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ENGLISH ABSTRACT 

# # 5970364121 : MAJOR ELECTRICAL ENGINEERING 

KEYWORDS: SPHERE-GAP / BREAKDOWN VOLTAGE / IRRADIATION / TEST 

CHAMBER 

CHHOUM VATHANA CHHOM: A revisit to impulse breakdown voltage of 

standard air gaps. ADVISOR: ASST. PROF. KOMSON PETCHARAKS {, pp. 

By its simplicity, sphere gaps method for the measuring of peak voltage is 

preferred to be used as standard for calibration purposes. The limits of accuracy of the 

standard sphere-gaps depends on the ratio of the gap spacing S to the sphere diameter 

D, as follows. For AC, switching and lightning impulse voltage, S ≤0.5D, uncertainty 

is ±3%, but for gap spacing 0.75D > S > 0.5D, the uncertainty is larger than ±3%. 

However, the U50% disruptive discharge of some standard spheres at the same gap 

spacing showed the different value from each other. The significant case occurred 

between 5cm and 10cm sphere-gap for negative polarity. 

Hence, the objective of this thesis is to study the characteristic of the curve of 

U50% disruptive discharge voltage against the gap spacing S for 5cm and 10cm diameter 

sphere. The standard lightning impulse voltage (T1=1.2 µs and T2=50 µs) of negative 

and positive polarities for S= 0.5, 1.0, 1.5, 2.0 and 2.4cm, was taken for this study by 

taking account the influence of humidity and the application of external irradiation. In 

order to control the atmospheric condition around the sphere-gap during the breakdown 

phenomena, both sphere-gap was enclosed in a cylindrical shape test chamber. This 

chamber was designed by using the finite element method (FEM) to ensure that there 

is an acceptable influence on the electrical field distribution across the gap of spheres. 

Two different measuring devices were chosen according to the applied voltage level for 

the purpose of measuring accuracy. The experiment results showed that the difference 

between U50% of this present study and the one of the standard decrease as the gap 

spacing increase, especially for S≤1.0cm. And the value of U50% for D=5cm and 

D=10cm from this experiment tended to be close to each other. 
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Introduction 

 General introduction 

As the demand for electrical power supply, the transmission voltages of power system 

have been increasing to deliver the power energy as high as possible to feed the demand. 

The main benefit of delivering high voltage on the transmission line is the reduction of 

line loss. However, the power apparatus in the high voltage system must be ensured to 

withstand such high voltage stresses. Moreover, the electrical equipment also must have 

the capability of withstanding both external and internal overvoltage during the 

operation. Hence, the insulation and protective devices must be well designed not only 

for normal operating voltage but also for overvoltage case to guarantee a low 

probability of failure in the high-voltage power system. Accordingly, it is necessary to 

test high-voltage equipment during its development stage and prior to commissioning. 

The magnitude and type of test voltage vary with the rated voltage of a particular 

apparatus. The standard methods of measurement of high-voltage and the basic 

techniques for application to all types of apparatus for alternating voltages, direct 

voltages, switching impulse voltages and lightning impulse voltages are laid down in 

the relevant national and international standards. 

Therefore, the high-voltage test and measuring techniques have to be able to properly 

test the apparatus which belong to the high-voltage power system. The basic principle 

of high-voltage testing expresses that test voltage stresses shall represent the 

characteristic stresses in service since not all these stresses were known [1]. 

Additionally, the type and amplitude of stresses depend on the system configuration, 

the used equipment, the environmental conditions and other influences.  

In high voltage test technique, the measuring devices play an important role in the test 

of equipment. The measurements must provide an accuracy for measuring value during 

the test, according to IEEE standard for high-voltage testing techniques [2], the 

measuring system for DC voltage, AC voltage and impulse peak voltage peak require 

the basic uncertainty of  3%. However, after a long period of operation, the accuracy 
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of the measuring devices may be changed, so the satisfactory performance of a high 

voltage measurement device shall be shown by a calibration method.  

As such, the breakdown voltage varies with the gap spacing; and for a nearly uniform 

field gap, a high consistency could be obtained, so that the sphere-gap is very useful as 

a measuring device as well as checking device [3, 4].  

By precise experiments, the breakdown voltage variation with gap spacing, for different 

diameters and distances, have been obtained and represented in IEC60052-2002 [5]. In 

the measuring device, two metal spheres are used, separated by a gas-gap. The potential 

difference between the spheres is raised until a spark passes between them. The 

breakdown strength of a gas depends on the size of the spheres, their distance apart and 

a number of other factors. A spark gap may be used for the determination of the peak 

value of a voltage wave, for the checking and calibrating of voltmeters and other voltage 

measuring devices.  

 

Figure 1-1 The standard sphere-gap with 25cm diameter is used for the performance check of voltage 

dividers ratio. 

The limits of accuracy of the standard sphere-gaps are depended on the ratio of the gap 

spacing S to the sphere diameter D, as follows. For AC, switching and lightning impulse 

voltage, S ≤ 0.5D, the uncertainty is ±3%, but for gap spacing 0.75D > S > 0.5D, the 
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uncertainty are larger than ±3% [5]. However standard sphere-gap is not recommended 

to measure DC voltage since the erratic disruptive discharge may occur at low voltages. 

For this reason, a standard air gap is also used for the performance check of Approved 

Measuring System “AMS” to ensure that the most recent performance test is still valid 

(see Figure 1-1). According to IEC 60060-2 [6], the user of AMS is responsible for the 

performance checks and repeat them accordingly to ensure the stability of the AMS, at 

least once a year. 

 Literature review 

By its simplicity, sphere gaps method of measuring the peak voltage is prefer to be used 

as the standard for calibration purposes. Actually, Sphere-to-sphere gaps are used to 

measure the peak voltage since 1913 base experimental and theoretical from Peek [7]. 

The relationship between the breakdown voltage and the humidity has been studied 

since that time. In an early 21st century, the measurement of high-voltage by means of 

sphere-gap has been led to the completed standard of HV testing represented by IEC 

60052:2002. Furthermore, the IEC standard [5] simply states that, as the absolute 

humidity increases, the disruptive discharge voltage U50% of sphere-gap increases at a 

rate of 0.2% per g/m3. 

1.2.1 The relationship between humidity and breakdown voltage of sphere-gap 

Kuffel had done the experiment to study the effect of humidity on the breakdown 

voltage of sphere-gap and uniform-field gaps [8]. The sphere-gap of 2, 6.25, 12.5 and 

25 cm-diameter spheres were used and the humidity was controlled artificially by 

enclosed in an air-tight chamber. According to his results, it showed that the effect of 

humidity of sphere-gap changed with the sphere diameter and also with the gap-

spacing. The influence of humidity was greatest for largest sphere diameter and reduce 

for the smaller size of the sphere. The variation of voltage for a given change of 

humidity increased with gap spacing. The effect reached a maximum value at a well-

defined gap length and descended to nearly half of the maximum value as the gap 

increased to a longer length. However, the author cannot find a numerical relation 

between voltage change and humidity. 
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Gourgoulis, Mikropoulos and Stassinopoulos [9] conducted the experiment to study the 

influence of impulse shape, gap spacing and of humidity on U50% of 25 cm diameter 

spheres under standard lightning and switching impulse for both polarities. The authors 

simply stated that relationship between the U50% and the humidity displays four 

characteristic features: 

• The influence of humidity was higher for a large sphere than for small sphere 

• The effect of humidity became lower with increasing of gap spacing 

• For lightning impulse voltage, the influence of humidity on U50% under negative 

polarity was stronger than under positive polarity 

• The influence of humidity was more obvious under SI impulse than under LI 

Later on, Gourgoulis and Stassinopoulos [10] investigated the breakdown mechanism 

of 75 cm diameter sphere-gap under standard lightning and switching impulse of both 

polarities by comparison with 25 cm sphere. The aim of this research was to study the 

effect of the applied impulse voltage on the breakdown mechanism of the gap, with 

emphasis on the waveshape, the gap spacing, the polarity, the diameter of the sphere 

and the absolute humidity. The results showed that the influence of humidity on U50% 

depended on gaps spacing and the combination of waveshape and polarity. The effect 

reduced with increased gap length for positive polarity under lightning impulse. The 

authors explained that the relationship of humidity with the influence of polarity and 

waveshape is because the main mechanism of number free electron in critical volume 

is the detachment of electrons. Therefore, under negative polarity, the initial avalanche 

starts near the cathode, the electrons are driven with a reduction in their density in the 

critical volume which produces more chaos in primary electron than under positive 

polarity. With very short gaps length, the correlative abundance of the primary electrons 

is the main breakdown mechanism of air over the effect of humidity. Because the 

hindering action of increasing humidity on breakdown through the attachment of 

electrons to water vapour molecules leads to an increased rarity of primary electrons. 

However, the effect of humidity on the U50% is inverse when humidity increases above 

13 g/m3, it can be attributed to an increased effect of augmenting of negative ion density 

that combined with the scarcity of electrons, which leads to a higher probability of 

electron detachment. 
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The influence of irradiation breakdown voltage of sphere-gap also has been 

investigating by Gourgoulis and Stassinopoulos [10]. An ultraviolet lamp was used to 

provide irradiation for 25 and 75cm diameter sphere under standard switching and 

lightning impulse voltage of both polarities. The experiment results showed that the 

influence of irradiation on U50% acted relatively with impulse shape and polarity, gap 

spacing and sphere diameter and absolute humidity. It also showed that the application 

of external irradiation improved the reliability of standard sphere-gap (especially for 

small gap spacing) in the purpose of measurement and calibration.   

1.2.2 Atmospheric correction method of IEC-60052:2002 

IEC60052:2002 [5] provided an atmospheric correction method to regulate the 

breakdown voltage value of U50% measured under actual conditions to the standard 

value. The breakdown voltage in the air at the actual condition can be corrected to the 

breakdown voltage at the standard condition by two factors, air density correction factor 

( ) and humidity correction factor ( k ). 

The standard atmospheric condition of IEC standard is described as follow:  

  Temperature   0t = 20 C 

  Pressure   0b  = 760 mmHg or 101.3 kPa 

  Absolute humidity 0h  = 8.5 g/m3 

 The relative air density  is defined as 

  
0

0

273

273

tb

b t


+
= 

+
  (1) 

Where the atmospheric pressure b  and 0b  are expressed in the same units; 

  t  and 0t  are the temperatures in degree Celsius. 

The values in this standard were obtained under conditions of absolute humidity in 

range between 5 g/m3 and 12 g/m3 with an average of 8.5 g/m3 and the values of U50% 

in the tables 2 and 3 of IEC standard could be corrected for humidity by multiplying 
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the values in those table by the humidity correction factor k given by the following 

equation: 

 1 (0.002 ( / 8.5))k h = +  −   (2) 

 where the ambient absolute humidity h  in g/m3 and   is the relative air density. 

Breakdown voltage values U  measured under actual conditions with the temperature 

t , the pressure b  and the absolute humidity h  are converted to standard reference 

atmosphere as follows:  

 
0

U
U

k
=


  (3) 

1.2.3 The validity of IEC humidity correction factor in high humidity regions 

Fujii, T. Hayakawa Student et al. discussed the usage of the humidity correction method 

in high absolute humidity regions[11]. The experiment of AC and lightning impulse 

voltage application had been conducted to study the effect of absolute humidity on 

disruptive discharge voltage of standard sphere-gap with diameter 50 cm. According to 

the experiment result, the validity of humidity correction factor by the IEC standard can 

be summarized as follow: 

i. The usage of humidity correction method is acceptable for absolute humidity 

up to 12 g/m3, and it also seems proper up to 22 g/m3 under AC voltage.  

However, the percentage of the measured value within the range between 1± 

3% of standard value, is relatively low for small gap spacing. 

ii. For lightning impulse, the validity of humidity correction factor is acceptable 

for absolute humidity up 22 g/m3 under both polarities. However, there is 

relatively low percentage of the measured value within 1 ± 3% of standard value 

for gap spacing of 4.0 cm under negative and for 16.0 cm under positive 

polarity. 

Later on, Mizuno, Masuda et al. had done the experiment to investigate the validity of 

the humidity correction method from the IEC standard in case of high humidity region 

such as tropical countries [12]. The aim of their study was to evaluate the existing 

humidity correction method for absolute humidity up to 22 g/m3. Since the data of this 

standard were only obtained under conditions of absolute humidity 5 g/m3 and 12g/m3
.  
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Spheres of 12.5 cm and 50 cm in diameter were used in the test under both AC voltage 

and lightning impulse with positive and negative polarities. U50% disruptive discharge 

voltage of 7.5 cm and 12.0 cm gap spacing for positive and negative lightning were 

shown in Figure 1-2 and 1-3, respectively. 

In the below figures, the green line represents the value of U50% disruptive discharge 

voltage of the standard, where the red lines represent the 3% of the standard value. 

The blue dots represent the corrected U50% disruptive discharge voltage from the 

experiment at the different range of absolute humidity. 

  

Figure 1-2 50% disruptive discharge voltage under positive lightning impulse of sphere diameter of 

50cm [12]. 

