.3-4.146 for both cases. 

 

 

 

Figure 4.1 Arrangement of the masts with lightning source for case 1 

 

 

 

Figure 4.2 Arrangement of the masts with lightning source for case 2 
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Table 4.1 Simulations setup for Configuration 2 for both Cases 

Simulation First Second Third 

Mast M4 M5 M7 M4 M5 M7 M4 M5 M7 

Rf(Ω) 5 10 20 5 20 50 5 50 100 

 

 

Table 4.2 Simulations setup for Configuration 3 for both Cases 

Simulation First Second Third 

Mast M4 M5 M7 M4 M5 M7 M4 M5 M7 

Rf(Ω) 100 50 20 100 20 10 100 10 5 

 

Figures. 4.3-4.20 contain the outcome of analyzed mast induced voltage across 

stressed insulators of the auxiliary line when single lightning strokes on the mast for 

both cases with all configurations.  
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Figure 4.3 Auxiliary line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                      configuration 1 
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Figure 4.4 Auxiliary line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                      configuration 2 
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Figure 4.5 Auxiliary line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                      configuration 3 
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Figure 4.6 Auxiliary line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                      configuration 1 
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Figure 4.7 Auxiliary line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                      configuration 2 
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Figure 4.8 Auxiliary line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                      configuration 3 
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Figure 4.9 Auxiliary line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                      configuration 1 
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Figure 4.10 Auxiliary line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                       configuration 2 
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Figure 4.11 Auxiliary line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                       configuration 3 
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Figure 4.12 Auxiliary line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                       configuration 1 
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Figure 4.13 Auxiliary line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                       configuration 2 
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Figure 4.14 Auxiliary line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                       configuration 3 
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Figure 4.15 Auxiliary line induced voltages in both Cases with -34 kA (2.0/100 µs)  

                      for configuration 1 
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Figure 4.16 Auxiliary line induced voltages in both Cases with -34 kA (2.0/100 µs)  

                      for configuration 2 
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Figure 4.17 Auxiliary line induced voltages in both Cases with -34 kA (2.0/100 µs)  

                      for configuration 3 
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Figure 4.18 Auxiliary line induced voltages in both Cases with -50 kA (2.0/100 µs)  

                      for configuration 1 
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Figure 4.19 Auxiliary line induced voltages in both Cases with -50 kA (2.0/100 µs)  

                      for configuration 2 
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Figure 4.20 Auxiliary line induced voltages in both Cases with -50 kA (2.0/100 µs)  

                      for configuration 3 

 
 

For both cases with all configurations, Figures 4.21-4.38 carry out the 

analyzed results of mast induced voltage across stressed insulators of the return line 

when single lightning strokes on return line.  
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Figure 4.21 Return line induced voltages in Case 1 with -34 kA (2.0/100 µs) for 

configuration 1 
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Figure 4.22 Return line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                         configuration 2 
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Figure 4.23 Return line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                         configuration 3 
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Figure 4.24 Return line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                         configuration 1 
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Figure 4.25 Return line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                         configuration 2 
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Figure 4.26 Return line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                         configuration 3 
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Figure 4.27 Return line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                         configuration 1 
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Figure 4.28 Return line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                         configuration 2 
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Figure 4.29 Return line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                         configuration 3 
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Figure 4.30 Return line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                         configuration 1 
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Figure 4.31 Return line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                         configuration 2 
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Figure 4.32 Return line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                         configuration 3 
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Figure 4.33 Return line induced voltages in both Cases with -34 kA (2.0/100 µs) for  

                      configuration 1 
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Figure 4.34 Return line induced voltages in both Cases with -34 kA (2.0/100 µs) for  

                      configuration 2 
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Figure 4.35 Return line induced voltages in both Cases with -34 kA (2.0/100 µs) for  

                      configuration 3 
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Figure 4.36 Return line induced voltages in both Cases with -50 kA (2.0/100 µs) for  

                      configuration 1 

 
 

Mast 4 Mast 5 Mast 7
0.0

-0.5

-1.0

-1.5

-2.0

 M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 Voltage Induced in Return line at Mast 4, 5 & 7

-50 kA, Single stroke-(2.0/100 s)

 

 

-50 kA (5, 10, 20 ) - Case 1

-50 kA (5, 10, 20 ) - Case 2

-50 kA (5, 20, 50 ) - Case 1

-50 kA (5, 20, 50 ) - Case 2

-50 kA (5, 50, 100 )-Case 1

-50 kA (5, 50, 100 )-Case 2

Configuration 2

 
 
 

Figure 4.37 Return line induced voltages in both Cases with -50 kA (2.0/100 µs) for  

                      configuration 2 
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Figure 4.38 Return line induced voltages in both Cases with -50 kA (2.0/100 µs) for  

                      configuration 3 

 
 

The outcome of analyzed mast induced voltage across stressed insulators of 
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configurations are shown in Figures. 4.39-4.56.  
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Figure 4.39 Catenary line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                        configuration 1 
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Figure 4.40 Catenary line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                        configuration 2 
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Figure 4.41 Catenary line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                        configuration 3 
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Figure 4.42 Catenary line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                        configuration 1 
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Figure 4.43 Catenary line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                        configuration 2 
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Figure 4.44 Catenary line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                        configuration 3 
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Figure 4.45 Catenary line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                        configuration 1 
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Figure 4.46 Catenary line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                        configuration 2 
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Figure 4.47 Catenary line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                        configuration 3 
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Figure 4.48 Catenary line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                        configuration 1 
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Figure 4.49 Catenary line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                        configuration 2 
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Figure 4.50 Catenary line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                        configuration 3 
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Figure 4.51 Catenary line induced voltages in both Cases with -34 kA (2.0/100 µs)  

                       for configuration 1 
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Figure 4.52 Catenary line induced voltages in both Cases with -34 kA (2.0/100 µs)  

                       for configuration 2 

 
 

Mast 4 Mast 5 Mast 7
0.0

-0.5

-1.0

-1.5

 M
a

st
 I

n
d

u
c
e
d

 V
o

lt
a

g
e
 (

M
V

)

 Voltage Induced in Catenary line at Mast 4, 5 & 7

-34 kA, Single stroke-(2.0/100 s)

 

 

Configuration 3

-34 kA (100, 50, 20 )-Case 1

-34 kA (100, 50, 20 )-Case 2

-34 kA (100, 20, 10 )-Case 1

-34 kA (100, 20, 10 )-Case 2

-34 kA (100, 10, 5 ) - Case 1

-34 kA (100, 10, 5 ) - Case 2

 
 
 

Figure 4.53 Catenary line induced voltages in both Cases with -34 kA (2.0/100 µs)  

                       for configuration 3 
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Figure 4.54 Catenary line induced voltages in both Cases with -50 kA (2.0/100 µs)  

                       for configuration 1 
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Figure 4.55 Catenary line induced voltages in both Cases with -50 kA (2.0/100 µs)  

                       for configuration 2 
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Figure 4.56 Catenary line induced voltages in both Cases with -50 kA (2.0/100 µs)  

                       for configuration 3 

 
 

In Figures. 4.57-4.74, the outcome of analyzed mast induced voltage across 

stressed insulators of the catenary line when single lightning strokes on pantograph 

for both cases with all configurations are shown.  
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Figure 4.57 Catenary line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                        configuration 1 
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Figure 4.58 Catenary line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                        configuration 2 
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Figure 4.59 Catenary line induced voltages in Case 1 with -34 kA (2.0/100 µs) for  

                        configuration 3 
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Figure 4.60 Catenary line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                        configuration 1 
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Figure 4.61 Catenary line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                        configuration 2 
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Figure 4.62 Catenary line induced voltages in Case 1 with -50 kA (2.0/100 µs) for  

                        configuration 3 
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Figure 4.63 Catenary line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                        configuration 1 
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Figure 4.64 Catenary line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                        configuration 2 
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Figure 4.65 Catenary line induced voltages in Case 2 with -34 kA (2.0/100 µs) for  

                        configuration 3 
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Figure 4.66 Catenary line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                        configuration 1 
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Figure 4.67 Catenary line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                        configuration 2 
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Figure 4.68 Catenary line induced voltages in Case 2 with -50 kA (2.0/100 µs) for  

                        configuration 3 
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Figure 4.69 Catenary line induced voltages in both Cases with -34 kA (2.0/100 µs)  

                       for configuration 1 
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Figure 4.70 Catenary line induced voltages in both Cases with -34 kA (2.0/100 µs)  

                       for configuration 2 
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Figure 4.71 Catenary line induced voltages in both Cases with -34 kA (2.0/100 µs)  

                       for configuration 3 
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Figure 4.72 Catenary line induced voltages in both Cases with -50 kA (2.0/100 µs)  

                       for configuration 1 
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Figure 4.73 Catenary line induced voltages in both Cases with -50 kA (2.0/100 µs)  

                       for configuration 2 
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Figure 4.74 Catenary line induced voltages in both Cases with -50 kA (2.0/100 µs)  

                       for configuration 3 

 
 

Figures. 4.75-4.92 contain the outcome of analyzed mast induced voltage 

across stressed insulators of the auxiliary line when multiple lightning strokes on the 

mast for both cases with all configurations.  
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Figure 4.75 Auxiliary line induced voltages in Case 1 with -34 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.76 Auxiliary line induced voltages in Case 1 with -34 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.77 Auxiliary line induced voltages in Case 1 with -34 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.78 Auxiliary line induced voltages in Case 1 with -50 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.79 Auxiliary line induced voltages in Case 1 with -50 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.80 Auxiliary line induced voltages in Case 1 with -50 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.81 Auxiliary line induced voltages in Case 2 with -34 kA, first stroke- 

            (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.82 Auxiliary line induced voltages in Case 2 with -34 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.83 Auxiliary line induced voltages in Case 2 with -34 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.84 Auxiliary line induced voltages in Case 2 with -50 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.85 Auxiliary line induced voltages in Case 2 with -50 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.86 Auxiliary line induced voltages in Case 2 with -50 kA, first stroke- 

              (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.87 Auxiliary line induced voltages in both Cases with -34 kA, first stroke- 

      (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.88 Auxiliary line induced voltages in both Cases with -34 kA, first stroke- 

       (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.89 Auxiliary line induced voltages in both Cases with -34 kA, first stroke- 

      (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.90 Auxiliary line induced voltages in both Cases with -50 kA, first stroke- 

       (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.91 Auxiliary line induced voltages in both Cases with -50 kA, first stroke- 

       (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.92 Auxiliary line induced voltages in both Cases with -50 kA, first stroke- 

       (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 

 
 

For both cases with all configurations, Figures 4.93-4.110 carry out the 

analyzed results of mast induced voltage across stressed insulators of the return line 

when multiple lightning strokes on return line.  
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Figure 4.93 Return line induced voltages in Case 1 with -34 kA, first stroke-(1.0/100  

                     µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.94 Return line induced voltages in Case 1 with -34 kA, first stroke-(1.0/100  

                     µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.95 Return line induced voltages in Case 1 with -34 kA, first stroke-(1.0/100  

                     µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.96 Return line induced voltages in Case 1 with -50 kA, first stroke-(1.0/100  

                      µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.97 Return line induced voltages in Case 1 with -50 kA, first stroke-(1.0/100  

                     µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.98 Return line induced voltages in Case 1 with -50 kA, first stroke-(1.0/100  

                     µs), subsequent stroke-(0.2/50 µs) for configuration 3 

 
 

5 10 20 30 40 50 60 70 80 90 100
0.0

-1.0

 Grounding Resistance ()

 M
a
st

 I
n

d
u

c
e
d

 V
o
lt

a
g
e
 (

M
V

)

 Voltage Induced in Return line at Mast 4,5 & 7
-34 kA, first stroke-(1.0/100 s),subsequent stroke-(0.2/50 s)

 

 

Configuration 1

Mast 4-Case 2 Mast 5-Case 2 Mast 7-Case 2

 

 
 

Figure 4.99 Return line induced voltages in Case 2 with -34 kA, first stroke-(1.0/100  

                     µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.100 Return line induced voltages in Case 2 with -34 kA, first stroke-(1.0/100  

                      µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.101 Return line induced voltages in Case 2 with -34 kA, first stroke-(1.0/100  

                       µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.102 Return line induced voltages in Case 2 with -50 kA, first stroke-(1.0/100  

                      µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.103 Return line induced voltages in Case 2 with -50 kA, first stroke-(1.0/100  

                       µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.104 Return line induced voltages in Case 2 with -50 kA, first stroke-(1.0/100  

                       µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.105 Return line induced voltages in both Cases with -34 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.106 Return line induced voltages in both Cases with -34 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.107 Return line induced voltages in both Cases with -34 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.108 Return line induced voltages in both Cases with -50 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.109 Return line induced voltages in both Cases with -50 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.110 Return line induced voltages in both Cases with -50 kA, first stroke- 

             (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 

 
 

The outcome of analyzed mast induced voltage across stressed insulators of 
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all configurations are shown in Figures. 4.111-4.128.  
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Figure 4.111 Catenary line induced voltages in Case 1 with -34 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.112 Catenary line induced voltages in Case 1 with -34 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.113 Catenary line induced voltages in Case 1 with -34 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.114 Catenary line induced voltages in Case 1 with -50 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.115 Catenary line induced voltages in Case 1 with -50 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.116 Catenary line induced voltages in Case 1 with -50 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.117 Catenary line induced voltages in Case 2 with -34 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.118 Catenary line induced voltages in Case 2 with -34 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.119 Catenary line induced voltages in Case 2 with -34 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.120 Catenary line induced voltages in Case 2 with -50 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.121 Catenary line induced voltages in Case 2 with -50 kA, first stroke-  

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.122 Catenary line induced voltages in Case 2 with -50 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.123 Catenary line induced voltages in both Cases with -34 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.124 Catenary line induced voltages in both Cases with -34 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 

 
 

Mast 4 Mast 5 Mast 7

-0.5

-1.0

-1.5

-2.0

-2.5

 M
a

st
 I

n
d

u
c
e
d

 V
o

lt
a

g
e
 (

M
V

)

 Voltage Induced in Catenary line at Mast 4, 5 & 7

-34 kA, first stroke-(1.0/100 s),subsequent stroke-(0.2/50 s)

 

 

-34 kA (100, 50, 20 )-Case 1

-34 kA (100, 50, 20 )-Case 2

-34 kA (100, 20, 10 )-Case 1

-34 kA (100, 20, 10 )-Case 2

-34 kA (100, 10, 5 ) - Case 1

-34 kA (100, 10, 5 ) - Case 2

Configuration 3

 

 
 

Figure 4.125 Catenary line induced voltages in both Cases with -34 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.126 Catenary line induced voltages in both Cases with -50 kA, first stroke-

(1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.127 Catenary line induced voltages in both Cases with -50 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.128 Catenary line induced voltages in both Cases with -50 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 

 
 

Due to attentive outcome during multiple lightning strokes on pantograph, the 

values in Tables 4.3-4.20 were obtained after being analyzed the data from the 

Figures in APPENDIX C. The 1st row details configuration, the cases and stroked 

points. The 2nd row shows the position of the affected mast. 3rd row illustrate the type 

of waveforms. The 4th row starts from the 2nd column gives the magnitude of lightning 

strokes that have been used. The 1st column starts from the 5th row shows the ground 

resistances that have been exploited. The 2nd to the 4th column and the 5th to the 7th 

column start from the 6th row indicate the magnitude of mast induced voltages in 

different lines of an overhead catenary system for 34 kA and 50 kA respectively. For 

configuration 2 and 3, respective rows for each table at a time represent the 

arrangement of grounding resistance as shown in simulation setup in Tables 4.1-4.2. 
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Table 4.3 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the  

                train’s pantograph for configuration 1 

Configuration 1 - Case 1 (Pantograph) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.53 2.30 2.70 2.30 3.44 4.05 

10 1.53 2.30 2.70 2.30 3.44 4.06 

20 1.53 2.30 2.70 2.30 3.44 4.06 

30 1.53 2.30 2.70 2.30 3.44 4.06 

40 1.53 2.30 2.70 2.30 3.44 4.06 

50 1.53 2.30 2.70 2.30 3.44 4.06 

60 1.53 2.30 2.70 2.30 3.44 4.06 

70 1.53 2.30 2.70 2.30 3.44 4.06 

80 1.53 2.30 2.70 2.30 3.44 4.06 

90 1.53 2.30 2.70 2.30 3.44 4.06 

100 1.53 2.30 2.70 2.30 3.44 4.06 

 
 

Table 4.4 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the  

                train’s pantograph for configuration 1 

Configuration 1 - Case 1 (Pantograph) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.25 1.52 1.56 1.88 2.27 2.35 

10 1.25 1.52 1.57 1.89 2.28 2.36 

20 1.27 1.53 1.58 1.91 2.30 2.38 

30 1.27 1.54 1.60 1.92 2.32 2.39 

40 1.28 1.55 1.60 1.93 2.33 2.41 

50 1.29 1.56 1.61 1.94 2.34 2.42 

60 1.30 1.57 1.62 1.95 2.35 2.43 

70 1.30 1.58 1.63 1.96 2.36 2.44 

80 1.31 1.59 1.63 1.97 2.37 2.46 

90 1.31 1.59 1.64 1.98 2.38 2.48 

100 1.32 1.60 1.65 1.98 2.39 2.50 
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Table 4.5 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the  

                train’s pantograph for configuration 1 

Configuration 1 - Case 1 (Pantograph) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.42 0.49 0.49 0.73 0.74 0.75 

10 0.50 0.50 0.50 0.74 0.75 0.76 

20 0.53 0.50 0.51 0.76 0.78 0.79 

30 0.54 0.52 0.52 0.79 0.80 0.81 

40 0.56 0.53 0.54 0.81 0.82 0.83 

50 0.57 0.55 0.55 0.83 0.84 0.85 

60 0.58 0.56 0.56 0.85 0.86 0.87 

70 0.59 0.57 0.57 0.86 0.88 0.89 

80 0.60 0.58 0.58 0.88 0.90 0.91 

90 0.61 0.59 0.59 0.89 0.92 0.93 

100 0.62 0.60 0.60 0.91 0.94 0.94 

 
 

Table 4.6 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the  

                train’s pantograph for configuration 1 

Configuration 1 - Case 2 (Pantograph) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.55 2.26 2.41 2.33 3.40 3.62 

10 1.56 2.26 2.41 2.34 3.41 3.62 

20 1.57 2.27 2.42 2.36 3.42 3.64 

30 1.58 2.28 2.43 2.37 3.43 3.65 

40 1.59 2.28 2.43 2.37 3.44 3.66 

50 1.59 2.29 2.44 2.40 3.45 3.67 

60 1.60 2.30 2.44 2.40 3.45 3.67 

70 1.61 2.30 2.45 2.42 3.46 3.68 

80 1.61 2.30 2.46 2.44 2.46 3.68 

90 1.62 2.30 2.46 2.44 2.48 3.69 

100 1.63 2.31 2.50 2.44 3.47 3.70 
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Table 4.7 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the  

                train’s pantograph for configuration 1 

Configuration 1 - Case 2 (Pantograph) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.19 1.34 1.36 1.80 2.00 2.03 

10 1.20 1.35 1.37 1.81 2.02 2.05 

20 1.21 1.37 1.39 1.83 2.05 2.08 

30 1.22 1.38 1.41 1.85 2.08 2.11 

40 1.24 1.40 1.43 1.87 2.10 2.14 

50 1.25 1.42 1.45 1.88 2.13 2.16 

60 1.26 1.43 1.46 1.90 2.15 2.19 

70 1.27 1.45 1.47 1.91 2.17 2.21 

80 1.28 1.46 1.50 1.93 2.20 2.24 

90 1.30 1.48 1.51 1.94 2.21 2.25 

100 1.30 1.49 1.52 1.95 2.22 2.26 

 
 

Table 4.8 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the  

                train’s pantograph for configuration 1 

Configuration 1 - Case 2 (Pantograph) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.51 0.46 0.45 0.76 0.71 0.71 

