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ABSTRACT

The validity of the atmospheric correction method presented in the IEC 60060-1 (2010)

standard is analysed and evaluated by means of theoretical and laboratory work. In

order to understand the problem, the evolution of the atmospheric correction methods,

from as early as 1914, has been presented. A procedure (Calva prediction method) for

predicting the direct current (DC) breakdown voltage for an air gap at any altitude

was discovered and was also analysed along with the IEC 60060-1 (2010). A critique of

some of the atmospheric correction methods commonly used standards was also done.

Experiments were carried out at altitudes of 1 740 m (Wits University), 130 m (UKZN

HVDC centre) and at less than 2 m above sea level (Scottburgh beach, Clansthal). More

tests were conducted using a pressure vessel where high altitude relative air density was

simulated. All tests were conducted on rod-plane air gaps using a 15 mm diameter

flat tip rod. Test results from Scottburgh beach were used as the standard breakdown

voltages of the air gaps tested since the environmental conditions were the closest to the

conventional standard conditions (stp). The test results obtained were compared with

predictions using the Calva method in order to validate the method. The test results

were also corrected according to IEC 60060-1 (2010) and compared to the standard

breakdown voltages obtained at Scottburgh beach. It was shown that the IEC 60060-1

(2010) is quite suitable for atmospheric correction for data obtained at low altitudes

(about 130 m). When applied to high altitude (1 740 m) data, the correction method

is accurate and suitable for very small air gaps less than 0.1 m. As the air gap length

increased, the corrected results began to deviate from the expected standard voltage.

The same trend was shown with the corrected results from the pressure chamber tests.

The prediction method by Calva was accurate when compared to the experimental data

from the high altitude and low altitude test results. When compared to the data from

the pressure chamber, the prediction method had a linear error factor which was different

for each gap length. It was concluded that the IEC 60060-1 (2010) is not only unsuitable

for atmospheric correction for data at relative air densities below 0.8, but also that the

correction method is prone to an increase in error as the air gap length increases when

the relative air density is higher than 0.8. The Calva prediction method was found

to be suitable to use after additional factors are added when applied to high altitude

conditions.
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Chapter 1

Introduction

The development of high voltage power system schemes has significantly improved with

higher voltage levels being used and longer distances being covered by the transmis-

sion lines. As these longer distances are achieved, high voltage direct current (HVDC)

becomes more and more favourable and necessary given that load centres are located

further away from the source [1]. As the transmission lines traverse to the load centres,

they pass through different altitudes. This has major implications on the insulation

coordination of the line as is evidenced in countries like South Africa where the altitude

varies from sea level to approximately 3 450 m (peaks along the Drakensburg range) [2].

By so doing, much attention is required on the selection of appropriate insulators and

air gap clearances for the transmission lines.

It is already known that changes in environmental conditions (temperature, humidity

and air pressure) affect the dielectric strength of an air gap, and these conditions change

with altitude. Standards have been put in place to facilitate the correction of voltages

to standard conditions (20◦C temperature, 11 g/m3 humidity and 1013 mbar pressure).

This helps in the standardisation of equipment and derivation of rating/de-rating factors

to be applied to the equipment and calculation of clearances for high voltage structures

if used at different altitudes.

The standardisation procedure used for voltage correction however does not apply to

data obtained at altitudes above 2 000 m, especially for DC voltages [3]. This problem

has led to the International Council on Large Electric Systems (Cigré) creating a study

1



Chapter 1. Introduction 2

Working Group (WG D1.50) to develop new methods for altitude correction for air gaps

and equipment for installation at altitudes above 6 000 m above sea level (asl).

In combating the same problem, China has set up an HVDC research facility in Tibet, at

an approximate altitude of 4 400 m. It is at this facility that most of the high altitude

data for the Cigré WG D1.50 is obtained. In South Africa, possibilities of increased

HVDC transmission are a reality. Plans have also been put in place for the country to

draw power from the Congo and this will also require the use of HVDC transmission

for it to be feasible [1]. In order to develop the HVDC transmission schemes within

South Africa, a lot of research is being carried out as the initial step towards these

developments. Among some of the research topics proposed in their initiative towards

strategic research into HVDC transmission, Eskom proposed that research be conducted

on the insulation strengths of basic air gaps in the altitude range of 1 200 m to 1 600 m

~[4]. Some work has been done in South Africa under the proposed strategic research

[5].

This dissertation presents the investigation carried out on the effects of altitude (specif-

ically relative air density) on the HVDC breakdown of small rod-plane air gaps. The

research details explanations of the observations noted during the experimental work

along with a critical analysis of the existing correction methods.

The structure of this dissertation is as follows:

• Chapter 2 presents the evolution of the atmospheric correction methods. This

chapter goes through the history of and the research taken to develop atmospheric

correction procedures.

• Chapter 3 is a theoretical section on the mechanisms of the breakdown processes

of an air gap.

• Chapter 4 describes the experimental set up in the laboratory and the procedure

followed.

• Chapter 5 presents the results obtained and a discussion and analysis of the

results.

• Chapter 6 concludes the dissertation and presents recommendations for future

work.

~


Chapter 1. Introduction 3

• Appendix A contains the tables of all the experimental test data.

• Appendix B is a copy of a discussion paper presented at the SAUPEC 2015 by

the author. The paper constitutes a significant part of Chapter 2.

• Appendix C is a copy of a paper published in the proceedings of the International

Symposium on High Voltage Engineering (ISH) in 2015. Part of the findings

highlighted in this paper are portions of Chapter 5.

• Appendix D is a report submitted as a contribution to the Cigré WG D1.50 task

force on short air gaps.



Chapter 2

Historical evolution of Altitude

Correction Methods

Opening Summary

Work to create a way of correcting voltages for insulators began as far back as 1914 when

Peek investigated altitude effects on flashover voltages of insulators [6]. Ever since, a

lot of work has been done to develop a standard procedure of atmospheric correction.

This chapter looks at the evolution of knowledge in the creation of the commonly used

IEC 60060-1(2010) and also critically analyses how atmospheric correction is done in

the commonly used international standards. The knowledge gaps are identified and the

research questions of the present work are developed. A summary of the development

of the IEC 60060-1 standard is given in Figure 2.1. Further work has been done after

the development of the IEC 60060-1 standard and the work is also highlighted in this

chapter.

2.1 Peek Model

The effect of altitude on the breakdown voltage of insulators was noted as early as 1914

by Peek [6]. A significant amount of research has been done since then with regard to

air density effects on the breakdown voltage of air gaps and external insulation, and

4



Chapter 2. Historical evolution of Altitude Correction Methods 5

Peek (1914) investigates the variation of flashover voltage with 

altitude. Concludes that the flashover voltage of an insulator at a 

higher altitude is directly proportional to the breakdown voltage of 

the same insulator under standard conditions with the factor of 

proportionality being the air density. Also concludes that air density 

changes due to pressure and those due to temperature have the same 

effect on the breakdown voltage

IEC 60-1 (1960) is amended to IEC 60-1 (1973). Factors m and n are 

introduced as indices that represent the variations of pressure and 

temperature respectively. The expression for m shows that m 

decreases proportionally with the gap length and is not related to the 

air density or the type of voltage used. Shows input of Peeks 

research that air density change due to pressure or temperature have 

the same effect, therefore m and n can be equal.

Research by Geldenhuys and Feser and Schmidt [15] suggest that the 

change in air density due to pressure change and that due to 

temperature change have different effects therefore temperature and 

air density should be corrected separately. Geldenhuys derives an 

expression for the electric field required for streamer propagation 

and concludes that under standard conditions,  the electric field 

required for streamer propagation is 500 kV/m

Pigini et al (1985) introduce the G-factor that determines the value of 

n, a factor that represents the variation of the relative air density. The 

G-factor is dependent on the length of the discharge, the air density 

and the electric field required for streamer propagation. The obtained 

expressions give much more accurate results compared to the 

previous models such that it is incorporated into the 1989 version of 

IEC 60-1, IEC 60060-1 (1989). The same model is later slightly 

modified by giving equations in the place of graphs in the latest 

standard; IEC 60060-1(2010)

Figure 2.1: Summary of the development of altitude correction methods in IEC
60060-1(2010)

more recently air gaps under DC voltage stress [5, 7–12]. Peek [6] investigated the

effect of altitude on the spark-over voltages of bushings and insulators by placing them

in a wooden cask and conducting breakdown tests under variable pressure. Pressure

was varied to obtain relative air densities between 0.5 and 1.0 while the temperature

variations due to the pressure changes were recorded. In his research, Peek [6] was able

to produce tables of correction factors to be used on specific insulators by reading off the

relative air density. From the obtained results, the correction factors for insulators were

different from those of bushings and leads under the same relative air density [6]. Peek

attributed these to the uniformity of the field suggesting that the flashover voltage for a
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uniform field decreases directly with relative air density (RAD), whereas for non-uniform

fields, the flashover voltage decreases at a smaller rate than the RAD [6]. Peek therefore

concluded that, given that the flashover voltage of an insulator at sea level (δ=1) is v1,

then the breakdown voltage v at δ=x was given by

v = xv1 (2.1)

where δ is the relative air density at a specific altitude and read from the tables derived

from empirical test results by Peek [6].

Peek’s method for atmospheric correction did not incorporate vital factors to be consid-

ered when it comes to the breakdown of air gaps. The method did not include factors

like the length of the discharge path and the variation of the electric field under different

environmental conditions and different voltage types. Therefore, this method was not

robust enough to be used as the standard atmospheric correction procedure.

2.2 IEC 60-1 (1973)

In 1973, the existing altitude correction standard then, IEC 60-1, was amended such that

the breakdown voltage of an air gap or insulator at relative air density δ, uδ is related

to the breakdown voltage of the same air gap or insulator under standard conditions, u0

by [13]

uδ =
kd
kh
u0 (2.2)

where kd is the air density correction factor defined as

kd = (
P

P0
)m(

T0
T

)n (2.3)

and kh is the humidity correction factor defined as

kh = kw (2.4)

In equation 2.3, P and P0 are the pressure and standard pressure, in mbar, respectively

while T and T0 are the temperature and standard temperature, in ◦C, respectively.

In equation 2.4, k is the humidity correction factor given in a graph as a function of
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absolute humidity and w is an exponent that defines the humidity factor depending on

the test type voltage and electrode arrangement [14].

The exponents m and n are the variations of pressure and temperature respectively that

are supposed to be determined before kd is evaluated. Since the air density is dependent

on pressure, the determination of the exponent m became the area of concern regarding

atmospheric corrections. The exponent m was defined in IEC 60-1 (1973) as

m =


1.0 for d ≤ 1,

−0.12d+ 1.12 for 1<d<6,

0.4 for d ≥ 6.

(2.5)

where d is the air gap length. The factor m in this standard implied that pressure

variation was linearly dependent on the length of the air gap. Compared to the model

proposed by Peek, the model in the IEC 60-1 does not give a linear relationship between

the flashover voltage and the relative air density. However, the standard suggests that

the effect of pressure varies at a quicker rate with the increase in gap length. For short

gaps (less than 1 m long) and large gaps (above 6 m), m is considered constant and

the gap sizes between 1 m and 6 m are where linearity was observed for m. For all

voltage types of either polarity, the standard specifies that m and n can be considered

equal despite the geometry of the electrodes. Some of the electrode geometries for some

voltage types have the exponents m and n set to a value of 1.0 while other geometries

refer to equation 2.5. Some geometries did not have enough data when the standard

was put together, therefore m and n were set as 0. Three electrode geometries (sphere-

sphere, rod-rod and rod-plane) were used in the standard. If any electrode geometry

besides the three geometries mentioned earlier was used, m and n were set to 1.0 and

there was no humidity correction to be applied.

The evaluation of m, n, w and the restriction of the correction method to specific

electrode arrangements made the standard undergo revision and new correction methods

were to be introduced. This led to the development of the IEC 60060-1(1989) discussed

in the next section.
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2.3 IEC 60060-1:1989(Pigini Model)

During his research, Geldenhuys [15], was able to derive the approximate expression of

the average electric field required for positive streamer propagation as given in equation

(2.6).