  

Figure 1-3 50% disruptive discharge voltage under negative lightning impulse of sphere diameter of 

50cm [12].  
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Table 1-1 summarizes the results of experiments for AC disruptive discharge voltage. 

The evaluation of IEC humidity correction method for lighting impulse voltage with 

negative and positive polarity, are shown in Table 1-2 and 1-3, respectively. 

Table 1-1 Evaluation of existing humidity correction method for breakdown voltage of AC voltage 

Diameter 

(cm) 

Spacing 

(mm) 

Percentage within 1±3% 

4-12g/m3 12-23g/m3 All range 

2.0 

3.0 11 54 43 

4.0 90 76 80 

5.0 100 88 91 

6.0 50 96 85 

7.0 43 92 82 

12.5 

1.0 78 38 50 

2.0 90 85 87 

3.0 100 60 73 

4.0 100 90 93 

5.0 40 25 30 

50 

2.6 87 62 72 

5.5 100 89 93 

11.0 97 98 97 

16.0 100 96 97 

 

Table 1-2 Evaluation of existing humidity correction method for breakdown voltage of lighting impulse 

voltage with positive polarity 

Diameter 

(cm) 

Spacing 

(cm) 

Percentage within 1±3% 

4-12g/m3 12-23g/m3 All range 

12.5 

4.5 50 6 25 

5.0 27 6 14 

5.5 36 6 18 

6.0 64 33 43 

50.0 

4.0 75 74 76 

7.5 81 79 81 

12.0 100 100 100 

16.0 84 83 83 
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Table 1-3 Evaluation of existing humidity correction method for breakdown voltage of lighting impulse 

voltage with negative polarity 

Diameter 

(cm) 

Spacing 

(cm) 

Percentage within 1±3% 

4-12g/m3 12-23g/m3 All range 

12.5 

4.5 27 16 21 

5.0 6 11 8 

5.5 9 11 10 

6.0 9 16 14 

50 

4.0 70 50 60 

7.5 72 78 76 

12.0 90 89 89 

16.0 86 84 85 

 

According to [12], it can be simply defined the validity of existing humidity correct 

method as follow: 

i. Under AC voltage, the existing IEC humidity correction method is valid and it 

is possible to extend its validity up to 23 g/m3 based on experimental results. 

Humidity correction method by IEC standard is usable for absolute humidity up 

to 23 g/m3. However, the percentage U50% of some gap spacing within the range 

between 13% of the standard voltage is too low, hence it is worth to make 

another investigation on some gap spacing.  

ii. For lightning impulse with positive and negative polarities, the correction 

method seems proper for measurement with gap length larger than 7.5 cm. 

However, for smaller gap length the errors are unacceptable, so it is necessary 

to make another study the validity of the humidity correction method for small 

gaps spacing.  

 Problem statement 

According to [11, 12], it can be seen that the existing humidity correction method seems 

not proper for small gap spacing under both AC and lightning impulse voltage. The 

most significant is the sphere of 12.5 cm diameter under lightning impulse with both 

polarities, the percentage of measured voltage within 3% of the standard value is 

undesirably low. By comparing the result with 50cm sphere, it can be concluded that 
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the validity of IEC humidity correct method is not acceptable for standard sphere-gap 

of small diameter under lightning impulse voltage. 

IEC60052:2002 [3] stated that to measure the voltage with spheres diameter of 12.5cm 

or less for all voltage and to measure peak voltage below 50 kV, it usually requires 

artificial irradiation from an external source. However, the authors of [11, 12] did not 

mention the application of external irradiation in the experiment. Therefore, it is worth 

to take an investigation on the validity of IEC humidity correction factor for small 

diameter sphere with aid of external irradiation source. 

Peak values of disruptive discharge voltages (U50% in impulse tests) of the standard 

sphere of 5cm and 10cm from Table 2 of IEC60052:2002 [3], shown in Figure 1-4. 

 

Figure 1-4 The plot of U50% disruptive discharge voltage of 5cm and 10cm diameter sphere gap under 

negative and positive polarity against gap spacing. 

From Figure 1-4, it can be seen that for negative polarity the breakdown voltage U50% 

of the sphere of 5cm diameter is higher than 10cm diameter for the same gap spacing 

from 0.5 cm up to 1.2 cm. However, when gap spacing is higher than 1.2cm, the 

breakdown voltage U50% of 5cm diameter sphere is smaller than the sphere of the 10cm 

diameter. The characteristic of the breakdown voltage between 5cm and 10cm spheres 
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is a doubt in comparison with the breakdown voltages of other spheres in the standard 

table. 

With above matters, it is necessary to take an investigation to clarify the breakdown 

voltage of standard sphere-gap of 5cm and 10cm diameter. Moreover, the study should 

be taking into account the influence of humidity and the irradiation. 

 Objective and scope of work 

The aim of this research is to clarify the breakdown voltage of standard sphere-gap by 

taking into account the validity of IEC humidity correction method for the following 

case: 

• The standard sphere of 5 cm and 10 cm diameter with the gap spacing of 0.5, 

1.0, 1.5, 2.0 and 2.4cm, 

• The test was conducted to find disruptive discharge voltage U50% under standard 

lightning impulse voltage (1.2/50s) with both polarities, 

• The artificial irradiation by the external source was used according to 

IEC60052:2002. In this present study, the UV Pen-Ray lamp was used to 

irradiate the sphere-gap.  

• The absolute humidity was controlled by an artificial method in an enclosed test 

chamber. There are three range of humidity that were selected for this 

investigation: dry air, the absolute humidity of 10g/m3 and 18 g/m3.  

 Organization of this thesis 

The organization of this thesis will be given as follows: 

- Chapter 1: Reviews the general introduction, literature review, the research gap, 

the research objective and scope of work. 

- Chapter 2: Presents the design of a cylindrical chamber that will be used to 

control the atmospheric condition around the spheres. The FEM software is used 

to study the effect of the chamber on the electric field distribution along the 

sphere-gap. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12 

- Chapter 3: Presents the experimental setup for this present study including 

control and monitoring devices, impulse generators, measuring devices and the 

method that was used to treat the test results. 

- Chapter 4: Presents the results and discussion. 

- Chapter 5: Presents conclusion and recommendation. 

 Research outcome 

The benefit of this research work is the revisit of the U50% disruptive discharge voltage 

in Table 2 and Table 3 of standard IEC-60052, only for 5cm and 10cm diameter sphere-

gap. Moreover, the humidity correction method provided by this standard is 

investigated to clarify that if it is valid or not for various humidity range and with 

artificial irradiation. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13 

 

The design of sphere-gap test chamber 

 Introduction 

It is possible to carry out extensive modelling of the most complex geometries and use 

the experimental test to validate the accuracy of the Finite Element Method (FEM) 

results. In recent years, FEM has been widely used by the researchers who developed 

numerous FEM models of towers, insulators, conductors, switches, etc. to deal with the 

high-voltage engineering problems [13]. Gutiérrez, Sancho et al studied the influence 

of conductivity and electric field distribution caused protrusion and voids in DC cable. 

A 2D-FEM has been used to verify an agreement with analytical formulas [14]. Xie, 

Zheng et al. investigated the electric field analysis as well as the optimization design of 

grading ring configuration for a new Ultra High Voltage (UHV) equipotential shield 

capacitor voltage transformer, by using 3D-FEM simulation model [15]. Kumar & 

Kalaivani used 2D-FEM to analyze the electric field distribution of 110 kV composite 

insulator. Design of the 110 kV insulators with four different weather sheds is simulated 

under clean, uniformly polluted and dry band surface conditions to analyze the electric 

field and the factors affecting the electric field distribution along the 100 kV silicone 

rubber composite insulators [16]. With these numerous research, it indicates that the 

usage and the reliability of FEM for electric field analysis have been increasing. 

In this chapter, a chamber of sphere-gap will be designed by using a modern FEM, the 

study is combining with two software: GID [17] and Elmer FEM solver[18]. The model 

geometry including material properties, boundary condition, and mesh generation will 

be created and simulated on the GID software. While Elmer will be used to simulate as 

well as calculate the electric field of preprocessing geometry model from GID software. 

The purpose of this chapter is to study the effect of the enclosed chamber of cylinder 

shape on the electric field distribution across the gap of spheres. The chamber will be 

used to control the atmospheric condition of the sphere-gap. The aim of the design is to 

find the chamber size with the economic aspect as well as the size which is convenient 

for mechanical work. The configuration geometry of the simulation model will follow 
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the vertical sphere-gap of the standard IEC-60052, by taking into account with the 

clearance limits of the spheres [5]. The material that will be used to construct the 

chamber will be studied in this simulation process, to make sure that it will be valid for 

the actual experiment. 

It necessary to mention that the geometry of the model will be designed in 2D. Hence, 

to simulate the real application of the sphere-gap chamber (3D), the axisymmetric 

coordination system will be used in Elmer to calculate the electric field. 

 The design of model geometry 

According to IEC-60052, there are two arrangements of a sphere-gap for high voltage 

measurement: vertical gap and horizontal gap. For this study, the vertical sphere-gap 

arrangement will be transferred to a CAD design and this CAD will be simulated using 

GID and Elmer software. By having the IEC standard as a reference, it should be 

ensured that nothing in the vicinity of the model configuration, wall or ground object, 

can be influence the calculation of the results. Hence, the configuration geometry of 

both 5cm and 10cm diameter sphere-gap will follow Table 2-1 - clearance limit of the 

IEC standard [5].  

Table 2-1 Clearance limits of the standard sphere-gap. 

Sphere 
diameter D 

cm 

Minimum of 
height A 

Maximum value of 
height A 

Minimum value of 
distance B 

Up to 6.25 7D 9D 14S 

10-15 6D 8D 12S 

25 5D 7D 10S 

50 4D 6D 8S 

75 4D 6D 8S 

100 3.5D 5D 7S 

150 3D 4D 6S 

200 3D 4D 6S 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

15 

 

Figure 2-1 The real 3-dimensional geometry of vertical sphere-gap[5]. 

 

In this simulation study, the voltages of the high voltage sphere and earth sphere are set 

equal to 1 volt and 0 volts, respectively. The gap length is set equal to S=5cm and 

S=2.4cm for 10cm and 5cm sphere-gap, subsequently. 

Before the study, the effect of the chamber on electric field distribution of sphere-gap, 

mesh size and boundary size of the simulation model must be chosen to ensure the 

precision of the simulation results [19]. The effects of mesh size and boundary size on 

electric field distribution of both 5cm and 10cm diameter sphere-gap are presented in 

section 2.4. 

Design criteria of the cylindrical chamber for vertical sphere-gap: 

• Influence on the electric field distribution of sphere-gap, 

• Economical size,  

• Ease of mechanical work and of the experiment process. 

And, the flowchart for designing the chamber, is described in Figure 2-2. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

16 

 

Figure 2-2 Design of the chamber’s flowchart. 

 

An initial version of the simulation model for both 10cm and 5cm diameter sphere-gap 

in GID software is presented in Figure 2-3. 

Start

Define the maximum electric 

field of sphere-gap without 

the chamber

Study the effect of the 

chamber

Placing the insulation barrier Placing of the chamber cover

 Study the effects on the 

results of FEM software

end

Define the mesh size Define the boundary size

Conclusion



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

17 

 

Figure 2-3 Sphere-gap configuration in GiD software. 

Keyword: 

C: High-voltage sphere shank 

A: Height of sparking point above earth plane 

B: Radius of space free from external structures 

 Simulation workflow 

The workflow of the simulation process can be described by a simple and 

comprehensive flow-chart. The sequence of steps can be followed in order to design 

the configuration of the geometrical model using GiD software, while the result of 

preprocessing results of the GID will be used to simulate the electric field on Elmer 

software. The flowchart of the whole processes is shown in Figure 2-4. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

18 

 

Figure 2-4 Flowchart of the simulation process. 

 The parameters affect the FEM simulation results 

Because the stability of the results of the simulation model of FEM may be affected by 

two significant parameters such as mesh size, simulation space size [20]. Hence, the 

effects of these mentioned parameters will be studied to find the accuracy of the 

simulation results. As the sparking point is the point where the electric field is 

maximum max"E "  as well as the point where the breakdown is initiated. Hence, the 

accuracy of the simulation results will be studied on the value of maxE . 

2.4.1 The effect of mesh size 

The generation of the mesh is the most important part of designing the simulation 

model. In this process, the designed geometry is divided into small units of simple 

shapes, call mesh elements [21]. 
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Generating a mesh is the process by which a mesh is calculated from the geometry 

definition of the domain. This mesh will be used for the numerical analysis at a later 

stage. Conditions and materials assigned to geometric entities will be transferred to the 

node and elements [17]. In 2D geometries, the continuous models are transferred into 

triangular or quadrilateral elements by process of discretization in GID. If the geometry 

shape consists of the curve, there will be a chance that the surrounding area, especially 

the boundaries is not well divided and the mesh size in the area may be larger. Hence, 

to get the high accuracy of calculation, it can be done by using the mesh structures 

which is able to smooth the size and resolution near these boundaries, where the 

solution is exposed to more steep changes and certainly is an area of higher interest (i.e 

The sparking point of sphere-gap) [21].  