10 0.51 0.46 0.46 0.77 0.72 0.72 

20 0.52 0.48 0.47 0.78 0.73 0.73 

30 0.53 0.48 0.49 0.80 0.75 0.75 

40 0.54 0.50 0.49 0.81 0.77 0.77 

50 0.55 0.51 0.50 0.82 0.79 0.79 

60 0.56 0.52 0.51 0.83 0.80 0.80 

70 0.56 0.53 0.52 0.85 0.82 0.82 

80 0.57 0.54 0.53 0.86 0.84 0.84 

90 0.58 0.54 0.55 0.87 0.85 0.85 

100 0.59 0.56 0.55 0.88 0.86 0.86 
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Table 4.9 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the  

                train’s pantograph for configuration 1 

Configuration 2 - Case 1 (Pantograph) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.53 2.30 2.7 2.33 3.53 4.16 

5 1.53 2.29 2.71 2.33 3.53 4.2 

5 1.53 2.30 2.72 2.30 3.42 4.21 

 
 

Table 4.10 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the  

                  train’s pantograph for configuration 2 

Configuration 2 - Case 1 (Pantograph) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 1.25 1.52 1.60 1.97 2.38 2.46 

20 1.26 1.53 1.61 1.98 2.4 2.5 

50 1.29 1.56 1.62 1.95 2.33 2.51 

 

 
Table 4.11 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the  

                  train’s pantograph for configuration 2 

Configuration 2 - Case 1 (Pantograph) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.52 0.50 0.50 0.78 0.79 0.8 

50 0.55 0.53 0.53 0.83 0.84 0.85 

100 0.60 0.58 0.58 0.88 0.90 0.91 
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Table 4.12 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the  

                  train’s pantograph for configuration 3 

Configuration 3 - Case 1 (Pantograph) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 1.53 2.30 2.70 2.30 3.44 4.06 

100 1.53 2.3 2.71 2.30 3.45 4.07 

100 1.53 2.30 2.71 2.30 3.46 4.07 

 
 

Table 4.13 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the  

                  train’s pantograph for configuration 3 

Configuration 3 - Case 1 (Pantograph) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 1.29 1.56 1.61 1.95 2.34 2.42 

20 1.27 1.54 1.6 1.91 2.30 2.38 

10 1.26 1.52 1.58 1.90 2.29 2.36 

 
 

Table 4.14 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the  

                  train’s pantograph for configuration 3 

Configuration 3 - Case 1 (Pantograph) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.54 0.52 0.52 0.79 0.80 0.81 

10 0.52 0.49 0.49 0.75 0.76 0.77 

5 0.50 0.49 0.49 0.73 0.74 0.75 
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Table 4.15 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the  

                  train’s pantograph for configuration 2 

Configuration 2 - Case 2 (Pantograph) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.55 2.26 2.41 2.33 3.40 3.62 

5 1.55 2.26 2.42 2.33 3.40 3.63 

5 1.56 2.26 2.43 2.34 3.41 3.64 

 
 

Table 4.16 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the  

                  train’s pantograph for configuration 2 

Configuration 2 - Case 2 (Pantograph) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 1.19 1.34 1.36 1.80 2.01 2.04 

20 1.20 1.35 1.38 1.82 2.03 2.07 

50 1.22 1.39 1.42 1.84 2.08 2.12 

 
 

Table 4.17 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the  

                  train’s pantograph for configuration 2 

Configuration 2 - Case 2 (Pantograph) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.51 0.48 0.46 0.77 0.72 0.72 

50 0.53 0.49 0.48 0.80 0.75 0.75 

100 0.55 0.52 0.52 0.83 0.81 0.81 
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Table 4.18 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the  

                  train’s pantograph for configuration 3 

Configuration 3 - Case 2 (Pantograph) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 1.63 2.30 2.45 2.43 3.46 3.68 

100 1.62 2.30 2.44 2.43 3.45 3.67 

100 1.61 2.3 2.43 2.42 3.44 3.66 

 
 

Table 4.19 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the  

                  train’s pantograph for configuration 3 

Configuration 3 - Case 2 (Pantograph) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 1.27 1.44 1.47 1.91 2.16 2.20 

20 1.24 1.41 1.43 1.88 2.11 2.15 

10 1.24 1.39 1.41 1.86 2.09 2.12 

 
 

Table 4.20 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the  

                  train’s pantograph for configuration 3 

Configuration 3 - Case 2 (Pantograph) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.55 0.50 0.49 0.82 0.77 0.77 

10 0.53 0.48 0.47 0.79 0.74 0.74 

5 0.52 0.46 0.46 0.78 0.72 0.72 
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In Figures. 4.129-4.146, the outcome of analyzed mast induced voltage across 

stressed insulators of the catenary line when multiple lightning strokes on pantograph 

for both cases with all configurations are shown.  
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Figure 4.129 Catenary line induced voltages in Case 1 with -34 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.130 Catenary line induced voltages in Case 1 with -34 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.131 Catenary line induced voltages in Case 1 with -34 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.132 Catenary line induced voltages in Case 1 with -50 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.133 Catenary line induced voltages in Case 1 with -50 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.134 Catenary line induced voltages in Case 1 with -50 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.135 Catenary line induced voltages in Case 2 with -34 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.136 Catenary line induced voltages in Case 2 with -34 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.137 Catenary line induced voltages in Case 2 with -34 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.138 Catenary line induced voltages in Case 2 with -50 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.139 Catenary line induced voltages in Case 2 with -50 kA, first stroke- 

                 (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.140 Catenary line induced voltages in Case 2 with -50 kA, first stroke- 

                (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.141 Catenary line induced voltages in both Cases with -34 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.142 Catenary line induced voltages in both Cases with -34 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.143 Catenary line induced voltages in both Cases with -34 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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Figure 4.144 Catenary line induced voltages in both Cases with -50 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 1 
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Figure 4.145 Catenary line induced voltages in both Cases with -50 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 2 
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Figure 4.146 Catenary line induced voltages in both Cases with -50 kA, first stroke- 

          (1.0/100 µs), subsequent stroke-(0.2/50 µs) for configuration 3 
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4.3 Mitigation of flashover from multiple lightning strokes in 

overhead catenary system 

In mitigating overvoltage in AC Railway System, the effective protection 

against lightning must be used. Surge arrester has been recently used as an effective 

protection against lightning voltage surges (Kiessling, et al., 2009; Nafar, 

Solookinejad, and Jabbari 2014; Durbak 1985; Saengsuwan, and Thipprasert, 2008; 

Mungkung, et al., 2007; Imece, et al.,1996; Pešič, and Grmovšek, 2007). Regardless 

of its importance in reducing lightning overvoltage, installed surge arrester in all 

masts seem to have better performance although this solution is costly (Shariatinasab, 

Vahidi, and Hosseinian 2009). Therefore, installation of Surge arrester at intervals in 

every mast needs to study in order to improve economic conditions of the power 

network. The negative multiple lightning strokes was considered to be a strike on a 

pantograph at the Mast (seventh Mast) for Case 1 as shown in Figure 4.147 and at the 

mid-span of Masts (sixth and seventh Masts) for Case 2 as shown in Figure 4.148 

after being investigated in analysis of direct lightning strokes and seen to be more 

critical than other conditions. The six surge arrester’s installation intervals are shown 

in Table 4.21.  

 

 

 

Figure 4.147 Arrangement of the masts with lightning source for mitigation (case 1) 
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Figure 4.148 Arrangement of the masts with lightning source for mitigation (case 2) 
 

 

Table 4.21  Arrangement of the surge arrester’s installation interval 

Interval 
Mast 

1 2 3 4 5 6 7 8 9 10 11 12 13 

1              

2              

3              

4              

5              

6              
 

 
 

Key: 

– No Surge Arrester 

– Surge Arrester 

 

A 25 kV overhead catenary system with 13 masts for both Cases were simulat

ed in ATP-EMTP with multiple lightning sources on the train’s pantograph where ele

vated poles of 50 Ω and ground resistances of 5,10,50 and 100 Ω were accounted for 

presenting different soil profiles respectively at different Surge Arrester’s installation 

intervals. The magnitude was set to -50 kA in waveforms of the first stroke-(1.0/100 μ

s), and subsequent stroke-(0.2/50 μs) for Surge Arrester’s installation intervals and res

ults are tabulated in Table 4.22. The obtained values are percentages of mast induced 
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voltages against lightning impulse withstand voltage of insulators in Mast 7 under 25 

kV Overhead Catenary system. 

 

Table 4.22 Percentage of Mast Induced Voltage Against Lightning-Impulse Withstand  

                  Voltage of Insulators for -50 kA 

-50 kA, First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) (%) 

Case 1 

Rf 
Surge Arrester’s installation interval (I) 

1 2 3 4 5 6 

5 920 47.11 47.56 920 46.67 924 

10 924 48.44 48.44 924 47.56 924 

50 942 53.33 54.22 924 52 924 

100 951 62.22 56.44 929 56.88 929 

Case 2 

5 778 62.22 62.22 769 62.22 769 

10 804 62.22 62.22 769 62.22 769 

50 813 62.22 62.22 773 62.22 773 

100 818 62.22 62.22 778 62.22 778 

 

The occurrence of flashover across insulators of Mast 7 is indicated in Table 

4.23. 

 

Table 4.23 Flashover across insulators for -50 kA 

-50 kA, First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Case 1 

Rf 
Surge Arrester’s installation interval (I) 

1 2 3 4 5 6 

5 O X X O X O 

10 O X X O X O 

50 O X X O X O 

100 O X X O X O 

Case 2 

5 O X X O X O 

10 O X X O X O 

50 O X X O X O 

100 O X X O X O 
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Key: 

Rf – grounding resistances 

O – Flashover  

X – No Flashover 

 

4.4 Lightning performance optimization for 25 kV AC, 50 Hz 

catenary contact system 

The analysis presented in Section 4.3 concerning the mitigation of catenary 

lines’ lightning overvoltage, shows clearly the optimum surge arrester installation 

interval (I) which determined the number of surge arrester (K) to be installed on the 

line based on simulation studies as in Minja, Chombo, Promvichai and Marungsri 

2017; Christodoulou, Gonos and Stathopulos 2008. In the case of influence the 

shielding failure, the Backflashover failure and the arrester failure rates, significant 

variation of the catenary line insulation level, the grounding resistance and the energy 

absorption capability of surge arresters must be examined to ensure full protection in 

the networks. Additionally, in order to reduce the lightning failure rates at a minimum 

cost, it could be worthwhile to investigate further the most appropriate selection of 

these parameters (insulation level (Ua), grounding resistance (R), and surge arrester’s 

energy absorption capability (E)). Therefore, these remain parameters were optimized 

by using AI technique which is Genetics Algorithms codes under MATLAB software. 

Figure 4.149 shows the examined overhead catenary lines of 28.193 km in which 

optimum parameters has been obtained. 
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Figure 4.149 Airport Rail link line in Thailand (UMIASEA, 2014). 

 

4.4.1 Intelligence search method (Genetic Algorithm (GA)) 

There are many existing different approaches to adjust the control 

parameters. The GA is well-known as in Somsai, Oonsivilai, Srikaew, and 

Kulworawanichpong 2007 as among of subsisted tool that has been used in a hundred 

of works employing the GA technique to optimize the system objective in various 

forms. The GA is a search method of the stochastic that leads a set of the population 

in solution space evolved using the fundamental of genetic evolution and natural 

selection, called genetic operators, e.g., crossover, mutation, etc. With continuous 

modernizing new generation, a set of updated solutions gradually converges to the 

real solution. Because the GA is very widely and popular used in most research areas 

where an intelligent search technique is implemented, it can briefly summarized as 

shown in the flowchart in Figure 4.150 (El-Abiad and Jaimes, 1969). 

In this thesis, the GA is selected to build up an algorithm to solve 

optimal lightning performance index (all generation from obtainable generating units). 

For reduce programming complication, the Genetic Algorithm (GADS TOOLBOX in 

MATLAB) is employed to produce a set of initial random parameters (Genetic 
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Algorithm and Direct Search Toolbox, 2004). With the process of searching, the 

parameters are modified to give the best result.   

 

Start

Specify the parameters for GA

Generate initial population

Power flow simulation

Find the fitness of each individual

In the current population

Gen.>Max.Gen?

Stall Gen.>Max?
Stop

Apply GA operators:

Selection, crossover and mutation

Gen. = Gen.+1 Yes

No

 

 

Figure 4.150 Flowchart of the GA procedure (El-Abiad and Jaimes, 1969). 

 

4.4.2 Test Function 

The test of this function is carried out by applying the same parameter 

setting to all the key cutting algorithms and genetic algorithms as follows. 

• Population size is 1000 

• Maximum iteration is 100 

• No stalled generation is involved 

• 16-bit resolution is utilized for each variable 

 

  1 2 31 2 3 1 2 1 3,( , ) ( , ) ( ) ( )f x x x f x x f x f x                  (4.1) 
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For the test function shown as equations (4.1)-(4.7) from APPENDIX 

B has infinitely local minima as in Biskas, et al., 2006. The point (0,0,0) is said to be 

the global minimum. After 30 trials of solutions, the selected convergence from each 

method is shown in Figure 4.151. Table 4.25 shows parameters of the existed 

overhead catenary lines. Table 4.26 - 4.27 contain optimum parameters of the 

examined overhead catenary lines. 
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Figure 4.151 Convergences of the test function 4.1. 

 

Table 4.24 Parameters of the existed overhead catenary lines. 

Masts NT Ua (kV) R (Ω) E (kJ/kV) I K 

470 0.0473 27.5 90 9 - 2 
 

 

Table 4.25 Optimum parameters of the examined overhead catenary lines. 

S/N NT Ua (kV) R (Ω) E (kJ/kV) I K 

1 0.115 20.1232 85.5331 10.0084 5 234 

2 0.0475 18.9919 77.2244 8.5084 5 234 

3 -3.7738 20.2446 81.4699 10.0048 5 234 

4 1.0481 19.0008 99.8624 4.9901 5 234 

5 -12.1645 23.2593 99.1070 5.8757 5 234 

6 -4.8932 23.1282 98.3646 4.9955 5 234 

7 -5.9329 19.9138 79.4948 4.9988 5 234 

8 0.5895 22.0129 92.4554 4.9931 5 234 

9 -11.0377 19.3929 76.4419 4.9990 5 234 

10 0.1445 21.1129 87.8110 4.9926 5 234 

11 -16.3649 22.8600 96.7690 6.1781 5 234 

12 0.0878 18.9919 77.5596 7.3442 5 234 

13 -0.0278 20.3248    90.1515     4.9911 5 234 

14 -0.0096 19.8515 80.0338 10.0071 5 234 

15 0.0279 21.1468 86.9343 4.9938 5 234 

16 -0.0607 19.2267 75.8701 10.0066 5 234 
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Table 4.25 Optimum parameters of the examined overhead catenary lines  

                  (Continued). 

S/N NT Ua (kV) R (Ω) E (kJ/kV) I K 

17 0.4297 20.4715 82.7757 4.9953 5 234 

18 -24.5733 23.2840 99.2754 9.5247 5 234 

19 0.3632 18.9931 74.6968 6.7742 5 234 

20 -1.0260 18.9928 75.2252 8.9662 5 234 

21 0.0674 22.0909 100.0088 10.0007 5 234 

22 -0.1296 18.9911 82.6223 7.0493 5 234 

23 0.8399 21.3599 88.1736 4.9938 5 234 

24 -0.1359 19.7954 78.8818 10.0056 5 234 

25 -11.3622 20.8345 84.8923 8.7285 5 234 

26 -0.0544 18.9911 82.4745 9.0536 5 234 

27 -24.3956 21.1729 86.8991 8.0774 5 234 

28 0.0396 18.9905 90.8708 6.5421 5 234 

29 -0.0031 20.4484 91.8501 10.0090 5 234 

30 -5.1708 21.8283 90.7182 4.9976 5 234 

Average -3.91053 20.52755 86.48158 7.25351 5 234 
 

 

Keys: Amax = [27.5 100 10]; 

          Amin = [19 5 5]; 

 

Table 4.26 Optimum parameters of the examined overhead catenary lines. 

S/N NT Ua (kV) R (Ω) E (kJ/kV) I K 

1 0.4791 18.9942 74.2120 8.4183 5 234 

2 -20.2574 19.0378    74.3691     5.6651 5 234 

3 -21.8451 19.0420    74.3975     9.0954 5 234 

4 -13.8391 19.1109    74.7903    10.0012 5 234 

5 -10.1914 19.1117    74.7962     4.9975 5 234 

6 -19.3527 19.0221    74.3000    10.0026 5 234 

7 -16.9429 19.1043    74.7666     4.9976 5 234 

8 0.0469 19.0827    74.9678     4.9935 5 234 

9 -11.6704 19.1019    74.7481    10.0032 5 234 

10 -4.4066 19.0356    74.3803     4.9953 5 234 

11 -0.1672 19.1021    74.8620     4.9942 5 234 

12 -11.5282 19.0460    74.4287     4.9965 5 234 

13 -8.3035 19.0380    74.4517    10.0049 5 234 

14 -0.0696 19.0467    74.9225    10.0067 5 234 

15 -20.2986 19.1364    74.9517     4.9987 5 234 

16 -6.7409 19.1287    74.8955    10.0031 5 234 
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Table 4.26 Optimum parameters of the examined overhead catenary lines  

                  (Continued). 

S/N NT Ua (kV) R (Ω) E (kJ/kV) I K 

17 -18.6207 19.0965    74.7095     7.1605 5 234 

18 -1.5248 19.1029    74.9805    10.0061 5 234 

19 0.9256 18.9928    74.9810     5.9683 5 234 

20 -7.5848 19.0865    74.6743    10.0042 5 234 

21 0.8973 19.0312    74.5008     4.9939 5 234 

22 -7.5491 19.0760    74.6494    10.0047 5 234 

23 -15.0660 18.9949    74.4100     5.9987 5 234 

24 -13.5096 18.9949    74.3820     8.5426 5 234 

25 -1.5140 18.9955    74.1298    10.0010 5 234 

26 -13.1822 19.0685    74.5405     8.7459 5 234 

27 0.1577 18.9958    74.3725    10.0047 5 234 

28 -8.1725 19.1113    74.7915     4.9978 5 234 

29 -5.5796 19.1059    75.0046    10.0035 5 234 

30 -5.3639 18.9939    74.4879     8.0520 5 234 

Average -8.69247 19.05959 74.62848 7.755257 5 234 
 

 

Keys: Amax = [27.5 75 10]; 

          Amin = [19 0 5]; 
 

 

4.5 Chapter summary 

This chapter has exhibited the results of the direct lightning effectiveness and 

its mitigation on the overhead catenary system by using ATP-EMTP simulation 

software. The optimum parameters of lightning performance have also been enforced 

by using AI optimizations techniques in MATLAB software. For discussion purpose, 

the next chapter has been discussed and innovated the final concept to be concluded 

for the overhead catenary network. 
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CHAPTER 5 
 
 

DISCUSSION 

 
 

5.1 Analysis of direct lightning strokes 

In this section, two different cases are discussed according to the behavior and 

characteristics of direct lightning strokes as following sections.  

 

5.1.1 The Effects of negative single lightning strokes on mast for case 1 

Results of mast induced voltages in Case 1 for different configurations 

with -34 kA and -50 kA are shown in Tables D.3-D.5, and Tables D.9-D.14. The 

obtained values were analyzed in Figures. 4.3-4.8 for the auxiliary line as stressed 

line. It can be noted that the mast induced voltages were above withstand capabilities 

of line insulators for both catenary, auxiliary, and return lines (see Tables D.3-D.5, 

and Tables 4.12-4.16). But, the auxiliary line was showed to be more affected 

followed by catenary line and then return line. Marungsri et al. 2008 studied about 

back flashover affected by tower grounding resistance and concluded that the higher 

the lightning magnitude, the higher is the tower induced voltages. As seen in Figures. 