E+
s = 425δ1.5 + (4 + 5δ)H (2.6)

where H is the absolute humidity and δ is the relative air density. By varying the

humidity, the average electric field required for streamer propagation under standard

conditions was determined to be 500 kV/m. The findings achieved by Geldenhuys [15]

gave way for the determination of the breakdown voltage of an air gap in terms of the

electric field of the leader zone of the discharge (El), the length of the leader (ll), the

electric field of the streamer zone (Es) and the length of the streamer (ls) as given by

equation (2.7) [16].

U = Elll + Esls (2.7)

If breakdown occurs purely due to the streamer mechanisms (without any leader for-

mation), the leader terms El and ll are set to zero leaving the breakdown voltage to be

dependent only on the streamer field Es and streamer length ls. With this information,

Pigini et al [16] were able to derive a factor G to be used to determine the index of the

relative air density correction factor by incorporating the discharge mechanism used and

the relative air density. To correct the voltage, a similar expression to equation (2.2)

was used but modified as follows,

U50 = U50(std)(δ.K)n (2.8)

where K is the humidity correction factor graphically determined, n is the air density

correction factor and U50(std) and U50 are the 50% probability breakdown voltage under

standard and non-standard conditions respectively. To determine n in equation (2.8),

the G factor, equation (2.10), was used and n took the following values [16] depending

on the range of values of G

n =


G(G−0.2)

0.8 for 0.3 ≤ G ≤ 1,

3−G
2G for 1 ≤ G ≤ 2,

(2.9)
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where G is the G factor under standard conditions (δ and k=1). The factor G was defined

as in equation 2.10 and was determined on the assumption that the major process during

the breakdown of the gap was streamers [16].

G =
U50

500δkd
(2.10)

where d is the length of the discharge gap in metres and k is a factor dependent on the

type of voltage used and δ is defined as:

δ =
P

P0

(
273 + t0
273 + t

)
(2.11)

where t0 and t are the standard temperature and actual temperature in ◦C respectively

and P0 and P are the standard pressure and actual pressure in mbar respectively. The

results by [16] were incorporated into the IEC 60060-1 (1989), including the graphs of

equation (2.9) as the air density correction factors [17]. The final correction procedure

in IEC 60060-1(1989) was as follows:

U0 =
U

kt
(2.12)

where U is the non-standard breakdown voltage in kV, U0 is the standard breakdown

voltage in kV and kt is the atmospheric correction factor defined as

kt = k1k2 (2.13)

where k1 is the air density correction factor and k2 is the humidity correction factor.

The air density correction factor is defined as

k1 = δm (2.14)

where δ is defined according to equation 2.11. The humidity correction factor is defined

as

k2 = kw (2.15)

where k is a parameter that takes into account the type of test voltage used and is

graphically defined for each test voltage as a function of the ratio of the absolute test

humidity to the relative air density. It is at this point that the type of voltage is taken
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into consideration during the correction procedure. The G factor is then calculated as

g =
U

500Lδk
(2.16)

where U is as earlier defined, L is the length of the air gap in metres, δ is defined in

equation 2.11 and k is the parameter described above.

The exponents m and w in equations 2.14 and 2.15 respectively were determined using

the value of g. Once g was determined, the values of m and w were then read of a graph

that relates g to m and w. Thereafter, k1 and k2 can be determined and the standard

voltage U0 can be calculated.

The procedure in the IEC 60060 (1989) standard still plays a major role in the recent

IEC 60060-1(2010) which, instead of using graphs for determining m and w as in IEC

60060-1(1989), uses equations that are similar to equations (2.9) [3]. It is important to

note that the model derived by Pigini et al takes into account the voltage type through

the factor k in equation (2.10) whereas IEC 60-1 (1973) did not include any factor that

took into account the type of voltage used. Since the standard was produced from the

work conducted by Pigini et al, the standard is limited to an altitude of 1 800 m. Given

that the only difference in the altitude correction procedures highlighted in the current

version of IEC 60060-1 (2010) with those of IEC 60060-1 (1989) is the use of equations

to determine the index n instead of graphs, it therefore holds that the current version

of IEC 60060-1 is also limited to an altitude of 1 800 m.

Due to the altitude limit of the work done by Pigini et al, extra work by Ramirez [18]

was done in an attempt to modify the procedure to cover altitudes up to 3 000 m asl.

This results of the work are described in the following section.

2.4 Ramirez Model

A year after IEC 60060-1 (1989) was published, Ramirez and his counterparts [18] pro-

posed a model claimed to be more accurate than the one incorporated in IEC 60060-

1(1989) and takes account of the influence of air density on rod-plane gaps. The model
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is expressed in equation (2.17)

U

U0
=

0.8[1 + T (1− δ)](δ − 0.2G′0)

(1− 0.2G′0)
+ 0.2 (2.17)

where δ is the relative air density calculated using equation (2.11) and

T = 1.4
1− 0.8G′0
1− 0.2G′0

(2.18)

with G′ 0 defined as

G′0 =
U0

500[1+(F0−1)
3 D]

(2.19)

where F0 is the gap factor and D is the gap length. This proposed model satisfies

corrections for altitude up to 3000 m for positive impulse voltages [18].

The method proposed by Ramirez et al was not a full correction in that the effects of

humidity were not yet incorporated in the method. The derivation of the method was

done using the fundamentals used by Pigini et al and using positive impulse voltages.

Therefore, the correction procedure is questionable as there are a number of missing

factors which are critical in the breakdown process. The search for improved correction

factors continued with one of the notable efforts being contributed by Calva et al [9] as

discussed in the next section.

2.5 Calva Model

Calva et al [9] proposed a model to use for altitude correction for gaps under DC voltage

stress. This model determines the breakdown voltage Vb as

Vb = Esod[k1 + k2]S (2.20)

where k1 is the air density correction factor

k1 = δm (2.21)
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and m=1.4 for positive polarity and 0.44 for negative polarity and δ is as in equation

2.11. k2 is the humidity correction factor

k2 = 1.3δ−0.83
(
h− 11

100

)
(2.22)

and S is the gap factor. Eso is the electric field required for streamer propagation and

considered to be 500 kV/m for positive polarity and for negative polarity is given by

equation (2.23)

Eso = 1476.4× 1121.91d (2.23)

The models presented by Ramirez et al [18] and Calva et al [9] were not considered

as inputs to the latest version of the IEC 60060-1(2010) and it would therefore be of

interest to compare these models. It is now generally agreed that there are shortfalls

in the IEC 60060-1(2010) standard with regard to altitude correction factors. In that

regard, a Cigre work group (WG D1.50) “Atmospheric and altitude correction factors

for air gaps and clean insulators” has been established to coordinate further studies and

investigations on altitude correction. It has also been proven by [5, 10] that the IEC

60060-1 is still inconsistent in its calculated results compared to the experimental results

obtained as altitude increases for air gaps under DC voltage stress and that the model

proposed by Calva et al yields better accuracy in results than the IEC 60060-1(2010).

It has been observed that when the models by Ramirez, Pigini and Calva were derived,

there were inconsistencies in the type of voltage used. It is suspected that the incon-

sistency in the voltage type used to derive the models could be among the causes of

the variations in the models. IEC 60060-1 was derived from empirical results conducted

on switching and lightning impulse voltages only [15, 16, 19]. The model presented by

Ramirez was also derived using switching and lightning impulse voltages but the data

was limited to only the rod-plane electrode configuration and could not be extended

into a general method as the IEC 60060-1. Finally, the model presented by Calva et al

[9] was developed using DC voltage conditions. This procedure is currently unique in

literature and further work regarding this procedure is still under way.
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2.6 Some Irregularities In The Commonly Used Standards

There is a fair number of standards used internationally that entail atmospheric correc-

tion voltages. The three notable standards widely used are the IEC 60060-1(2010) [3],

IEC 60071-2 (1996) [20] and IEEE Std 4 (2013) on high voltage testing techniques [14].

In as much as these standards are widely used, the standards have notable irregularities

regarding atmospheric corrections that are highlighted in the following subsections.

2.6.1 IEC 60060-1 (2010)

The most commonly used standard is the IEC 60060-1 (2010), largely based on Pigini

et al [16] and discussed previously in Section 2.3. The standard defines two methods of

atmospheric correction:

(i) The standard procedure; This procedure is used to correct voltages from non-

standard conditions to standard conditions using the relationship,

U0 =
U

Kt
(2.24)

where U0 is the disruptive-discharge voltage under standard conditions, U is the

measured disruptive-discharge voltage under non-standard conditions and Kt is the

atmospheric correction factor [3]. The derivation of this procedure was covered in

Section 2.3.

(ii) The converse procedure; This is an iterative method used to predict breakdown

voltages at non-standard conditions using equation (2.24) applied on known break-

down voltage at standard atmospheric conditions.

The determination of Kt in [3] involves the calculation of the g-factor to determine the

exponents m (exponent n in Section 2.3) and w (exponent used for humidity correction).

The function that relates m to the g-factor is derived from a curve that averages the

results obtained during the work done by [16] of different gap geometries and positive

polarities of different impulse shapes [21]. This gives rise to the possibility of over-

correction or under-correction of the voltage [21]. With regards to negative polarity

impulses, the value m=1 was assumed by [16] and incorporated into the standard. This
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implies that the value of m for negative impulses is independent of the air density. Since

the variation of air density has an effect on the breakdown voltage, the assumption of a

constant value of m is an approximation that cannot be considered accurate.

The relationship between m, w and g in [3] is only valid when δ × k ≈ 1 [22]. This

condition is valid for high voltage laboratories located at altitudes near sea level. For

laboratories at much higher altitudes however, δ × k < 1 [22] implying that the ap-

plication of the correction method in [3] becomes invalid for results obtained in such

laboratories.

For one to be able to use the g-factor, the U50 of the apparatus/gap is assumed to be

known. However, for high voltage apparatus, the type test withstand voltage (the spec-

ified prospective value that characterises an insulator [3]) is the one known and cannot

be assumed to be the U50 of the apparatus [22]. Therefore the g-factor calculated using

the type test withstand voltage can be invalid. Also, as mentioned earlier, the g-factor

is defined with the assumption that streamer propagation is the dominant discharge

mechanism and that the discharge is directly proportional to the relative air density.

Therefore for streamer dominant discharges, the g-factor remains accurate but cannot

be trusted to be accurate for other types of discharges especially in larger air gaps.

These irregularities make the IEC 60060-1 standard be deemed unreliable for correction

of voltages at altitudes greater than 1 800 m and for discharges that are not streamer

dominated.

2.6.2 IEC 60071-2 (1996)

The IEV 60071-2 (1996) standard was based on the same data used to develop IEC 60060-

1 and therefore by default, makes the standard to be valid only up to 1 800 m, although

it is used for higher altitudes [20]. The relationship between the required withstand

voltage (Urw) and the co-ordination withstand voltage (Ucw) is given by equation (2.25)

Urw = Ucw ×Ka (2.25)

where K a is the atmospheric correction factor given by equation (2.26)

Ka = em( H
8150

) (2.26)
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where H is the altitude in m. In this standard, the value of m is defined as 1 for lightning

impulses and short duration AC voltage tests. For switching impulses, the value of m

is taken from a plot of curves that relate m to (Ucw). However, (Ucw) is defined as

the 10% probability breakdown voltage therefore, when designing insulation for a lower

breakdown voltage probability, the value of (Ucw) cannot be used [22]. The curves

relating m and (Ucw) in the standard are for phase-to-earth insulation, longitudinal

insulation, phase-to-phase insulation and rod-plane gap. These cannot fully describe

the dielectric strength and and discharge characteristics of different gap configurations,

rod-to-rod for instance. Also, a value for m to be used for AC voltages is recommended

but no recommendation is given for DC voltage.

Even though this standard is assumed to be able to correct for altitudes greater than

1 800 m, there are irregularities in the determination of m and no recommendation for

DC voltages is given.

2.6.3 IEEE Std 4

The IEEE Std 4 standard has two methods for atmospheric correction [14]:

1. Method 1- This method uses the factor K and similar as the one used in IEC

60060-1

2. Method 2- This method uses the factors kd (air density correction factor) and kh

(humidity correction factor) for correction and is applicable to gaps less than 1 m.