Depending on the numerical approach to be used for the calculation or the requirements 

of the numerical simulation, the different kind of meshes can be used to generate on 

GID. As the chordal error method is able to separately assign mesh size on the boundary 

of the model geometry, where is the area of interest.  And by taking simulation time 

into account, assigning mesh size with chordal error will be used as a method to create 

a mesh of the model geometry. 

 

Figure 2-5 Coaxial sphere [22] and its configuration geometry (2D) on GID. 

In this part, the suitable mesh size will be found for both 5cm and 10cm sphere. 

Since the electric field distribution of the coaxial sphere can be simply derived from the 

Equation (9) [22], and the model of the coaxial sphere is similar to the model of sphere-

sphere. So, the model of a coaxial sphere, which has the inner sphere radius 1R = 2.5 
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cm and 5cm and the outer sphere radius 
2R = 7.5 cm and 10cm, is used instead of 

sphere-gap of 5cm and 10 cm diameter, respectively, to define an acceptable mesh size. 

 
( )2 2

2 1 1 2

1 1
E(x)=

4 - /

Q V

x R R R R x
=   (4) 

The 
maxE  is reached when x  equal to 1R , can be obtained by the following Equation: 

 max

1 1 2

E =
1- /

V

R R R
  (5) 

The effect of mesh size on the electric field distribution of the coaxial sphere is studied 

by comparing the value of maxE  from simulation with the max.analyticalE  from Equation 

(5).  The %Error between maxE from max.analyticalE can be derived from the following 

equation: 

 
max.simulation max.analytical

max.analytical

E -E
%Error= ×100

E
  (6) 

The study model: coaxial sphere 5cm 10cm ( 1R =2.5, 2R =7.5) and coaxial sphere 10cm 

and 15cm ( 1R =5, 2R =10) with a voltage equal to 1 volt for the inner sphere and 0 volts 

for the outer sphere. 

 

Figure 2-6 %Error of maxE for various mesh sizes (coaxial sphere 2.5cm 7.cm with difference mesh 

size). 
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Figure 2-7 %Error of maxE for various mesh sizes (coaxial sphere 5cm 10cm with difference mesh 

size). 

By considering for both calculation accuracy and simulation time, mesh size of 0.005 

and 0.01 will be used for sphere diameter of 5cm and 10cm, respectively, with %Error

of -0.105 and -0.11 for 5cm and 10cm sphere, respectively. (see Table 2-2). 

Table 2-2 Desired simulation mesh size for each sphere-gap configuration model. 

Sphere-gap diameter Mesh size %Error 
Emax, without chamber 

[V/cm] 

5cm 0.005 -0.105 0.59937 

10cm 0.01 -0.11 0.31520081 

A free triangular mesh is created with an extra fine element size and the division of the 

domains seems quite uniform. However, there is a small change of the distribution of 

the elements in the vicinity of the sphere curve as well as on the boundary of the model. 

In the case of a fast and approximate solution, this mesh can be considered as sufficient 

(see Figure 2-8). But for a precise solution, an even finer mesh should be generated, at 

least on the boundaries of the model where is the major importance of electric field 

distribution (see Figure 2-9). 

Assigning mesh size with chordal error, the mesh size is so tight around the boundary 

of the configuration geometry, especially the curve and the line that represents both 

spheres including the sparking point and electric field across the sphere-gap (see Figure 
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2-9). The mesh is so tight which means that the simulation results will be more precise 

in these areas of interest.  

 

Figure 2-8 Mesh generation on GID by setting the size of the element (the mesh size of entire 

configuration geometry =1). 

 

Figure 2-9 Mesh generation by using chordal error function (mesh size=0.01 on the boundary of 

configuration geometry). 
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2.4.2 The effect of boundary size 

Unlike the charge simulation or surface charge simulation method, FEM needs 

boundary as it cannot simulate a model that has free space.  This boundary may be 

defined as Dirichlet boundary condition, where it has a fixed potential, or Neumann 

boundary condition, where there is no change in the electric field in the direction normal 

to the boundary, e.g. 


=


0
E

n
. 

Hence, in this part, the effect of boundary size will be studied on electric field 

distribution across the gaps between spheres. In order to eliminate errors, the boundary 

size has to set far enough from the model geometry [23]. However, as the mesh size is 

really small (0.005 for 5cm sphere and 0.01 for 10cm sphere), hence, the simulation 

will take time to complete if the boundary size is large. For this reason, the study will 

take into account both calculation accuracy and simulation time. The geometrical 

configuration of 10 cm diameter sphere-gap will be used to simulate for finding the 

acceptable boundary size. The acceptable boundary size will also use for geometrical 

configuration of 5cm diameter sphere. 

“ X ” defined the size of the boundary size for both horizontal and vertical axis (Figure 

2-10), will set initial value at 300cm. Then, the value “ X ” will be decreased to find 

acceptable error between maxE  of each boundary size and of initial boundary size.  
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It is necessary to notify that the configuration geometry in Figure 2-10 is considered as 

the vertical arrangement of standard sphere-gap. 

Simulation model: 

 

Figure 2-10 Simulation model of vertical sphere-gap 

Simulation results:  

The electric field distribution along the sphere-gap of each boundary size is plotted in 

Figure 2-11.  

The maxE  of different boundary size  max,XE will compare to max,300E = 0. 3160606 V/cm 

of initial boundary size X=300 cm. Following the Equation (7), the %Error between 

each boundary size and initial boundary size is shown in Figure 2-12. 

 
max,X max,300

max,300

E -E
%Error= ×100%

E
  (7) 

Mesh size =0.01 
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Figure 2-11 The electric field distribution across the sphere-gap with various boundary sizes. 

 

 

Figure 2-12 %Error of maxE  with various boundary sizes X . 

0.16

0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

-1 0 1 2 3 4 5

E
le

c
tr

ic
 f
ie

ld
 [
V

/c
m

]

Gap spacing (starting from the sparking point to earth sphere in cm)

X=50cm X=100cm

X=150cm X=200cm

X=250cm X=300cm

%
E

rr
o

r 

E
m

a
x
,X  &

 E
m

a
x,3

0
0   [V

/c
m

] 

Boundary size X [cm] 

0.300

0.305

0.310

0.315

0.320

0.325

-2.0

-1.5

-1.0

-0.5

0.0

0.5

25 50 75 100 125 150 175 200 225 250

Emax,300 = 0.3160606 

Emax,X 

%Error 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

26 

By considering both the accuracy of the software and the simulation time, the X

=150cm is chosen as the boundary size for the next effect studies. The maxE of 10cm 

diameter sphere-gap with boundary size 150cm ( max,150E = 0.31520081 v/cm), while 

for 5cm diameter sphere-gap, max,150E = 0.63277692 v/cm as the boundary size X

=150cm.  Hence, the simulation model of sphere-gap with the boundary size of 150cm 

and the mesh size of 0.005 and 0.01 for 5cm and 10cm sphere-gap, respectively, is 

considered as the model of sphere-gap without chamber (Table 2-3). 

Table 2-3 The maxE of sphere-gap without the chamber(reference max, without the chamberE values). 

Sphere-gap 

diameter 
Mesh size Boundary size 

Emax, without chamber 

(v/cm) 

5cm 0.005 150 0.31520081 

10cm 0.01 150 0.63277692 

 

 Placing the cylindrical chamber of sphere-gap 

There are two steps in order to get a proper size of the chamber:  

1. Placing the insulation barrier to find the acceptable size 

2. Placing two materials covers: metal and insulation on the barrier, to find which 

cover material has less influence on the electric field distribution of sphere-gap. 

In this implementation, the study is taken for 10cm diameter sphere-gap only as the 

chamber will be used for both sphere-gap. 

2.5.1 Placing the insulation barrier (chamber body) 

In this study, the barrier of insulation material that will be used as chamber body 

material is placed at distance D =60cm, and then it is decreased to analyze the effect on 

the electric field distribution across gaps of the sphere (Figure 2-13). Actually, the 

barrier is like a cylindrical chamber without top cover and the purpose of this part is to 

find the small radius of a cylindrical chamber with less influence on the electric field. 
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Simulation model: 

 

Figure 2-13 simulation model of vertical sphere-gap with insulation barrier. 

Simulation results: 

After placing the chamber, the electric field distribution along sphere-gap of each 

distance D  is plotted in Figure 2-14. Following the Equation (8), the %Error of the 

maxE after placing the insulation material at each distance D is shown in Figure 2-15. 

 
max,D max,without chamber

max,without chamber

E -E
%Error= ×100%

E
  (8) 

According to Table 2-15, the barrier has not much effect on the max,without chamberE of the 

sphere-gap, the overall %Error is around 0.2% or less. For the next step, the cover will 

place on the barrier and the simulation will be made to see the effect. 
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Figure 2-14 The electric field distribution across the gap with different barrier distance. 

 

 

Figure 2-15 %Error of maxE  with various barrier distance D . 
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2.5.2 Placing the chamber cover 

There are two model options of the chamber that have been taken to study to consider 

which model has the lowest effects on electric field distribution across the sphere-gap. 

The distance E & F  is the distance from the sparking point of the high-voltage sphere 

to the chamber top. These two parameters will increase from 20cm to 60cm to study 

the influence on the electric field distribution across the spheres. 

For the bottom part of the chamber, the metal will be used because the metal is 

convenient for installing the adjusting gear of the earth sphere as well as for connecting 

the earth connection. 

  First option: Metal cover  

Simulation model: 

 

Figure 2-16 Simulation model of vertical sphere-gap with the metal cover chamber. 
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Simulation results: 

Placing the chamber with metal, the electric field distribution along sphere-gap of each 

distance E  is plotted in Figure 2-16. Following the Equation (9), the %Error of the 

maxE  after placing the metal cover at each distance E  is shown in Figure 2-17. 

 
max,E max,without the chamber

max,without the chamber

E -E
%Error= ×100%

E
  (9) 

With metal cover, the chamber has a strong influence on the maxE  of the sphere-gap. 

The %Error for each distance E  around -2.5% and the maximum one is -3.23% at 

distance E = 20cm.  With this large %Error , the metal cover seems not able to use for 

this chamber configuration. 

 

Figure 2-17 Electric field distribution across the gap with different chamber height E . 
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Figure 2-18 %Error of maxE  with various metal top cover distance E . 

 Second option: Insulation Cover 

Simulation model: 

 

Figure 2-19 Simulation model with insulation cover chamber. 
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Simulation Results: 

Placing the chamber with insulation material cover, the electric field distribution along 

sphere-gap of each distance F  is plotted in Figure 3-20. Following the Equation (10), 

the %Error of the maxE after placing the insulation material cover at each distance F  is 

shown in Figure 2-21. 

 
max,F max,without the chamber

max,without the chamber

E -E
%Error= ×100%

E
  (10) 

According to Table 2-8, the %Error  decreases with the distance F , from -2.012% at F

=60cm to -0.373% at  F=20cm. With an acceptable %Error  of -0.373% at F =20cm, 

the insulation cover with a total height of 80cm is suitable for use. 

 

Figure 2-20 Electric field distribution across the gap with different chamber height. 
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33 

 

Figure 2-21 %Error of maxE  with various insulation top cover distance F . 

 

2.5.3 Conclusion 

The previous simulation results indicate that: 

1. The mesh size and boundary size have a significant effect on the accuracy of 

simulation results, 

2. The insulation body of the chamber has a slight effect on the maximum electric 

field maxE of the sphere-gap, 

3. The metal top cover of the chamber has a strong effect on the maximum electric 

field maxE , while the insulation top cover has no significant effect on maxE . 

Hence, it can be concluded that the chamber should have the body and the cover top 

made of insulation material while the bottom part is metal material for ease of adjusting 

gear and earthing connection. The smallest chamber has a height of 80cm and a radius 

of 20cm with an acceptance %Error of -0.373%. 
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 The chamber size for 5cm and 10cm diameter sphere-gap 

According to the above studies, it shows that the insulation top and metal bottom 

cylindrical chamber with a height of 80cm and radius of 10cm is suitable to enclose the 

vertical sphere-gap. However, inside the laboratory, there is an existing chamber with 

a height of 80 cm and radius of 15cm (Figure 2-22), the body of the chamber is 

insulation material while the top cover and bottom part are metal. Since the insulation 

material cover has a small influence on electric field distribution along sphere-gap, the 

cover top of this old chamber will be replaced by insulation material. Hence the model 

geometrical of this chamber (Figure 2-23) can be created for the simulation to see if it 

is acceptable or not to be used.  

 

Figure 2-22 The old chamber inside the laboratory. 
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Simulation model: 

The simulation model of 5cm and 10cm sphere with the cylindrical chamber which 

has a height of 80cm and the diameter of 30cm. The top and the body of the chamber 

are insulation material and the chamber bottom is the metal material. The boundary size 

X is 150cm for both 5cm and 10cm sphere, where the mesh size is 0.001 and 0.05 

for 5cm and 10cm sphere.  

 

Figure 2-23 Simulation model of D=5cm and D=10cm sphere with the chamber. 