4.3-4.8, It can also be found that an increase in lightning magnitude from -34 kA to -

50 kA resulted into increase in mast induced voltage. However, back flashover was 

early observed with -34 kA which meant a back flashover occurred from -34 kA and 

above with negative single lightning strokes. Furthermore, grounding resistance 

showed less significance in the performance of single lightning. Therefore, when the 

mast is stroke by negative single lightning stroke for case 1, back flashover was 
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seemed to occur from -34 kA and above, in all magnitude and all grounding 

resistance. Apart from the occurrence of back flashover, the auxiliary line was 

appeared to have the highest level of mast induced voltage compared to other lines as 

shown in Tables D.3-D.5, and Tables D.9-D.14. Additionally, single negative 

lightning discharges affected by grounding resistance was observed in limited extent 

for case 2 in all configurations. This behavior was noticed especially from 5 Ω to 100 

Ω for configuration 1 in case 2. Also, the ground resistances effect was observed at 

mast 5 and mast 7 for configurations 2 and 3. In case 1, this effect was in low 

performances. In all configurations, grounding resistance of nearby and far end mast 

showed the effect into lightning withstands the level of insulators below induced 

voltage in Mast 4, 5 and 7 as in Tables D.3-D.5, and Tables D.9-D.14.  However, 

grounding resistances attains high potential effects by a large lightning magnitude for 

Mast 4. Moreover, negative single lightning strokes from -34 kA and above may lead 

critical induced voltage due to untimely mast induced voltage to be held with -34 kA 

above insulators withstands level. Moreover, case 1 induced low overvoltage 

compared to case 2 (see Figure 4.15-4.20). Therefore, the grounding resistances effect 

of the nearby mast and far end mast with the stroke on the mast by negative single 

lightning may cause back flashover to nearby and far end masts for case 1. 

 

5.1.2 The Effects of negative single lightning strokes on mast for case 2 

Results of mast induced voltages in Case 2 for different configurations 

with -34 kA and -50 kA are given from Tables D.6-D.8, and Tables D.15-D.20. 

Figures 4.9-4.14 illustrates the summary of induced voltages in the auxiliary lines. As 

depicted in Tables D.6-D.8, and Tables D.15-D.20, It can be observed that the mast 

induced voltages are above withstand capabilities of line insulators for both catenary, 
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auxiliary, and return lines. Although the effects of lightning magnitude and lightning 

magnitude were also seen as in Case 1 but grounding resistance showed the 

significant contribution to the back flashovers in Case 2. In general, back flashover 

was seemed to occur from -34 kA and above, in all grounding resistance when the 

mast is stroke by negative single lightning in case 2.  Again, the auxiliary line was 

seemed to have the highest mast induced voltage amongst the lines (see Tables D.6-

D.8, and Tables D.15-D.20). 

 

5.1.3 The Effects of negative single lightning strokes on return line for 

case 1 

Results of mast induced voltages in Case 1 for different configurations 

with -34 kA and -50 kA are shown in Tables D.21-D.23, and Tables D.27-D.32. The 

obtained values were analyzed in Figures. 4.21-4.26 for return line as stressed line. It 

can be noted that the mast induced voltages were above withstand capabilities of line 

insulators for both catenary, auxiliary, and return lines as seen in Tables D.21-D.23, 

and Tables D.27-D.32. Nevertheless, the return line was shown to be more affected 

followed by catenary line and then auxiliary line. Marungsri et al. 2008 studied about 

back flashover affected by tower grounding resistance and concluded that the higher 

the lightning magnitude, the higher is the tower induced voltages. As seen in Figures. 

4.21-4.26, It can also be found that an increase in lightning magnitude from -34 kA to 

-50 kA resulted into increase in mast induced voltage. However, flashover was early 

observed with -34 kA which meant a flashover occurred from -34 kA and above with 

negative single lightning strokes. Furthermore, grounding resistance showed less 

significance in the performance of single lightning. Therefore, when the return line is 

stroke by single multiple lightning for case 1, flashover was seemed to occur from -34 
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kA and above, in all magnitude and all grounding resistance. Apart from the 

occurrence of flashover, the return line was appeared to have the highest level of mast 

induced voltage compared to other lines as shown in Tables D.21-D.23, and Tables 

D.27-D.32. Additionally, single negative lightning discharges affected by grounding 

resistance was observed in limited extent for case 2 in all configurations. This 

behavior was noticed especially from 5 Ω to 100 Ω for configuration 1in case 2. Also, 

the ground resistances effect was observed at mast 5 and mast 7 for configurations 2 

and 3. In case 1, this effect was affected by low performances. In all configurations, 

grounding resistance of nearby and far end mast showed the influence into lightning 

withstands the level of insulators below induced voltage in Mast 4, 5 and 7 as in 

Tables D.21-D.23, and Tables D.27-D.32.  However, grounding resistances attains 

high potential effects with high lightning magnitude for Mast 4. Moreover, negative 

single lightning strokes from -34 kA and above may lead critical induced voltage due 

to untimely mast induced voltage to be held with -34 kA above insulators withstand 

level. Moreover, case 1 produced high overvoltage compared to case 2 (see Figure 

4.33-4.38). Therefore, the grounding resistances effect of the nearby mast and far end 

mast with the stroke on the mast by negative single lightning may cause a flashover to 

nearby and far end masts for case 1. 

 

5.1.4 The Effects of negative single lightning strokes on return line for 

case 2 

Results of mast induced voltages in Case 2 for different configurations 

with -34 kA and -50 kA are given from Tables D.24-D.26, and Tables D.33-D.38. 

Figures 4.27-4.32 illustrates the summary of induced voltages in the return line. As 

depicted in Tables D.24-D.26, and Tables D.33-D.38, It can be observed that the mast 
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induced voltages are above withstand capabilities of line insulators for both catenary, 

auxiliary, and return lines. Although the effects of lightning magnitude were also seen 

as in Case 1 but grounding resistance showed the significant contribution to the 

flashovers in Case 2. In general, flashover was seemed to occur from -34 kA and 

above, in all grounding resistance when the return line is stroke by negative single 

lightning in case 2. Again, the return line was seemed to have the highest mast 

induced voltage amongst the lines (see Tables D.24-D.26, and Tables D.33-D.38). 

 

5.1.5 The Effects of negative single lightning strokes on catenary line for 

case 1 

Results of mast induced voltages in Case 1 for different configurations 

with -34 kA and -50 kA are shown in Tables D.39-D.41 and Tables D.45-D.50. The 

obtained values were analyzed in Figures. 4.39-4.44 for the catenary line as stressed 

line. It can be noted that the mast induced voltages were above withstand capabilities 

of line insulators for both catenary, auxiliary, and return lines (see Tables D.39-D.41, 

and Tables D.45-D.50). Nonetheless, the catenary line was shown to be more affected 

followed by return line and then auxiliary line. Marungsri et al. 2008 studied about 

back flashover affected by tower grounding resistance and concluded that the higher 

the lightning magnitude, the higher is the tower induced voltages. As seen in Tables 

D.39-D.41 and Tables D.45-D.50, It can also be found in Figures. 4.39-4.44 that an 

increase in lightning magnitude from -34 kA to -50 kA resulted into increase in mast 

induced voltage. However, flashover was early observed with -34 kA which meant a 

flashover occurred from -34 kA and above with negative single lightning strokes. 

Furthermore, grounding resistance showed less significance in the performance of 

single lightning. Therefore, when the catenary line is stroke by negative single 
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lightning for case 1, flashover was seemed to occur from -34 kA and above, in all 

magnitude and all grounding resistance. Apart from the occurrence of flashover, the 

catenary line was appeared to have the highest level of mast induced voltage 

compared to other lines as shown in Tables D.39-D.41, and Tables D.45-D.50. 

Additionally, negative single lightning discharges affected by grounding resistance 

was observed in limited extent for case 2 in all configurations. This behavior was 

noticed especially from 5 Ω to 100 Ω for configuration 1. Also, the ground resistances 

effect was observed at mast 5 and mast 7 for configurations 2 and 3. In case 1, this 

effect was affected in low performances. In all configurations, grounding resistance of 

nearby and far end mast showed the influence into lightning withstands the level of 

insulators below induced voltage in Mast 4, 5 and 7 as in Tables D.39-D.41, and 

Tables D.45-D.50.  However, grounding resistances attains high potential effects with 

high lightning magnitude for Mast 4. Moreover, negative single lightning strokes 

from -34 kA and above may lead critical induced voltage due to untimely mast 

induced voltage to be held with -34 kA above insulators withstand level. Besides, case 

1 caused high overvoltage compared to case 2 (see Figure 4.51-4.56). Therefore, the 

grounding resistances effect of the nearby mast and far end mast with the stroke on 

catenary by negative single lightning may cause back flashover to nearby and far end 

masts for case 1. 

 

5.1.6 The Effects of negative single lightning strokes on catenary line for 

case 2 

Results of mast induced voltages in Case 2 for different configurations 

with -34 kA and -50 kA are given from Tables D.42-D.44, and Tables D.51-D.56. 

Figures 4.45-4.50 illustrates the summary of induced voltages in the catenary line. As 
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depicted in Tables D.42-D.44, and Tables D.51-D.56, It can be observed that the mast 

induced voltages are above withstand capabilities of line insulators for both catenary, 

auxiliary, and return lines. Although the effects of lightning magnitude were also seen 

as in Case 1 but grounding resistance showed the significant contribution to the 

flashovers in Case 2. In general, flashover was seemed to occur from -34 kA and 

above, in all grounding resistance when the catenary line is stroke by negative single 

lightning in case 2.  Again, the catenary line was seemed to have the highest mast 

induced voltage amongst the lines (see Tables D.42-D.44, and Tables D.51-D.56). 

 

5.1.7 The Effects of negative single lightning strokes on pantograph for 

case 1 

Results of mast induced voltages in Case 1 for different configurations 

with -34 kA and -50 kA are shown in Tables D.57-D.59, and Tables D.63-D.68. The 

obtained values were analyzed in Figures. 4.57-4.62 for the catenary line as stressed 

line. It can be noted that the mast induced voltages were above withstand capabilities 

of line insulators for both catenary, auxiliary, and return lines. Although, the catenary 

line was shown to be more affected followed by return line and then auxiliary line. 

Marungsri et al. 2008 studied about back flashover affected by tower grounding 

resistance and concluded that the higher the lightning magnitude, the higher is the 

tower induced voltages. As seen in Tables D.57-D.59, and Tables D.63-D.68, It can 

also be found in Figures. 4.57-4.62 that an increase in lightning magnitude from -34 

kA to -50 kA resulted into increase in mast induced voltage. However, flashover was 

early observed with -34 kA which meant a flashover occurred from -34 kA and above 

with negative single lightning strokes. Furthermore, grounding resistance showed less 

significance in the performance of single lightning. Therefore, when the pantograph is 
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stroke by negative single lightning for case 1, flashover was seemed to occur from -34 

kA and above, in all magnitude and all grounding resistance. Apart from the 

occurrence of flashover, the catenary line was appeared to have the highest level of 

mast induced voltage compared to other lines as shown in Tables D.57-D.59, and 

Tables D.63-D.68. Additionally, single negative lightning discharges affected by 

grounding resistance was observed in limited extent for case 2 in all configurations. 

This behavior was noticed especially from 5 Ω to 100 Ω for configuration 1. Also, the 

ground resistances effect was observed at mast 5 and mast 7 for configurations 2 and 

3. In case 1, this effect was affected in low performances. In all configurations, 

grounding resistance of nearby and far end mast showed the effect into lightning 

withstands the level of insulators below induced voltage in Mast 4, 5 and 7 as in 

Tables D.57-D.59, and Tables D.63-D.68.  However, grounding resistances attains 

high potential effects with high lightning magnitude for Mast 4. Moreover, negative 

single lightning strokes from -34 kA and above may lead critical induced voltage due 

to untimely mast induced voltage to be held with -34 kA above insulators withstand 

level. Besides, case 1 induced high overvoltage compared to case 2 (see Figure 4.69-

4.74). Therefore, the grounding resistances effect of the nearby mast and far end mast 

with the stroke on pantograph by negative single lightning may cause back flashover 

to nearby and far end masts for case 1. 

 

5.1.8 The Effects of negative single lightning strokes on pantograph for 

case 2 

Results of mast induced voltages in Case 2 for different configurations 

with -34 kA and -50 kA are given from Tables D.60-D.62, and Tables D.69-D.74. 

Figures 4.63-4.68 illustrates the summary of induced voltages in the catenary line. As 
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depicted in Tables D.60-D.62, and Tables D.69-D.74, It can be observed in Figures 

4.63-4.68 that the mast induced voltages are above withstand capabilities of line 

insulators for both catenary, auxiliary, and return lines. Although the effects of 

lightning magnitude were also seen as in Case 1 but grounding resistance showed the 

significant contribution to the flashovers in Case 2. In general, flashover was seemed 

to occur from -34 kA and above, in all grounding resistance when the pantograph is 

stroke by negative single lightning in case 2.  Again, the catenary line was seemed to 

have the highest mast induced voltage amongst the lines (see Tables D.60-D.62, and 

Tables D.69-D.74). 

 

5.1.9 The Effects of negative multiple lightning strokes on mast for case 1 

Results of mast induced voltages in Case 1 for different configurations 

with -34 kA and -50 kA are shown in Tables D.75-D.77, and Tables D.81-D.86. The 

obtained values were analyzed in Figures. 4.75-4.80 for the auxiliary line as stressed 

line. It can be noted that the mast induced voltages were above withstand capabilities 

of line insulators for both catenary, auxiliary, and return lines. Though, the auxiliary 

line was showed to be more affected followed by catenary line and then return line. 

Marungsri et al. 2008 studied about back flashover affected by tower grounding 

resistance and concluded that the higher the lightning magnitude, the higher is the 

tower induced voltages. As seen in Figures. 4.75-4.80, It can also be found that an 

increase in lightning magnitude from -34 kA to -50 kA resulted into increase in mast 

induced voltage. However, back flashover was early observed with -34 kA which 

meant a back flashover occurred from -34 kA and above with negative multiple 

lightning strokes. Furthermore, grounding resistance showed less significance in the 

performance of multiple lightning. Therefore, when the mast is stroke by negative 
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multiple lightning for case 1, back flashover was seemed to occur from -34 kA and 

above, in all magnitude and all grounding resistance. Apart from the occurrence of 

flashover, the auxiliary line was appeared to have the highest level of mast induced 

voltage compared to other lines as shown in Tables D.75-D.77, and Tables D.81-

D.86. Additionally, negative multiple lightning discharges affected by grounding 

resistance was observed in limited extent for case 2 in all configurations. This 

behavior was noticed especially from 5 Ω to 100 Ω for configuration 1. Also, the 

ground resistances effect was observed at mast 5 and mast 7 for configurations 2 and 

3. In case 1, this effect was affected in low performances. In all configurations, 

grounding resistance of nearby and far end mast showed the influence into lightning 

withstands the level of insulators below induced voltage in Mast 4, 5 and 7 as in 

Figures. 4.75-4.80.  However, grounding resistances attains high potential effects with 

high lightning magnitude for Mast 4. Moreover, negative multiple lightning strokes 

from -34 kA and above may lead critical induced voltage due to untimely mast 

induced voltage to be held with -34 kA above insulators withstand level. Besides, case 

1 caused low overvoltage compared to case 2 (see Figures. 4.75-4.80). Although, case 

1 with multiple lightning strokes consumed more overvoltage than with single 

lightning strokes. Therefore, the grounding resistances effect of the nearby mast and 

far end mast with the stroke on the mast by negative multiple lightning may cause 

back flashover to nearby and far end masts for case 1. 

 

5.1.10 The Effects of negative multiple lightning strokes on mast for case 2 

Results of mast induced voltages in Case 2 for different configurations 

with -34 kA and -50 kA are given from Tables D.78-D.80, and Tables D.87-D.92. 

Figures 4.81-4.86 illustrates the summary of induced voltages in the auxiliary lines. 
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As depicted in Tables D.78-D.80, and Tables D.87-D.92, It can also be observed in 

Figures 4.81-4.86 that the mast induced voltages are above withstand capabilities of 

line insulators for both catenary, auxiliary, and return lines. Although the effects of 

lightning magnitude were also seen as in Case 1 but grounding resistance showed the 

significant contribution to the back flashovers in Case 2. Also, case 2 with multiple 

lightning strokes attained more overvoltages compare to case 2 with single lightning 

strokes. In general, back flashover was seemed to occur from -34 kA and above, in all 

grounding resistance when the mast is stroke by negative multiple lightning in case 2.  

Again, the auxiliary line was seemed to have the highest mast induced voltage 

amongst the lines (see Tables D.78-D.80, and Tables D.87-D.92). 

 

5.1.11 The Effects of negative multiple lightning strokes on return line for 

case 1 

Results of mast induced voltages in Case 1 for different configurations 

with -34 kA and -50 kA are shown in Tables D.93-D.95, and Tables D.99-D.104. The 

obtained values were analyzed in Figures. 4.93-4.98 for return line as stressed line. It 

can be noted that the mast induced voltages were above withstand capabilities of line 

insulators for both catenary, auxiliary, and return lines (see Tables D.93-D.95, and 

Tables D.99-D.104). However, the return line was showed to be more affected 

followed by catenary line and then return line. Marungsri et al. 2008 studied about 

back flashover affected by tower grounding resistance and concluded that the higher 

the lightning magnitude, the higher is the tower induced voltages. As seen in Tables 

D.93-D.95, and Tables D.99-D.104, It can also be found in Figures. 4.93-4.98 that an 

increase in lightning magnitude from -34 kA to -50 kA resulted into increase in mast 

induced voltage. However, flashover was early observed with -34 kA which meant a 
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flashover occurred from -34 kA and above with negative multiple lightning strokes. 

Furthermore, grounding resistance showed less significance in the performance of 

multiple lightning. Therefore, when the return line is stroke by negative multiple 

lightning for case 1, flashover was seemed to occur from -34 kA and above, in all 

magnitude and all grounding resistance. Apart from the occurrence of flashover, the 

return line was appeared to have the highest level of mast induced voltage compared 

to other lines as shown in Tables D.93-D.95, and Tables D.99-D.104. Additionally, 

negative multiple lightning discharges affected by grounding resistance was observed 

in limited extent for case 2 in all configurations. This behavior was noticed especially 

from 5 Ω to 100 Ω for configuration 1. Also, the ground resistances effect was 

observed at mast 5 and mast 7 for configurations 2 and 3. In case 1, this effect was 

affected in low performances. In all configurations, grounding resistance of nearby 

and far end mast showed the influence into lightning withstands the level of insulators 

below induced voltage in Mast 4, 5 and 7 as in Figures. 4.93-4.98.  However, 

grounding resistances attains high potential effects with high lightning magnitude for 

Mast 4. Moreover, negative multiple lightning strokes from -34 kA and above may 

lead critical induced voltage due to untimely mast induced voltage beheld with -34 kA 

above insulators withstand level. Moreover, case 1 produced high overvoltage 

compared to case 2 (see Figure 4.105-4.110). Although, case 1 with multiple lightning 

strokes caused more overvoltages than case 1 with single lightning strokes. Therefore, 

the grounding resistances effect of the nearby mast and far end mast with the stroke 

on return line by negative single lightning may cause a flashover to nearby and far 

end masts for case 1. 
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5.1.12 The Effects of negative multiple lightning strokes on return line for 

case 2 

Results of mast induced voltages in Case 2 for different configurations 

with -34 kA and -50 kA are given from Tables D.96-D.98, and Tables D.105-D.110. 

Figures 4.99-4.104 illustrates the summary of induced voltages in the return lines. As 

depicted in Tables D.96-D.98, and Tables D.105-D.110., It can be observed that the 

mast induced voltages are above withstand capabilities of line insulators for both 

catenary, auxiliary, and return lines. Although the effects of lightning magnitude were 

also seen as in Case 1 but grounding resistance showed the significant contribution to 

the flashovers in Case 2. In general, flashover was seemed to occur from -34 kA and 

above, in all grounding resistance when the return line is stroke by negative multiple 

lightning in case 2.  Again, the return line was seemed to have the highest mast 

induced voltage amongst the lines (see Tables D.96-D.98, and Tables D.105-D.110). 

 

5.1.13 The Effects of negative multiple lightning strokes on catenary line 

for case 1 

Results of mast induced voltages in Case 1 for different configurations 

with -34 kA and -50 kA are shown in Tables D.111-D.113, and Tables D.117-D.122. 

The obtained values were analyzed in Figures. 4.111-4.116 for the catenary line as 

stressed line. It can be noted that the mast induced voltages were above withstand 

capabilities of line insulators for both catenary, auxiliary, and return lines. Regardless 

of lines, the catenary line was shown to be more affected followed by return line and 

then auxiliary line. Marungsri et al. 2008 studied about back flashover affected by 

tower grounding resistance and concluded that the higher the lightning magnitude, the 

higher is the tower induced voltages. As seen in Tables D.111-D.113, and Tables 
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D.117-D.122, It can also be found in Figures. 4.111-4.116 that an increase in 

lightning magnitude from -34 kA to -50 kA resulted into increase in mast induced 

voltage. However, flashover was early observed with -34 kA which meant a flashover 

occurred from -34 kA and above with negative multiple lightning strokes. 