Since Method 1 is similar to the one presented in IEC 60060-1, it will not be discussed

again in this section. Method 2 states the following relationship,

U =
kd
kh
U0 (2.27)

where U0 and U are the standard voltage and non-standard voltage respectively.

The values of m and n used for evaluating kd are assumed in the standard to be the

same irrespective of the gap geometry and RAD . For other electrode configurations and

voltage types, the values of m, n and w are determined from a graph that relates the

three variables to the gap length [14]. The values of m, n and w will also be the same
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(that is, m=n=w) for the same gap length, configuration. This does not agree with

the variation of the air density correction factor with the type of discharge that governs

breakdown in the air gap.

Closing Summary

The atmospheric correction method stated in IEC 60060-1 (2010) is derived from data

based on empirical work conducted up to an altitude of 1 800 m. This makes the

method unsuitable for use when applied to altitudes higher than 1 800 m. Literature

has shown discrepancies in the factors m and w thereby suggesting changes in breakdown

mechanisms since the factors are dependent on the dominant breakdown mechanism. A

prediction method proposed by Calva et al for DC voltages has been discovered and will

be investigated. With the evolution history discussed in the previous pages, the problem

statement and the research question were put together as follows:

The Problem

As altitude increases, air density decreases and air breakdown mechanisms change. The

IEC 60060-1 (2010) standard has been found to cover only a limited altitude range.

Some models that can possibly extend the altitude correction factors to cover a higher

altitude range have been suggested in the literature but are not yet incorporated into

the standards. Very little knowledge is available in literature regarding the variation in

breakdown mechanisms under HVDC with altitude, leading to limited knowledge on the

correction methods. Also, the currently used standard, IEC 60060-1(2010) is built on

the empirical results of impulse tests over a limited altitude range. No empirical data

on AC and DC voltages was used towards the establishment of the standard. Further

verification of the proposed models is required, especially for DC voltages, and the

reliability of IEC 60060-1 (2010) needs to be tested.
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Research Question

It is known that the breakdown voltage of an air gap is dependent on pressure. However,

the altitude correction factors given by the current version of IEC 60060-1 (2010) (based

on the model proposed by Pigini et al) are not reliable for higher altitudes. A procedure

proposed by Cavla et al, described in the Chapter 2, has not been incorporated into the

current standard even though they have been suggested to be more accurate at higher

altitudes. The following questions therefore arise:

“What are the similarities and differences between the different altitude correction models

(IEC 60060-1 (2010) and Calva procedure) when tested on the same experimental data

set?”

and

“Out of the two procedures, which one can be recommended for current use and is there

any possible modification that will give more accurate correction factors for wider altitude

ranges?”

By answering these questions, it is hoped that insight into a more informed approach

to altitude correction will be established. The first step towards understanding altitude

correction is a study into the electrical breakdown mechanisms in air. This is discussed

in the next chapter.



Chapter 3

Breakdown Mechanisms in Air

Opening Summary

The electrical breakdown of air is governed by processes that include corona, streamer

development and propagation, leader development and propagation and then the break-

down arc. The detailed explanation of each of these processes are laid out in the following

sections. The process is explained by considering the rod-plane geometry as it gives a

typical non-uniform field profile compared to other geometries. By studying the break-

down mechanisms, one can understand altitude correction factors from first principle

since environmental conditions (which strongly influence the breakdown mechanisms),

especially pressure, vary with altitude.

3.1 Non-Uniform Field Breakdown

Rod-plane electrode configurations are commonly used as they give electric field profiles

common in high voltage electric equipment. The voltage breakdown mechanism for

a rod-plane short gap under positive DC stress is dominated by the streamer process

[23, 24]. In a rod-plane gap with voltage applied, a divergent field is created between the

rod and the plane. This field is stronger around the tip of the rod and weaker towards

the plane as illustrated in Figure 3.1. When breakdown of a rod-plane air gap occurs,

the processes in Figure 3.2 occur. In larger gaps, streamer-leader transition can occur

18
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Anode

Cathode

Critical field line

Figure 3.1: Electric field distribution in a rod-to-plane gap

Ionization Corona
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Figure 3.2: Processes that occur leading to breakdown in a short gap

before arc formation and streamer propagation [25].

3.1.1 Ionization

The process in which a neutral molecule loses an electron thereby gaining a positive

net charge is called ionization [26]. The process of ionization is the first step towards

breakdown of air. Ionization can be achieved by the process of collision, photo-ionization

and secondary ionization [26].

Ionization by collision occurs when a free electron or metastable collides with a neutral

molecule causing the neutral molecule to release an electron. The process of dislodging

an electron from a neutral molecule by collision requires that the energy being transferred

during the collision be greater than the ionization energy of the molecule [26]. In the

case where the energy transferred during collision is greater than the ionization energy,

the process can be represented by equation (3.1).

e− +M → 2e− +M+ (3.1)
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where e− is an electron, M is the molecule and M+ is the produced positive ion. In

a given electric field, the ability of an electron to gain enough energy to dislodge an

electron from the molecule is dependent on the spacing between the molecules (mean

free path, τ). Generally, further apart the molecules are, the more energy gained by the

electron during acceleration (because of the surrounding electric field), whereas if the

molecules are close together, there will not be enough space between the molecules for

the electrons to gain enough energy to dislodge an electron. Therefore, the ionization

of molecules is highly dependent on the “mean free path” between molecules. This

means that ionization by collision can be easily achieved in a gas under low pressure

compared to that under higher pressure. Ionization by collision is the most common

form of ionization processes in gases, therefore making the air breakdown mechanism

highly dependent on the air pressure.

Ionization of gases can also occur through the process of photo-ionization. This process

is achieved by the molecule or atom being able to absorb radiation energy that exceeds

the ionization energy of the molecule or atom [26]. Other secondary processes like

electron emission due to positive ion impact with the cathode, emission of electrons

due to photons and electron emission due to metastable and neutral atoms also occur

during the ionization process of gases [26]. For this research, ionization due to molecular

collisions is of most relevance as this process is directly linked to atmospheric pressure.

Electrical breakdown of a gas is through electron avalanches as reviewed in the next

section.

3.1.2 Electron Avalanche Mechanisms

If a free electron appears between the cathode and anode with a voltage applied, the

electron accelerates towards the anode due to the electric field. While the electron

accelerates towards the anode, it collides with molecules along the way and therefore

initiating ionization in accordance with equation (3.1). One collision adds a free electron

to the system, therefore as the initial electron propagates through the gap, the number

of electrons in the system increases exponentially causing an avalanche of electrons. The

number of electrons (nd) reaching the anode a distance d from cathode can be calculated

by

nd = n0e
∫ x=d
x=0 αdx (3.2)
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where n0 is the initial number of electrons emitted from the cathode and α (Townsend’s

first ionization coefficient) is the average number of ionizing collisions made per electron

per unit distance travelled in the direction of the field [26]. The ions produced from

the process propagate towards the cathode. This leads to a charge separated system

with the electrons travelling towards the anode and ions towards the cathode. Since

electrons are lighter than the ions, the electrons get to travel a greater momentum

compared to the ions therefore reaching the anode before the ions reach the cathode.

The initial avalanche propagation towards the anode is mainly driven by the potential

difference between the electrodes. In the presence of secondary ionisation mechanisms,

the overall number of secondary electrons produced per incident positive ion, photon,

excited particle or metastable particle is a function of the secondary ionisation coefficient

(γ) [26]. As the voltage is increased, the avalanche will transform into a streamer. The

development and propagation of a streamer is discussed in the next section.

3.1.3 Streamer Development and Propagation

In a rod-plane electrode configuration, a non-uniform electrical field is produced in the

air gap. The maximum electric field (Emax) for a gap length of d and rod tip radius r

can be calculated by equation (3.3) [27].

Emax =
2V

rln(1 + 4d
r )

(3.3)

The non-uniformity of the field leads to the first ionization coefficient varying across the

gap [26, 28] resulting in the breakdown criterion as given in equation (3.5). In order

to initiate a streamer, the charge in the avalanche head should have reached a critical

value of

n0e
αxc ≈ 108 (3.4)

where xc is the length of the path taken by the avalanche in the direction of the electric

field. In order for breakdown to occur, the criterion in equation 3.5 should be met.

∫ xc

0
αdx = lnNcr ≈ 18− 20 (3.5)

where Ncr is the critical charge in the avalanche. For the criterion in equation (3.5) to be

met, it was empirically discovered that at standard atmospheric pressure, the electrical
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field should be ≈2.5 kV/mm for a very small (few mm) streamer length within the range

ln(Ncr)≈9-21 [25]. Since the field will be non-uniform, streamer inception occurs in the

areas of the highest electric field. When the electric field strength reaches approximately

2.5 kV/mm the breakdown criterion is met and the air around the rod begins to break-

down. The breakdown of the air occurs around the rod tip and is usually accompanied

by a cracking noise and is known as corona [26, 28]. Since the field is non-uniform, the

electric field strength varies from a maximum at the rod tip to a minimum at the plane

electrode.

As the streamer propagates across the gap, the streamer head distorts the background

electric field thus producing a resultant electric field modified by the space charge.

The resultant electric field, partially, drives the process of self-sustained ionization and

growth of avalanches [25] as depicted in Figure 3.3. Having the resultant field at the

d (m)

E

 (kV/m)

d

+

-

+-

+

-

Background electrical field 

due to voltage across the 

electrodes

Distorted resultant electrical field 

due to the propagation of the 

streamers

Induced electric field between anode 

and streamer head

Figure 3.3: Streamer propagation in electric field

head of the streamer of approximately 2.5 kV/mm or more allows for the streamer to

be sustained. Due to the photo-ionization process that drives the streamer propagation,

the path which the streamer takes is probabilistic. Therefore a bundle of streamers can

be formed due to the creation of two differently directed avalanches as the streamer
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propagates. When the main stem of the streamer has enough current to achieve a tem-

perature above 5000 K (4726.85 0C), then the streamer transforms to a leader (if the

gap is more than 2 m long) [25]. Once the leader bridges the gap, it creates a conductive

path and the gap breaks down.

It is important to note that there are four possible outcomes when voltage is applied

across a rod-plane air gap. These outcomes are highly dependent on the applied voltage

and gap length.

1. The voltage is applied and the avalanches propagate towards the anode. However,

along the way the avalanches are unable to initiate the self propagation process

and the streamer breakdown criterion is not met. This scenario occurs if the gap

is weakly stressed therefore there will not be enough energy for the streamers to

propagate. In such a case, the field is so weak such that the streamers produced

do not cross the whole gap.

2. The streamers propagate across the gap and are able to lead to breakdown without

any leader formation. This usually happens to air gaps between 5 cm and 2 m

[25].

3. For gaps bigger than 2 m, streamers develop into leaders and breakdown occurs

through the leader.

Closing Summary

In order to understand and develop altitude correction methods, the study of breakdown

mechanisms is essential. it has been noted that the atmospheric pressure has great

influence on the ionisation process, which is the backbone of the electrical breakdown

process. In the next chapter, the experimental set-up and procedure used in the research

on the effect of altitude (pressure) on air gap breakdown voltage are introduced.



Chapter 4

Experimental Set-Up

Opening Summary

This chapter highlights the experimental set-up and procedures for the experiments

conducted to investigate the effect of altitude on the DC breakdown voltage of rod-

plane air gaps. Four sets of experiments were conducted and are categorised as open

air tests and pressure vessel tests. The open air tests were conducted at three different

altitude locations while the pressure vessel was used to simulate higher altitudes that

are not physically easily accessible. The following sections give detailed descriptions of

the set-ups and procedures followed.

4.1 The Tests

The work done in the laboratory included two types of tests; open air tests and the

pressure vessel tests.

4.1.1 Open Air Tests

The open air tests carried out in this project were conducted in three different locations.

These locations were selected according to a criteria whereby a high voltage DC supply

kit is available and the altitude of the locations is at either end of the altitude extremities

24
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that are easily accessible in South Africa. The result of the selection criteria left two

possible locations, Wits University(≈ 1 800 m asl) and the University of KwaZulu-Natal

(UKZN) Westville Campus DC Centre (≈ 130 m asl). The third test was conducted

less than 2 m asl at Scottburgh beach, Clansthal. These tests were conducted in order

to obtain results closest to the standard breakdown voltage. These results are used for

comparison with the results from the high altitude and low altitude tests.