Simulation result: 

After placing the chamber, the electric field distribution along 5cm and 10 cm sphere-

gap without chamber and with chamber are plotted in Figure 2-24 and Figure 2-25, 

respectively. The %Error of the maxE  after placing the chamber is described in Table 

2-4. 

Table 2-4 The %Error of maxE  of sphere-gap after placing the chamber. 

Sphere diameter 

Emax, with chamber 

(v/cm) 

Emax, without chamber 

(v/cm) 
%Error 

5cm 0.63176012 0.63277692 -0.16% 

10cm 0.31514579 0.31520081 -0.017% 
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Figure 2-24 The electric field distribution of 10cm diameter sphere-gap with and without the chamber. 

 

Figure 2-25 The electric field distribution of 5cm diameter sphere-gap with and without the chamber. 
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2.6.1 CAD drawing of the test chamber 

According to Figure 2-24, 2-25 and Table 2-3, the cylindrical chamber size with the 

30cm diameter, the height of 80cm, cover and body made of insulation material and the 

bottom part is made of metal material, has a very low influence on the electric field 

distribution as well as the maxE  along the sphere-gap of 5cm and 10cm diameter. Hence, 

this chamber size is proper to enclosed for the purpose of artificially control the 

atmospheric condition around the sphere-gap. 

 

Figure 2-26 CAD drawing of the chamber (earth sphere shows its full length). 
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Experiment 

 Test equipment 

The experiments are set up to investigate the characteristic of lightning impulse 

breakdown voltage of 5cm and 10cm sphere with and without irradiation under a 

various range of humidity. Actually, the experimental setup is a time-consuming task 

since an impulse voltage test system require many tasks to be done, this process 

includes setting up control and measuring system, choosing the impulse generator, 

adjusting internal and external circuit of impulse generator and choosing an accurate 

measuring device. All the system components have to be prepared to generate the 

standard lightning impulse voltage 1.2/50µs at a desired voltage level. 

The sphere-gap arrangement was prepared according to the standard IEC60052 [5], 

high voltage sphere is on the top and the bottom sphere is earth. The chamber has a 

diameter of 30cm and is 80cm in height. Both 5cm and 10cm diameter sphere are made 

of copper material. The spheres were polished by extra fine sandpaper to ensure the 

surface smoothness. 

3.1.1 The test chambers 

The top and body of the chamber are insulation material where the bottom is a metal. 

The high voltage lead is connected to the high voltage sphere via the bolt attached to 

the cover top. The chamber is erected on a three-arm base equipped with castor wheels. 

At the lower end of the chamber, there are one inlet and one outlet for pressuring or 

evacuating as well as for adjusting the humidity inside the chamber. High precision 

digital pressure gauge (HC-Y810) with an accuracy of ±0.001MPa is used to measure 

the pressure inside the chamber. The relative humidity and the temperature inside the 

chamber are measured by KTJ thermos hygro-meter with the following specifications: 

relative humidity between 10 and 95%RH (±5%RH accuracy) and temperature between 

0 and 10C (±0.1C accuracy). The values of relative humidity and the ambient 

temperature are used to convert to the absolute humidity, using the formula from the 

IEC60060-1 [3].  
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The gap spacing is varied by the gearbox at the bottom part of the chamber and the 

Mitutoyo dial gauge with an accuracy of ±0.01mm is placed below the bottom of the 

chamber to measure the length of gap spacing between the spheres. 

 

Figure 3-1 Test chamber show (5cm and 10cm sphere installed). 

3.1.2 Humidity control 

According to IEC 60061-1[3], the value of relative humidity and the ambient 

temperature can be used to calculate the absolute humidity, by using the below 

equation: 

 

17.6

2436.11

0.4615 (273 )

t

tR e
h

t



+ 
=

 +
  (11) 

Where  h  is the absolute humidity in g/m3, 

  R  is the relative humidity in per cent and 

  t  is the ambient temperature in C. 

Normally, the relative humidity in the laboratory atmospheric is already high with the 

value around 60% to 80%. Hence, the chamber valve was opened to maintain 

equilibrium with the laboratory atmospheric condition. The average temperature which 

is measured by KTJ thermos hygro-meter was around 32C.  

Following the Equation (11), to achieve the absolute humidity of 10g/m3 and 18g/m3 

inside the test chamber, the value of relative humidity inside the chamber must be equal 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

40 

to 30% and 54%, respectively. For this case, the dry air (contained 79% of N2 and 

21% of 02) was pumped into the chamber in order to reduce and maintain those desired 

relative humidity ranges. 

In particular, to achieve the dry air condition, the humidity air existed inside the test 

chamber was evacuated by vacuum pump after that the dry air was pumped into the 

chamber. The cycle of this procedure was repeated at least 3-4 time to ensure that the 

atmospheric condition inside the test chamber is a pure dry air. It can be also determined 

by KTJ thermos hygro-meter which showed a constant value of relative humidity =10% 

(the lowest measuring value). 

It is also necessary to mention that after adjusting the desired humidity ranges, the 

chamber was kept for at least 12 hours before the experiment process. 

 The absolute humidity inside the test chamber 

For this present experiment, there are 3 absolute humidity ranges which are selected to 

investigate: 

1. Dry air (absolute humidity of 0 g/m3) 

2. The absolute humidity of 10 g/m3 

3. The absolute humidity of 18 g/m3 

The pressure of 8kpa or 60mmhg was added into the chamber; hence, the total pressure 

was 101.3kPa+8kPa= 109.3kPa. The average temperature inside the chamber is around 

32℃ (varied between 31-33 ℃). 

Following the Equation (1) and (2), the air density correction factor () and humidity 

correction factor(k) with various absolute humidity range are shown in Table below. 

Table 3-1 The air density correction factor () and humidity correction factor (k). 

Average temperature=32℃, total pressure=109.3kPa inside test chamber 

The absolute 

humidity 

Air density correction 

factor () 

Humidity correction factor 

(k) 

Dry air 1.036 n/a 

10g/m3 1.036 1.002 

18g/m3 1.036 1.017 
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3.1.3 Experiment circuit and components 

 

Figure 3-2 The test, control and measuring circuit (for generating voltage ≥35kV). 

 

Figure 3-3 The test, control and measuring circuit (for generating voltage ≤35kV). 

Control and measuring device: 

- Control Cabinet: The impulse test system operates under a control cabinet which 

charges the impulse generator through the charging unit. This is achieved as the 
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stages in the impulse generator are connected in parallel via the charging 

resistors. 

- Digital volt-meter:  The digital volt-meter is used to view the charging voltage 

which is measured via a 265k  resistive voltage divider with the voltage ratio 

of 894.73:1. 

- Trigger generator: Once the selected charging voltage has been reached, a 

trigger pulse initiates firing of the first spark-gap of the impulse generator. The 

resulting over-voltage triggers the successive stages. As all the spark-gaps fire, 

the stages which are in series now, multiply the charging voltage to reach the 

test voltage. 

- Voltage divider: An impulse voltage divider reduces the impulse voltage to a 

value that the measuring and recording instruments can operate. In this set-up, 

the voltage probe (Tektronix P6015a) with 1000:1 voltage division ratio is used 

to measure the voltage ≤ 35kV, where a higher voltage is measured by a Haefely 

200kV voltage divider with a ratio of 151.1:1. 

- Digital peak voltmeter and digital oscilloscope: The peak and waveform of 

impulse test voltage are recorded by these two devices, respectively. In this 

experiment, Haefely impulse peak voltage meter type 64M and RIGOL 

DS1022C digital oscilloscope (25MHz 400Msa/s) are used. 

Two impulse generators were used in this present study in order to generate difference 

impulse voltage level. 

1. 10-stage, 1000kV Marx generator: 

- The high voltage of 0-100kV with both polarities are generated by DC high 

voltage power supply, is used to charge the capacitor of the impulse generator. 

- Charging capacitor: The maximum charging voltage of 100kV per stage with 

the energy of 5kJ.  

- Internal damping resistors: They are the wave shaping elements of impulse 

voltage generator. At each stage, the front-time resistor Rd and the tail-time 

resistor have the value of 12Ω and 68Ω, respectively. 
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- External damping resistors (Rd-ex): The front-time of the impulse voltage wave 

is convenient to adjust by using the external damping resistors. Two of the 

external damping resistors Rd-ex=406Ω and 286Ω connected in series was added 

to the circuit in order to generate the impulse voltage wave shape of T1 =1.269µs 

and T2=48µs. 

2. Haefely 35P 35kV impulse generator:  This impulse generator produces both 

polarities of lightning impulse voltage up to 35kV. The external damping 

resistors of 600Ω (402Ω+198Ω) were added to the circuit to produce the 

lightning impulse wave shape of T1= 1.21µs and T2=49.3 µs. 

3.1.4 The UV irradiation 

The UV Pen-Ray® lamp (Figure 3-4) which is used to provide the artificial UV 

irradiation, is placed at the bottom part of the test chamber (9D from 5cm sphere-gap 

and 6D from 10cm sphere-gap). With 10mA AC current, this UV lamp has the radiation 

spectrum of 3600µw/cm2 and the typical intensity of 254nm at the distance of 19.1mm. 

The lamp is powered by a power supply which has a primary voltage of 220V/50Hz 

and secondary open circuit voltage of 2100Vac. Besides the direct irradiation from the 

bottom of the chamber, there will be some reflection of UV light from the bottom part 

to the sphere surface. 

 

Figure 3-4 UV Pen-Ray® lamp.  
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3.1.5 Experiment procedure 

The workflow of the experiment process can be described by a simple and 

comprehensive flow-chart. The sequence of steps can be followed in order to obtain the 

U50% disruptive discharge voltage of the sphere-gap in a desired atmospheric condition 

with and without irradiation (Figure 3-5).  

 

 

Figure 3-5 The flowchart of the experiment process. 
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The procedures of conducting the experiment are described as below: 

1. Set desired gap spacing and measure it by using dial gauge. 

2. Adjust the pressure inside the test chamber and make sure it remains constant. 

The humidity is modified to meet a desired value via the inlet valves.  

3. Choose the number of impulse generator stage to ensure that there is a sufficient 

voltage for the test. To extend to a lifetime of the capacitors, the charging 

voltage of each stage is not exceeded 45kV. Therefore, 2-stage is used to 

generate the impulse voltage for gap spacing of 1.0cm up to 2.4cm while 

Haefely 35P 35kV impulse generator is used to investigate the S=0.5cm. 

4. Choose the measuring device to guarantee the accuracy of the voltage 

measurement. Since the breakdown voltage of the test gaps is not exceeded 

100kV. Hence, voltage probe is used to measure the voltage less than 35kV, 

while 200kV voltage is used to measure the voltage from 35kV up to 200kV.  

5. Choose the voltage polarity by changing the direction of the power diode. 

6. Make sure that the generated impulse voltage waveform is corrected according 

to the standard [3], with a tolerance of 1.2µs30% for front-time and 50µs±10% 

for tail-time. 

7. Check the UV lamp if it is on or off according to the experiment purpose. 

8. Record the test results via digital oscilloscope and digital peak voltage meter. 

3.1.6 Treatment of test results 

The multilevel method is used in this experimental procedure in order to find the 

breakdown probability curves under LI with both polarities for all gap spacing. For this 

method, the guideline is:  

- Choosing the 10=
i

n  voltage applications 

- Apply 5=m  voltage levels ( 1,2,..., )iU i m= . Each voltage level, the 

difference is between 1 to 3% from the previous voltage,  

1 ( 1,2,..., 1)i iU U U i m+ = − = −  
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- Count the number ( )i ik n  of disruptive discharges at each voltage level iU , 

disruptive discharge frequency /i i if k n= . 

- The /i i if k n=  is plotted against iU , and U50% and  are computed by using 

curve fitting method on MATLAB program (see APPENDIX A),  the typical 

example is shown in Figure3-6. 

 

Figure 3-6 Probability of breakdown distribution by using the fitting method on MATLAB program. 
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Results and Discussion 

 Breakdown probability curves 

By using curve fitting method on MATLAB program, the breakdown probability curve 

was plotted for all value of absolute humidity. In general, the probability curves are 

regular and have a good fitting with cumulative normal distribution, the typical curves 

are shown in Figure 4-1 However, there are some probability curves that are irregular 

in the sense that they deviate from the cumulative normal distribution (Figure 4-2). 

 

Figure 4-1 The good fitting probability curves with cumulative normal distribution for 10cm sphere 

with S=0.5cm under LI with both polarities in dry air. 

 

Figure 4-2 The irregular probability curve of 10cm sphere S=0.5cm under LI with both polarities in dry 

air. 
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Figure 4-3 The percentage of irregular distribution curve under negative and positive polarity for all 

gap spacing of 5cm and 10cm sphere-gap. 

 

Figure 4-4 The percentage of irregular distribution curves for all gap spacing of 5cm and 10cm sphere-

gap under both voltage polarities. 