Furthermore, grounding resistance showed less significance in the performance of 

multiple lightning. Therefore, when the catenary line is stroke by negative multiple 

lightning for case 1, flashover was seemed to occur from -34 kA and above, in all 

magnitude and all grounding resistance. Apart from the occurrence of flashover, the 

catenary line was appeared to have the highest level of mast induced voltage 

compared to other lines as shown in Tables D.111-D.113, and Tables D.117-D.122. 

Additionally, negative multiple lightning discharges affected by grounding resistance 

was observed in limited extent for case 2 in all configurations. This behavior was 

noticed especially from 5 Ω to 100 Ω for configuration 1. Also, the ground resistances 

effect was observed at mast 5 and mast 7 for configurations 2 and 3. In case 1, this 

effect was affected in low performances. In all configurations, grounding resistance of 

nearby and far end mast showed the influence into lightning withstands the level of 

insulators below induced voltage in Mast 4, 5 and 7 as in Figures. 4.111-4.116.  

However, grounding resistances attains high potential effects with high lightning 

magnitude for Mast 4. Moreover, negative multiple lightning strokes from -34 kA and 

above may lead critical induced voltage due to untimely mast induced voltage beheld 

with -34 kA above insulators withstand level. Moreover, case 1 caused high 

overvoltage compared to case 2 (see Figure 4.123-4.128). Besides, case 1 with 

multiple lightning strokes led more overvoltage than case 1 with single lightning 

strokes. Therefore, the grounding resistances effect of the nearby mast and far end 
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mast with the stroke on catenary line by negative multiple lightning may cause a 

flashover to nearby and far end masts for case 1. 

 

5.1.14 The Effects of negative multiple lightning strokes on catenary line 

for case 2 

Results of mast induced voltages in Case 2 for different configurations 

with -34 kA and -50 kA are given from Tables D.114-5.116, and Tables D.123-D.128. 

Figures 4.117-4.122 illustrates the summary of induced voltages in the catenary line. 

As depicted in Tables D.114-D.116, and Tables D.123-D.128, It can be observed that 

the mast induced voltages are above withstand capabilities of line insulators for both 

catenary, auxiliary, and return lines. Although the effects of lightning magnitude and 

lightning magnitude were also seen as in Case 1 but grounding resistance showed the 

significant contribution to the flashovers in Case 2. In general, flashover was seemed 

to occur from -34 kA and above, in all grounding resistance when the catenary line is 

stroke by negative multiple lightning in case 2.  Again, the catenary line was seemed 

to have the highest mast induced voltage amongst the lines (see Tables D.114-D.116, 

and Tables D.123-D.128). 

 

5.1.15 The Effects of negative multiple lightning strokes on pantograph for 

case 1 

Results of mast induced voltages in Case 1 for different configurations 

with -34 kA and -50 kA are shown in Tables 4.3-4.5 and Tables 4.9-4.14. The 

obtained values were analyzed in Figures. 4.129-4.134 for the catenary line as 

stressed line. It can be noted that the mast induced voltages were above withstand 

capabilities of line insulators for both catenary, auxiliary, and return lines. In 
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whatever way, the catenary line was shown to be more affected followed by return 

line and then auxiliary line. Marungsri et al. 2008 studied about back flashover 

affected by tower grounding resistance and concluded that the higher the lightning 

magnitude, the higher is the tower induced voltages. As seen in Tables 4.3-4.5, and 

Tables 4.9-4.14, It can also be found in Figures. 4.129-4.134 that an increase in 

lightning magnitude from -34 kA to -50 kA resulted into increase in mast induced 

voltage. However, flashover was early observed with -34 kA which meant a flashover 

occurred from -34 kA and above with negative multiple lightning strokes. 

Furthermore, grounding resistance showed less significance in the performance of 

multiple lightning. Therefore, when the pantograph is stroke by negative multiple 

lightning for case 1, flashover was seemed to occur from -34 kA and above, in all 

magnitude and all grounding resistance. Apart from the occurrence of flashover, the 

catenary line was appeared to have the highest level of mast induced voltage 

compared to other lines as shown in Tables 4.3-4.5, and Tables 4.9-4.14. 

Additionally, negative multiple lightning discharges affected by grounding resistance 

was observed in limited extent for case 2 in all configurations. This behavior was 

noticed especially from 5 Ω to 100 Ω for configuration 1. Also, the ground resistances 

effect was observed at mast 5 and mast 7 for configurations 2 and 3. In case 1, this 

effect was affected in low performances. In all configurations, grounding resistance of 

nearby and far end mast showed the influence into lightning withstands the level of 

insulators below induced voltage in Mast 4, 5 and 7 as in Figures. 4.129-4.134.  

However, grounding resistances attains high potential effects with high lightning 

magnitude for Mast 4. Moreover, negative multiple lightning strokes from -34 kA and 

above may lead critical induced voltage due to untimely mast induced voltage be held 
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with -34 kA above insulators withstand level. Moreover, case 1 caused high 

overvoltage compared to case 2 (see Figure 4.141-4.146). Besides, case 1 with 

multiple lightning has more overvoltage compared case 1 with single lightning. 

Therefore, the grounding resistances effect of the nearby mast and far end mast with 

the stroke on pantograph by negative multiple lightning may cause flashover to 

nearby and far end masts for case 1. 

 

5.1.16 The Effects of negative multiple lightning strokes on pantograph for 

case 2 

Results of mast induced voltages in Case 2 for different configurations 

with -34 kA and -50 kA are given from Tables 4.6-4.8, and Tables 4.15-4.20. Figures 

4.135-4.140 illustrates the summary of induced voltages in the catenary lines. As 

depicted in Tables 4.6-4.8, and Tables 4.15-4.20, It can be observed that the mast 

induced voltages are above withstand capabilities of line insulators for both catenary, 

auxiliary, and return lines. Although the effects of lightning magnitude and lightning 

magnitude were also seen as in Case 1 but grounding resistance showed the 

significant contribution to the flashovers in Case 2. In general, flashover was seemed 

to occur from -34 kA and above, in all grounding resistance when the pantograph is 

stroke by negative multiple lightning in case 2.  Again, the catenary line was seemed 

to have the highest mast induced voltage amongst the lines (see Tables 4.6-4.8, and 

Tables 4.15-4.20). 
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5.2 Mitigation of Flashover from Multiple Lightning strokes in 

Overhead Catenary System 

In Section 5.1, the review bestowed concerning the characteristics and behavior 

of lightning overvoltage and relieved the critical lightning stroke which needed to be 

more examined to ensure total protection against its disturbances as discussed as 

follows.  

 

5.2.1 The Mitigation of negative multiple lightning strokes on pantograph 

From Tables 4.23 shows that flashover may occur if the lightning 

magnitude of -50 kA strikes on pantograph at the mast without surge arrester for all 

waveforms and ground resistances in case 1 and 2. It was seen that the Surge 

Arrester’s installation intervals 2, 3 and 5 had no flashover in the magnitude of -50 kA 

for all waveforms and ground resistances. However, installation intervals 1, 4 and 6 

showed flashovers in the magnitude of -50 kA for all ground resistances. 

 
5.3 Lightning performance optimization for 25 kV AC, 50 Hz 

catenary contact system 

In Section 5.2, the evaluation conferred concerning the mitigation of lightning 

overvoltage and found the reasonable installation of surge arrester which helps to 

determined number of arrester to be installed. But, in order to ensure minimum cost for 

reducing lightning disturbance, more assessment could be taken as discussed in 

following sub section.  
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5.3.1 The optimal Lightning performance index for 25 kV AC overhead 

catenary system 

From Tables 4.25-4.26 shows optimum parameters in the examined 

overhead catenary lines of the proposed optimum design method to Airport Rail Link. 

The values of optimum for the average insulation level, the grounding resistance of the 

overhead catenary line, the surge arrester’s energy absorption capability, the interval of 

surge arresters’ installation and a number of installed surge arresters in overhead line 

are calculated. In the examined catenary lines, it is evident that the proposed combined 

values of these parameters to decrease the total lightning failures. But, any 

improvements or modifications to the insulation level and the tower footing resistance 

of this operating line is practically impossible, and the installation of the proposed 

surge arresters at the calculated interval is recently complicated, the proposed 

methodology usefulness can be easily noticed for cases of new catenary lines. In using 

the method obtained by calculating the parameter values, failure rates would certainly 

in low for the examined catenary line which was presently constructed.  

In reality, the method drawback can be considered as the proposal of 

optimum values for the design parameters, which are difficult to be applied. It is 

challenging for the construction engineers to construct for instance an insulation level 

value exactly equal to 19.05959 kV or grounding resistance values exactly equal to 

74.62848 Ohm in average.  

 

5.4 Chapter summary 

This chapter has discussed the reviewed results from the previous chapter. The 

lightning failure rate was seemed to be reasonable with optimization method. For 

conclude interpreted results, the next chapter has been finalized for general predictions.  
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CHAPTER 6 
 
 

CONCLUSION AND FUTURE WORK 

 
 

6.1 Conclusion 

In this research, analysis of the lightning performance of 25 kV AC, 50 Hz 

Catenary Contact System based on five studies as explained in case study overview 

has been examined. The effect to flashover and Backflashover with multi-grounding 

resistances of nearby and far end masts when negative single and multiple lightning 

strokes on train’s pantograph, on top of Mast, return wire (earthing wire) and 

Catenary wire of the overhead catenary system were prosperous evaluated using ATP-

EMTP. Also, the mitigation of transient current negative multiple lightning strokes 

was included. Finally, the optimization of the lightning performance of 25 kV AC, 50 

Hz Catenary Contact System with the help of MATLAB software were evaluated. 

Various connotations after being examined results have been enunciated and 

expressed as follows. 

It is noticed that negative single and multiple lightning of magnitude -34 kA 

and above may cause flashover when strikes on train’s pantograph, top of Mast, 

Return wire (Earthing wire), and Catenary wire for both cases in all configurations. 

The grounding resistance is observed to have a higher influence in mast induced 

voltages when a lightning strike occurs in case 2 compared with case 1. In the case of 

all lightning magnitudes, waveforms, and grounding resistances, affected line 

exhibited higher mast induced voltages in case 1 compared to case 2 except when it 

strikes on the mast. Although as lightning induced overvoltage in the catenary line 
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leads more distortion on the system as per standard, highly, consideration should have 

been focused on this line. Consequences, the catenary line, was seen to be more 

affected when negative multiple lightning strokes on the pantograph. The greatest one 

occurred when lightning strokes the pantograph in case 1. Flashovers have been 

noticed with multiple strokes from -34 kA and above in all waveforms and grounding 

resistances compared to single strokes in literature and this study, this needs 

considerable attention. As the effective protection against multiple lightning strokes 

cannot be self-assured by enhancement of designing insulation only. Therefore, 

assisted protective methods should be included. In mitigation method, the application 

of Surge Arrester to reduce flashover in a 25 kV Overhead Catenary system on the 

elevated railway system have also been investigated. Performances of surge arrester 

and installation intervals in different soil profiles under the lightning magnitude of -50 

kA for case 1 and 2 were studied. It was found that the performance of surge arrester 

depends much on the installation intervals. It was seen that Surge Arrester’s 

installation interval 5 is the cheapest installation interval to be implemented while 

installation interval 2 is the most cost full one. In order to ensure costly protection 

against lightning overvoltages, more parameters should be examined and be 

compactable with previous parameters which were based on simulation. 

Consequently, in optimization method, three investigated additional parameters in AI 

optimization techniques and obtained optimum values were effectuated and 

concluded.  

Finally, the methodology calculates and proposes the most suitable line 

insulation level, grounding resistance, the energy absorption capability of surge 

arresters, surge arresters’ installation interval, and a number of installed surge 
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arresters for the examined line, to eliminate or minimize the total failures caused by 

lightning at a low cost. The developed optimization design methodology can be 

applied to Airport Rail Link lines of 25 kV. The obtained results for the examined 

lines, i.e. the newly selected design parameters, significantly reduce the failure rates 

caused by lightning, something fundamental in the case of catenary lines. But, in 

reality, any improvements or modifications to the existing design parameters of this 

line is practically impossible, this method can be valuable to electric power utilities, 

developing new catenary lines and reducing significantly any future failures caused 

by lightning.  

 

6.2 Future work 

The primary considerations for the future works should include the following,  

(a) Verification of the proposed study context remains to be the confirmed 

work for all the studies covered in this thesis which were based on 

theoretical simulation. For the further improvement of lightning 

performance in the catenary railway system, it’s hoped that these ideas can 

provide aspirations. 

(b) Further research should also consider some other constraints. As the future 

plan in Airport Rail Link, more number of engines or electric motors can 

be installed to support increasing the people demands. Additionally, the 

application of such strategies should not be limited only to this field but 

can be expanded into any area with multiple Unit Trains demands. In some 

cases, the civil construction requirements are not known in advance, and 
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this will require a new method to be compatible with the lightning 

performance of the system.  

 

 

. 
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SOURCE EQUATIONS FOR PERFORMANCE INDEX 

The below are the equations of origin used in the Lightning 

performance optimization for 25 kV AC, 50 Hz catenary contact system presented in 

this research and manipulated in MATLAB software.  

 

• Equations for Backflashover failure rate. 

This section shows the source equations used to estimate 

backflashover failure rate as shown in bellows equations (B.1)-(B.13).  
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Due to the complexity of equation (B.8) integral calculator which 

found in the android phone from play store as shown in Figure. B.1 was used to 

manipulate the variables. 
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B.1 Integral function for Backflashover failure rate 
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1.25 0.04 gN T                                             (B.13) 

Requirements for Backflashover rate from different regions in the system 

L = 5.4 µH (The total inductance of equivalent inductance of the system (Mast and 

grounding system inductance) in µH (IEEE Working Group, 1993)). 

gN = 6.68 strikes/km2/yr (the ground flash density in flashes per km2 (CIGRE 

Working Group 33.1, (1991),)). 

T  = 60 the yearly keraunic level in Thailand (IEEE Working Group,1985) 

th = 8 m (the mast height in m). 
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g = 10.8 m (The horizontal spacing in m, between ground wires) 

LN =72.35 

 
maxpeakI = 139 kA peak lightning current at maximum in kA 

 
minpeakI = 0.29 kA peak lightning current at minimum in kA 

 
max

di
dt = lightning steepness at maximum in kA/µs 

 
min

di
dt = lightning steepness at minimum in kA/µs 

maxiU  = 27.5 kV Insulation level at maximum     

miniU     = 19 kV Insulation level at maximum     

maxiR = 100 Ω Ground resistance at maximum     

miniR = 5 Ω Ground resistance at minimum      

 

• Equations for shielding failure rate. 

This section shows the source equations used to estimate 

shielding failure rate as shown in bellows equations (B.14)- (B.31).  
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The value 33.3 kAI   and 0.61 in   for 20 kAI   
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     (B.23) 

Due to the difficulty of equation (B.23) integral calculator which 

found in the android phone from play store as shown in Figure. B.2 was used to 

calculate the variables. 

 

 

 

B.2 Integral function for shielding failure rate 
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1.25 0.04 gN T                                              (B.31) 

 

Requirements for Shield failure rate from different regions in the system 

l = 28.193 km The line length in km 

Dc = 1.8 m (the shield failure width in m) 

gN = 6.68 strikes/km2/yr (the ground flash density in flashes per km2  (CIGRE 

Working Group 33.1, (1991),)). 

T = 60 the yearly keraunic level in Thailand (IEEE Working Group,1985) 

max
I = 25 kA maximum lightning current in kA 

min
I = 0.29 kA maximum lightning current in kA 

surge
Z = 174.97 Ω (The conductor line surge impendence) 

c
h = 4.9 m (conductor height at the mast in m (Sandra, Martin, and Menter 2007)) 
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D = 1.112 m (the equivalent conductor diameter with corona (Kiessling, et al., 

2009)) 

d = 1.012 m (the equivalent conductor diameter without corona) 

maxiU  = 27.5 kV (Insulation level at maximum) 

miniU     = 19 kV (Insulation level at maximum) 

 

• Equations for arrester failure rate. 

This section shows the source equations used to estimate 

arrester failure rate as shown in bellows equations (B.32)-(B.47).  

 

T L TA N P                                              (B.32) 

 

T A BP P P                                                (B.33) 

 

Where 

AP = the probability that an arrester fails due to lightning strokes on the phase 

conductor 

BP  = the probability that an arrester fails due to lightning strokes on the overhead 

ground wire. 
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Due to the difficulty of equation (B.43) integral calculator which 

found in the android phone from play store as shown in Figures. B.3-B.6 was used to 

calculate the variables. 
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B.3 Integral function for arrester failure rate 
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B.4 Integral function for arrester failure rate (Continued) 
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B.5 Integral function for arrester failure rate (Continued) 
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B.6 Integral function for arrester failure rate (Continued) 
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Requirements for Arrester failure rate from different regions in the system 

2.7 mcX    

4.5 mrX    

 tA
I T  = The minimum stroke peak current in kA required to damage the arrester, 

when lightning hits on a phase conductor, depending on each time-to-half value. 

 tB
I T  = The minimum stroke peak current in kA expected to destroy the arrester, once 

lightning hits on the overhead ground wire, depending on each time-to-half value. 

r
T = The rise time of the incident waveform 



305 

 

     
1

1 1

10

0.5

t n

r j J j J

j

E V t i t dt T V I V I


 



   
   (B.46) (Lira, Fernandes, and 

Costa 2007) 

 
1

1 1

1

2
r n

j J j J

j

E
T

V I V I


 






 
 

                                       (B.47) 

 

SOURCE CODES FOR PERFORMANCE INDEX 

The below are the source codes utilized in the MATLAB software for 

optimal lightning performance index of 25 kV AC, 50 Hz catenary contact system 

examined in this research and manipulated by AI Optimization techniques.  

 

• Codes for representing Existed System. 

This section shows the source codes used to estimate Total failure 

rate of existed system as shown in bellows. 

1. Codes for the Main run 

clc; 
clear all;  
close all; 

  
tic 
global rho Amax Amin  
rho=1e6;    
Amax = [27.5 100]; 
Amin = [19 5]; 
rand('state',sum(100*clock)) 
numberOfVariables=length(Amax); 
        fobj001 = @ obj_function_total; 
        optionsGA = gaoptimset('PopulationType','doubleVector',... 
            'PopInitRange',[Amin;Amax],... 
            'PopulationSize',1000,... 
            'CrossoverFraction', 0.8000,... 
            'Generations',100000); 
        [xopt,fval,EXITFLAG,OUTPUT] = 

ga(fobj001,numberOfVariables,[],[],[],[],[],[],[],optionsGA); 
         fval 
         xopt 



306 

 

         toc 

 

2. Codes for Objective Function 

 
function [f]=obj_function_total(x) 

  
global rho  Amax Amin 

   
Amax = [27.5 100]; 
Amin = [19 5]; 

  
L=5.4; 
b1=139; 
b2=0.29; 
c1=2; 
c2=1; 
Ng=6.68; 
ht=8; 
g=10.8; 
NL=((Ng/10*(28*ht^(0.6))+g)); 
a1=(((x(2)*b1)/2)-(0.85*x(1))+(L*c1)); 
a2=(((x(2)*b2)/2)-(0.85*x(1))+(L*c2)); 

  
Ng=6.68; 
l=28.193; 
Dc=1.8; 
Zsurge=174.97 ; 
d1=25; 
d2=(2*x(1))/Zsurge; 
objective_function=(NL*((1/((x(2)/2)+L))*((1289842*(a1^(1/5)))/((171*

a1^(17/5))+1289842))-

((1289842*(a2^(1/5)))/((171*a2^(17/5))+1289842)))+((2*Ng*l*Dc)/(10*sq

rt(2*pi)*0.61))*((61*sqrt(pi)*erf(25*2^(3/2)*sqrt(abs(log10 (d1/exp 

(3.506)))))/61)/25*2^(5/2)*(sqrt(log10 (exp (1))))-

(61*sqrt(pi)*erf(25*2^(3/2)*sqrt(abs(log10 (d2/exp 

(3.506)))))/61)/25*2^(5/2)*(sqrt(log10 (exp (1)))))); 

  
%========make Penalty Function==================== 
Var = [x]; 
PT = 0; %panelty Term 
for k=1:length(Var) 
    up(k)=0; 
    down(k)=0; 
    if Var(k)>Amax(k) 
        up(k)=rho*(Var(k)-Amax(k))^2; 
    elseif Amin(k)>Var(k) 
        down(k)=rho*(Amin(k)-Var(k))^2; 
    end 
    PT=PT+up(k)+down(k); 
end 
f=objective_function+PT; 
return 
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• Codes for representing Proposed System. 