By conducting the tests at the above mentioned locations, data was captured at both

low altitude and high latitude. The data was then used in producing standard condition

breakdown voltages by being corrected according to IEC 60060-1 and was also compared

to the prediction method proposed by Calva et al [9]. For higher altitudes greater than

that at Wits University, the tests were conducted in a variable pressure vessel.

4.1.2 Pressure Vessel Tests

The pressure vessel tests were conducted at Wits University using a cylindrical pressure

vessel borrowed from the UKZN. Due to the locking mechanism of the top cover of the

vessel, air was only drawn out of the vessel to simulate high altitudes (low pressure) since

pumping air in (high pressure) would cause structural damage to the vessel. Further

physical details of the pressure vessel are presented in the next section. A maximum of

300 mbar was able to be drawn from the ambient pressure within the chamber. This

resulted in a relative air density (RAD) of 0.53, corresponding to an altitude of ≈ 5200

m. The results obtained from this test were compared to the prediction method proposed

by Calva et al [9] and were also used to evaluate the applicability of the IEC 60060-1

standard on altitudes greater than 1 800 m asl (RADs lower than 0.8).

4.2 Laboratory test configuration and Equipment

4.2.1 Test configurations

The same set-up in Figure 4.1 was used in the tests in UKZN. For the sake of consistency,

the exact same rod was also used in the tests in UKZN and at sea level.
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Figure 4.1: Open air test set-up in the HV lab at Wits University

Figure 4.2: Pressure vessel test set-up

4.2.2 Equipment Used in the Tests

The DC Generators

The two generators used for the tests are shown in Figures 4.6 and 4.7.
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Figure 4.3: Pressure vessel test set-up in the HV lab at Wits University

Test 

Site

Sea

Figure 4.4: Test site for sea level tests

The generator at Wits University (Figure 4.6) is a 400 kV rated 3 stage Cockroft-

Walton DC unit which can reach a maximum of 325 kV due to high altitude effects.

The generator at UKZN (Figure 4.7) is a 2 stage Cockroft-Walton DC unit rated at 500

kV. The generator can only operate at a maximum voltage of approximately 250 kV

due to clearance limitations in the lab, as can be seen in Figure 4.7. The generators
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Figure 4.5: Experimental set-up for sea level tests

Figure 4.6: 400 kV DC Generator at WITS

are equipped with a stack of resistors at the output end. These resistors form a voltage

divider and a panel on the control board displays the output voltage read from the

voltage divider. The output of the divider was compared to an already resistive potential

divider calibrated at NETFA and the readings fell within a 2% error. The voltage divider
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Figure 4.7: 500 kV DC Generator at UKZN

on the generator was therefore deemed accurately calibrated and usable for the project.

Rod and Plane Electrode Set-Up

A rod-plane electrode configuration was used for the tests conducted because this ge-

ometry is widely used in literature and the results can be comparable to other similar

work done in South Africa [5]. For the open air tests, a copper rod 1.5 m long and with

a 15 mm diameter was used as the rod electrode. The rod dimensions and electrode set

up is commonly used in other research centres around the world that are taking part in

the round robin tests for the Cigré D1.50 working group. The end of the rod was fitted

with an end cap that was smoothly soldered for contact purposes and to avoid electric

field distortions around the end cap. The rod was suspended from the roof by a nylon

rope pulley system in order to maintain clearances. A 1.8 m by 2 m steel plate was used

as the grounded plane.

The rod used in the pressure vessel experiment was a 0.7 m aluminium rod 15 mm in

diameter. The rod was machined at the Wits Genmin laboratory to have the same tip

profile as the copper rod used in the open air experiments. A circular plate 112 mm in
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diameter was machined in the Genmin laboratory and was used as the ground plane for

the experiment.

The Pressure Vessel

The pressure vessel used in the experiment was a 0.55 m long cylindrical tube with a

0.12 m inner radius borate glass wall. A picture of the pressure vessel is shown in Figure

4.8. The pressure vessel had two valves that were used to control the inlet and outlet of

Aluminium

Rod

Pressure 

Vessel

Pressure 

Gauge

Ground 

Plate

Figure 4.8: Picture of pressure vessel used in the experiment

the air. A new top cap for the chamber was machined in the Genmin laboratory. The

top cap was designed such that the rod electrode can go through the cap. A clamping

mechanism to hold the rod in place after setting the gap length was designed on the top

cap. The design of the top cap came with the constraint that the pressure vessel could

only be used under ambient and low pressure conditions. If pressure was increased, the

top cap would have been blown off.
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Furthermore, due to the dimensions of the chamber and the design of the top cap,

only gap sizes up to 0.3 m could be tested. These two limitations meant that only

high altitude RADs could be simulated. In order to verify whether the gas laws could

affect the experiment due to drawing pressure, a pilot test was carried out. By drawing

pressure in the vessel with a digital thermometer inside, the temperatures in Table 4.1

were recorded. The external temperature at the beginning of the test was the same as the

Table 4.1: Variation of temperature due to pressure in the chamber

Pressure Temperature (0C)

Ambient 22.2
Ambient-100 mbar 22.0
Ambient-150 mbar 22.0
Ambient-200 mbar 21.9
Ambient-250 mbar 22.0
Ambient-300 mbar 22.0
Ambient-350 mbar 21.9

initial temperature inside the vessel. At the end of the test, the external temperature was

22.4 0C. Therefore, the temperature variations inside the chamber were not significant

during the pressure vessel tests as the temperature was approximately the same as

outside the chamber. Therefore all temperature readings during the tests were taken

outside the chamber.

4.3 Test Procedure

4.3.1 Open Air Experiments

The following procedure was used in conducting the open air tests:

1. Set gap length to 0.1 m

2. Record temperature, pressure and humidity

3. Slowly increase the voltage at approximately 3 kV/sec until breakdown occurs

and record the breakdown voltage. Breakdown would have occurred when an arc

completely bridges the air gap.

4. Observe 5 minute waiting period to allow dissipation of any accumulated space

charge
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5. Repeat 3 and 4 until 5 breakdowns have been recorded. 5 breakdowns were used

because it was discovered that the breakdown of an air gap under HVDC stress is

repeatable and there is not much scatter in the results.

6. Increase gap length by 0.05 m

7. Repeat 2 to 6 until readings for 0.4 m air gap have been recorded.

4.3.2 Pressure Vessel Experiments

The pressure vessel tests were similar to those of the open air experiments. Due to

limitations in the size of the pressure vessel, gap sizes that were tested were 0.1 m, 0.2 m

and 0.3 m. Starting at ambient pressure, a set of 5 breakdowns were recorded for each

gap length per pressure level. The pressure was decreased in the chamber by 100 mbar

using an EdwardsTM pump once 5 breakdowns were recorded for the current pressure

level. Tests were done until tests on a pressure level 300 mbar below the ambient were

conducted. Due to the confined space in the chamber, a 10 minute waiting period

was observed between breakdowns to allow adequate dispersion of accumulated space

charge. Environmental conditions were recorded for each gap length and each pressure

level tested.

In the next chapter, the test results, analysis and discussion are presented.



Chapter 5

Experimental Results, Analysis

and Discussion

Opening Summary

This chapter lays out the results obtained from the tests conducted at high altitude, low

altitude, sea level and in the variable pressure vessel. All experiments were conducted

using a rod-plane air gap with a 15 mm flat tip diameter rod. All the results, except

the sea level results, were corrected according to IEC 60060-1 (2010) and were also

compared to predictive calculations using the Calva prediction method. Corrected IEC

60060-1(2010) results were compared to the sea level results as they should ideally be

similar. Trends in the results were analysed and functions were derived to modify the

Calva model for improved accuracy.

5.1 Open Air Gap Breakdown Experiments

5.1.1 Sea Level Tests

The results of the sea level tests are shown in Figure 5.1 (average of 5 breakdowns per

air gap length) and Table 5.1 shows the environmental conditions during the tests.

33
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Table 5.1: Environmental conditions during sea level experiments

Gap length Temp. Hum. Press. Breakdown Std
(m) (◦C) (%) (mbar) Voltage(kV) Deviation(%)

0.10 23.6 89 1012.4 63.6 0.8

0.15 23.5 89 1012.4 87.4 0.6

0.20 23.4 90 1012.5 112.0 0.6

0.25 23.4 90 1012.6 139.8 0.3

0.30 23.3 92 1012.8 164.2 0.2

0.40 23.3 92 1012.7 218.0 0.6
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Figure 5.1: Sea level test results

Figure 5.1 shows the deviation of the results from the mean. The results had a maximum

deviation of 1% from the mean. The small variation shows that the results obtained

were precise and instils confidence that they are accurate. The environmental conditions

during the tests were the closest to the defined standard conditions in IEC 60060-1,

therefore the results will be used as the reference standard breakdown voltages.

5.1.2 Low Altitude Tests (UKZN) (≈ 130 m asl)

The results obtained during the tests at UKZN are in Figure 5.2 and the recorded

environmental conditions during the test are in Table 5.2.

Figure 5.2 is a plot of the average voltage of 5 breakdowns per each gap length and

shows how the breakdown voltages per each gap length varied in range and how the

maximum and minimum breakdown voltages vary from the mean.



Chapter 5. Experimental Results and Discussion 35

Table 5.2: Environmental conditions during low altitude tests

Gap length Temp. Hum. Press. Breakdown Std
(m) (0C) (%) (mbar) Voltage (kV) Deviation (%)

0.10 27.6 49 987.8 56.9 1.2

0.15 26.2 56 986.3 82.2 0.6

0.20 27.8 52 986.1 107.6 0.2

0.25 26.5 55 985.4 131.5 0.1

0.30 27.2 55 985.2 157.1 0.3

0.35 21.9 56 985.8 174.9 0.1

0.40 25.5 46 985.5 196.8 0.1
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Figure 5.2: Low altitude (130 m asl)rod-plane breakdown voltages showing scatter

A maximum deviation of 2.4% from the mean breakdown voltage was observed for the

entire data set. This occurred at the 0.1 m air gap length results. Therefore, the rest of

the 5 individual breakdown voltages obtained per each gap length falls within 2.4% of

the mean breakdown voltage of each gap length. This is an acceptable error value and

therefore the data set gives high confidence in its accuracy.

The low altitude results are plotted against the predicted results using the Calva method

in equation 5.1 where d is the gap length, k1 and k2 are defined in equations

Vb = 500d(k1 + k2)S (5.1)

5.3 and 5.3 respectively and S is the gap factor and is dependent on the rod electrode

geometry and polarity [9]. S was defined as 1.01d−0.10 and in equation 5.3, m was
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defined as 1.4 for positive polarity [9].

k1 = δm (5.2)

k2 = (1.3δ−0.83)

(
h− 11

100

)
(5.3)

Table 5.3: Comparison of test results and Calva prediction

Gap size (m) Breakdown Calva (%) Difference
Voltage (kV) Prediction (kV)

0.10 56.9 59.0 3.7

0.15 82.2 86.3 5.0

0.20 107.6 111.1 3.2

0.25 131.5 136.3 3.6

0.30 157.1 161.0 2.5

0.35 174.9 184.2 5.3

0.40 196.8 202.1 2.7

Figure 5.3 shows the plot of the comparison of the obtained low altitude experimental

results and the predicted results while Table 5.3 shows the tabulated data. The plot in
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Figure 5.3: Comparison of low altitude test results and predicted results

Figure 5.3 shows that the prediction method proposed by Calva provides fairly accurate

results since the average error for the low altitude test results is 3.7%. The maximum

error when considering individual air gaps is 5.3% observed for the 0.35 m air gap. By

observing the trend of the predicted and experimental results, it can be noted that the
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Calva prediction method over estimates the breakdown voltage by an average of 3.7%

(obtained error). This error is advantageous when considering clearances during design

as it will naturally add in an extra safety factor. It is deduced that the Calva prediction

method is therefore reasonably accurate for gaps in the range 0.1 m - 0.4 m at an altitude

of ≈ 200 m asl.