The percentage of irregular distribution curve for 5cm and 10cm diameter sphere-gap 

with voltage polarity, sphere diameter and irradiation as the parameters, are shown in 

Figure 4-3 and 4-4, respectively. According to these figures, with the application 

external irradiation source, the percentage of irregular distribution curves are generally 

decreased for 5cm and 10cm diameter sphere-gap under both voltage polarities. They 

also show that the reduction of the percentage of irregular for both 5cm and 10cm 

is obvious for positive polarity than for negative polarity. Under both voltage polarities, 

the influence of irradiation on the percentage of the irregular case seems strong for 

D=10cm sphere than for D=5cm. 

0

10

20

30

40

50

Negative polarity Positive polarity

P
e

rc
e

n
ta

g
e

 o
f 
ir

re
g

u
la

r

Non-irradiated Irradiated

0

10

20

30

40

50

60

70

5cm sphere 10cm sphere

P
e

rc
e

n
ta

g
e

 o
f 
ir

re
g

u
la

r

Non-irradiated Irradiated



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

49 

 U50% disruptive discharge voltage and standard deviation () of 5cm and 

10cm diameter sphere-gap 

The value of U50% disruptive discharge voltage 5cm and 10cm sphere-gap with and 

without irradiation which are measured under a various range of absolute humidity has 

been described and studied for the following cases. 

4.2.1 The influence of humidity on U50% disruptive discharge voltage of 5cm and 

10cm diameter sphere-gap under both polarities 

 Influence of humidity on U50% disruptive discharge voltage 

Table 4-1 and 4-2, shows the value of U50% disruptive discharge voltage for the 

experiment under dry air, absolute humidity of 10g/m3 and 18g/m3 for negative and 

positive LI, respectively. These two tables also show the U50% disruptive discharge 

voltage from the IEC standard for 5cm and 10cm diameter sphere-gap. The same 

values are also plotted against gap spacing (S) in Figure 4-5 and Figure 4-6 for both 

5cm and 10cm diameter sphere (measured value is represented by the dot-line and 

the solid line represents standard value).  The value of U50% of all gap spacing of 

both 5cm and 10cm diameter sphere-gap are also plotted over this various humidity 

range under both polarities in Fig 4-7 and 4-8. 

It is necessary to mention that the U50% for non-irradiated gaps was taken for this 

investigation on the influence of humidity. 

Table 4-1 U50% disruptive discharge lightning impulse voltage of 5cm and 10cm sphere-gap of negative 

polarity(kV). 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

U50% with various humidity range (kV) 

Dry air 10g/m3 18g/m3 

5cm 10cm 5cm 10cm 5cm 10cm 5cm 10cm 

0.50 17.40 16.80 
25.66 

(29.80) 

25.16 

(29.46) 

27.20 

(31.85) 

26.24 

(30.33) 

28.00 

(30.73) 

25.88 

(29.95) 

1.00 32.00 31.70 37.31 36.43 38.02 37.82 37.99 37.91 

1.50 45.50 45.50 48.46 48.68 48.64 49.06 50.36 50.64 

2.00 57.50 57.90 60.76 60.56 62.37 61.80 62.39 64.34 

2.40 65.50 69.50 73.66 72.20 72.50 72.54 74.02 72.48 

 Values in the () are measured by voltage probe 
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It also necessary to mention again that only gap spacing 0.5cm was measured by 

both voltage probe and 200kV divider while the S0.5cm was measured by 200kV 

divider only. 

Table 4-2 U50% disruptive discharge lightning impulse voltage of 5cm and 10cm sphere-gap of positive 

polarity(kV). 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

U50% with various humidity range (kV) 

Dry air 10g/m3 18g/m3 

5cm 10cm 5cm 10cm 5cm 10cm 5cm 10cm 

0.50 17.40 16.80 
25.66 

(31.58) 

25.71 

(29.34) 

27.65 

(32.32) 

26.03 

(29.93) 

27.48 

(32.91) 

25.68 

(29.32) 

1.00 32.00 31.70 36.28 36.30 37.31 37.88 38.74 37.80 

1.50 46.20 45.50 48.02 48.73 49.42 49.20 50.45 50.43 

2.00 59.50 59.00 61.31 61.11 62.93 62.36 63.68 64.84 

2.40 69.00 70.00 72.38 72.42 72.96 73.36 74.33 73.60 

 Values in the () are measured by voltage probe 

 

Figure 4-5 U50% plotted against S for D=5cm under various humidity ranges under both voltage 

polarities. 

From Figure 4-5, it can be seen that there is a difference between the value of the 

sparkover voltage from the experiments and one of the standards. In general, the 
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measured U50% of 5cm diameter sphere-gap are significantly higher than those of the 

standard under all humidity range for both negative and positive polarity, this trend also 

occurs for 10cm diameter sphere-gap for both polarities (Figure 4-6). Without the 

doubt, this phenomenon is caused by the atmospheric condition absolute humidity h  

and pressure b  of the test chamber is higher than the one of the standard atmospheric 

condition. The difference is obvious for small gap spacing S of both sphere-gap, 

especially for S=0.5cm which is measured by voltage probe. Actually, the difference of 

the measured sparkover voltages from the standard value decreases as increasing of gap 

spacing S for both sphere-gap under negative and positive polarity, except the S=2.4cm 

for D=5cm under negative polarity, where the difference has a slight increase. 

 

Figure 4-6 U50% plotted against S for D=10cm under various humidity ranges under both voltage 

polarities. 

The U50% disruptive discharge voltage of both 5cm and 10cm diameter sphere-gap 

under various humidity for negative and positive LI (the dot-line represents the negative 

polarity where positive polarity is represented by the solid line) are shown in Figure 4-
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value with the increase of humidity, but the rate of the influence is seemed to depend 

on gap spacing and voltage polarity. 

For 5cm diameter sphere-gap (Figure 4-7), it indicates that upward trend over all the 

humidity range occurred more frequently for positive polarity than for negative 

polarity, and it can be seen that the influence is more obvious under both polarities for 

small gap spacing (S≤1.5cm) than large gap spacing(S≥2.0cm), except the S=0.5 which 

measured by voltage probe for negative. The influence of humidity is strong for gap 

spacing of 1.0cm and 1.5cm under positive polarity. But when the gap reached S=2.0cm 

and 2.4cm, the influence of humidity on the U50% disruptive discharge voltage is uneven 

since there are only slightly uptrend and even a downtrend occurs for S=2.4cm under 

negative polarity. 

 

Figure 4-7 U50% of 5cm diameter sphere-gap for both polarities LI under various absolute humidity 

without irradiation. 

A typical plot is shown in Figure 4-8 referred to 10cm diameter sphere-gap for both 
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the higher value of U50%, the obvious case is the gap spacing of 2.0cm for both polarity. 

Moreover, the difference of U50% between negative and positive polarity in relation to 

the influence of humidity, is relatively low, except the gap spacing of 2.4cm. This trend 

is also similar to the standard value where there is no significant difference U50% of 

positive from negative polarity for 10cm diameter sphere. This occurrence may be 

caused by the uniformity of filed across the gap of 10cm sphere, which shows that the 

voltage polarity has no effect on U50%[9, 24]. 

 

Figure 4-8 U50% of 10cm diameter sphere-gap for both polarities LI under various absolute humidity 

without irradiation. 

From Figure 4-7 and 4-8, it shows that the influence of humidity on the value of U50% 
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the influence of the gap spacing[9, 24], where large gap spacing (S = 2.0 and 2.4cm) 

for D=5cm is considered as small gap spacing (S  0.25D) for D=10cm. 

From these figures, it can be also seen that the influence of humidity on U50% for this 

present study tends to depend on gap spacing S and the voltage polarity. The influence 

becomes weaker as gap spacing S increased.  For small gap spacing,  the relative 

abundance of the primary electrons is the main mechanism that controls the influence 

of humidity because the increase of humidity slowdowns the breakdown process in a 

sense that the attachment of water vapour molecules increases the scarcity of primary 

electrons  [9]. The reason that the influence of humidity on U50% increases for larger D 

is may due to “higher field values with smaller D resulting in the easier availability of 

primary electron”[24]. 

 The influence of humidity on standard deviation () 

The value of  for 5cm diameter sphere-gap over the absolute humidity range with and 

without irradiation for negative and positive polarity is shown in Table 4-3 and 4-4, 

respectively. The one for 10cm diameter sphere is shown in Table 4-5 and 4-6. The 

average value of  for full range of humidity (hereafter average), is also added to these 

tables. The same value of  and average (for the non-irradiated gap) with the same 

parameters for D=5cm and D=10cm is also plotted in Figure 4-9 and 4-10, respectively. 

5cm diameter sphere: 

Table 4-3 Standard deviation σ for lightning impulse voltage of 5cm sphere-gap of negative polarity. 

Gap spacing 

(cm) 

Standard deviation σ with various humidity range (%) 

Without irradiation With irradiation 

Dry air 10g/m3 18g/m3 average Dry air 10g/m3 18g/m3 average 

0.50 
8.51 

(8.20) 

13.41 

(13.48) 

15.58 

(8.62) 

12.50 

(10.10) 

6.78 

(7.28) 

7.76 

(8.13) 

3.86 

(4.56) 

6.13 

(6.66) 

1.00 8.51 13.41 15.58 4.87 2.68 1.89 2.71 2.43 

1.50 3.40 7.01 4.19 3.62 1.77 2.69 4.79 3.08 

2.00 2.11 3.47 5.27 2.30 3.01 2.53 1.80 2.45 

2.40 2.29 3.12 1.49 2.25 1.44 1.89 2.39 1.91 

 Values in the () are measured by voltage probe 
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Table 4-4 Standard deviation σ for lightning impulse voltage of 5cm sphere-gap of positive polarity. 

Gap spacing 

(cm) 

Standard deviation σ with various humidity range (%) 

Without irradiation With irradiation 

Dry air 10g/m3 18g/m3 average Dry air 10g/m3 18g/m3 average 

0.50 
8.44 

(8.25) 

14.25 

(10.92) 

14.26 

(11.57) 

12.32 

(10.25) 

4.64 

(4.46) 

7.96 

(3.37) 

4.33 

(4.98) 

5.64 

(4.27) 

1.00 4.41 3.19 4.00 3.87 3.78 2.89 2.71 3.13 

1.50 3.25 2.43 3.35 3.01 2.46 2.12 2.52 2.37 

2.00 3.80 1.36 2.52 2.56 2.66 1.62 1.35 1.88 

2.40 1.74 2.23 1.86 1.94 2.22 1.18 1.08 1.49 

 Values in the () are measured by voltage probe 

10cm diameter sphere: 

Table 4-5 Standard deviation σ for lightning impulse voltage of 10cm sphere-gap of negative polarity. 

Gap spacing 

(cm) 

Standard deviation σ with various humidity range (%) 

Without irradiation With irradiation 

Dry air 10g/m3 18g/m3 average Dry air 10g/m3 18g/m3 average 

0.50 
10.81 

(10.62) 
11.97 

(10.95) 
20.21 

(17.06) 
14.33 

(12.88) 
7.25 

(8.21) 
8.73 

(7.96) 
13.71 

(12.23) 
9.89 

(9.47) 

1.00 4.34 8.36 7.73 6.81 5.25 7.50 3.79 5.52 

1.50 3.59 4.57 6.24 4.80 3.59 5.71 4.28 4.53 

2.00 6.82 6.29 4.76 5.96 4.54 3.75 3.01 3.76 

2.40 3.66 4.54 2.95 3.71 3.05 1.84 3.72 2.87 

 Values in the () are measured by voltage probe 

 

Table 4-6 Standard deviation σ for lightning impulse voltage of 10cm sphere-gap of positive polarity. 

Gap spacing 

(cm) 

Standard deviation σ with various humidity range (%) 

Without irradiation With irradiation 

Dry air 10g/m3 18g/m3 average Dry air 10g/m3 18g/m3 average 

0.50 
11.55 

(6.31) 

9.64 

(5.91) 

5.22 

(10.85) 

12.14 

(7.69) 

8.45 

(7.11) 

7.19 

(3.76) 

10.51 

(4.55) 

8.71 

(5.14) 

1.00 4.71 7.73 7.65 6.70 7.87 8.8 5.97 7.55 

1.50 3.86 4.00 7.04 4.97 5.64 5.99 5.30 5.64 

2.00 3.50 5.47 3.61 4.19 3.21 3.64 3.35 3.40 

2.40 4.40 5.47 4.36 4.74 3.55 4.08 3.80 3.81 

 Values in the () are measured by voltage probe 
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It is necessary to mention that the standard  of the breakdown probability curve which 

is generated by MATLAB program, is derived from the following equation: 

50% 16%

50%

U -U
σ= 100%

U
 . And the values of  for the influence of humidity and influence 

of irradiation studies are obtained from the breakdown probability curves which are 

measured by 200kV voltage divider only. 

5cm diameter sphere:  

   

Figure 4-9 The value of  for various humidity range and the average for full humidity range against gap 

spacing under both polarity. 