This section shows the source equations used to estimate 

backflashover failure rate as shown in bellows equations.  

 

1. Codes for the Main run 

 
clc; 
clear all;  
close all; 

  
tic 
global rho Amax Amin  
rho=1e6;    
Amax = [27.5 100 10]; 
Amin = [19 5 5]; 
rand('state',sum(100*clock)) 
numberOfVariables=length(Amax); 
        fobj001 = @obj_function_total_3; 
        optionsGA = gaoptimset('PopulationType','doubleVector',... 
            'PopInitRange',[Amin;Amax],... 
            'PopulationSize',1000,... 
            'CrossoverFraction', 0.8000,... 
            'Generations',100000); 
        [xopt,fval,EXITFLAG,OUTPUT] = 

ga(fobj001,numberOfVariables,[],[],[],[],[],[],[],optionsGA); 
         fval 
         xopt 
         toc 

 

2. Codes for Objective Function 

 

function [f]=obj_function_total_3(x) 
global rho  Amax Amin 

   
Amax = [27.5 100 10]; 
Amin = [19 5 5]; 
L=5.4; 
b1=139; 
b2=0.29; 
c1=2; 
c2=1; 

  
a1=(((x(2)*b1)/2)-(0.85*x(1))+(L*c1)); 
a2=(((x(2)*b2)/2)-(0.85*x(1))+(L*c2)); 

   
l=28.193; 
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Dc=1.8; 
Zsurge=174.97 ; 
d1=25; 
d2=(2*x(1))/Zsurge; 
Isl=29; 
Isg=10; 
Xc=2.7; 
Xr=4.5; 
Tr=(2*x(3))/((76.125*0.01)+(83.7375*0.1)+(91.35*1)+(94.6125*2)+(97.87

5*4)+(98.9625*6)+(101.68125*8)+(103.3125*10)+(104.94375*12)+(107.1187

5*14)+(108.75*16)+(111.46875*18)+(114.1875*20)); 
Ng=6.68; 
ht=8; 
g=10.8; 
NL=((Ng/10*(28*ht^(0.6))+g)); 

  
objective_function=(NL*((1/((x(2)/2)+L))*((1289842*(a1^(1/5)))/((171*

a1^(17/5))+1289842))-

((1289842*(a2^(1/5)))/((171*a2^(17/5))+1289842)))+((2*Ng*l*Dc)/(10*sq

rt(2*pi)*0.61))*((61*sqrt(pi)*erf(25*2^(3/2)*sqrt(abs(log10 (d1/exp 

(3.506)))))/61)/25*2^(5/2)*(sqrt(log10 (exp (1))))-

(61*sqrt(pi)*erf(25*2^(3/2)*sqrt(abs(log10 (d2/exp 

(3.506)))))/61)/25*2^(5/2)*(sqrt(log10 (exp (1)))))+(((214.3-((1-

(Xc/Xr))*(4.65e-3)*((((340834094200)*log10 

(abs((1281552*((Isl)^(189/100)))-

((31*sqrt(7698601))+520397837))/((1281552*((Isl)^(189/100)))+((31*sqr

t(7698601))+520397837))))/(189*sqrt(7698601))))))*(267.53-(3.73e-

3*((3246862279800*(atan 

(((1909284*(Tr^(91/50)))+931603729)/(sqrt(256887407)))))/(13*sqrt(256

887407))))))+((214.3-(((Xc/Xr))*(4.65e-3)*((((340834094200)*log10 

(abs((1281552*((Isg)^(189/100)))-

((31*sqrt(7698601))+520397837))/((1281552*((Isg)^(189/100)))+((31*sqr

t(7698601))+520397837))))/(189*sqrt(7698601))))))*(267.53-(3.73e-

3*((3246862279800*(atan 

(((1909284*(Tr^(91/50)))+931603729)/(sqrt(256887407)))))/(13*sqrt(256

887407)))))))); 
%========make Penalty Function==================== 
Var = [x]; 
PT = 0; %panelty Term 
for k=1:length(Var) 
    up(k)=0; 
    down(k)=0; 
    if Var(k)>Amax(k) 
        up(k)=rho*(Var(k)-Amax(k))^2; 
    elseif Amin(k)>Var(k) 
        down(k)=rho*(Amin(k)-Var(k))^2; 
    end 
    PT=PT+up(k)+down(k); 
end 
f=objective_function+PT; 
return 
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OUTCOME OF MULTIPLE LIGHTNING STROKES 

EFFECTS 

This section shows the simulation results of peak Mast induced 

voltages across the insulators in the auxiliary, return and Catenary lines as stressed 

lines when multiple lightning stroke strike on mast, catenary line, pantograph and 

auxiliary line of overhead catenary system in Airport Rail Link, Bangkok, Thailand 

 

C.1 Simulation Analysis  

Direct lightning strikes likely to cause the charges to flow in the form of two 

equal current waves in both directions, starting from the point of hitting. One side 

from the stroke point was considered and inspected by arranging the masts with its 

ground resistances into three configurations with two cases each. The first 

configuration was based on studying the effect of flashover from the affected mast to 

nearby masts when their grounding resistances (Rf) are similar (same soil profile) 

when lightning strikes on train’s pantograph based on two cases (see Figures 3.8-

3.10). The second configuration was done when their grounding resistances (Rf) are 

different but in increasing order (different soil profile). Lastly, the third configuration 

was done when their grounding resistances are also different but in decreasing order 

(different soil profile). Table C.1 and C.2 show the arrangement of configuration 2 

and 3 respectively. Since the lightning source was set in Train’s pantograph at 

respective positions near to mast 4 (M4), the concern was to check the effect of 

flashover into the nearby mast (mast 5 or M5) and far end mast (mast 7 or M7) under 

same and different soil profiles. 
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Table C.1 Simulations setup for Configuration 2 for both Cases 

 

Simulation First Second Third 

Mast M4 M5 M7 M4 M5 M7 M4 M5 M7 

Rf (Ω) 5 10 20 5 20 50 5 50 100 

 

 
 

Table C.2 Simulations setup for Configuration 3 for both Cases 

 

Simulation First Second Third 

Mast M4 M5 M7 M4 M5 M7 M4 M5 M7 

Rf (Ω) 100 50 20 100 20 10 100 10 5 

 

 
 

C.2 The consequences when the mast struck by negative multiple 

lightning strokes for Configuration 1 in Case 1 and 2. 

 
 In this part, the effects of negative multiple lightning strokes to nearby mast 

and far mast when it strikes on mast 4 are showed. 
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Figure C.1 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 5 Ω for Case 1 
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Figure C.1 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 5 Ω for Case 1 
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Figure C.2 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 5 Ω for Case 2 
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Figure C.3 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 10 Ω for Case 1 
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Figure C.4 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 10 Ω for Case 2 
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Figure C.5 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 20 Ω for Case 1 
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Figure C.6 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 20 Ω for Case 2 
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Figure C.7 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 30 Ω for Case 1 
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Figure C.8 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 30 Ω for Case 2 
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Figure C.9 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 40 Ω for Case 1 
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Figure C.10 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 40 Ω for Case 2 
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Figure C.11 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 50 Ω for Case 1 
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Figure C.12 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 50 Ω for Case 2 
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Figure C.13 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 60 Ω for Case 1 
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Figure C.14 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 60 Ω for Case 2 
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Figure C.15 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 70 Ω for Case 1 
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Figure C.16 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 70 Ω for Case 2 
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Figure C.17 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 80 Ω for Case 1 
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Figure C.18 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 80 Ω for Case 2 
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Figure C.19 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 90 Ω for Case 1 
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Figure C.20 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 90 Ω for Case 2 
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Figure C.21 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 100 Ω for Case 1 
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Figure C.22 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 100 Ω for Case 2 
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Figure C.23 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 5 Ω for Case 1 
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Figure C.24 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 5 Ω for Case 2 
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Figure C.25 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 10 Ω for Case 1 
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Figure C.26 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 10 Ω for Case 2 
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Figure C.27 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 20 Ω for Case 1 
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Figure C.28 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 20 Ω for Case 2 
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Figure C.29 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 30 Ω for Case 1 
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Figure C.30 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 30 Ω for Case 2 
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Figure C.31 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 40 Ω for Case 1 
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Figure C.32 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 40 Ω for Case 2 
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Figure C.33 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 50 Ω for Case 1 
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Figure C.34 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 50 Ω for Case 2 
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Figure C.35 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 60 Ω for Case 1 
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Figure C.36 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 60 Ω for Case 2 
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Figure C.37 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 70 Ω for Case 1 
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Figure C.38 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 70 Ω for Case 2 
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Figure C.39 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 80 Ω for Case 1 
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Figure C.40 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 80 Ω for Case 2 
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Figure C.41 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 90 Ω for Case 1 



353 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-10.0

-5.0

0.0

5.0

Time (µs)

M
a

st
 I

n
d

u
ce

d
 V

o
lt

a
g

e 
(M

V
)

-50 kA - 90   (Configuration 1 (Case 2) - Mast 4) - Mast

 

 

Auxiliary line

Catenary line

Return line

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-6.0

-4.0

-2.0

0.0

2.0

Time (µs)

M
a

st
 I

n
d

u
ce

d
 V

o
lt

a
g

e 
(M

V
)

-50 kA - 90   (Configuration 1 (Case 2) - Mast 5) - Mast

 

 

Auxiliary line

Catenary line

Return line

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-3.0

-2.0

-1.0

0.0

1.0

Time (µs)

M
a

st
 I

n
d

u
ce

d
 V

o
lt

a
g

e 
(M

V
)

-50 kA - 90   (Configuration 1 (Case 2) - Mast 7) - Mast

 

 

Auxiliary line

Catenary line

Return line

 
 

 
Figure C.42 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 90 Ω for Case 2 
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Figure C.43 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 100 Ω for Case 1 
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Figure C.44 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 100 Ω for Case 2 



356 

 

C.3 The consequences when the mast struck by negative multiple 
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Figure C.45 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of the -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.46 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of the -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.47 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of the -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.48 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of the -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.49 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.50 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.51 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.52 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.53 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 



365 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-10.0

-5.0

0.0

5.0
-50 kA - 5,20,50   (Configuration 2 (Case 2) - Mast 4) - Mast

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-6.0

-4.0

-2.0

0.0

2.0
-50 kA - 5,20,50   (Configuration 2 (Case 2) - Mast 5) - Mast

Time (µs)

M
a

st
 I

n
d

u
ce

d
 V

o
lt

a
g

e 
(M

V
)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-3.0

-2.0

-1.0

0.0

1.0
-50 kA - 5,20,50   (Configuration 2 (Case 2) - Mast 7) - Mast

Time (µs)

M
a

st
 I

n
d

u
ce

d
 V

o
lt

a
g

e 
(M

V
)

 

 

Auxiliary line

Catenary line

Return line

 
 

 
Figure C.54 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.55 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.56 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 



368 

 

C.4 The consequences when the mast struck by negative multiple 

lightning strokes for Configuration 3 in Case 1 and 2. 
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Figure C.57 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 



369 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-6.0

-4.0

-2.0

0.0

2.0
-34 kA - 100,50,20   (Configuration 3 (Case 2) - Mast 4) - Mast

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-4.0

-2.0

0.0

2.0

-34 kA - 100,50,20   (Configuration 3 (Case 2) - Mast 5) - Mast

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-1.5

-1.0

-0.5

0.0

0.5
-34 kA - 100,50,20   (Configuration 3 (Case 2) - Mast 7) - Mast

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 
 

 
Figure C.58 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.59 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.60 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.61 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.62 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.63 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.64 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.65 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 



377 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-10.0

-5.0

0.0

5.0

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)
-50 kA - 100,20,10   (Configuration 3 (Case 2) - Mast 4) - Mast

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-6.0

-4.0

-2.0

0.0

2.0
-50 kA - 100,20,10   (Configuration 3 (Case 2) - Mast 5) - Mast

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-3.0

-2.0

-1.0

0.0

1.0

Time (µs)

M
a

st
 I

n
d

u
ce

d
 V

o
lt

a
g

e 
(M

V
)

-50 kA - 100,20,10   (Configuration 3 (Case 2) - Mast 7) - Mast

 

 

Auxiliary line

Catenary line

Return line

 
 

 
Figure C.66 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.67 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.68 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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C.5 The consequences when the pantograph struck by negative 

multiple lightning strokes for Configuration 1 in Case 1 and 2. 
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Figure C.69 Mast 4, 5, and 7 with 5 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.70 Mast 4, 5, and 7 with 5 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.71 Mast 4, 5, and 7 with 10 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.72 Mast 4, 5, and 7 with 10 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.73 Mast 4, 5, and 7 with 20 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.74 Mast 4, 5, and 7 with 20 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.75 Mast 4, 5, and 7 with 30 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.76 Mast 4, 5, and 7 with 30 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.77 Mast 4, 5, and 7 with 40 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.78 Mast 4, 5, and 7 with 40 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.79 Mast 4, 5, and 7 with 50 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.80 Mast 4, 5, and 7 with 50 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.81 Mast 4, 5, and 7 with 60 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.82 Mast 4, 5, and 7 with 60 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.83 Mast 4, 5, and 7 with 70 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.84 Mast 4, 5, and 7 with 70 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.85 Mast 4, 5, and 7 with 80 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.86 Mast 4, 5, and 7 with 80 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.87 Mast 4, 5, and 7 with 90 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.88 Mast 4, 5, and 7 with 90 Ω induced voltage waveform of the -34 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.89 Mast 4, 5, and 7 with 100 Ω induced voltage waveform of the -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 

1 
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Figure C.90 Mast 4, 5, and 7 with 100 Ω induced voltage waveform of the -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 

2 
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Figure C.91 Mast 4, 5, and 7 with 5 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.92 Mast 4, 5, and 7 with 5 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.93 Mast 4, 5, and 7 with 10 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.94 Mast 4, 5, and 7 with 10 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.95 Mast 4, 5, and 7 with 20 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.96 Mast 4, 5, and 7 with 20 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.96 Mast 4, 5, and 7 with 30 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.97 Mast 4, 5, and 7 with 30 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.98 Mast 4, 5, and 7 with 40 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 1 
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Figure C.99 Mast 4, 5, and 7 with 40 Ω induced voltage waveform of the -50 kA first 

stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 2 
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Figure C.100 Mast 4, 5, and 7 with 50 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 

1 
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Figure C.101 Mast 4, 5, and 7 with 50 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 
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Figure C.102 Mast 4, 5, and 7 with 60 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 
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Figure C.103 Mast 4, 5, and 7 with 60 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 
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Figure C.104 Mast 4, 5, and 7 with 70 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 
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Figure C.105 Mast 4, 5, and 7 with 70 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 

2 



418 

 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-6.0

-4.0

-2.0

0.0

2.0
-50 kA - 80   (Configuration 1 (Case 1) - Mast 4) - Pantograph

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-3.0

-2.0

-1.0

0.0

1.0
-50 kA - 80   (Configuration 1 (Case 1) - Mast 5) - Pantograph

Time (µs)

M
a

st
 I

n
d

u
ce

d
 V

o
lt

a
g

e 
(M

V
)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-1.0

-0.5

0.0

0.5
-50 kA - 80   (Configuration 1 (Case 1) - Mast 7) - Pantograph

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 
 

 

Figure C.106 Mast 4, 5, and 7 with 80 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 
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Figure C.107 Mast 4, 5, and 7 with 80 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 
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Figure C.108 Mast 4, 5, and 7 with 90 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 
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Figure C.109 Mast 4, 5, and 7 with 90 Ω induced voltage waveform of the -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on pantograph for Case 
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Figure C.110 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.111 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.112 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.113 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.114 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.115 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.116 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.117 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.118 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.119 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.120 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.121 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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C.7 The consequences when the pantograph struck by negative 
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Figure C.122 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.123 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.124 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.125 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.126 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.127 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.128 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.129 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.130 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.131 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.132 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.133 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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C.8 The consequences when the catenary struck by negative 

multiple lightning strokes for Configuration 1 in Case 1 and 2. 
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Figure C.134 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 5 Ω for Case 1 
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Figure C.135 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 5 Ω for Case 2 
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Figure C.136 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 10 Ω for Case 1 
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Figure C.137 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 10 Ω for Case 2 
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Figure C.138 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 20 Ω for Case 1 
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Figure C.139 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 20 Ω for Case 2 
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Figure C.140 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 30 Ω for Case 1 
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Figure C.141 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 30 Ω for Case 2 
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Figure C.142 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 40 Ω for Case 1 
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Figure C.143 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 40 Ω for Case 2 
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Figure C.144 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 50 Ω for Case 1 
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Figure C.145 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 50 Ω for Case 2 
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Figure C.146 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 60 Ω for Case 1 
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Figure C.147 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 60 Ω for Case 2 
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Figure C.148 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 70 Ω for Case 1 
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Figure C.149 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 70 Ω for Case 2 
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Figure C.150 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 80 Ω for Case 1 
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Figure C.151 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 80 Ω for Case 2 
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Figure C.152 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 90 Ω for Case 1 
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Figure C.153 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 90 Ω for Case 2 
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Figure C.154 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 100 Ω for Case 1 
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Figure C.155 Mast 4, 5, and 7 induced voltage waveform of the -34 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 100 Ω for Case 2 
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Figure C.156 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 5 Ω for Case 1 
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Figure C.157 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 5 Ω for Case 2 
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Figure C.158 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 10 Ω for Case 1 
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Figure C.159 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 10 Ω for Case 2 
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Figure C.160 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 20 Ω for Case 1 
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Figure C.161 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 20 Ω for Case 2 
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Figure C.162 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 30 Ω for Case 1 
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Figure C.163 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 30 Ω for Case 2 
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Figure C.164 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 40 Ω for Case 1 
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Figure C.165 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 40 Ω for Case 2 
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Figure C.166 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 50 Ω for Case 1 
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Figure C.167 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 50 Ω for Case 2 



480 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-4.0

-2.0

0.0

2.0

-50 kA - 60   (Configuration 1 (Case 1) - Mast 4) - Catenary

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-3.0

-2.0

-1.0

0.0

1.0
-50 kA - 60   (Configuration 1 (Case 1) - Mast 5) - Catenary

Time (µs)

M
a

st
 I

n
d

u
ce

d
 V

o
lt

a
g

e 
(M

V
)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-1.0

-0.5

0.0

0.5
-50 kA - 60   (Configuration 1 (Case 1) - Mast 7) - Catenary

Time (µs)

M
a

st
 I

n
d

u
ce

d
 V

o
lt

a
g

e 
(M

V
)

 

 

Auxiliary line

Catenary line

Return line

 
 
 

Figure C.168 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 60 Ω for Case 1 
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Figure C.169 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 60 Ω for Case 2 
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Figure C.170 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 70 Ω for Case 1 
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Figure C.171 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 70 Ω for Case 2 
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Figure C.172 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 80 Ω for Case 1 



485 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-4.0

-2.0

0.0

2.0
-50 kA - 80   (Configuration 1 (Case 2) - Mast 4) - Catenary

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-3.0

-2.0

-1.0

0.0

1.0

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

-50 kA - 80   (Configuration 1 (Case 2) - Mast 5) - Catenary

 

 

Auxiliary line

Catenary line

Return line

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-1.0

-0.5

0.0

0.5
-50 kA - 80   (Configuration 1 (Case 2) - Mast 7) - Catenary

Time (µs)

M
a
st

 I
n

d
u

ce
d

 V
o
lt

a
g
e 

(M
V

)

 

 

Auxiliary line

Catenary line

Return line

 
 
 

Figure C.173 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 80 Ω for Case 2 
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Figure C.174 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 90 Ω for Case 1 
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Figure C.175 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 90 Ω for Case 2 
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Figure C.176 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 100 Ω for Case 1 
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Figure C.177 Mast 4, 5, and 7 induced voltage waveform of the -50 kA first stroke-