5.1.3 High Altitude Tests (Wits University)(≈ 1 740 m asl)

High altitude tests were conducted at Wits University at an altitude of ≈1 740 m asl.

The corresponding relative air density at this altitude is 0.82 and is close to the IEC

60060-1 limit of δ=0.8. The plot of the results is shown in Figure 5.4. Table 5.4 presents

the conditions under which the results were obtained.

Table 5.4: Environmental conditions the high altitude tests

Gap length Temp. Hum. Press. Breakdown Std
(m) (0C) (%) (mbar) Voltage (kV) Deviation (%)

0.10 15.3 41 844.7 52.5 1.9

0.15 14.4 45 841.7 67.8 1.1

0.20 15.4 34 840.2 81.2 0.3

0.25 14.9 42 841.1 100.2 0.4

0.30 15.1 46 842.3 118.2 0.7

0.35 15.8 33 839.7 129.9 0.3

0.40 14.8 47 842.3 156.8 0.2

The results shown in Figure 5.4 are an average of 5 breakdowns per each gap length.

Figure 5.4 also shows the breakdown range observed for each air gap and how they vary

from the mean breakdown voltage. Out of this set of data, a maximum variation of

3.2% was observed between the maximum breakdown voltage and the mean breakdown

voltage during the 0.1 m test. With this, the results pose high confidence in their

accuracy.

As done for the low altitude test results, the plot for the results of the high altitude test

compared to the predicted results is shown in Figure 5.5. Table 5.5 shows the tabulated

data for Figure 5.5.

Unlike the low altitude results, it is observed that the Calva prediction method under-

predicts the breakdown voltage of the 0.1 m and 0.15 m air gaps, then over-predicts (as

expected) for the bigger air gaps. This trend is approximately the same trend observed
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Figure 5.4: High altitude (1 740 m asl)rod-plane breakdown voltages showing scatter

Table 5.5: Comparison of test results to the Calva prediction at 1 740 m asl

Gap size (m) Breakdown Calva (%) Difference
Voltage (kV) Prediction (kV)

0.10 52.5 46.3 11.8

0.15 67.75 67.0 1.1

0.20 81.18 83.7 3.1

0.25 100.15 105.0 4.8

0.30 118.2 126.8 7.3

0.35 129.9 134.8 3.8

0.40 156.8 162.2 3.4

by [5] at an altitude of 1 880 m asl. However, the crossing point of their results and the

Calva prediction method occurs between 0.3 m and 0.4 m, whereas in Figure 5.5 the

crossing point occurs at an approximate 0.19 m gap length. This trend seems to suggest

that as the altitude increases, the Calva prediction method under-predicts for smaller

gaps and as the altitude increases, the method over-predicts.

However, the comparison of the results show that the Calva prediction is reasonably

accurate as the average error between the two sets of data is 5.0%. This error falls

within the generally allowed 5% error, therefore the Calva prediction is proven to be

reasonably accurate at an altitude of 1 740 m asl for air gaps ranging in size between

0.1 m to 0.4 m.
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Figure 5.5: Comparison of high altitude test results and predicted(Calva) results

5.1.4 IEC 60060-1 Correction of Low Altitude and High Altitude Re-

sults

Since IEC 60060-1 standard correction method serves to correct voltages to standard

conditions, both sets of data were corrected according to the standardised method. The

IEC 60060-1 standard has been described in Chapter 2. Table 5.6 shows the tabulated

comparison of the high altitude and low altitude corrected results.

Table 5.6: Comparison of high altitude and low altitude IEC 60060-1 (2010) corrected
results

Gap Length High Altitude Low Altitude %
(m) Corrected Voltage (kV) Corrected Voltage (kV) Difference

0.10 64.4 59.6 8.1

0.15 82.8 84.9 2.5

0.20 102.8 111.6 7.9

0.25 122.9 136.1 9.7

0.30 140.3 162.0 13.4

0.35 163.0 181.9 10.4

0.40 187.1 210.2 11.0

The plot of the corrected data is shown in Figure 5.6. IEC 60060-1 states that the

correction methods are applicable and accurate when applied to results obtained between

0.8<δ<1. Therefore, if the same electrodes are used to conduct experiments for the same

gap lengths in different altitude locations within the δ range stated in the standard,
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Figure 5.6: Comparison of IEC 60060-1 corrected low altitude and high altitude test
results

then the corrections should converge to the same values. That is, in the figure showing

the comparison of the two tests corrected according to IEC 60060-1 (Figure 5.6), it is

expected that the two trend lines overlap but this is not the case. Below the gap length

of 0.155 m, the corrected values are an average of 4.1% above the low altitude corrected

values whereas above 0.155 m they are an average 9.2% below the low altitude corrected

values.

Work also done in South Africa by Parus et al [5] shows that the IEC 60060-1 correction

does not correct the breakdown voltages obtained at different altitudes to the same

value. In their work, Parus et al compared IEC 60060-1 corrected results obtained at

altitudes of 822 m, 1 500 m and 1 880 m asl. It was also observed that the corrected

results at these three different altitudes do not converge to the same value as they should

if the corrections methods were correct. In order to verify the above mentioned claims

regarding the standard, tests were carried out at sea level. The comparison of the low

altitude and high altitude corrected voltages to that of the sea level tests are shown in

Figure 5.7. The environmental conditions during the sea level tests were not exactly

as the conventional standard conditions mentioned in IEC 60060-1 (2010) (20◦C, 1 013

mbar and 11 g/m3). The temperature, pressure and humidity during testing averaged

approximately 23◦C, 1 012.8 mbar and 18 g/m3m. The humidity was higher than the

standard whereas the other parameters were comparable to the standard conditions.
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Figure 5.7: Comparison of IEC 60060-1 corrected low altitude and high altitude test
results to sea level results

However, the conditions at sea level were the closest to the actual standard conditions,

therefore the results are taken as the standard voltages. The low altitude data has an

average error of 5.6% compared to the standard results, whereas the high altitude data

has an average error of 7.1%. The high altitude data shows that as the gap length

increases, the corrected voltage begins to deviate from the standard breakdown voltage.

Both high altitude and low altitude corrections deviate from the sea level data by more

than the acceptable 5% measurement error. However, the data shows that the corrections

of low altitude data are more accurate than that of high altitude data.

Rickmann et al [22] state that in order to use the IEC 60060-1 correction, the relationship

between m, w and g should be valid and this is when (δ×k)≈1. This condition can be

confirmed by the Cigré brochure [11] used to determine the IEC 60060-1 correction. The

brochure states that the standardized procedure was between 0.9 <(δ × k) <1.1. From

the available data, this criteria is only met by the low altitude data as shown in Table

5.7.

This confirms the corrected data closest to the actual standard breakdown voltages is

that of the low altitude tests as the results show.



Chapter 5. Experimental Results and Discussion 42

Table 5.7: Table of δ × k values

Low Altitude

Gap Length (m) δ k δ × k

0.10 0.95 1.03 0.98
0.15 0.95 1.05 1.00
0.20 0.95 1.05 0.99
0.25 0.95 1.04 0.99
0.30 0.95 1.05 1.00
0.35 0.97 1.00 0.97
0.40 0.95 1.01 0.96

High Altitude

0.10 0.85 0.93 0.79
0.15 0.85 0.93 0.79
0.20 0.84 0.91 0.77
0.25 0.85 0.93 0.79
0.30 0.85 0.94 0.80
0.35 0.84 0.91 0.77
0.40 0.85 0.94 0.80

5.2 Pressure Vessel Results

Since pressure was drawn from ambient in the pressure vessel, it was difficult to do a

test at precisely the same pressure level for different gap lengths. Therefore, in order

to have comparable data sets, the results were plotted against the relative air density

due to the drawn vacuum for each test. By varying the relative air density, different

altitudes were simulated. Table 5.8 shows the different relative air densities and the

corresponding altitudes calculated as per equation 5.4 that were simulated during the

experiments.

p = 1013.e

(
−H
8150

)
(5.4)

Where H is the height above sea level in metres. Due to the limitation in gap length

Table 5.8: Approximate altitudes simulated during the tests

δ ≈ Altitude (m)

0.82 1 600

0.77 2 100

0.72 2 700

0.67 3 200

0.62 3 800

0.57 4 500

0.53 5 200
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because of the size of the chamber, only gaps up to 0.3 m were tested and the results

are shown in Figure 5.8.

Table 5.9: Pressure Vessel Test Results

Gap Length (m) RAD Average Breakdown (kV) Std Deviation (%)

0.1

0.82 49.7 1.7
0.77 49.8 1.7
0.72 47.5 5.9
0.67 48.4 3.7
0.57 55.6 1.0

0.2

0.82 99.6 4.3
0.72 94.6 0.8
0.63 86.9 1.4
0.58 78.0 2.5
0.53 85.9 2.2

0.3

0.82 155.9 7.0
0.72 148.2 1.1
0.62 129.8 2.8
0.53 115.8 2.4
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Figure 5.8: Results of breakdown voltage against relative air density in a variable
pressure vessel

The results of the pressure vessel tests are shown in Table 5.9 and Figure 5.8 is a plot

of the mean of 5 breakdowns per air gap per relative air density. The results obtained

followed the expected trend of the breakdown voltage decreasing with a decrease in

relative air density. However, it was observed that the breakdown voltage would start

increasing with further decrease in relative air density after a certain threshold relative
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air density. This trend was observed for the 0.1 m air gap and, more clearly, for the 0.2

m air gap.

Plots showing the statistical deviations about the mean of the recorded voltage data (5

breakdowns per air gap) are shown in Figure 5.9 to Figure 5.11.
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Figure 5.9: Variation of obtained breakdown voltages from the mean for 0.1 m gap
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Figure 5.10: Variation of obtained breakdown voltages from the mean for 0.2 m gap

The maximum variation from the mean for the 0.1 m set of results is 7.9% at δ=0.72,

8.6% at δ=0.82 for the 0.2 m air gap and 9.8% at δ=0.82 for the 0.3 m air gap length.

These errors are particularly large and are mainly caused by an anomalous datum point
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Figure 5.11: Variation of obtained breakdown voltages from the mean for 0.3 m gap

from the 5 points collected for that gap length at that voltage. These irregularities can

be attributed to the presence of space charge in the chamber that can distort the electric

field in an unexpected detrimental way. The average errors over the set of results are

3.9% for the 0.1 m air gap, 3.3% for the 0.2 m and 4.7% for the 0.3 m air gap. Therefore

the results are deemed reasonably accurate as they fall within the acceptable error of

5% and therefore worthy to be used for the following analysis.

For the 0.1 m air gap, breakdown in air densities greater than 0.72 was not precursed

by any visible corona on the electrode. However, lower than 0.72 relative air density, a

bluish film glow was observed to ignite around the tip of the rod electrode. The blue glow

would extinguish and replenish as the voltage was increased. It was at this stage that

the breakdown voltage of the air gap began to deviate from the usual trend of getting

smaller with a decrease in relative air density. The frequency of the extinguishing and

ignition of the blue glow increased as the the air gap approached breakdown then erratic

breakdown arcs would occur.

When conducting the same experiment on the 0.2 m gap, corona was observed along

with a blue film glow identical to that observed in the 0.1 m air gap. The blue film

glow became more prevalent as pressure was decreased until a point whereby a pressure

threshold was met and instead of the breakdown voltage decreasing as per norm, the



Chapter 5. Experimental Results and Discussion 46

breakdown voltage began to increase. The same behaviour was noticed during the exper-

iment with the 0.3 m air gap, however, the pressure threshold whereby the voltage trend

starts increasing with decrease in air density was not met due to the aforementioned

chamber dimension constraints. From the results of the 0.1 m and 0.2 m air gaps, the

threshold point occurred at a lower relative air density as the gap length is increased.

Therefore, given a stronger vacuum pump and a bigger chamber, it would be expected

that the 0.3 m air gap would behave similar the 0.1 m and 0.2 m air gaps.