10cm diameter sphere: 

 

Figure 4-10 The value of  for various humidity range and the average value of average for full 

humidity range against gap spacing under both polarity. 
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From Figure 4-9, it can be seen that the influence of humidity on the value of  is so 

irregular for D=5cm of both polarities. For negative polarity, the value of  shows the 

downtrend over gap spacing for dry air and absolute humidity of 10g/m3 and the value 

of  under 10g/m3 of all gap spacing is always higher than the one under dry air; 

however, the zig zag occurs when the absolute humidity reached 18g/m3. For positive 

polarity, the influence of humidity on the value of  is less marked, especially when S 

is higher than 1.0cm. In general, the average for full humidity range of both polarities 

decreases with increasing of gap spacing. At gap spacing of 0.5cm under both polarities, 

average is relatively large (around 12%) but when S≥0.1 the average drops rapidly with 

the value around 2%-4%. 

For D=10cm of both polarity (Figure 4-10), the influence of humidity on  is also not 

equal and for each humidity range, the curves of  against the gap spacing shows a zig-

zag trend for all gap spacing, except negative polarity under absolute humidity of 

18g/m3 where the curve shows a downtrend. For full humidity range, the value of  

average decreases with the increase of gap spacing, except the gap spacing 2.0cm.  

Similar to D=5cm, the average is significantly large at S=0.5cm with a value around 

14% for negative polarity and 12% for positive polarity but when S≥1.0cm the average 

for both voltage polarity remains within the value of 4%-6%.  

The average for D=5cm and 10cm generally decreases as the gap spacing increases. The 

comparison between the value of  for D=5cm and 10cm, indicates that the value of  

for D=5cm sphere-gap tends to be smaller than the one for D=10cm. From Figure 4-9 

and 4-10, it can be deduced that the value of  seems not strongly depend on the 

influence of absolute humidity, but it tends to depend on the gap spacing and sphere 

diameter. 
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4.2.2 The influence of irradiation on U50% disruptive discharge voltage of 5cm 

and 10cm diameter sphere-gap under both polarities 

 The influence of irradiation on U50% disruptive discharge voltage 

The IEC standard [5] claimed that in order to measure the voltage  50kV for all sphere 

diameters, and to measure voltage with D ≤ 12.5cm for all voltage shapes, it usually 

requires the additional external irradiation. In this part, the application of external 

irradiation was used in order to study the effect of irradiation on the value of U50%. 

Table 4-7 and 4-8, show the value of U50% disruptive discharge voltage of both 5cm 

and 10cm diameter sphere-gap with and without the application of external irradiation 

source from UV-lamp for negative and positive polarity, respectively.  While the U50% 

with and without irradiation against gap spacing S over the humidity range for negative 

and positive polarity are plotted in Figure 4-11 and 4-12 for 5cm sphere-gap and 

Figure 4-13 and Figure 4-14 for 10cm sphere-gap. It is important to mention that U50% 

sparkover voltage over the humidity range is not yet converted by IEC correction 

method [5]. Hence, the influence of irradiation on the value of U50% can be studied by 

adding into account the rate of absolute humidity. 

Table 4-7 U50% disruptive discharge lightning impulse voltage of 5cm and 10cm sphere-gap of negative 

polarity with and without irradiation. 

Gap spacing 

(cm) 

IEC  

Standard (kV) 

U50% with various humidity range with irradiation (kV) 

Dry air 10g/m3 18g/m3 

5cm 10cm 5cm 10cm 5cm 10cm 5cm 10cm 

0.50 17.40 16.80 
24.33 

 (28.29) 

24.15 

(28.62)  

25.21 

(29.67)  

 24.98 

(29.01) 

24.46 

(29.11)  

 24.37 

(28.46) 

1.00 32.0 31.70  35.93  35.98 37.07  36.92  37.72  37.44 

1.50 45.50 45.50  48.23  45.99  48.45   47.26  50.08  49.10 

2.00 57.50 57.90  60.64  60.61  62.09   61.88  62.55  63.16 

2.40 65.50 69.50  72.69  71.70  71.85  72.75  73.14  73.40 

Gap spacing 

(cm) 

IEC  

Standard (kV) 

U50% with various humidity range without irradiation (kV) 

Dry air 10g/m3 18g/m3 

5cm 10cm 5cm 10cm 5cm 10cm 5cm 10cm 

0.50 17.40 16.80 
25.66 

(29.80) 

25.16 

(29.46) 

27.20 

(31.85) 

26.24 

(30.33) 

28.00 

(30.73) 

25.88 

(29.95) 

1.00 32.00 31.70 37.31 36.43 38.02 37.82 37.99  37.91  

1.50 45.50 45.50 48.46 48.68 48.64 49.06 50.36 50.64 

2.00 57.50 57.90 60.76 60.56 62.37 61.80 62.39 64.34 

2.40 65.50 69.50 73.66 72.20 72.50 72.54 74.02 72.48 

 Values in the () are measured by voltage probe 
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Table 4-8 U50% disruptive discharge lightning impulse voltage of 5cm and 10cm sphere-gap of positive 

polarity with and without irradiation. 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

U50% with various humidity range with irradiation (kV) 

Dry air 10g/m3 18g/m3 

5cm 10cm 5cm 10cm 5cm 10cm 5cm 10cm 

0.50 17.40 16.80 
23.92 

(29.92) 

24.15 

(29.25) 

25.12 

(29.02) 

24.91 

(29.02) 

24.06 

(29.99) 

24.83 

(28.55) 

1.00 32.00 31.70 35.34 36.87 36.04 37.34 38.52 37.84 

1.50 46.20 45.50 47.14 47.88 48.97 47.61 49.59 49.27 

2.00 59.50 59.00 60.49 60.82 62.38 62.28 62.21 63.20 

2.40 69.00 70.00 72.40 73.28 71.32 73.59 73.01 73.91 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

U50% with various humidity range without irradiation (kV) 

Dry air 10g/m3 18g/m3 

5cm 10cm 5cm 10cm 5cm 10cm 5cm 10cm 

0.50 17.40 16.80 
25.66 

(31.58)  

25.71 

(29.34)  

27.65  

(32.32) 

26.03  

(29.93) 

27.48 

(32.91) 

25.68 

(29.32) 

1.00 32.00 31.70 36.28 36.30 37.31 37.88 38.74 37.80 

1.50 46.20 45.50 48.02 48.73 49.42 49.20 50.45 50.43 

2.00 59.50 59.00 61.31 61.11 62.93 62.36 63.68 64.84 

2.40 69.00 70.00 72.38 72.42 72.96 73.36 74.33  73.60  

 Values in the () are measured by voltage probe 

5cm diameter sphere-gap: 

From Figure 4-11 and 4-12 show the value of U50% of D=5cm (with and without 

irradiation) for negative and positive polarity, respectively, while one of D=10cm is 

shown in Figure 4-13 and 4-14. From these figures, it can be seen that they share a 

common trend that the value of U50% disruptive discharge of both 5cm and 10cm sphere 

for negative and positive polarity generally have a slight decrease when the application 

of external irradiation source is presented.  

For D=5cm (Figure 4-11 and 4-12), it can be seen that the value of U50% for both 

polarities of the irradiated gap is generally lower than the one of the non-irradiated gaps. 

From these figures, they also show that reduction of the value of U50% is more obvious 

for positive polarity than for negative polarity. For both voltage polarities, the influence 

of irradiation is stronger for small gap spacing (S≤1.0cm) than for large gap spacing, 

except the gap spacing of 2.4cm under positive polarity. 
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Figure 4-11 Plot of U50% of negative LI voltage for 5cm diameter sphere against gap spacing under 

various humidity range with irradiation. 

 

Figure 4-12 Plot of U50% of positive LI voltage for 5cm diameter sphere against gap spacing under 

various humidity range with irradiation. 
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10cm diameter sphere: 

 

Figure 4-13 Plot of U50% of negative LI voltage for 10cm diameter sphere against gap spacing under 

various humidity range with irradiation. 

 

Figure 4-14 Plot of U50% of positive LI voltage for 10cm diameter sphere against gap spacing under 

various humidity range with irradiation. 
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In particular in Figure 4-13 and 4-14, for D=10cm under both polarities, the reduction 

of U50% of the irradiated gap is generally not equal over the all humidity range and the 

influence of irradiation on the value of U50% exists for all gap spacing except the gap 

spacing of 2.0cm and 2.4 cm for both polarities. The reduction is obvious for gap 

spacing of 1.5cm under both polarities. However, for S= 0.5 and 1.0cm, it can be seen 

that the difference seems more obvious for negative than for positive polarity. 

 The influence of irradiation on standard deviation () 

The value of  with irradiation for each humidity range of 5cm and 10cm diameter 

sphere are plotted in Figure 4-15 and 4-17 against gap spacing S with voltage polarity 

as the parameter. Figure 4-16 and 4-18, show the plot of average for full humidity range 

of 5cm and 10cm diameter sphere, with and without irradiation against gap spacing S 

with voltage polarity as the parameter. 

From Figure 4-15, it can be seen the curve of  with irradiation of each humidity range 

is fluctuation over the gap spacing S with negative polarity. However, for positive the 

curves of each humidity range are close to each other and the curves over gap spacing 

show a slight decrease with increasing of S and the overall value of  between 1% to 

4% except the S=0.5cm for 10g/m3 where  is relatively large 8%. For 10cm 

diameter sphere-gap (Figure 4-17), the fluctuation of the curve of  over the gap 

spacing for each humidity is less significant for positive polarity. Similar to the non-

irradiation case, for both D=5cm and 10cm the value of average with irradiation sphere 

also tend to decreases when the gap spacing increases. 

In irrespective of D and S, the value of average for negative and positive polarity (Figure 

4-16 and 4-18) of the irradiated gap is always smaller than the one of non-irradiated, 

the significant case is the gap spacing S=0.5cm for both D=5cm and 10cm spheres 

under both voltage polarities. For S ≥ 1.0cm of D=5cm (Figure 4-16), the reduction of 

average of the irradiated gap is less marked, especially the S=2.0cm of negative polarity. 

However, there are some reverse trends for S= 1.0 and 1.5cm of D=10cm under positive 

where these irradiated gaps gain higher value of average than non-irradiated gaps. 
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5cm diameter sphere-gap: 

 

Figure 4-15 The value of  with irradiation of D=5cm for various humidity range and the average value 

of  for full range of humidity against gap spacing.  

 

Figure 4-16 The value of average of D=5cm with and without for full humidity range against gap 

spacing under negative and positive polarity. 

10cm diameter sphere-gap: 

  

Figure 4-17 The value of  for D=10cm with irradiation under various humidity range and the average 

value of  for full range of humidity against gap spacing. 
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64 

 

Figure 4-18 The value of average of D=10cm with and without irradiation for full humidity range 

against gap spacing under negative and positive polarities. 

To sum up the influence of irradiation on U50% and , the usage of external irradiation 

source from UV-Lamp generally lower the value of U50% and , and the influence is 

valid for all range of humidity. The reason for this phenomenon is due to the 

enhancement of the number of initiated electrons, hence the flashover of irradiated gap 

occurred regularly as the applied voltage increase. 

However, it can be also seen that the influence is less marked as the increasing of gap 

spacing. The reason for this phenomenon is that “the higher applied voltage increases 

the critical volume and therefore enhance the availability of primary electrons to the 

inception of electron avalanches” [10]. Moreover, the irradiation also reduces the 

percentage of the irregular curve of the breakdown probability (Figure 4-3 and 4-4), 

which mean that the breakdown probability curve that has a good fitting the Cumulative 

Normal Distribution is increased as the gaps of the sphere were irradiated. 
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4.2.3 U50%, corrected of 5cm and 10cm diameter sphere-gap with and without 

irradiation 

The 50%U  obtained under the atmospheric condition inside the test chamber, are 

corrected to standard reference 50%,correctedU as follows: 

 50%
50%,corrected

U
U =

 k
  (12) 

By using air density correction factor   and humidity correction factor k  from Table 

3-1 and by following the Equation (12), the 50%,correctedU  are obtained and described in 

bellowing tables: 

 U50%, corrected of 5cm and 10cm diameter sphere-gap without irradiation 

By using air density correction factor   and humidity correction factor k  from Table 

3-1 and by following the Equation (12), the U50% corrected without irradiation of D=5cm 

and D=10cm sphere-gap for both polarities, are obtained and shown in Table 4-9 and 

4-10, respectively. The same values from the tables are also plotted against gap spacing 

S in Figure 4-21 and 4-22. The dot-lines represent the value of U50%, corrected under each 

humidity range for negative and positive polarity, where the U50% of standard LI under 

negative and positive polarity is represented by solid-line. 