(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 with 100 Ω for Case 2 
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C.9 The consequences when the catenary struck by negative 

multiple lightning strokes for Configuration 2 in Case 1 and 2. 
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Figure C.178 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.179 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.180 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.181 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.182 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.183 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.184 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.185 Mast 4, 5, and 7 with 5,10,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.186 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.187 Mast 4, 5, and 7 with 5,20,50 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.188 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.189 Mast 4, 5, and 7 with 5,50,100 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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C.10 The consequences when the catenary struck by negative 

multiple lightning strokes for Configuration 3 in Case 1 and 2. 
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Figure C.190 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.191 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.192 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.193 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.194 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.195 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -34 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.196 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.197 Mast 4, 5, and 7 with 100,50,20 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.198 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.199 Mast 4, 5, and 7 with 100,20,10 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 
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Figure C.200 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 1 
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Figure C.201 Mast 4, 5, and 7 with 100,10,5 Ω induced voltage waveform of -50 kA 

first stroke-(1.0/100 μs), subsequent stroke-(0.2/50 μs) strikes on Mast 4 for Case 2 



514 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

APPENDIX D 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



515 

 

THE AMPLITUDE VALUES OF INDUCED 

VOLTAGE IN OVERHEAD LINES 

This appendix shows the analyzed outcomes from APPENDIX C of 

peak Mast induced voltages across the insulators in the auxiliary, return and Catenary 

lines as emphasized lines when lightning stroke strike on mast, catenary line, 

pantograph and auxiliary line of overhead catenary system in Airport Rail Link, 

Bangkok, Thailand 

 

C.1 Simulation Analysis  

Starting from the point of hitting, direct lightning strikes have tendency to lead 

the charges to flow in the form of two equal current waves in equal directions. By 

arranging the masts with its ground resistances into three configurations with two 

cases each, one side from the stroke point was contemplated and perused. The first 

configuration was based on studying the effect of flashover from the affected mast to 

nearby masts when their grounding resistances (Rf) are similar (same soil profile) 

when lightning strikes on train’s pantograph based on two cases (see Figures 3.8-

3.10). The second configuration was done when their grounding resistances (Rf) are 

different but in increasing order (different soil profile). Lastly, the third configuration 

was done when their grounding resistances are also different but in decreasing order 

(different soil profile). Table D.1 and D.2 show the arrangement of configuration 2 

and 3 respectively. Since the lightning source was set in Train’s pantograph at 

respective positions near to mast 4 (M4), the concern was to check the effect of 

flashover into the nearby mast (mast 5 or M5) and far end mast (mast 7 or M7) under 

same and different soil profiles. The amplitude values of Mast induced voltages in the 

catenary, auxiliary and return lines from APPENDIX C for Case one and two are 
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reiterated in Tables D.3-D.128 for both cases. The values in Tables D.3-D.128 were 

obtained after being analyzed the data from the Figures in APPENDIX C. The 1st row 

details configuration, the cases and stroked points. The 2nd row shows the position of 

the affected mast. 3rd row illustrate the type of waveforms. The 4th row starts from the 

2nd column gives the magnitude of lightning strokes that have been used. The 1st 

column starts from the 5th row shows the ground resistances that have been exploited. 

The 2nd to the 4th column and the 5th to the 7th column start from the 6th row indicate 

the magnitude of mast induced voltages in different lines of an overhead catenary 

system for 34 kA and 50 kA respectively. For configuration 2 and 3, respective rows 

for each tables at a time represent the arrangement of grounding resistance as shown 

in simulation setup in Tables D.1-D.2. 

 

 

Table D.1 Simulations setup for Configuration 2 for both Cases 

Simulation First Second Third 

Mast M4 M5 M7 M4 M5 M7 M4 M5 M7 

Rf(Ω) 5 10 20 5 20 50 5 50 100 

 

 

Table D.2 Simulations setup for Configuration 3 for both Cases 

Simulation First Second Third 

Mast M4 M5 M7 M4 M5 M7 M4 M5 M7 

Rf(Ω) 100 50 20 100 20 10 100 10 5 
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Table D.3 Mast 4 induced voltages in Case 1 with single lightning strokes on the mast 

for configuration 1 

Configuration 1 - Case 1 (Mast) 

Mast 4 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.75 0.650 0.537 2.600 0.980 0.808 

10 1.75 0.650 0.537 2.600 0.980 0.808 

20 1.75 0.650 0.537 2.600 0.980 0.808 

30 1.75 0.650 0.537 2.600 0.980 0.808 

40 1.75 0.650 0.537 2.600 0.980 0.808 

50 1.75 0.650 0.537 2.600 0.980 0.808 

60 1.75 0.650 0.537 2.600 0.980 0.808 

70 1.75 0.650 0.537 2.600 0.980 0.808 

80 1.75 0.650 0.537 2.600 0.980 0.808 

90 1.75 0.650 0.537 2.600 0.980 0.808 

100 1.75 0.650 0.537 2.600 0.980 0.808 

 
 

Table D.4 Mast 5 induced voltages in Case 1 with single lightning strokes on the mast 

for configuration 1 

Configuration 1 - Case 1 (Mast) 

Mast 5 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.37 0.615 0.497 2.02 0.888 0.714 

10 1.37 0.619 0.501 2.02 0.894 0.720 

20 1.37 0.623 0.505 2.03 0.900 0.727 

30 1.37 0.628 0.510 2.04 0.906 0.733 

40 1.38 0.630 0.512 2.04 0.909 0.736 

50 1.38 0.632 0.514 2.04 0.913 0.740 

60 1.38 0.636 0.518 2.04 0.919 0.746 

70 1.38 0.641 0.522 2.05 0.925 0.753 

80 1.39 0.645 0.527 2.05 0.931 0.759 

90 1.39 0.647 0.529 2.06 0.934 0.763 

100 1.39 0.650 0.531 2.06 0.938 0.766 
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Table D.5 Mast 7 induced voltages in Case 1 with single lightning strokes on the mast 

for configuration 1 

Configuration 1 - Case 1 (Mast) 

Mast 7 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.560 0.290 0.255 0.834 0.443 0.382 

10 0.563 0.299 0.263 0.841 0.455 0.394 

20 0.568 0.308 0.272 0.848 0.467 0.406 

30 0.574 0.317 0.281 0.856 0.479 0.419 

40 0.577 0.321 0.285 0.859 0.485 0.425 

50 0.582 0.326 0.290 0.863 0.491 0.432 

60 0.587 0.335 0.298 0.870 0.503 0.444 

70 0.593 0.344 0.307 0.877 0.515 0.457 

80 0.599 0.353 0.316 0.885 0.527 0.469 

90 0.601 0.357 0.320 0.888 0.533 0.475 

100 0.605 0.362 0.325 0.893 0.540 0.483 

 
 

Table D.6 Mast 4 induced voltages in Case 2 with single lightning strokes on the mast 

for configuration 1 

Configuration 1 - Case 2 (Mast) 

Mast 4 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.89 0.908 0.760 2.82 1.4 1.18 

10 1.89 0.917 0.760 2.83 1.41 1.19 

20 1.90 0.927 0.770 2.84 1.43 1.20 

30 1.90 0.937 0.780 2.85 1.44 1.21 

40 1.91 0.942 0.790 2.86 1.45 1.23 

50 1.91 0.947 0.800 2.86 1.46 1.24 

60 1.91 0.956 0.810 2.87 1.47 1.25 

70 1.92 0.966 0.820 2.88 1.48 1.26 

80 1.93 0.976 0.830 2.89 1.49 1.27 

90 1.93 0.981 0.835 2.90 1.51 1.29 

100 1.94 0.986 0.840 2.91 1.53 1.31 
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Table D.7 Mast 5 induced voltages in Case 2 with single lightning strokes on the mast 

for configuration 1 

Configuration 1 - Case 2 (Mast) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.40 0.703 0.595 2.10 1.06 0.906 

10 1.41 0.720 0.613 2.11 1.08 0.932 

20 1.42 0.737 0.631 2.13 1.10 0.958 

30 1.43 0.754 0.649 2.15 1.12 0.985 

40 1.44 0.762 0.658 2.16 1.14 1.012 

50 1.45 0.772 0.667 2.17 1.16 1.013 

60 1.46 0.789 0.685 2.18 1.18 1.039 

70 1.47 0.806 0.703 2.20 1.20 1.066 

80 1.48 0.823 0.721 2.22 1.22 1.093 

90 1.49 0.831 0.730 2.23 1.24 1.106 

100 1.51 0.842 0.740 2.24 1.27 1.12 

 
 

Table D.8 Mast 7 induced voltages in Case 2 with single lightning strokes on the mast 

for configuration 1 

Configuration 1 - Case 2 (Mast) 

Mast 7 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.576 0.288 0.244 0.870 0.436 0.368 

10 0.585 0.299 0.255 0.882 0.452 0.385 

20 0.594 0.310 0.267 0.895 0.469 0.402 

30 0.604 0.321 0.278 0.908 0.485 0.419 

40 0.612 0.332 0.283 0.914 0.493 0.427 

50 0.615 0.333 0.291 0.921 0.502 0.436 

60 0.624 0.344 0.302 0.933 0.518 0.453 

70 0.634 0.355 0.313 0.946 0.535 0.470 

80 0.644 0.366 0.324 0.959 0.551 0.487 

90 0.648 0.372 0.329 0.965 0.559 0.495 

100 0.654 0.378 0.338 0.973 0.568 0.505 
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Table D.9 Mast 4 induced voltages in Case 1 with single lightning strokes on the mast 

for configuration 2 

Configuration 2 - Case 1 (Mast) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.75 0.650 0.537 2.60 0.970 0.800 

5 1.75 0.650 0.537 2.60 0.970 0.800 

5 1.75 0.650 0.537 2.60 0.970 0.800 

 
 

Table D.10 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 1 (Mast) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 1.37 0.620 0.500 2.02 0.892 0.720 

20 1.38 0.600 0.510 2.02 0.900 0.727 

50 1.38 0.634 0.517 2.04 0.920 0.746 

 
 

Table D.11 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

mast for configuration 2 

 
Configuration 2 - Case 1 (Mast) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.568 0.307 0.267 0.842 0.460 0.399 

50 0.588 0.326 0.287 0.858 0.486 0.428 

100 0.600 0.354 0.316 0.884 0.527 0.471 
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Table D.12 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 1 (Mast) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 1.75 1.38 0.635 2.59 0.967 0.800 

100 1.75 0.650 0.536 2.59 0.972 0.800 

100 1.75 0.650 0.537 2.59 0.975 0.800 

 
 

Table D.13 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 1 (Mast) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 1.38 0.635 0.518 2.04 0.920 0.744 

20 1.38 0.623 0.506 2.03 0.900 0.726 

10 1.37 0.617 0.500 2.02 0.892 0.718 

 
 

Table D.14 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 1 (Mast) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.574 0.313 0.273 0.850 0.467 0.407 

10 0.566 0.302 0.262 0.840 0.451 0.390 

5 0.562 0.300 0.256 0.835 0.444 0.383 
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Table D.15 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 2 (Mast) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.89 0.900 0.760 2.82 1.40 1.17 

5 1.89 0.900 0.761 2.82 1.39 1.17 

5 1.89 0.900 0.761 2.82 1.39 1.17 

 
 

Table D.16 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 2 (Mast) 

Mast 5 

Single stroke-(1.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 1.41 0.710 0.601 2.10 1.07 0.916 

20 1.42 0.728 0.620 2.11 1.09 0.934 

50 1.43 0.753 0.650 2.14 1.13 0.972 

 

 
 

Table D.17 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 2 (Mast) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.581 0.297 0.253 0.877 0.447 0.381 

50 0.595 0.314 0.271 0.889 0.470 0.408 

100 0.616 0.345 0.302 0.920 0.512 0.450 
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Table D.18 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 2 (Mast) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 1.94 0.988 0.838 2.91 1.53 1.32 

100 1.95 1.00 0.851 2.91 1.53 1.32 

100 1.96 1.00 0.853 2.91 1.53 1.32 

 
 

Table D.19 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 2 (Mast) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 1.47 0.806 0.700 2.20 1.21 1.06 

20 1.45 0.763 0.656 2.17 1.16 1.00 

10 1.44 0.750 0.643 2.15 1.14 0.981 

 
 

Table D.20 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 2 (Mast) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.612 0.322 0.276 0.921 0.482 0.415 

10 0.600 0.309 0.263 0.901 0.460 0.392 

5 0.600 0.303 0.257 0.894 0.451 0.382 
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Table D.21 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 1 (Return) 

Mast 4 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.677 1.31 0.850 1.007 1.96 1.26 

10 0.677 1.31 0.851 1.008 1.96 1.26 

20 0.677 1.31 0.853 1.009 1.96 1.26 

30 0.678 1.31 0.854 1.010 1.96 1.26 

40 0.678 1.31 0.855 1.011 1.96 1.26 

50 0.678 1.31 0.856 1.012 1.96 1.26 

60 0.678 1.31 0.857 1.013 1.96 1.26 

70 0.679 1.31 0.859 1.014 1.96 1.26 

80 0.679 1.31 0.860 1.015 1.96 1.26 

90 0.680 1.31 0.862 1.016 1.96 1.26 

100 0.680 1.31 0.862 1.017 1.96 1.26 

 
 

Table D.22 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 1 (Return) 

Mast 5 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.545 0.543 0.544 0.835 0.834 0.834 

10 0.549 0.547 0.548 0.842 0.840 0.840 

20 0.553 0.551 0.552 0.849 0.847 0.847 

30 0.558 0.556 0.556 0.856 0.853 0.854 

40 0.561 0.558 0.559 0.859 0.856 0.857 

50 0.562 0.560 0.561 0.863 0.860 0.861 

60 0.566 0.564 0.565 0.870 0.866 0.867 

70 0.571 0.569 0.569 0.877 0.873 0.874 

80 0.575 0.573 0.574 0.884 0.880 0.881 

90 0.578 0.575 0.577 0.887 0.884 0.884 

100 0.580 0.578 0.579 0.891 0.887 0.888 
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Table D.23 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 1 (Return) 

Mast 7 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.217 0.187 0.183 0.330 0.281 0.273 

10 0.226 0.200 0.196 0.343 0.300 0.293 

20 0.235 0.214 0.212 0.357 0.319 0.314 

30 0.246 0.227 0.225 0.371 0.339 0.334 

40 0.251 0.233 0.231 0.378 0.348 0.344 

50 0.257 0.241 0.239 0.385 0.360 0.356 

60 0.266 0.254 0.252 0.398 0.379 0.377 

70 0.275 0.268 0.264 0.412 0.399 0.398 

80 0.285 0.281 0.278 0.426 0.419 0.419 

90 0.292 0.287 0.286 0.432 0.428 0.429 

100 0.297 0.295 0.295 0.440 0.440 0.440 

 
 

Table D.24 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 2 (Return) 

Mast 4 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.274 0.258 0.235 0.419 0.416 0.420 

10 0.275 0.259 0.237 0.422 0.419 0.421 

20 0.276 0.260 0.239 0.424 0.421 0.422 

30 0.276 0.262 0.243 0.426 0.423 0.423 

40 0.277 0.263 0.247 0.428 0.424 0.424 

50 0.277 0.264 0.251 0.429 0.425 0.425 

60 0.277 0.265 0.255 0.431 0.427 0.426 

70 0.278 0.266 0.259 0.433 0.429 0.427 

80 0.278 0.267 0.263 0.434 0.430 0.428 

90 0.279 0.269 0.265 0.436 0.432 0.429 

100 0.279 0.270 0.266 0.438 0.434 0.430 
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Table D.25 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 2 (Return) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.241 0.160 0.185 0.355 0.270 0.259 

10 0.243 0.172 0.190 0.362 0.282 0.272 

20 0.246 0.184 0.194 0.369 0.294 0.285 

30 0.248 0.196 0.198 0.376 0.306 0.298 

40 0.251 0.202 0.200 0.379 0.313 0.305 

50 0.254 0.208 0.203 0.383 0.319 0.312 

60 0.257 0.214 0.207 0.390 0.331 0.325 

70 0.259 0.220 0.212 0.397 0.343 0.338 

80 0.261 0.232 0.216 0.404 0.355 0.351 

90 0.263 0.244 0.219 0.407 0.362 0.359 

100 0.266 0.255 0.221 0.411 0.368 0.366 

 
 

Table D.26 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 2 (Return) 

Mast 7 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.180 0.106 0.176 0.234 0.211 0.211 

10 0.181 0.109 0.176 0.235 0.213 0.213 

20 0.182 0.112 0.176 0.236 0.215 0.215 

30 0.182 0.115 0.176 0.237 0.218 0.218 

40 0.183 0.116 0.176 0.238 0.221 0.221 

50 0.183 0.118 0.176 0.239 0.222 0.222 

60 0.183 0.121 0.176 0.240 0.224 0.224 

70 0.184 0.124 0.176 0.241 0.227 0.227 

80 0.184 0.127 0.176 0.242 0.230 0.230 

90 0.185 0.129 0.176 0.243 0.231 0.231 

100 0.185 0.131 0.176 0.245 0.233 0.233 
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Table D.27 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 1 (Return) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.677 1.31 0.862 1.01 1.95 1.26 

5 0.678 1.31 0.862 1.02 1.95 1.26 

5 0.680 1.31 0.862 1.02 1.95 1.26 

 
 

Table D.28 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 1 (Return) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 0.548 0.546 0.547 0.838 0.837 0.838 

20 0.552 0.551 0.552 0.846 0.845 0.845 

50 0.565 0.563 0.564 0.860 0.860 0.860 

 

 
Table D.29 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 1 (Return) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.188 0.188 0.188 0.349 0.310 0.304 

50 0.230 0.229 0.229 0.376 0.357 0.353 

100 0.287 0.285 0.285 0.424 0.423 0.423 
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Table D.30 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 1 (Return) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 0.678 1.31 0.860 1.01 1.95 1.26 

100 0.678 1.31 0.860 1.01 1.95 1.26 

100 0.678 1.31 0.850 1.01 1.95 1.26 

 
 

Table D.31 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 1 (Return) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 0.567 0.565 0.566 0.863 0.860 0.861 

20 0.553 0.552 0.553 0.846 0.846 0.846 

10 0.548 0.547 0.547 0.839 0.839 0.839 

 
 

Table D.32 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 1 (Return) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.197 0.197 0.197 0.358 0.320 0.314 

10 0.175 0.174 0.174 0.339 0.294 0.287 

5 0.170 0.170 0.170 0.331 0.282 0.274 
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Table D.33 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 2 (Return) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.270 0.257 0.258 0.420 0.420 0.420 

5 0.270 0.257 0.258 0.420 0.420 0.420 

5 0.270 0.257 0.258 0.424 0.420 0.420 

 
 

Table D.34 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 2 (Return) 

Mast 5 

Single stroke-(1.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 0.250 0.147 0.130 0.357 0.272 0.266 

20 0.250 0.151 0.135 0.360 0.288 0.283 

50 0.250 0.183 0.178 0.386 0.320 0.320 

 

 
 

Table D.35 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 2 (Return) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.182 0.166 0.110 0.235 0.127 0.205 

50 0.182 0.166 0.116 0.235 0.199 0.205 

100 0.182 0.166 0.116 0.236 0.200 0.205 
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Table D.36 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 2 (Return) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 0.280 0.270 0.271 0.430 0.436 0.441 

100 0.278 0.272 0.274 0.426 0.441 0.446 

100 0.277 0.272 0.275 0.425 0.442 0.447 

 
 

Table D.37 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 2 (Return) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 0.267 0.177 0.162 0.387 0.308 0.302 

20 0.260 0.163 0.147 0.375 0.291 0.281 

10 0.260 0.157 0.140 0.369 0.283 0.271 

 
 

Table D.38 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 2 (Return) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.185 0.175 0.115 0.240 0.131 0.200 

10 0.185 0.169 0.110 0.239 0.131 0.200 

5 0.187 0.110 0.110 0.230 0.122 0.202 
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Table D.39 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 1 (Catenary) 

Mast 4 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.592 0.873 1.02 0.920 1.33 1.53 