5.2.1 Why Breakdown Voltage Initially Decreased But Started In-

creasing With Further Decrease In Pressure

In general, it is expected that as pressure decreases, the voltage required to break down

an air gap also decreases. However, the results of the pressure vessel experiment showed

an interesting trend in that the expected trend was true only up to a certain threshold

beyond which the breakdown voltage would begin increasing with further reduction of

pressure. This threshold pressure seems to be related to the size of the air gap under

test. That is, as the gap length increased, then a lower pressure threshold would be

required for the breakdown voltage to start increasing.

A search in literature provided two possible explanations for the increase in voltage as

pressure decreased. One explanation is from the classical theory of breakdown mecha-

nisms and the other explanation is based on the observed corona activity before break-

down occurred.

5.2.1.1 Classical Theory of Breakdown Mechanisms

In the classical theory of breakdown mechanisms in a gas, the mean free path between

molecules in a gas plays a significant role in the breakdown process. It has been already

established that the mean free path is a function of pressure according to equation 5.5.

λ α
1

p
(5.5)

where λ is the mean free path between molecules and p is the pressure the molecules

are subject to. The relationship in equation (5.5) implies that the higher the pressure,

the smaller the mean free path between the molecules. A small mean free path limits
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the ability of molecules to gain enough energy to be able to cause ionisation and initiate

the breakdown process. Therefore, in order to breakdown the air under high pressure,

a higher voltage is required for electrons to initiate the ionisation, thus implying that

the probability of ionisation is low for gases under high pressure. But, as the pressure

decreases, the mean free path increases and less voltage can be applied to initiate break-

down. Therefore the expected trend of the breakdown voltage of an air gap to decrease

with and increase in altitude.

However, there is a point whereby the pressure is very low and the mean free path so

large that the probability of ionisation becomes very low. That is, considering a closed

system, the molecules available for ionisation will be fewer and far apart. All this follows

Figure 5.12(Adapted from [29]) derived from equation (5.6) [28, 29]

α = Ape
−Bp
E (5.6)

where α is Townsend’s first ionisation coefficient, A and B are constants that depend

on the gas type and temperature, p is the gas pressure and E is the electric field. The
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Figure 5.12: Probability of ionisation vs Pressure

variation of the pressure threshold as the air gaps get bigger can be attributed to the

electric field the air was subjected to. Therefore, as the gap length increased, the electric

field within the chamber also increased moving the threshold pressure lower.
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5.2.1.2 Corona Theory Under DC Stress

Another explanation for the observed increase in voltage as pressure decreases is the

involvement of ion space charge during corona and breakdown. As observed in all three

gaps, the presence of a blue film glow at lower relative air densities corresponded to an

increase in breakdown voltage instead of the expected trend of decrease in breakdown

voltage. This is similar to the positive glow mode of corona discharge [27]. The theory on

positive corona discharge states that there are three modes of positive corona discharge

under DC voltage stress. These modes listed according to increasing field intensity for

their onset are [27]:

1. Burst corona

2. Onset streamer

3. Positive glow

Brief explanations for each of the modes are as follows.

Burst Corona

Burst corona is a result of ionisation occurring on the anode surface due to the electron

avalanches from the cathode losing its energy as they neutralise at the anode [27]. As a

result, positive ions are built up around the area where neutralisation occurred therefore

creating a local positive space charge, which eventually kills the discharge at that point.

Available free electrons are then neutralised at a different point on the anode while the

positive space charge earlier developed fades away[27].

Onset Streamer

As the voltage (and electric field) is increased, the local space charge around the anode

leads to field enhancement and attraction of the subsequent electron avalanches [27].

Due to the attraction of the subsequent electron avalanches to the positive space charge

field, streamers are developed and extend farther into the areas of low electric field

within the air gap thereby creating more positive ions (positive space charge) within
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the low electric field region in the air gap. The overall effect of the subsequent electron

avalanches, the free electrons being absorbed at the anode and low positive ion mobility

leads to a net positive space charge being developed in front of the anode [27]. The

electric field gradient in front of the anode therefore drops below the critical field (due

to the positive space charge) required to sustain ionisation and the developed streamer

is suppressed. The presence of an applied field, due to the voltage source, removes the

created positive ion space charge and restores the initial field conditions and the process

restarts. This ultimately leads to pulsating discharges occurring around the anode [27].

The attributes of the onset streamer were observed prior to breakdown during tests on

the 0.1 m and 0.2 m air gaps at RADs of and below 0.77 and 0.57 (the knee points)

respectively. Breakdown of the 0.1 m air gap at RAD 0.77 occurred soon after the

presence of the onset streamer and no other corona mode was observed. The same

occurred for the 0.2 m air gap between RADs of 0.72 and 0.62.

Positive Glow

A continual increase in electric field increases the discharge and ionisation activities

over the anode surface. Within the region of the intense ionisation activity, a luminous

layer is created [27]. The positive glow is developed due to the applied electric field

being strong enough to quickly repel the positive ion space charge from around the

anode, therefore promoting ionisation activity on the anode surface. However, the field

intensity is not strong enough to develop radial discharges that lead to the formation

of streamers [27]. This leaves the surface of the anode with high intensity ionisation

activity and the luminous glow is developed. The development and presence of the

positive glow causes a significant increase in breakdown voltage [27].

During the experiments carried out in the lab, a faint blue luminous glow was observed

at low RAD values. As the RAD values became lower, the blue luminous glow became

brighter and that is when an increase in breakdown voltage was observed for the 0.1 m

and 0.2 m air gaps. The blue luminous glow was also observed during the experiment

with the 0.3 m air gap but breakdown occurred when the glow was not as bright as

observed in the 0.1 m and 0.2 m experiments. The visual observations and the behaviour

of the breakdown voltage suggests that the blue luminous glow observed was indeed a

positive glow and signalled a change in the breakdown mechanisms. This observation
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suggests that when improved correction factors are determined, they should include a

factor that corresponds to the change in breakdown mechanisms for the air gap under

test at the appropriate altitude.

5.2.2 Atmospheric Correction Factors on Pressure Vessel Test Results

5.2.2.1 IEC 60060-1

IEC 60060-1 is the most common standard being used for atmospheric correction of air

gaps and some high voltage equipment, like insulator strings. Despite the fact that the

standard application is limited to a minimum relative air density of 0.8 [3] ( ≈2 000

m altitude), the correction factors were applied to the pressure vessel tests to find out

whether indeed the IEC standard was not applicable to altitudes above 2 000 m.
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Figure 5.13: IEC 60060-1 correction of 0.1 m air gap results

The data of the three air gap sizes were corrected according to IEC 60060-1(2010) and

the plots of the obtained data are shown in Figures 5.13 to 5.15. Data points beyond

the knee point were removed from the correction as the data belongs to another regime

of breakdown mechanisms. These data points are for the 0.1 m air gap where RAD is

below 0.72 and for the 0.2 m air gap where RAD is below 0.58.

Figure 5.13 shows that the IEC 60060-1 standard corrects reasonably well for very small

gaps, in this case, 0.1 m air gap. The correction applied to the data according to IEC
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Figure 5.14: IEC 60060-1 correction of 0.2 m air gap results
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Figure 5.15: IEC 60060-1 correction of 0.3 m air gap results

60060-1 had an average 3% deviation from the expected sea level breakdown voltage.

As was also observed in Figure 5.7, the IEC correction of the smallest gap size (0.1 m)

is the most accurate despite the altitude. Figures 5.14 and 5.15 also confirm the trend

shown by the low altitude and high altitude data in that as the gap length increases, the

correction becomes more inaccurate. The average deviation from the sea level breakdown

voltages for the 0.2 m and 0.3 m air gaps was 15.5% and 20.75% respectively. These

deviations are large compared to the low altitude and high altitude data from the open
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air experiments (5.6% and 7.1% respectively), thereby confirming that the IEC standard

is indeed unsuitable for data obtained from RAD less than 0.8. The observed data also

suggests that for very small gaps (in the order of 0.1 m and less), IEC 60060-1 is suitable

when RAD is as small as 0.72.

The trend of the corrected voltages seem to suggest that the IEC 60060-1 has a mathe-

matical flaw that does not allow it to correct appropriately for small relative air densities,

or that there is change in breakdown mechanisms as RAD reduces. According to [30],

the average breakdown electric field at time of breakdown is determined by equation 5.7

and can be used to determine the mechanism that caused the breakdown.

EBreakdown =
Vbreakdown
dbreakdown

(5.7)

An electric field of approximately 500 kV/m implies a streamer dominated breakdown

mechanism. This is because 500 kV/m has been adopted as the mean electric field for

streamer propagation under standard atmospheric conditions [11]. By calculating the

average electric fields of the obtained results using equation 5.7, the calculated electric

fields imply streamer breakdown in all three air gaps. The calculated electric fields are

shown in Table 5.10.

Table 5.10: Table showing the average electric fields during breakdown

Gap Length (m) RAD Ebreakdown(KV/m)

0.1

0.82 497.00
0.77 497.60
0.72 474.60
0.67 484.20
0.57 556.00

0.2

0.82 498.20
0.72 472.90
0.63 434.40
0.58 390.00
0.53 429.30

0.3

0.82 519.67
0.72 493.87
0.62 432.80
0.53 386.00

However, it is expected that electric field required for positive streamer propagation

should be proportional to air density [11]. This is to imply that if the breakdown of
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the air gaps was dominated by positive streamers, it would have been expected that

the electric field also decrease with a decrease in relative air density for all three gap

lengths, but this is not so for the 0.1 m air gap. The air gap seems to be displaying

varying electric fields as the relative air density decreases.

The Cigré brochure [11] states that the parameter g (calculated from equation 5.8 where

L is the discharge length and k is a parameter for the voltage type used) is used to give

an estimate of the similarity of the discharge to that of a pure positive streamer.

g =
U50

500δLk
(5.8)

The brochure states that [11]:

• g≈1 implies a positive streamer discharge process. This is when the dielectric

strength is expected to be proportional to the relative air density

• g<1 implies a streamer and leader dominated discharge with the dielectric strength

is not as influenced by the relative air density

• 1<g<2 implies a positive and negative streamer dominated discharge process and

the situation is deemed ”very complicated”

• g>2 implies a uniform air gap and the breakdown is corona dominated.

To be able to determine the breakdown mechanisms of the air gaps, the parameter g

was calculated for each air gap and shown in Table 5.11. The calculated g parameters

were all found to be between 1 and 2, implying both negative and positive streamer

dominated discharge thus presenting a “complicated”scenario.

From the principles used to derive the IEC 60060-1 standard, the relationship in equation

5.9 was established

δm =
Ub

500d
(5.9)

where m is a parameter that covered the influence of the environmental conditions,

the waveform applied and the parameters of the insulation under test [30]. When the

breakdown process of an air gap is streamer dominated, then m=1 [30]. According

to IEC 60060-1, m=1 when 1<g<2, which is when the positive and negative streamers

dominate the discharge process. For the collected data, the calculated m values according
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Table 5.11: Table showing the calculated g-factors

Gap Length (m) δ g

0.1 0.82 1.22

0.77 1.30

0.72 1.33

0.67 1.45

0.57 1.96

0.2 0.82 1.23

0.72 1.32

0.63 1.39

0.58 1.37

0.53 1.63

0.3 0.82 1.25

0.72 1.35

0.62 1.37

0.53 1.42

the equation 5.9 were mostly negative. This scenario shows a problem with the IEC

60060-1 whereby the same m value is used to correct voltages governed by different

environmental, waveform and insulation material parameters. This concern was also

shared by [22]. Therefore, there is a need for a more refined method to determine the

m parameter in order to obtain accurate corrections.

5.2.2.2 Calva’s Method Applied For Comparison With Pressure Vessel Tests

The results of the experiment were compared to the procedure proposed by Calva et al

[9] according to equations 5.1 to 5.3. The comparison of the test results to the Calva

prediction are found in Table 5.12 and in Figure 5.16 to Figure 5.18. The plots show

that the proposed method by Calva does not cater for the increase in voltage with the

further decrease in pressure, but it does provide some form of trend that agrees with the

experimental data.