Table 4-9 U50%, corrected disruptive discharge lightning impulse voltage of 5cm sphere-gap of negative 

and positive polarity(kV). 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

U50%, corrected with various humidity range (kV) 

Dry air 10g/m3 18g/m3 

(-) (+) (-) (+) (-) (+) (-) (+) 

0.50 17.40 17.40 
24.76 

(28.75) 

24.76 

(30.47) 

26.18 

(30.66) 

26.62 

(31.11) 

26.54 

(29.13) 

26.05 

(31.20) 

1.00 32.00 32.00 36.00 35.00 36.60 35.91 36.01 36.73 

1.50 45.50 46.20 46.75 46.33 46.82 47.57 47.74 47.83 

2.00 57.50 59.50 58.62 59.15 60.04 60.57 59.15 60.37 

2.40 65.50 69.00 71.07 69.83 69.79 70.23 70.17 70.47 

 Values in the () are measured by voltage probe 
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Table 4-10 U50%, corrected disruptive discharge lightning impulse voltage of 10cm sphere-gap of negative 

and positive polarity(kV). 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

U50%, corrected with various humidity range (kV) 

Dry air 10g/m3 18g/m3 

(-) (+) (-) (+) (-) (+) (-) (+) 

0.50 16.80 16.80 
24.27 

(28.42) 

24.80 

(28.31) 

25.27 

(29.19) 

25.06 

(28.81) 

24.53 

(28.39) 

24.36 

(27.80) 

1.00 31.70 31.70 35.15 35.02 36.40 36.46 35.94 35.83 

1.50 45.50 45.50 46.97 47.01 47.22 47.36 48.01 47.81 

2.00 57.90 59.00 58.43 58.96 59.49 60.03 60.99 61.47 

2.40 69.50 70.00 69.66 69.87 69.82 70.61 68.71 69.77 

 Values in the () are measured by voltage probe 

 

Follow the Equation (13), the difference of U50%, corrected from U50% (hereafter %Error) 

of 5cm and 10cm sphere-gap for both voltage polarities, are shown in Table 4-11 and 

4-12, respectively. The same values are also plotted against gap spacing S in Figure 4-

21 and 4-22. 

 50%,corrected 50%

50%

U -U
%Error=

U
  (13) 

Table 4-11 The difference of U50%, corrected from U50% of 5cm sphere-gap for both voltage polarities (%). 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

The difference of U50%, corrected from U50% (%Error) 

Dry air 10g/m3 18g/m3 

(-) (+) (-) (+) (-) (+) (-) (+) 

0.50 17.40 17.40 
42.28 

(65.23) 

42.28 

(75.10) 

50.47 

(76.19) 

52.96 

(78.79) 

52.55 

(67.43) 

49.72 

(79.30) 

1.00 32.00 32.00 12.49 9.38 14.37 12.23 12.55 14.77 

1.50 45.50 46.20 2.75 0.28 2.90 2.97 4.93 3.52 

2.00 57.50 59.50 1.95 -0.59 4.41 1.81 2.86 1.46 

2.40 65.50 69.00 8.50 1.20 6.54 1.78 7.13 2.12 

 Values in the () are measured by voltage probe 
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Table 4-12 The difference of U50%, corrected from U50% of 10cm sphere-gap for both voltage polarities (%). 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

The difference of U50%, corrected from U50% (%Error) 

Dry air 10g/m3 18g/m3 

(-) (+) (-) (+) (-) (+) (-) (+) 

0.50 16.80 16.80 
44.49 

(69.18) 

47.65 

(68.49) 

50.34 

(73.78) 

49.14 

(71.49) 

46.04 

(69.00) 

44.91 

(65.45) 

1.00 31.70 31.70 10.87 10.48 14.84 15.02 13.37 13.04 

1.50 45.50 45.50 3.22 3.33 3.79 4.08 5.51 5.07 

2.00 57.90 59.00 0.91 -0.07 2.74 1.74 5.34 4.18 

2.40 69.50 70.00 0.23 -0.19 0.47 0.88 -1.13 -0.32 

 Values in the () are measured by voltage probe 

 

From Table 4-11, 4-12 and Figure 4-19, 4-20, it can be seen that U50%, corrected of D=5cm 

and 10cm for both voltage polarities which is converted by using IEC humidity 

correction method, is generally still higher than the standard value. However, the 

difference of U50%, corrected for both 5cm and 10cm sphere-gap from the standard value 

decreases as increasing of gap spacing, except the gap spacing of 2.4cm for D=5cm of 

negative polarity only. 

 

Figure 4-19 U50%, corrected plotted against S for D=5cm under various humidity range under both voltage 

polarities. 

15

25

35

45

55

65

75

 0.50  1.00  1.50  2.00  2.40

U
5

0
%

, 
c
o
rr

e
c
te

d
 
[k

V
]

Negative LI Positive LI

Dry air(-) Dry air(+)

10g/m3(-) 10g/m3(+)

18g/m3(-) 18g/m3(+)

 5cm without irradiation

Voltage probe

Gap spacing [cm]



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

68 

The %Error of U50%, corrected from the standard value for 5cm and 10cm sphere-gap are 

represented by Figure 4-21 and 4-22, respectively, which have voltage polarity and 

absolute humidity as the parameters. The negative polarity is represented by the solid-

line and the dot-line represents the positive polarity. 

 

Figure 4-20 U50%, corrected plotted against S for D=10cm under various humidity range under both voltage 

polarities. 

For S ≥ 1.5cm of D=5cm, the %Error of each humidity range for both voltage polarities 

is generally small with the overall value remains within ±3%, except the negative 

polarity of S=1.5cm under 18g/m3, S=2.0 under 10g/m3 and S= 2.4cm under all 

humidity range which has the value around 4.93%, 4.43% and between 6.54% to 8.5%, 

respectively. For small gap spacing (S ≤ 1.0cm) of both voltage polarities, the %Error 

of each humidity range is relatively large with the overall value between 9.38% to 

14.77% or for S=1.0cm and between 42.28% to 52.96% or less for S=0.5cm. The worst 

case is for S=0.5cm for all humidity range which is measured by voltage probe with the 

%Error between 65.23% to 79.30%. 

For large gap spacing D=10cm of both voltage polarities under all humidity range, the 

%Error is less than the one of D=5cm, the overall %Error is less than 1% for S=2.4cm, 

between -0.07% and 5.34% for S=2.0cm and between 3.22% and 5.51% for S=1.5cm. 
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For smaller gaps, the %Error is between 10.48% and 15.02% for S=1.0cm, between 

44.91% and 50.34% for S=0.5cm and the worst case also occurs for S=0.5cm measured 

by voltage probe which has %Error between -73.78% and 65.45%. 

 

Figure 4-21 The %Error of U50%, corrected from the standard value for D=5cm against S under both 

voltage polarities. 

 

Figure 4-22 The %Error of U50%, corrected from the standard value for D=10cm against S under both 

voltage polarities. 

By using IEC correction method, the U50%, corrected from the experiment is converted and 

it gets closer to the standard value with acceptable %Error for the larger gap spacing (S 

≥1.5cm). However, the undesirable %Error occurs for small gap spacing. As the 
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difference between the measured value and the standard value is significantly huge, it 

can be assumed that the reason that lead to such huge difference for small S, it may not 

come from the failure of IEC correct method but it is surely come from other effects. 

 U50%, corrected of 5cm and 10cm diameter sphere-gap with irradiation 

By using air density correction factor δ  and humidity correction factor k  from Table 

3-1 and by following the Equation (13), the 50%,correctedU  with irradiation for 5cm and 

10cm sphere-gap are obtained and described in the Table 4-13 and 4-14. The same 

values are also plotted against gap spacing S for 5cm and 10cm sphere-gap  (Figure 

4-23 and 4-24). 

Table 4-13 U50%, corrected disruptive discharge lightning impulse voltage of 5cm sphere-gap of negative 

and positive polarity(kV). 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

U50% with various humidity range (kV) 

Dry air 10g/m3 18g/m3 

(-) (+) (-) (+) (-) (+) (-) (+) 

0.50 17.40 17.40 
23.47 

(27.29) 

23.08 

(28.43) 

24.27 

(28.56) 

24.18 

(27.93) 

23.19 

(27.60) 

22.81 

(28.42) 

1.00 32.00 32.00 34.66 34.10 35.68 34.69 35.76 36.52 

1.50 45.50 46.20 46.53 45.48 46.64 47.14 47.48 47.01 

2.00 57.50 59.50 58.50 58.36 59.77 60.05 59.30 58.98 

2.40 65.50 69.00 70.13 69.85 69.16 68.65 69.34 69.21 

 Values in the () are measured by voltage probe 

 

Table 4-14 U50%, corrected disruptive discharge lightning impulse voltage of 10cm sphere-gap of negative 

and positive polarity(kV). 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

U50% with various humidity range (kV) 

Dry air 10g/m3 18g/m3 

(-) (+) (-) (+) (-) (+) (-) (+) 

0.50 16.80 16.80 
23.30 

(27.61) 

23.30 

(28.22) 

24.05 

(27.92) 

23.98 

(27.93) 

23.10 

(26.98) 

23.54 

(27.07) 

1.00 31.70 31.70 34.71 35.57 35.54 35.94 35.49 35.87 

1.50 45.50 45.50 44.37 46.19 45.49 45.83 46.55 46.71 

2.00 57.90 59.00 58.48 58.68 59.56 59.95 59.88 59.91 

2.40 69.50 70.00 69.18 70.70 70.03 70.84 69.58 70.07 

 Values in the () are measured by voltage probe 
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Follow the Equation (13), the %Error of 5cm and 10cm sphere-gap for both voltage 

polarities, are shown in Table 4-15 and 4-16, respectively. The same values are also 

plotted against gap spacing S in Figure 4-25 and 4-26. 

Table 4-15 The difference of U50%, corrected from U50% of 5cm sphere-gap for negative and positive 

voltage polarities. 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

The difference of U50%, corrected from U50% (%Error) 

Dry air 10g/m3 18g/m3 

(-) (+) (-) (+) (-) (+) (-) (+) 

0.50 17.40 17.40 
34.90 

(56.86) 

32.63 

(63.40) 

39.46 

(64.14) 

38.96 

(60.54) 

33.27 

(58.60) 

31.09 

(63.39) 

1.00 32.00 32.00 8.33 6.55 11.51 8.41 11.75 14.12 

1.50 45.50 46.20 2.27 -1.56 2.50 2.03 4.34 1.76 

2.00 57.50 59.50 1.75 -1.92 3.94 0.92 3.13 -0.88 

2.40 65.50 69.00 7.07 1.23 5.59 -0.51 5.86 0.31 

 Values in the () are measured by voltage probe 

 

Table 4-16 The difference of U50%, corrected from U50% of 10cm sphere-gap for negative and positive 

voltage polarities. 

Gap spacing 

(cm) 

IEC 

Standard (kV) 

The difference of U50%, corrected from U50% (%Error) 

Dry air 10g/m3 18g/m3 

(-) (+) (-) (+) (-) (+) (-) (+) 

0.50 16.80 16.80 
38.69 

(64.36) 

38.69 

(67.98) 

43.13 

(66.22) 

42.72 

(66.27) 

37.52 

(60.60) 

40.11 

(61.10) 

1.00 31.70 31.70 9.50 12.21 12.11 13.38 11.97 13.16 

1.50 45.50 45.50 -2.48 1.53 -0.02 0.72 2.30 2.66 

2.00 57.90 59.00 -0.89 -0.55 0.96 1.61 1.48 1.55 

2.40 69.50 70.00 -0.47 1.00 0.76 1.19 0.12 0.10 

 Values in the () are measured by voltage probe 

 

From Figure 4-23 and 4-24, it can be seen that U50%, corrected with irradiation of 5cm and 

10cm sphere-gap attain closer to the standard value than the one without irradiation. 

The significant case is for large gap spacing (S≥1.5cm) of both sphere-gap where the 

U50%, corrected with irradiation seems to reach the same value as the reference standard. 

The detail information can be obtained in Figure 2-25 and 2-26 which clearly indicate 

the %Error of U50%, corrected with irradiation from the standard value under each humidity 

range of both voltage polarities for D=5cm and D=10cm, respectively.  
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Figure 4-23 U50%, corrected plotted against S for D=5cm under various humidity range under both voltage 

polarities. 

 

Figure 4-24 U50%, corrected plotted against S for D=10cm under various humidity range under both voltage 

polarities. 
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From Figure 4-25 and 4-26, it can be seen that there are some differences between the 

U50%, corrected with irradiation and the standard value. Generally, the value of the present 

experiment is higher than the one of the standards. However, U50%, corrected of 5cm and 

10cm diameter sphere-gap attain closer to the standard value as the gap spacing 

increases. The significant case is for large gap spacing (S ≥ 1.5cm) of both sphere-gap 

where %Error generally remains within the value of ±3%, except D=5cm for negative 

polarity under dry air, absolute humidity of 10g/m3 and 18 g/m3, which is higher than 

the standard value by 7.07%, 5.59% and 5.56% respectively. The reason for this can be 

observed that the curve of negative LI of standard U50% against S for 5cm deviates at 

S=2.4cm. For both voltage polarities of 5cm and 10cm sphere the huge difference 

occurred for small gap spacing (S ≤ 1.0cm), the U50%, corrected is higher than the standard 

value by more than 10%. 

For S ≥ 1.5cm, D=5cm of negative polarity, the %Error for each humidity range is 

between 2.27% to 4.34%, 1.75% to 3.94% and 5.86% to 7.07% for S= 1.5, 2.0 and 

2.4cm, respectively. For the same gap spacing under the positive voltage of D=5cm, 

the overall %Error is around 2.0% or less. For small gap spacing (S ≤ 1.0cm), under 

negative polarity, the %Error is relatively large, 33.27% to 39.46% and 8.33% to 11.5% 

for S= 0.5cm and 1.0cm, respectively. For same S of positive polarity, the %Error is 

between 31.09% to 38.96% and 6.55% to 14.14% The worst case is S=0.5cm measured 

by voltage probe where the %Error under each humidity range of negative and positive 

polarity are between 56.86% to 64.14% and 60.54% to 63.40%, respectively. 