10 0.592 0.873 1.02 0.920 1.33 1.53 

20 0.592 0.873 1.02 0.920 1.33 1.53 

30 0.592 0.873 1.02 0.920 1.33 1.53 

40 0.592 0.873 1.02 0.920 1.33 1.53 

50 0.592 0.873 1.02 0.920 1.33 1.53 

60 0.592 0.873 1.02 0.921 1.34 1.54 

70 0.592 0.873 1.02 0.921 1.34 1.54 

80 0.592 0.873 1.02 0.921 1.34 1.54 

90 0.592 0.873 1.02 0.921 1.34 1.54 

100 0.592 0.873 1.02 0.921 1.34 1.54 

 
 

Table D.40 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 1 (Catenary) 

Mast 5 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.505 0.630 0.650 0.769 0.949 0.978 

10 0.507 0.632 0.653 0.774 0.955 0.984 

20 0.509 0.634 0.656 0.779 0.961 0.991 

30 0.511 0.636 0.660 0.784 0.968 0.997 

40 0.513 0.638 0.664 0.786 0.971 1.000 

50 0.515 0.641 0.668 0.789 0.974 1.004 

60 0.517 0.643 0.672 0.794 0.980 1.011 

70 0.519 0.645 0.676 0.799 0.987 1.017 

80 0.521 0.648 0.680 0.804 0.993 1.023 

90 0.523 0.649 0.683 0.807 0.997 1.026 

100 0.525 0.663 0.686 0.810 1.00 1.030 
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Table D.41 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 1 (Catenary) 

Mast 7 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.225 0.152 0.142 0.329 0.311 0.309 

10 0.231 0.163 0.151 0.339 0.323 0.322 

20 0.238 0.175 0.160 0.349 0.335 0.334 

30 0.245 0.187 0.169 0.359 0.348 0.347 

40 0.248 0.192 0.173 0.364 0.354 0.353 

50 0.252 0.199 0.178 0.369 0.361 0.360 

60 0.258 0.210 0.187 0.379 0.373 0.372 

70 0.265 0.222 0.196 0.389 0.386 0.385 

80 0.272 0.233 0.205 0.399 0.398 0.397 

90 0.276 0.238 0.209 0.404 0.404 0.405 

100 0.280 0.246 0.215 0.410 0.412 0.412 

 
 

Table D.42 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 2 (Catenary) 

Mast 4 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.631 0.863 0.900 0.965 1.331 1.388 

10 0.633 0.869 0.910 0.968 1.334 1.393 

20 0.636 0.873 0.913 0.972 1.338 1.398 

30 0.639 0.876 0.915 0.978 1.347 1.407 

40 0.643 0.883 0.922 0.984 1.356 1.418 

50 0.647 0.889 0.930 0.991 1.364 1.425 

60 0.651 0.891 0.936 0.997 1.368 1.429 

70 0.652 0.893 0.941 1.005 1.373 1.434 

80 0.653 0.895 0.945 1.011 1.381 1.444 

90 0.653 0.907 0.955 1.014 1.389 1.454 

100 0.664 0.915 0.961 1.018 1.398 1.463 
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Table D.43 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 2 (Catenary) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.498 0.568 0.580 0.761 0.860 0.879 

10 0.501 0.573 0.587 0.766 0.866 0.885 

20 0.505 0.577 0.592 0.771 0.873 0.892 

30 0.511 0.586 0.596 0.781 0.886 0.906 

40 0.518 0.595 0.612 0.791 0.899 0.919 

50 0.525 0.603 0.616 0.801 0.913 0.933 

60 0.528 0.607 0.625 0.806 0.919 0.939 

70 0.532 0.612 0.629 0.811 0.926 0.946 

80 0.538 0.621 0.634 0.821 0.940 0.960 

90 0.545 0.630 0.643 0.831 0.954 0.973 

100 0.552 0.638 0.652 0.842 0.967 0.987 

 
 

Table D.44 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 2 (Catenary) 

Mast 7 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.228 0.118 0.100 0.348 0.290 0.290 

10 0.230 0.121 0.104 0.351 0.295 0.295 

20 0.233 0.124 0.109 0.355 0.298 0.300 

30 0.239 0.131 0.114 0.362 0.311 0.309 

40 0.244 0.137 0.121 0.369 0.321 0.318 

50 0.250 0.144 0.127 0.377 0.331 0.328 

60 0.253 0.147 0.131 0.380 0.336 0.332 

70 0.256 0.150 0.134 0.384 0.341 0.337 

80 0.261 0.157 0.141 0.391 0.351 0.347 

90 0.266 0.164 0.148 0.398 0.362 0.357 

100 0.272 0.171 0.155 0.406 0.372 0.367 
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Table D.45 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 1 (Catenary) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.592 0.873 1.02 0.920 1.33 1.53 

5 0.591 0.872 1.02 0.912 1.328 1.53 

5 0.588 0.871 1.02 0.911 1.324 1.53 

 
 

Table D.46 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 1 (Catenary) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 0.503 0.633 0.655 0.773 0.953 0.983 

20 0.510 0.640 0.661 0.786 0.962 0.992 

50 0.516 0.650 0.674 0.798 0.978 1.011 

 
 

Table D.47 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 1 (Catenary) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.234 0.166 0.155 0.342 0.327 0.327 

50 0.250 0.186 0.176 0.363 0.356 0.355 

100 0.250 0.187 0.177 0.395 0.399 0.400 
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Table D.48 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 1 (Catenary) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 0.588 0.870 1.017 0.910 1.32 1.53 

100 0.590 0.872 1.02 0.918 1.32 1.53 

100 0.592 0.873 1.02 0.920 1.33 1.53 

 
 

Table D.49 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 1 (Catenary) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 0.518 0.650 0.674 0.801 0.980 1.01 

20 0.510 0.638 0.660 0.779 0.960 1.00 

10 0.507 0.633 0.655 0.773 0.954 0.983 

 
 

Table D.50 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 1 (Catenary) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.241 0.172 0.162 0.351 0.341 0.339 

10 0.231 0.160 0.148 0.337 0.321 0.320 

5 0.227 0.154 0.143 0.330 0.313 0.311 
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Table D.51 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 2 (Catenary) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.665 0.879 0.920 0.965 1.332 1.389 

5 0.640 0.870 0.916 0.966 1.332 1.389 

5 0.631 0.863 0.900 0.996 1.350 1.410 

 
 

Table D.52 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 2 (Catenary) 

Mast 5 

Single stroke-(1.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 0.520 0.581 0.600 0.765 0.868 0.885 

20 0.520 0.581 0.593 0.772 0.878 0.895 

50 0.520 0.595 0.590 0.804 0.920 0.940 

 

 
 

Table D.53 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 2 (Catenary) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.226 0.124 0.107 0.352 0.298 0.295 

50 0.238 0.134 0.117 0.360 0.313 0.310 

100 0.252 0.151 0.135 0.377 0.342 0.339 
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Table D.54 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 2 (Catenary) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 0.675 0.935 0.984 1.016 1.40 1.465 

100 0.675 0.933 1.000 1.016 1.39 1.460 

100 0.675 0.930 1.000 1.016 1.39 1.470 

 
 

Table D.55 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 2 (Catenary) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 0.580 0.620 0.632 0.819 0.936 0.955 

20 0.545 0.614 0.626 0.798 0.908 0.925 

10 0.517 0.592 0.603 0.788 0.895 0.912 

 
 

Table D.56 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 2 (Catenary) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.250 0.138 0.120 0.376 0.321 0.317 

10 0.237 0.124 0.107 0.365 0.305 0.301 

5 0.237 0.124 0.100 0.361 0.298 0.294 
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Table D.57 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

train’s pantograph for configuration 1 

Configuration 1 - Case 1 (Pantograph) 

Mast 4 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.591 0.871 0.988 0.917 1.35 1.55 

10 0.591 0.871 0.988 0.917 1.35 1.55 

20 0.591 0.871 0.988 0.917 1.35 1.55 

30 0.592 0.871 0.988 0.917 1.35 1.55 

40 0.592 0.871 0.988 0.917 1.35 1.55 

50 0.593 0.871 0.988 0.917 1.35 1.55 

60 0.593 0.871 0.988 0.917 1.35 1.55 

70 0.594 0.871 0.988 0.917 1.35 1.55 

80 0.595 0.871 0.988 0.917 1.35 1.55 

90 0.595 0.871 0.988 0.917 1.35 1.55 

100 0.596 0.871 0.988 0.917 1.35 1.55 

 
 

Table D.58 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

train’s pantograph for configuration 1 

Configuration 1 - Case 1 (Pantograph) 

Mast 5 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.510 0.610 0.629 0.777 0.940 0.970 

10 0.511 0.612 0.634 0.779 0.945 0.974 

20 0.512 0.615 0.639 0.781 0.955 0.977 

30 0.513 0.620 0.645 0.785 0.962 0.985 

40 0.514 0.625 0.647 0.790 0.966 0.992 

50 0.515 0.630 0.650 0.794 0.970 1.000 

60 0.516 0.633 0.653 0.796 0.977 1.007 

70 0.517 0.635 0.655 0.799 0.985 1.015 

80 0.518 0.640 0.661 0.803 0.992 1.022 

90 0.520 0.645 0.667 0.808 0.996 1.026 

100 0.521 0.650 0.672 0.812 1.00 1.030 

 

 
Table D.59 Mast 7 induced voltages in Case 1 with single lightning strokes on the 
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train’s pantograph for configuration 1 

Configuration 1 - Case 1 (Pantograph) 

Mast 7 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.196 0.198 0.212 0.327 0.307 0.304 

10 0.205 0.206 0.218 0.332 0.317 0.317 

20 0.214 0.214 0.223 0.337 0.327 0.330 

30 0.223 0.222 0.226 0.347 0.337 0.343 

40 0.227 0.226 0.233 0.357 0.347 0.349 

50 0.232 0.231 0.238 0.367 0.357 0.356 

60 0.241 0.239 0.244 0.377 0.367 0.369 

70 0.250 0.247 0.251 0.387 0.377 0.382 

80 0.259 0.255 0.257 0.394 0.387 0.395 

90 0.264 0.259 0.260 0.399 0.397 0.401 

100 0.268 0.264 0.264 0.407 0.407 0.408 

 

 
Table D.60 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

train’s pantograph for configuration 1 

Configuration 1 - Case 2 (Pantograph) 

Mast 4 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.610 0.833 0.869 0.934 1.28 1.337 

10 0.613 0.838 0.875 0.939 1.28 1.345 

20 0.617 0.843 0.881 0.944 1.29 1.353 

30 0.621 0.848 0.887 0.950 1.30 1.362 

40 0.623 0.850 0.890 0.954 1.30 1.366 

50 0.625 0.854 0.893 0.957 1.31 1.370 

60 0.628 0.859 0.899 0.962 1.32 1.372 

70 0.632 0.864 0.905 0.968 1.33 1.380 

80 0.636 0.869 0.911 0.974 1.34 1.388 

90 0.639 0.872 0.913 0.977 1.35 1.396 

100 0.641 0.875 0.916 0.980 1.35 1.404 
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Table D.61 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

train’s pantograph for configuration 1 

Configuration 1 - Case 2 (Pantograph) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.486 0.550 0.563 0.740 0.839 0.855 

10 0.492 0.558 0.571 0.750 0.851 0.868 

20 0.499 0.567 0.580 0.760 0.863 0.881 

30 0.505 0.575 0.589 0.770 0.876 0.894 

40 0.508 0.579 0.593 0.775 0.884 0.900 

50 0.512 0.584 0.598 0.780 0.889 0.907 

60 0.514 0.592 0.606 0.790 0.901 0.920 

70 0.521 0.601 0.615 0.800 0.914 0.933 

80 0.527 0.610 0.624 0.810 0.926 0.946 

90 0.534 0.614 0.628 0.815 0.935 0.955 

100 0.539 0.619 0.633 0.821 0.941 0.960 

 

 
Table D.62 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

train’s pantograph for configuration 1 

Configuration 1 - Case 2 (Pantograph) 

Mast 7 (MV) 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.096 0.113 0.218 0.340 0.281 0.277 

10 0.117 0.119 0.218 0.347 0.290 0.286 

20 0.138 0.126 0.219 0.354 0.300 0.296 

30 0.159 0.132 0.219 0.361 0.310 0.306 

40 0.169 0.135 0.220 0.364 0.315 0.310 

50 0.180 0.139 0.220 0.368 0.320 0.316 

60 0.201 0.145 0.221 0.375 0.329 0.325 

70 0.222 0.151 0.221 0.382 0.339 0.335 

80 0.243 0.158 0.222 0.389 0.349 0.345 

90 0.253 0.161 0.222 0.392 0.359 0.350 

100 0.264 0.165 0.223 0.397 0.360 0.355 
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Table D.63 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

train’s pantograph for configuration 2 

Configuration 2 - Case 1 (Pantograph) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.592 0.860 0.988 0.917 1.35 1.55 

5 0.592 0.869 0.988 0.917 1.35 1.55 

5 0.595 0.870 0.988 0.917 1.35 1.55 

 

 
Table D.64 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

train’s pantograph for configuration 2 

Configuration 2 - Case 1 (Pantograph) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 0.509 0.613 0.633 0.779 0.946 0.976 

20 0.510 0.618 0.639 0.780 0.955 0.985 

50 0.511 0.633 0.655 0.796 0.975 1.008 

 
 

Table D.65 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

train’s pantograph for configuration 2 

Configuration 2 - Case 1 (Pantograph) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.220 0.209 0.207 0.340 0.323 0.321 

50 0.240 0.227 0.227 0.362 0.351 0.349 

100 0.260 0.255 0.254 0.395 0.391 0.391 

 
 

 

 



542 

 

Table D.66 Mast 4 induced voltages in Case 1 with single lightning strokes on the 

train’s pantograph for configuration 3 

Configuration 3 - Case 1 (Pantograph) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 0.591 0.870 0.987 0.915 1.35 1.55 

100 0.591 0.871 0.989 0.917 1.35 1.55 

100 0.592 0.872 0.989 0.917 1.35 1.55 

 
 

Table D.67 Mast 5 induced voltages in Case 1 with single lightning strokes on the 

train’s pantograph for configuration 3 

Configuration 3 - Case 1 (Pantograph) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 0.522 0.633 0.654 0.800 0.976 1.008 

20 0.514 0.629 0.649 0.786 0.955 0.986 

10 0.513 0.626 0.647 0.780 0.947 0.976 

 
 

Table D.68 Mast 7 induced voltages in Case 1 with single lightning strokes on the 

train’s pantograph for configuration 3 

Configuration 3 - Case 1 (Pantograph) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.228 0.217 0.215 0.353 0.338 0.335 

10 0.216 0.205 0.202 0.337 0.318 0.315 

5 0.212 0.199 0.197 0.330 0.309 0.307 
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Table D.69 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

train’s pantograph for configuration 2 

Configuration 2 - Case 2 (Pantograph) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.610 0.833 0.869 0.934 1.28 1.34 

5 0.610 0.833 0.869 0.935 1.28 1.34 

5 0.610 0.834 0.870 0.936 1.28 1.34 

 
 

Table D.70 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

train’s pantograph for configuration 2 

Configuration 2 - Case 2 (Pantograph) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 0.490 0.554 0.567 0.744 0.845 0.860 

20 0.494 0.561 0.574 0.752 0.855 0.871 

50 0.508 0.578 0.590 0.770 0.880 0.896 

 
 

Table D.71 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

train’s pantograph for configuration 2 

Configuration 2 - Case 2 (Pantograph) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.221 0.118 0.101 0.344 0.289 0.285 

50 0.228 0.128 0.112 0.354 0.305 0.301 

100 0.242 0.145 0.130 0.370 0.331 0.327 
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Table D.72 Mast 4 induced voltages in Case 2 with single lightning strokes on the 

train’s pantograph for configuration 3 

Configuration 3 - Case 2 (Pantograph) 

Mast 4 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 0.640 0.876 0.920 0.980 1.34 1.40 

100 0.640 0.878 0.921 0.978 1.34 1.41 

100 0.640 0.880 0.922 0.977 1.34 1.41 

 
 

Table D.73 Mast 5 induced voltages in Case 2 with single lightning strokes on the 

train’s pantograph for configuration 3 

Configuration 3 - Case 2 (Pantograph) 

Mast 5 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 0.522 0.597 0.610 0.796 0.908 0.928 

20 0.507 0.578 0.590 0.775 0.880 0.900 

10 0.500 0.570 0.582 0.766 0.869 0.887 

 
 

Table D.74 Mast 7 induced voltages in Case 2 with single lightning strokes on the 

train’s pantograph for configuration 3 

Configuration 3 - Case 2 (Pantograph) 

Mast 7 

Single stroke-(2.0/100 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.240 0.132 0.115 0.368 0.314 0.310 

10 0.231 0.123 0.106 0.357 0.296 0.292 

5 0.228 0.120 0.102 0.352 0.289 0.285 
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Table D.75 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the 

mast for configuration 1 

Configuration 1 - Case 1 (Mast) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 4.50 1.65 1.40 6.60 2.50 2.19 

10 4.50 1.65 1.40 6.60 2.51 2.2 

20 4.50 1.65 1.40 6.60 2.51 2.2 

30 4.50 1.65 1.40 6.60 2.51 2.2 

40 4.50 1.65 1.40 6.60 2.51 2.2 

50 4.50 1.65 1.40 6.60 2.51 2.2 

60 4.50 1.65 1.40 6.60 2.51 2.2 

70 4.50 1.65 1.40 6.60 2.51 2.2 

80 4.50 1.65 1.40 6.60 2.51 2.2 

90 4.50 1.65 1.40 6.60 2.51 2.2 

100 4.50 1.65 1.40 6.60 2.51 2.2 

 
 

Table D.76 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the 

mast for configuration 1 

Configuration 1 - Case 1 (Mast) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 3.31 1.53 1.26 4.89 2.30 1.91 

10 3.31 1.54 1.26 4.89 2.31 1.92 

20 3.31 1.55 1.27 4.89 2.33 1.94 

30 3.32 1.55 1.27 4.90 2.34 1.95 

40 3.32 1.55 1.28 4.90 2.36 1.97 

50 3.32 1.56 1.29 4.90 2.37 1.98 

60 3.32 1.57 1.30 4.91 2.38 2.00 

70 3.32 1.57 1.30 4.91 2.40 2.01 

80 3.32 1.58 1.31 4.91 2.40 2.02 

90 3.32 1.59 1.32 4.92 2.41 2.03 

100 3.33 1.59 1.33 4.92 2.41 2.04 
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Table D.77 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

mast for configuration 1 

Configuration 1 - Case 1 (Mast) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.24 0.60 0.50 1.83 0.90 0.77 

10 1.24 0.61 0.51 1.84 0.92 0.78 

20 1.24 0.62 0.53 1.85 0.94 0.81 

30 1.24 0.70 0.61 1.86 0.97 0.83 

40 1.25 0.71 0.63 1.87 0.99 0.86 

50 1.27 0.73 0.64 1.88 1.01 0.88 

60 1.28 0.73 0.64 1.90 1.03 0.90 

70 1.29 0.73 0.64 1.90 1.05 0.92 

80 1.30 0.73 0.64 1.92 1.07 0.93 

90 1.31 0.73 0.64 1.93 1.08 0.95 

100 1.31 0.73 0.64 1.95 1.10 0.97 

 
 

Table D.78 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the 

mast for configuration 1 

Configuration 1 - Case 2 (Mast) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 4.78 2.41 2.06 7.08 3.61 3.09 

10 4.79 2.43 2.08 7.10 3.64 3.13 

20 4.82 2.46 2.12 7.14 3.70 3.18 

30 4.84 2.50 2.15 7.17 3.74 3.24 

40 4.86 2.52 2.17 7.20 3.78 3.28 

50 4.87 2.55 2.20 7.22 3.82 3.31 

60 4.89 2.57 2.22 7.24 3.85 3.32 

70 4.90 2.58 2.24 7.26 3.85 3.36 

80 4.91 2.60 2.26 7.27 3.88 3.40 

90 4.92 2.62 2,27 7.29 3.90 3.42 

100 4.93 2.63 2.29 7.31 3.93 3.45 
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Table D.79 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the 

mast for configuration 1 

Configuration 1 - Case 2 (Mast) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 3.55 1.81 1.55 5.26 2.71 2.31 