The trend in the results shows that the Calva prediction method can be modified to fit

the experimental data.
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Table 5.12: Pressure Vessel Test Results Compared to Calva Prediction

Gap RAD Average Calva Error
Length (m) Breakdown (kV) Prediction (kV) (%)

0.1
0.82 49.7 45.9 8
0.77 49.8 41.7 16
0.72 47.5 37.6 21

0.2

0.82 99.6 85.3 14
0.72 94.6 69.9 26
0.63 86.9 56.7 35
0.58 78.0 47.8 39

0.3

0.82 155.9 126.1 19
0.72 148.2 105.1 29
0.62 129.8 85.4 34
0.53 115.8 68.4 41
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Figure 5.16: Comparison of experimental results with Calva’s prediction method for
0.1 m air gap

5.2.2.3 Mapping of Calva’s Prediction Method to the Experimental Data

In order to map the Calva predicted results to the experimental data, a difference func-

tion was derived and added to the Calva prediction function. By so doing, the Calva

prediction function was therefore scaled in gradient and mapped upwards to fit the ex-

perimental data. This method was done considering that a linear trend was observed in

the results and therefore a linear function was deemed suitable for the mapping. The

data points where the breakdown voltage began to increase due to the corona were not

considered.
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Figure 5.17: Comparison of experimental results with Calva’s prediction method for
0.2 m air gap
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Figure 5.18: Comparison of experimental results with Calva’s prediction method for
0.3 m air gap

Consider the pressure vessel experiment for the 0.1 m gap size with information in Table

5.13.

The difference between the experimental breakdown voltage (Ub) and the Calva pre-

dicted breakdown voltage (Ub(predicted)) is calculated and plotted against the relative air

density (δ) as shown in Figure 5.19. A line of best fit was then determined to create
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Table 5.13: Pressure vessel 0.1 m gap test information

δ Ub(kV) Ub(predicted)(kV) Ub-Ub(predicted) Calva+Difference function

0.82 49.7 45.92 3.78 49.90

0.77 49.76 41.74 8.02 48.77

0.72 47.46 37.59 9.87 47.76

the difference equation (equation (5.10)) which would be added to the Calva prediction

function.

Udiff = −61δ + 54 (5.10)

The resulting function, shown in equation 5.12, where Udiff is defined in equation 5.10

and the other terms are as previously defined. Equation 5.12 shows the adjusted pre-

diction method for the 0.1 m air gap tests and it is plotted to compare how accurate it

is in relation to the experimental data in Figure 5.20.

Vb = [500d(k1 + k2)S] + Udiff (5.11)

Vb = [500d(k1 + k2)S]− 61δ + 54 (5.12)
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Figure 5.19: Difference function for 0.1 m pressure vessel experiment

The application of the difference method to the 0.1 m gap pressure vessel experiments

produced a result with absolute errors shown in Table 5.14 of each reading taken.
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Figure 5.20: Comparison of prediction including difference method for 0.1 m gap
length

Table 5.14: Error of mapped data to experimental data for 0.1 m air gap

δ Ub(kV) Ub(mapped)(kV) Absolute Error (%)

0.82 49.70 49.90 0.40

0.77 49.76 48.77 2.03

0.72 47.46 47.67 0.44

The error of the mapping for the 0.1 m gap size is within the acceptable statistical

variation 5%. The same procedure was repeated for the 0.2 m and 0.3 m air gap sizes.

The difference functions to be added to the Calva prediction method, as done in equation

5.12, for the 0.2 m and 0.3 m air gaps are shown in equations 5.13 and 5.14 respectively.

Udiff = −68δ + 72 (5.13)

Udiff = −57δ + 79 (5.14)

Similar plots to Figure 5.20 were done for the 0.2 m and 0.3 m gaps and are shown in

Figure 5.21 and Figure 5.22 respectively.

Tables 5.15 and 5.16 show the errors of the mapping for each gap length. The tables

show that the mapping applied reduced the error in experimental and predicted results

to within 5%.
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Figure 5.21: Comparison of prediction including difference method for 0.2 m gap
length
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Figure 5.22: Comparison of prediction including difference method for 0.3 m gap
length

Table 5.15: Error of mapped data to experimental data for 0.2 m air gap

δ Ub(kV) Ub(mapped)(kV) Absolute Error (%)

0.82 99.64 101.49 1.86

0.72 94.58 92.96 1.71

0.63 86.88 85.84 1.20

0.58 78.00 80.36 3.03
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Table 5.16: Error of mapped data to experimental data for 0.3 m air gap

δ Ub(kV) Ub(mapped)(kV) Absolute Error (%)

0.82 155.90 158.99 1.98

0.72 148.16 143.59 3.09

0.62 129.84 129.50 0.26

0.53 115.80 117.60 1.55

Tables 5.14 to 5.16 show that the prediction method proposed by Calva is viable for

predicting the breakdown voltage of small air gaps at low relative air densities when

modified by adding equations 5.10 to 5.14 to the Calva prediction method for air gaps

of sizes 0.1 m - 0.3 m respectively in order to attain accuracy within 5%. Due to

limitations in supply voltage, pressure vessel size and pump drawing ability, more data

could not be collected for a wider range of relative air density and gap size. Therefore,

the adjustments made to the Calva prediction method for the respective gap sizes are

specifically for the mentioned gap sizes and relative air density range.

Due to the lack of a large data set and the number of variables involved in the breakdown

process of air (relative air density, humidity, rod geometry etc), the difference equations

could not be generalized into a single function to be added to the Calva prediction

method so that it applies to any gap length and this could be an interesting extension

of this work in the future. Also, by collecting more data, the difference equation may

change in order to fit all the possible RAD ranges and also increase the accuracy of the

function.

Closing Summary In Answering the Research Question Of This Dissertation

Tests were conducted and it has been shown that the atmospheric correction procedure in

the IEC 60060-1 (2010) is more suitable for use when applied to low altitude data. When

applied to high altitude data (1 740 m), the procedure has been found to introduce errors

as the gap length increases. The Calva prediction method has proved to be accurate

when applied to data below 1 740 m in altitude. Despite the IEC 60060-1 (2010) stating

that the atmospheric procedure is inapplicable when RAD is less than 0.8, corrected

data from the pressure vessel suggests that the procedure is accurate for very small

air gaps (0.1 m and below) up to RAD 0.72. The results from the other air gap sizes

tested (0.2 m and 0.3 m) agree with the claim by IEC 60060-1 (2010) in the standards
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inability to obtain accurate atmospheric correction factors when RAD is lower than

0.8. Calva’s prediction method was inaccurate when applied to the pressure chamber

conditions, but the prediction methods results followed the trend of the experimental

results. Factors were derived to add to the Calva prediction method for the method to

fit the experimental data.

The experiment conducted in the pressure vessel showed that as pressure decreases,

the breakdown voltage of the same gap length decreases until a threshold whereby the

voltage begins to increase. This behaviour was explained by means of the classical

breakdown theory and the corona mechanisms under HVDC stress.

Therefore, the altitude correction method stated in IEC 60060-1 (2010) and the Calva

prediction method are both applicable and accurate when applied to low altitude data.

Calva’s model has an advantage in that it can predict the breakdown voltage of an air

gap by considering the environmental conditions and the air gap length only. Whereas,

the IEC 60060-1 (2010) standard requires more parameters. Both IEC 60060-1 (2010)

standard and the Calva prediction method are not applicable for a wide altitude range.

However, the Calva prediction method can be modified so as to increase the accuracy.

The method is therefore recommended for further modification.



Chapter 6

Conclusions and

Recommendations

6.1 Conclusions

The following are the important findings and conclusions of the research:

Open Air Tests (0 m - 1 740m asl)

1. IEC 60060-1 altitude correction factors’ accuracy improves with reduction in alti-

tude.

2. IEC altitude correction factors confirmed to be applicable for altitudes below 1

800 m asl. However, the increase in error is apparent as the altitude and air gap

length increases.

3. The Calva prediction method accurately predicts the DC breakdown voltage for

air gaps within the 5% acceptable error at altitudes up to 1 740 m asl.

62
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Pressure Vessel Tests Simulating High Altitudes (1 740 m - 5 200 m

asl)

1. At simulated altitudes higher than 1 740 m, IEC 60060-1 correction factors are

inaccurate (resulting in errors greater than 5%). This confirms that the standard

does not apply for altitudes above 1 740 m asl.

2. Each gap size breakdown voltage as a function of altitude has a knee point thresh-

old where the trend changes from decrease of breakdown voltage with decrease in

pressure to an increase in voltage with further decrease in pressure.

3. For each gap length, the Calva prediction method can be modified to accurately

predict the breakdown voltage at high altitude.

6.2 Recommendations For Future Work

The following recommendations have been suggested to further the current research:

• It is imperative that tests be done at sea level to obtain baseline breakdown volt-

ages. These tests should be done at the standard temperature of 200C and can

be taken as the standard breakdown voltage of the tested gap sizes. All proposed

atmospheric correction methods applied should produce results that compare to

the standard voltages obtained.

• The work conducted in this work was done using positive polarity HVDC. It is

recommended that the work be redone using negative polarity so that it can be

compared whether the gaps perform in a similar mechanism to that of the positive

polarity. That is, to test whether a significant increase in breakdown voltage

is observed at lower pressures and if the Calva prediction method does produce

similar results to those experimentally obtained.

• Tests results for the same gap sizes are required for altitudes with RADs of 0.77,

0.72, 0.62 and 0.53. These results can be used to compare with those obtained in

the pressure vessel.
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• The work can repeated for increased gap sizes. This would imply a bigger pressure

vessel and higher voltages and would pose the problem of a bushing. Therefore a

new pressure vessel that could meet the given requirements should be designed.

• It is recommended that more results be obtained for various gap sizes at various

RADs. This is to increase the data available to accurately derive the appropriate

function to add to the Calva prediction method. Overall, it would be desired that

a general function be derived for adding to the Calva prediction method instead

of different functions specific to an air gap as done in this work.

• In order to obtain photographic evidence of the breakdown mechanism that occur

during the breakdown process, it is recommended that a high speed camera be

acquired.
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Appendix A

Experimental Data And Results

Table A.1: Low Altitude Experimental Data

Gap Length(m) 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Temperature(0C) 27.6 26.2 27.8 26.5 27.2 21.9 25.5
Pressure (mbar) 987.8 986.3 986.1 985.4 985.2 985.8 985.5

Rel. Humidity (%) 48.6 56.0 51.8 54.8 54.9 56.0 46.0

Test 1(kV) 57.4 81.8 107.6 131.7 157.3 174.8 197.0
Test 2(kV) 55.6 81.6 107.8 131.6 156.5 174.9 196.9
Test 3(kV) 57.4 83.0 107.3 131.6 156.8 174.7 196.3
Test 4(kV) 56.9 82.6 107.6 131.3 157.6 174.8 197.0
Test 5(kV) 57.3 82.2 107.8 131.2 157.3 175.4 196.6

Ave. Breakdown Voltage (kV) 56.92 82.24 107.62 131.48 157.1 174.92 196.76

Table A.2: High Altitude Experimental Data

Gap Length(m) 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Temperature(0C) 15.3 14.4 15.4 14.9 15.1 15.8 14.8
Pressure (mbar) 844.7 841.7 840.2 841.1 842.3 839.7 842.3

Rel. Humidity (%) 41 45 34 42 46 33 47

Test 1(kV) 54.2 68.2 81.1 100.8 118.8 129.4 156.8
Test 2(kV) 52.5 66.3 80.9 99.7 119.0 130.0 157.2
Test 3(kV) 52.4 68.3 81.1 100.2 118.4 129.6 156.2
Test 4(kV) 51.2 68.1 81.4 100.0 116.6 130.0 157.2
Test 5(kV) 52.2 67.9 81.5 100.1 118.2 130.6 156.6

Ave. Breakdown Voltage (kV) 52.50 67.75 81.18 100.15 118.20 129.92 156.80
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Table A.3: Sea Level Results

Gap length (m) 0.10 0.15 0.20 0.25 0.30 0.40

Temperature 23.6 23.5 23.4 23.4 23.3 23.3
Pressure (mbar) 1012.4 1012.4 1012.5 1012.6 1012.8 1012.7

Rel. Humidity (%) 89 89 90 90 92 92

Test 1 (kV) 64.0 87.0 112.0 140.0 164.0 218.0
Test 2 (kV) 64.0 87.0 112.0 140.0 164.0 218.0
Test 3 (kV) 63.0 88.0 113.0 140.0 164.0 216.0
Test 4 (kV) 63.0 88.0 111.0 140.0 165.0 220.0
Test 5 (kV) 64.0 87.0 112.0 139.0 164.0 218.0

Ave. Breakdown Voltage (kV) 63.6 87.4 112.0 139.8 164.2 218.0
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Appendix B

SAUPEC 2015 Discussion Paper

This appendix contains a discussion paper handed in to the South African Universities

Power Engineering Conference in 2015.
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A CRITICAL ANALYSIS OF THE CURRENT HIGH VOLTAGE
ALTITUDE CORRECTION METHODS

T. Gora and Dr. C. Nyamupangedengu∗

∗ Faculty of Engineering and the Built Environment, Private Bag 3, Wits 2050, South Africa E-mail:
tatenda.gora@students.wits.ac.za
cuthbert.nyamupangedengu@wits.ac.za

Abstract: Altitude correction factors are a critical component in the design of high voltage systems at
high altitudes. Unfortunately, the common standards currently used for altitude correction are mostly
valid for altitudes of 1 800 m and have been proven to be unreliable for altitudes higher than this. This
paper critically analyses and discusses the discrepancies in three popular standards used for altitude
correction. The research work on altitude correction being done at Wits University is highlighted in the
context of the worldwide efforts in this knowledge area.