In particular, for S ≥ 1.5cm of D=10cm, the %Error for both voltage polarities under 

each humidity range achieved much better than the one of D=5cm with the overall value 

between -2.48% to 2.66%. For S ≤ 1.0 of both polarity, the overall %Error is between 

37.52% to 43.13% and 9.5% to 13.38% for S=0.5cm and 1.0cm, respectively. In 

particular, for both voltage polarities of 0.5cm measured by voltage probe, the overall 

%Error is between 60.60% to 67.98%. 
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Figure 4-25 The %Error of U50%, corrected from the standard value for D=5cm against S under both 

voltage polarities. 

 

Figure 4-26 The %Error of U50%, corrected from the standard value for D=10cm against S under both 

voltage polarities. 

From Figure 4-25 and 4-26 and Figure 4-21 and 4-22, it can be seen that the irradiated 

gaps generally attain closer to the standard value than the non-irradiated gaps. For both 

with and without irradiation, the acceptable difference occurs only for S ≥1.5cm but for 

smaller S, it shows a huge difference from the standard value. Drew an attention from 
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small S, it can be deduced that the IEC correction method and the application irradiation 

is not the main factor that causes such undesirable difference.    

Moreover, it can be clearly seen that there is the difference between the value of U50%, 

corrected measured from voltage probe and the one from 200kV voltage divider. The 

measured values from the voltage probe (rated voltage of 40kV) always show the higher 

value than the one from 200kV voltage divider (rated voltage of 200kV). From this 

case, it can be assumed that the different measuring devices may lead to the difference 

in voltage measurement of sphere-gap. However, the IEC standard does not indicate 

the measurement devices which are used in their experiment process. Hence, the 

measuring device is a reasonable factor that leads the difference between the 

experiment value and the standard value since the U50% from the voltage probe, 200kV 

voltage divider and IEC standard show the different value from each other. 

Furthermore, the uncertainty of measuring device may be guaranteed for measuring the 

voltage level at 20% up to a maximum voltage of the measuring device itself (the 

selected calibration voltage level is around 20% up to maximum rated voltage).  It is 

due to linearity effect in the calibration process of the measuring device [6]. So, the 

measurement uncertainty of 200kV voltage divider for measuring the peak voltage 

stressed on the sphere-gap may be increased for gap spacing of 0.5cm (U50% of S=0.5cm 

is smaller than 20% of 200kV). 

 The comparison between U50%, corrected of 5cm and 10cm diameter sphere-gap 

In this part, the value U50%, corrected with irradiation of D=5cm and D=10cm for both 

voltage polarities under a various range of humidity was taken to study. Figure 4-27, 4-

28 and 4-29, show the plots of U50%, corrected with irradiation for both voltage polarities 

under dry air, absolute humidity of 10g/m3 and 18g/m3. The value U50%, corrected of both 

sphere under various humidity range for negative and positive polarity is shown in 

Figure 4-30 and Figure 4-31, respectively. 

Following the Equation (14), the difference between U50% of 5cm and of 10cm 

(hereafter %U) sphere for negative and positive polarity are plotted against gap, are 

shown in Figure 4-32 and 4-33, respectively.  

 
50%,5cm 50%,10cm

50%,10cm

U -U
%ΔU= ×100%

U
  (14) 
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In the Figures 4-32 and 4-33, the dot-line represents the %U for each humidity ranges 

and the red solid-line represents the average value of %U of the experiment for full 

humidity range, while the %U of the standard value is represented by the blue solid-

line. 

It is also necessary to mention that the only U50%, corrected with irradiation (hereafter U50%, 

corrected) was used for this comparison study. 

 

Figure 4-27 Plot of U50%, corrected of 5cm and 10cm sphere-gap against gap spacing for LI under dry air. 

 

Figure 4-28 Plot of U50%, corrected of 5cm and 10cm sphere-gap against gap spacing for LI under absolute 

humidity of 10g/m3. 
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Figure 4-29 Plot of U50%, corrected of 5cm and 10cm sphere-gap against gap spacing for LI under absolute 

humidity of 18g/m3. 

Figure 4-30 and 4-31 show the plots of U50%, corrected of both sphere-gap over the gap 

spacing under for all range of humidity for negative and positive polarity, respectively. 

Under dry air for both voltage polarities, the U50%, corrected for D=5cm have a good fitting 

with D=10cm for both voltage polarities. However, there are some diversion at 

S=1.5cm for negative polarity and S=1.0cm for positive polarity. Under absolute 

humidity of 10g/m3 for both voltage polarities, it indicates that the curve of U50%, corrected 

against the gap spacing for 5cm sphere also fits well with the one for 10cm sphere, a 

fair amount of diversion occurred at S=2.4cm under positive polarity. For both voltage 

polarities under absolute humidity of 18g/m3, shows that the curve of U50%, corrected 

against the gap spacing for D=5cm and 10cm also have a good fitting with each other, 

but there is a significant diversion at S=1.0cm under negative polarity.  
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Figure 4-30 Plot of U50%, corrected of 5cm and 10cm sphere-gap for negative LI under various humidity 

range against gap spacing. 

From Figure 4-32, under negative polarity, the %U of Uaverage of the experiment tend 

to close to 0%, except the gap spacing S=1.5cm, while %U of the standard value 

decrease from value around 3.6% to -5.7%. 

Under positive polarity (Figure 4-33), the %U of the standard value always higher 

than 0%, except S=2.4cm, while %U of the experiment is generally lower than 0%, 

except gap S= 0.5cm (measured by voltage probe) and S=1.5cm. 

From Figure 4-32 and 4-33, it can be seen that %U of the experiment generally attains 

the lower value than %U of the IEC standard and %U of the experiment gets closer 

to 0% than one of the IEC standards. 
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Figure 4-31 Plot of U50%, corrected of 5cm and 10cm sphere-gap for positive LI under various humidity 

range against gap spacing. 

 

Figure 4-32 Plot of %U of the measured values and of standard values against gap spacing for 

negative polarity. 
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Figure 4-33 Plot of %U of the measured values and of standard values against gap spacing for 

positive polarity. 

To sum up of this part, for both voltage polarities, under all range of humidity the curve 

of U50%, corrected against gap spacing for D= 5cm and D=10cm from this present 

experiment generally have a good fitting with each other and the values of U50% for 

D=5cm and D=10cm are close to each other. Moreover, it can be seen that the %Error 

between the measured value and the standard value for D=10cm is smaller than the one 

for D=5cm. Hence it can be deduced that the values of U50% for both D=5cm and 

D=10cm spheres from this experiment tend to close the 10cm standard sphere-gap than 

5cm standard sphere gap. 

However, there are some values of U50% in the standard that may be interpolated [25]. 

In this case, the gap spacing which is suspected to be interpolated occur for both D=5cm 

and D=10cm, and the significant one is for D=10cm under negative polarity with S=1.5, 

2.0 and 2.4cm. From Figure 4-24, it can be seen that the U50% of 10cm standard sphere-

gap show a linear increase over the gap spacing, while the one of 5cm standard sphere 

gap shows a diversion at gap spacing of 2.4cm under negative polarity (Figure 4-23). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

81 

 

Conclusion 

For this present work, it can be seen that U50% increases as increasing of humidity but 

this influence is not so strong. The influence of humidity on U50% seems to depend on 

gap spacing S and voltage polarity. This influence becomes weaker as gap spacing S 

increases. While, the standard deviation  seems not strongly depend on the rate of 

humidity, but it tends to depend on the gap spacing and sphere diameter. For all range 

of humidity, the IEC correction method seems proper for S≥1.5cm, but there is an 

undesirable difference between the measured and the standard value for S=0.5cm and 

1.0cm. 

For S ≤ 1.5cm of both 5cm and 10cm diameter sphere (D ≤ 12.5cm and U50%  50kV), 

the value of U50% and standard deviation  of the breakdown curve with irradiation is 

lower than the one without irradiation. This case confirms with the IEC standard which 

suggests that the additional irradiation is required for the sphere with a diameter smaller 

than 12.5cm and for voltage below 50kV. Moreover, in this present work, the 

application of irradiation is still valid for S=2.0 and 2.4cm (U50%  50kV). 

For both voltage polarities of U50%, corrected with and without irradiation (Figure 4-23 and 

4-24 and Figure 4-19 and 4-20), it can be seen that the gap spacing of 1.5, 2.0 and 2.4cm 

shows an acceptable diversion from the IEC standard but the undesirable difference 

occurred for S=0.5 and 1.0cm. However, for S=0.5cm that was measured by both 

voltage probe and 200kV divider, the value U50% measured by voltage probe is always 

higher than the one measured by 200kV voltage divider. In this case, it can be deduced 

that the different measuring devices that were used to measure the same sphere-gap 

may obtain the different value from each other. From this, it can be assumed that the 

IEC correction method and the application of irradiation is not the main reason that 

caused such a huge difference but the measuring device that was used to measure the 

standard sphere-gap is the main cause that leads the different measuring value since the 

breakdown voltage U50% for S=0.5cm of both 5cm and 10cm sphere-gap that is obtained 

from voltage probe, 200kV divider and IEC standard, show the different values from 

each other. 
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For both voltage polarities under all range of humidity, the value of U50% for 5cm and 

10cm sphere of the experiments (Figure 4-30 and 4-31) tends to be close to each other. 

However, this occurrence is opposite to the IEC standard which shows that the value of 

U50% for 5cm and 10cm sphere have a significant difference from each other, especially 

under negative polarity (Figure 1-4). However, some values of U50% for 10cm standard 

sphere-gap under negative polarity are suspected to be assumed by the method of 

interpolation. With this matter, the difference between U50% of 5cm and 10cm sphere-

gap in the standard may be in a doubt. 

The conclusion, the uncertainty of 5cm and 10cm diameter sphere-gap may be 

increased and the ability to use this standard value in purpose calibration or for checking 

the measuring device is in a doubt, especially for small gap spacing. 
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APPENDIX A 

The code in MATLAB which is used to plot the breakdown probability curve, is 

describe as below: 

Example for D=10cm, S=1.0cm of negative polarity under absolute humidity of 18g/m3 

and without irradiation 

X = [45.01, 46.24, 46.99, 48.06, 49.82];  % Applied voltage 

Y = [0, 10, 20, 30, 40];     % Discharge frequency 

fcn = @(b,x) normcdf(x, b(1), b(2));                 % Objective Function 

NRCF = @(b) norm(Y/100 - fcn(b,X));            % Norm Residual Cost Function 

B = fminsearch(NRCF, [40; 60]);                      % Estimate Parameters 

Xplot = linspace(min(X)-15, max(X)+15); 

Z = fcn(B,Xplot); 

figure(1) 

plot(X, Y/100,'xr', 'Linewidth', 2) 

hold on 

plot(Xplot, Z, 'k', 'Linewidth', 1) 

hold off 

grid on, 

grid minor 

title({'Cumulative Normal Distribution'... 

    '10cm sphere with 1.5cm gap spacing (positive polarity) in 18 g/m^3 absolute 

humidity'}, 'FontName', 'Calibri', 'FontSize', 12) 

xlabel('Voltage (kV)') 

ylabel('Discharge frequency') 

text(46, 0.65, sprintf('\\mu = %.2f\n\\sigma = %.2f', B)) 
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From the above code, the U50% disruptive discharge voltage and the standard deviation 

() of the breakdown probability curve are shown and computed (i.e. D=10cm, 

S=1.5cm of positive polarity under 18g/m3 of absolute humidity): 

In the following breakdown probability curve, the µ is the 50% disruptive discharge 

voltage and  is the standard deviation which is obtained from the equation:

50% 16%-U U = . 
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APPENDIX B 

I. The breakdown probability curve of 5cm sphere for negative and positive 

polarity under various range of humidity: 

1) Dry air: 

a) Without irradiation 

➢ S= 0.5cm (negative and positive LI) 

 

 

 

  

Voltage probe 200kV divider 

Voltage probe 200kV divider 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0 (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

b) With irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

2) The absolute humidity of 10g/m3 

a) Without irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

b) With irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

  

➢ S=1.5cm (negative and positive polarity) 

  

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

3) Absolute humidity of 18g/m3 

a) Without irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

b) With irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

II. The breakdown probability curve of 10cm sphere for negative and positive 

polarity under various range of humidity: 

1) Dry air 

a) Without irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

  

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

b) With irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

2) Absolute humidity of 10g/m3 

a) Without irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

b) With irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

3) Absolute humidity of 18g/m3 

a) Without irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 

 

b) With irradiation 

➢ S=0.5cm (negative and positive polarity) 
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➢ S=1.0cm (negative and positive polarity) 

 

➢ S=1.5cm (negative and positive polarity) 

 

➢ S=2.0cm (negative and positive polarity) 
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➢ S=2.4cm (negative and positive polarity) 
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