10 3.56 1.83 1.56 5.28 2.74 2.35 

20 3.59 1.88 1.61 5.33 2.81 2.43 

30 3.63 1.92 1.65 5.37 2.87 2.48 

40 3.65 1.96 1.69 5.41 2.92 2.53 

50 3.67 1.99 1.73 5.45 2.98 2.60 

60 3.69 2.02 1.75 5.48 3.04 2.67 

70 3.71 2.04 1.78 5.51 3.09 2.71 

80 3.73 2.07 1.81 5.52 3.13 2.76 

90 3.74 2.09 1.83 5.54 3.16 2.80 

100 3.76 2.12 1.86 5.56 3.20 2.83 

 
 

Table D.80 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the 

mast for configuration 1 

Configuration 1 - Case 2 (Mast) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.33 0.65 0.55 1.97 0.97 0.82 

10 1.33 0.67 0.57 1.98 0.99 0.84 

20 1.34 0.69 0.59 2.00 1.03 0.88 

30 1.36 0.72 0.62 2.03 1.15 1.02 

40 1.38 0.75 0.65 2.04 1.19 1.06 

50 1.40 0.77 0.67 2.06 1.22 1.08 

60 1.42 0.79 0.69 2.09 1.25 1.11 

70 1.44 0.82 0.72 2.12 1.28 1.15 

80 1.46 0.84 0.74 2.15 1.31 1.17 

90 1.47 0.86 0.76 2.17 1.33 1.20 

100 1.49 0.88 0.78 2.20 1.36 1.23 
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Table D.81 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 1 (Mast) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 4.47 1.64 1.40 6.60 2.50 2.19 

5 4.46 1.63 1.40 6.58 2.50 2.19 

5 4.44 1.63 1.40 6.55 2.50 2.20 

 

 
Table D.82 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 1 (Mast) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 3.31 1.54 1.26 4.89 2.31 1.92 

20 3.32 1.54 1.26 4.89 2.33 1.94 

50 3.33 1.56 1.29 4.90 2.37 1.98 

 

 
Table D.83 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 1 (Mast) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 1.23 0.62 0.53 1.85 0.93 0.80 

50 1.25 0.71 0.63 1.87 0.98 0.85 

100 1.29 0.71 0.63 1.91 1.06 0.92 
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Table D.84 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 1 (Mast) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 4.44 1.63 1.40 6.55 2.51 2.20 

100 4.46 1.63 1.40 6.58 2.51 2.19 

100 4.47 1.64 1.40 6.60 2.51 2.19 

 

 
Table D.85 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 1 (Mast) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 3.32 1.56 1.29 4.91 2.37 1.98 

20 3.31 1.55 1.27 4.90 2.33 1.94 

10 3.30 1.54 1.26 4.89 2.31 1.92 

 

 
Table D.86 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 1 (Mast) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 1.24 0.69 0.61 1.86 0.97 0.83 

10 1.24 0.61 0.52 1.84 0.93 0.79 

5 1.24 0.60 0.51 1.83 0.91 0.77 
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Table D.87 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 2 (Mast) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 4.78 2.41 2.06 7.08 3.61 3.10 

5 4.77 2.42 2.06 7.07 3.62 3.10 

5 4.76 2.42 2.07 7.06 3.63 3.12 

 
 

Table D.88 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 2 (Mast) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 3.55 1.82 1.55 5.27 2.73 2.33 

20 3.57 1.85 1.58 5.29 2.77 2.38 

50 3.60 1.91 1.65 5.34 2.88 2.50 

 
 

Table D.89 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the 

mast for configuration 2 

Configuration 2 - Case 2 (Mast) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 1.34 0.68 0.58 1.98 1.00 0.85 

50 1.35 0.72 0.62 2.01 1.13 1.00 

100 1.40 0.80 0.70 2.07 1.23 1.10 
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Table D.90 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 2 (Mast) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 4.93 2.61 2.27 7.30 3.90 3.41 

100 4.93 2.60 2.25 7.30 3.87 3.39 

100 4.93 2.59 2.24 7.30 3.85 3.36 

 
 

Table D.91 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 2 (Mast) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 3.71 2.02 1.76 5.49 3.05 2.67 

20 3.66 1.95 1.68 5.41 2.93 2.54 

10 3.64 1.92 1.64 5.39 2.88 2.49 

 
 

Table D.92 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the 

mast for configuration 3 

Configuration 3 - Case 2 (Mast) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 1.39 0.75 0.65 2.05 1.19 1.05 

10 1.36 0.70 0.60 2.02 1.03 0.88 

5 1.35 0.68 0.58 2.01 1.01 0.86 
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Table D.93 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 1 (Return) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.68 3.24 2.15 2.58 4.93 3.37 

10 1.68 3.24 2.15 2.58 4.93 3.37 

20 1.68 3.24 2.15 2.58 4.93 3.37 

30 1.68 3.24 2.15 2.58 4.93 3.37 

40 1.68 3.25 2.16 2.58 4.94 3.37 

50 1.68 3.25 2.16 2.58 4.94 3.37 

60 1.68 3.25 2.16 2.58 4.94 3.37 

70 1.68 3.25 2.16 2.58 4.94 3.37 

80 1.68 3.26 2.17 2.58 4.96 3.37 

90 1.68 3.26 2.17 2.58 4.96 3.37 

100 1.68 3.26 2.17 2.58 4.96 3.37 

 

 
Table D.94 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 1 (Return) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.39 1.33 1.33 2.13 2.05 2.06 

10 1.40 1.34 1.34 2.14 2.06 2.07 

20 1.40 1.35 1.35 2.15 2.07 2.08 

30 1.41 1.36 1.36 2.16 2.08 2.10 

40 1.41 1.36 1.36 2.16 2.10 2.12 

50 1.42 1.37 1.37 2.17 2.12 2.13 

60 1.42 1.37 1.37 2.17 2.13 2.14 

70 1.43 1.38 1.38 2.18 2.14 2.15 

80 1.43 1.39 1.39 2.19 2.15 2.16 

90 1.44 1.40 1.40 2.20 2.16 2.18 

100 1.44 1.41 1.41 2.21 2.18 2.19 
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Table D.95 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 1 (Return) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.49 0.42 0.42 0.73 0.62 0.61 

10 0.50 0.45 0.45 0.74 0.63 0.62 

20 0.51 0.47 0.47 0.76 0.66 0.65 

30 0.53 0.49 0.49 0.78 0.69 0.68 

40 0.55 0.51 0.51 0.81 0.73 0.72 

50 0.57 0.53 0.53 0.84 0.76 0.75 

60 0.58 0.55 0.55 0.86 0.78 0.77 

70 0.59 0.57 0.57 0.88 0.82 0.81 

80 0.61 0.59 0.60 0.90 0.84 0.83 

90 0.63 0.62 0.63 0.93 0.88 0.87 

100 0.64 0.64 0.65 0.95 0.90 0.89 

 
 

Table D.96 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 2 (Return) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.91 0.86 0.86 1.42 1.29 1.29 

10 0.91 0.86 0.86 1.42 1.29 1.29 

20 0.91 0.86 0.86 1.42 1.29 1.29 

30 0.91 0.86 0.86 1.42 1.30 0.30 

40 0.91 0.86 0.86 1.42 1.30 0.30 

50 0.91 0.87 0.87 1.42 1.30 0.30 

60 0.91 0.87 0.87 1.42 1.31 0.31 

70 0.91 0.87 0.87 1.42 1.31 0.31 

80 0.91 0.87 0.87 1.42 1.31 0.31 

90 0.91 0.88 0.88 1.42 1.32 1.32 

100 0.91 0.88 0.88 1.42 1.32 1.32 
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Table D.97 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 2 (Return) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.80 0.67 0.65 1.18 1.01 1.00 

10 0.81 0.68 0.66 1.19 1.02 1.01 

20 0.81 0.69 0.67 1.19 1.04 1.03 

30 0.82 0.70 0.68 1.20 1.06 1.05 

40 0.82 0.71 0.69 1.21 1.08 1.07 

50 0.83 0.73 0.70 1.22 1.09 1.08 

60 0.83 0.74 0.72 1.22 1.10 1.09 

70 0.83 0.75 0.75 1.23 1.11 1.10 

80 0.84 0.76 0.76 1.24 1.13 1.12 

90 0.84 0.77 0.77 1.25 1.14 1.13 

100 0.85 0.78 0.78 1.26 1.16 1.15 

 
 

Table D.98 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the 

return line for configuration 1 

Configuration 1 - Case 2 (Return) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.42 0.32 0.34 0.63 0.47 0.45 

10 0.42 0.33 0.35 0.64 0.48 0.46 

20 0.42 0.34 0.37 0.65 0.50 0.48 

30 0.42 0.36 0.38 0.66 0.53 0.52 

40 0.42 0.38 0.40 0.67 0.56 0.55 

50 0.42 0.39 0.41 0.69 0.59 0.59 

60 0.42 0.41 0.43 0.70 0.61 0.62 

70 0.42 0.42 0.44 0.71 0.63 0.64 

80 0.42 0.43 0.45 0.72 0.64 0.66 

90 0.42 0.44 0.47 0.73 0.67 0.69 

100 0.42 0.46 0.48 0.74 0.70 0.72 
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Table D.99 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 1 (Return) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.68 3.24 2.15 2.58 4.94 3.36 

5 1.68 3.25 2.15 2.58 4.94 3.36 

5 1.68 3.25 2.16 2.58 4.94 3.36 

 

 
Table D.100 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 1 (Return) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 1.40 1.34 1.34 2.13 2.06 2.06 

20 1.40 1.35 1.35 2.14 2.09 2.09 

50 1.42 1.38 1.39 2.17 2.13 2.13 

 

 
Table D.101 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 1 (Return) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.57 0.46 0.45 0.77 0.67 0.66 

50 0.57 0.53 0.53 0.84 0.75 0.75 

100 0.62 0.62 0.62 0.93 0.86 0.86 
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Table D.102 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 1 (Return) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 1.68 3.26 2.16 2.58 4.96 3.37 

100 1.68 3.25 2.16 2.58 4.95 3.36 

100 1.68 3.25 2.15 2.58 4.95 3.36 

 

 
Table D.103 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 1 (Return) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 1.42 1.38 1.38 2.18 2.14 2.15 

20 1.41 1.35 1.35 2.16 2.10 2.11 

10 0.40 1.34 1.34 2.15 2.07 2.08 

 

 
Table D.104 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 1 (Return) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.53 0.48 0.47 0.81 0.74 0.72 

10 0.50 0.44 0.43 0.75 0.66 0.65 

5 0.49 0.42 0.41 0.73 0.63 0.62 
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Table D.105 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 2 (Return) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.91 0.86 0.85 1.41 1.29 1.28 

5 0.91 0.86 0.85 1.41 1.29 1.28 

5 0.91 0.86 0.85 1.41 1.29 1.28 

 

 
Table D.106 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 2 (Return) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 0.80 0.67 0.65 1.18 1.02 1.00 

20 0.80 0.67 0.66 1.18 1.03 1.01 

50 0.80 0.69 0.68 1.19 1.06 1.05 

 

 
Table D.107 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the 

return line for configuration 2 

Configuration 2 - Case 2 (Return) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.52 0.33 0.35 0.75 0.46 0.50 

50 0.53 0.36 0.38 0.76 0.51 0.54 

100 0.55 0.39 0.41 0.80 0.55 0.59 
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Table D.108 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 2 (Return) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 0.96 0.92 0.91 1.45 1.34 1.35 

100 0.96 0.92 0.91 1.47 1.36 1.36 

100 0.96 0.92 0.91 1.47 1.36 1.36 

 

 
Table D.109 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 2 (Return) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 0.84 0.72 0.74 1.25 1.12 1.10 

20 0.83 0.71 0.69 1.23 1.07 1.06 

10 0.83 0.70 0.68 1.22 1.06 1.04 

 

 
Table D.110 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the 

return line for configuration 3 

Configuration 3 - Case 2 (Return) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.53 0.33 0.35 0.76 0.46 0.49 

10 0.52 0.32 0.34 0.75 0.45 0.47 

5 0.51 0.31 0.33 0.74 0.44 0.46 
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Table D.111 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 1 (Catenary) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.52 2.25 2.65 2.25 3.37 3.98 

10 1.52 2.25 2.65 2.25 3.37 3.98 

20 1.52 2.25 2.65 2.25 3.37 3.98 

30 1.52 2.25 2.65 2.25 3.37 3.98 

40 1.52 2.25 2.65 2.25 3.37 3.98 

50 1.52 2.26 2.65 2.25 3.37 3.98 

60 1.52 2.26 2.65 2.25 3.37 3.98 

70 1.52 2.26 2.65 2.25 3.37 3.98 

80 1.52 2.26 2.65 2.25 3.37 3.98 

90 1.52 2.26 2.65 2.25 3.37 3.98 

100 1.52 2.26 2.65 2.25 3.37 3.98 

 
 

Table D.112 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 1 (Catenary) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.23 1.50 1.55 1.85 2.24 2.32 

10 1.24 1.51 1.56 1.86 2.25 2.33 

20 1.25 1.52 1.57 1.87 2.27 2.34 

30 1.26 1.53 1.58 1.88 2.27 2.35 

40 1.27 1.53 1.59 1.89 2.29 2.37 

50 1.27 1.54 1.59 1.90 2.30 2.38 

60 1.27 1.55 1.60 1.91 2.31 2.39 

70 1.28 1.56 1.61 1.92 2.32 2.40 

80 1.29 1.58 1.62 1.93 2.32 2.40 

90 1.29 1.58 1.62 1.93 2.33 2.41 

100 1.30 1.58 1.63 1.94 2.34 2.42 
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Table D.113 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 1 (Catenary) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.49 0.49 0.49 0.71 0.73 0.74 

10 0.49 0.50 0.50 0.73 0.74 0.75 

20 0.52 0.50 0.50 0.75 0.77 0.78 

30 0.53 0.52 0.52 0.77 0.79 0.80 

40 0.55 0.53 0.53 0.79 0.81 0.82 

50 0.56 0.55 0.54 0.81 0.83 0.84 

60 0.57 0.55 0.56 0.83 0.85 0.86 

70 0.58 0.56 0.58 0.84 0.86 0.87 

80 0.59 0.57 0.58 0.86 0.88 0.89 

90 0.60 0.58 0.59 0.87 0.90 0.90 

100 0.61 0.60 0.60 0.89 0.91 0.92 

 

 
Table D.114 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 2 (Catenary) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.62 2.29 2.45 2.37 3.42 3.65 

10 1.63 2.30 2.45 2.38 3.43 3.65 

20 1.64 2.30 2.46 2.40 3.44 3.66 

30 1.65 2.30 2.46 2.41 3.45 3.67 

40 1.66 2.30 2.46 2.42 3.46 3.68 

50 1.67 2.31 2.47 2.43 3.47 3.69 

60 1.69 2.32 2.47 2.44 3.48 3.70 

70 1.69 2.32 2.48 2.45 3.49 3.71 

80 1.70 2.32 2.48 2.46 3.49 3.72 

90 1.71 2.32 2.48 2.46 3.50 3.72 

100 1.71 2.32 2.48 2.47 3.50 3.72 
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Table D.115 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 2 (Catenary) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.23 1.38 1.41 1.82 2.03 2.06 

10 1.24 1.39 1.42 1.83 2.05 2.08 

20 1.25 1.41 1.44 1.85 2.08 2.11 

30 1.25 1.42 1.44 1.87 2.10 2.14 

40 1.29 1.45 1.48 1.88 2.13 2.17 

50 1.29 1.46 1.49 1.90 2.15 2.19 

60 1.30 1.47 1.50 1.92 2.17 2.22 

70 1.31 1.49 1.52 1.93 2.19 2.24 

80 1.32 1.50 1.53 1.95 2.21 2.25 

90 1.34 1.52 1.55 1.96 2.23 2.27 

100 1.35 1.53 1.57 1.98 2.25 2.29 

 

 

Table D.116 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the 

catenary line for configuration 1 

Configuration 1 - Case 2 (Catenary) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 0.52 0.47 0.47 0.78 0.72 0.72 

10 0.52 0.47 0.47 0.78 0.72 0.72 

20 0.53 0.49 0.48 0.79 0.75 0.75 

30 0.54 0.50 0.49 0.81 0.76 0.76 

40 0.55 0.51 0.51 0.82 0.78 0.78 

50 0.56 0.52 0.52 0.83 0.80 0.80 

60 0.57 0.53 0.53 0.85 0.81 0.81 

70 0.58 0.54 0.54 0.86 0.83 0.83 

80 0.59 0.55 0.55 0.87 0.84 0.84 

90 0.60 0.56 0.56 0.88 0.86 0.86 

100 0.61 0.57 0.57 0.89 0.87 0.87 
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Table D.117 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 1 (Catenary) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.52 2.25 2.65 2.25 3.37 4.00 

5 1.52 2.25 2.65 2.25 3.37 4.00 

5 1.52 2.25 2.65 2.25 3.37 4.00 

 

 
Table D.118 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 1 (Catenary) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 1.24 1.51 1.56 1.86 2.25 2.32 

20 1.25 1.52 1.57 1.87 2.26 2.34 

50 1.27 1.54 1.59 1.90 2.29 2.37 

 

 
Table D.119 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 1 (Catenary) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.50 0.51 0.51 0.74 0.76 0.77 

50 0.55 0.53 0.53 0.79 0.81 0.81 

100 0.59 0.57 0.57 0.86 0.88 0.89 
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Table D.120 Mast 4 induced voltages in Case 1 with multiple lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 1 (Catenary) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 1.52 2.26 2.66 2.25 3.36 4.00 

100 1.52 2.25 2.66 2.25 3.37 4.00 

100 1.52 2.25 2.66 2.25 3.38 4.00 

 

 
Table D.121 Mast 5 induced voltages in Case 1 with multiple lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 1 (Catenary) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 1.27 1.54 1.60 1.90 2.30 2.38 

20 1.25 1.52 1.57 1.87 2.27 2.34 

10 1.24 1.51 1.56 1.86 2.26 2.33 

 

 
Table D.122 Mast 7 induced voltages in Case 1 with multiple lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 1 (Catenary) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.53 0.52 0.52 0.77 0.79 0.80 

10 0.50 0.50 0.50 0.73 0.75 0.76 

5 0.49 0.49 0.49 0.72 0.73 0.74 
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Table D.123 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 2 (Catenary) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

5 1.62 2.29 2.45 2.37 3.42 3.64 

5 1.63 2.29 2.45 2.37 3.42 3.65 

5 1.64 2.29 2.45 2.38 3.43 3.65 

 
 

Table D.124 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 2 (Catenary) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

10 1.23 1.39 1.41 1.83 2.04 2.07 

20 1.24 1.39 1.42 1.84 2.06 2.10 

50 1.26 1.43 1.46 1.86 2.11 2.16 

 

 
Table D.125 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the 

catenary line for configuration 2 

Configuration 2 - Case 2 (Catenary) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.52 0.48 0.48 0.74 0.74 0.78 

50 0.54 0.50 0.50 0.80 0.77 0.76 

100 0.57 0.54 0.54 0.84 0.82 0.82 
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Table D.126 Mast 4 induced voltages in Case 2 with multiple lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 2 (Catenary) 

Mast 4 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

100 1.69 2.32 2.48 2.47 3.50 3.71 

100 1.69 2.32 2.47 2.46 3.48 3.70 

100 1.69 2.32 2.47 2.46 3.47 3.69 

 

 
Table D.127 Mast 5 induced voltages in Case 2 with multiple lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 2 (Catenary) 

Mast 5 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

50 1.31 1.48 1.51 1.93 2.19 2.22 

20 1.29 1.44 1.48 1.89 2.14 2.17 

10 1.28 1.43 1.46 1.88 2.11 2.15 

 

 
Table D.128 Mast 7 induced voltages in Case 2 with multiple lightning strokes on the 

catenary line for configuration 3 

Configuration 3 - Case 2 (Catenary) 

Mast 7 

First stroke-(1.0/100 μs), Subsequent stroke-(0.2/50 μs) 

Rf - 34 kA - 50 kA 

(Ω) Auxiliary Return  Catenary  Auxiliary Return  Catenary  

20 0.55 0.51 0.50 0.82 0.78 0.78 

10 0.54 0.49 0.48 0.80 0.75 0.75 

5 0.53 0.48 0.48 0.73 0.74 0.79 
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