Key words: Altitude, DC, Correction Factor

1. INTRODUCTION

The desire to meet electricity demands, especially in
emerging economies, has led power utilities to embark
on projects that involve the transmission of power from
sources that are far away from the load centres. The
number of High Voltage Direct Current (HVDC) schemes
around Europe and Asia and the lengths of the transmission
lines show the extent at which HVDC is being used to
connect the load centres to remote generation sources [1].
In China, the Xiangjiaba-Shanghai HVDC link connects
the load centre from the generation source which is
approximately 4 000 km away. The Xiangjiaba-Shanghai
link passes through the Tibet region which is quite
mountainous, resulting in the line passing through altitudes
above 4 000 m. Research is still being done on insulator
performance at such high altitudes [2]. In Africa, Eskom
is considering possibilities of importing power from the
Congo. This project will involve the transmission of
power over distances of approximately 4 000 km. For this
project to be economically viable, the power will have to
be transmitted using high voltage direct current (HVDC)
technology. However, the available standards for altitude
correction have discrepancies that can hinder the design of
a reliable system at high altitudes.
This paper highlights the evolution of the altitude
correction factors being applied and discusses the
discrepancies in the common standards used in the world.
A brief discussion on current work being done to solve
the problem of unreliable altitude correction factors is also
given.

2. BACKGROUND

As altitude increases, air density decreases and air
breakdown mechanisms change. The IEC 60060-1 (2010)
standard has been found to cover only a limited altitude
range [3, 4, 5]. Some models that can possibly extend
the altitude correction factors to cover a higher altitude
range have been suggested in literature but are not yet

incorporated into the standards. Further verification of the
proposed models is required, especially for DC voltages.

EVOLUTION HISTORY OF THE ALTITUDE CORREC-
TION FACTORS

2.1 Peek Model

The effect of altitude on the breakdown voltage of
insulators was noted as early as 1914 by Peek [6], and
a lot of work has been done since then with regard
to air density effects on the breakdown voltage of air
gaps and external insulation, and more recently air gaps
under DC voltage stress [3, 4, 7, 8, 9, 10, 11, 12]. Peek
[6] investigated the effect of altitude on the spark-over
voltages of bushings, leads and insulators by placing them
in a cask and varying the pressure. Pressure was varied
to obtain relative air densities between 0.5 and 1.0 while
the temperature variations due to the pressure changes
were recorded. In his research, Peek [6] was able to
produce tables of correction factors to be used on specific
insulators by reading off the relative air density. Therefore,
the correction factors for insulators were different from
those of bushings and leads under the same relative air
density [6]. Peek attributed these to the uniformity of the
field suggesting that the flashover voltage for a uniform
field decreases directly with δ, whereas for non-uniform
fields, the flashover voltage decreases at a lesser rate than
δ [6]. This means that given that the flashover voltage of
an insulator at sea level (δ=1) is v1, then the breakdown
voltage v at δ=x was given by

v = xv1 (1)

where δ is the relative air density at a specific altitude
and read from the tables derived by Peek [6]. This
therefore implied that the breakdown voltage was directly
proportional to the air density. Peek also concluded that
the effects of the change in δ due to pressure changes and
constant temperature were the same as the change in δ due
to temperature changes and constant pressure [6].



2.2 IEC 60-1

In 1973, the IEC 60-1 was amended. In the 1973 version
of IEC 60-1, it was stated that the breakdown voltage of
an air gap or insulator at relative air density δ, uδ is related
to the breakdown voltage of the same air gap or insulator
under standard conditions, u0 by [13]

uδ = kdu0 (2)

where kd is the air density correction factor defined as

kd = (
P
P0

)m(
T0

T
)n (3)

where P and P0 are the pressure and standard pressure
respectively while T and T0 are the temperature and
standard temperature respectively. The exponents m
and n are the variations of pressure and temperature
respectively that are supposed to be determined before
kd is evaluated. Since the air density is dependent on
pressure, the determination of the exponent m became the
area of concern regarding atmospheric corrections and was
defined in IEC 60-1 (1973) as

m =−0.12d +1.12 (4)

where d is the air gap length between 1 m and 6 m. For
d≤1 m, m=1.0 and m=0.4 for d≥6 m. The factor m in this
standard was therefore independent of the type of voltage
used and the relative air density being corrected for. This
therefore implied that the variation of pressure was only
dependent on the length of the air gap. Compared to the
model proposed by Peek, the model in the IEC 60-1 does
not give a linear relationship between the flashover voltage
and the relative air density. For DC and impulse voltages
of either polarity, the standard specifies that m and n can
be considered equal.

2.3 Pigini Model(IEC 60060-1)

During his research, Geldenhuys [14], was able to derive
the approximate expression of the average electric field
required for positive streamer propagation as given in
equation (5).

E+
s = 425δ1.5 +(4+5δ)H (5)

where H is the humidity and δ is the relative air density.
By varying the humidity, the average electric field required
for streamer propagation under standard conditions was
determined to be 500 kV/m. The breakthrough achieved
by Geldenhuys [14] gave way for the determination of the
breakdown voltage, by taking reference of the final jump
that leads to breakdown, of an air gap in terms of the
electric field of the leader zone of the discharge (El), the
length of the leader (ll), the electric field of the streamer
zone (Es) and the length of the streamer (ls) to be given by
equation (6) [15].

U = El ll +Esls (6)

If breakdown occurs purely due to the streamer
mechanisms (without any leader formation), the leader
terms E and l are set to zero leaving the breakdown voltage
to be dependent on only the streamer field Es and streamer
length ls. With this information, Pigini et al [15] were able
to derive a factor G to be used to determine the index of
the relative air density correction factor by incorporating
the discharge mechanism used and the relative air density.
To correct the voltage, a similar expression to equation (2)
was used but modified as follows,

U50 =U50(std)(δ.K)n (7)

where K is the humidity correction factor, n is the
air density correction factor and U50 is the breakdown
voltage under non-standard conditions. The factor G
was determined on the assumption that the major process
during the breakdown of the gap was streamers [15]. G
was defined as

G =
U50

500δkd
(8)

where d is the length of the discharge gap and k is a factor
dependent on the type of voltage used and δ is defined as:

δ =
P
P0

273+ t0
273+ t

(9)

To determine n in equation (7), the G factor, equation (8),
was used and n took the following values [15] depending
on the range of values of G

n =
G0(G0−0.2)

0.8
(10)

n =
3−G0

2G0
(11)

where G0 is the G factor under standard conditions (δ and
k=1). Equation (10) was valid for 0.3≤G≤1 and equation
(11) was valid for 1≤G≤2. These results by [15] were
incorporated into the IEC 60060-1 (1989), including the
graphs of equation (10) and equation (11) as the air density
correction factors [16]. The results still play a major role
in the recent IEC 60060-1(2010) which, instead of using
graphs for determining G as in IEC 60060-1(1989), uses
equations that are quite similar to equations (10) and (11)
[17]. It is important to note that the model derived by
Pigini et al takes into account the voltage type through
the factor k in equation (8) whereas IEC 60-1 (1973) did
not include any factor that took into account the type of
voltage used. Since the standard was produced from the
work conducted by Pigini et al, the standard is limited to
an altitude of 1 800 m. Given that the only difference in the
altitude correction procedures highlighted in the current
version of IEC 60060-1 (2010) with those of IEC 60060-1
(1989) is the use of equations to determine the index n
instead of graphs, it therefore holds that the current version
of IEC 60060-1 is also limited to an altitude of 1 800 m.



2.4 Ramirez Model

A year after IEC 60060-1 (1989) was published, Ramirez
and his counterparts [18] proposed a model claimed
to be more accurate than the one incorporated in IEC
60060-1(1989) and takes account of the influence of air
density on rod-plane gaps. The model is expressed in
equation (12)

U
U0

=
0.8[1+T (1−δ)](δ−0.2G′0)

(1−0.2G′0)
+0.2 (12)

where δ is the relative air density calculated by equation
(9) and

T = 1.4
1−0.8G′0
1−0.2G′0

(13)

with G0 defined as

G′0 =
U0

500[ 1+(F0−1)
3 D]

(14)

where F0 is the gap factor. This proposed model satisfies
corrections for altitude up to 3000 m [18].

2.5 Calva Model

Calva et al [9] proposed a model to use for altitude
correction for gaps under DC voltage stress. This model
determines the breakdown voltage Vb as

Vb = Esod[k1 + k2]S (15)

where k1 is the air density correction factor

k1 = δm (16)

and m=1.4 for positive polarity and 0.44 for negative
polarity. k2 is the humidity correction factor

k2 = 1.3δ−0.83 h−11
100

(17)

and S is the gap factor. Eso is the electric field required
for streamer propagation and considered to be 500 kV/m
for positive polarity and for negative polarity is given by
equation (18)

Eso = 1476.4×1121.91d (18)

The models presented by Ramirez et al [18] and Calva et al
[9] were not considered as inputs to the latest version of the
IEC 60060-1(2010) and it would therefore be of interest
to compare these models. It is now generally agreed that
there are shortfalls in IEC 60060-1 with regard to altitude
correction factors. In that regard, a Cigre work group
(WG D1.50) “Atmospheric and altitude correction factors
for air gaps and clean insulators” has been established
to coordinate further studies and investigation on altitude
correction. It has also been proven by [3] that the
IEC 60060-1 is still inconsistent in its calculated results
compared to the experimental results obtained as altitude
increases for air gaps under DC voltage stress and that the

model proposed by Calva et al yields more accurate results
than the IEC 60060-1(2010).
It has been observed that when the models by Ramirez,
Pigini and Calva were derived, there were inconsistencies
in the type of voltage used. It is suspected that the
inconsistency in the voltage type used to derive the models
could be among the causes of the variations in the models.
The variation in the types of voltages used for the models
is as follows:

• IEC 60060-1(2010) has input from empirical results
conducted with switching impulses [14, 19] and
lightning impulses [14, 19, 15]

• The model presented by Ramirez was derived under
impulse voltage conditions [18]

• The model by Cavlva et al is purely under DC voltage
conditions [4, 9]

Therefore work to determine the validity of these models
using the same voltage type is required.

3. IRREGULARITIES IN THE COMMONLY USED
STANDARDS

There is a fair number of standards used internationally
that involve atmospheric correction voltages. The three
notable standards used are the IEC 60060-1(2010) [17],
IEC 60071-2 (1996) [20] and IEEE Std 4 (2013)
on high voltage testing techniques [21]. However,
these standards have notable irregularities regarding
atmospheric correction that can bring to question which
correction method is reliable. The atmospheric correction
discrepancies in the three above mentioned standards are
highlighted in this section.

3.1 IEC 60060-1 (2010)

This is the standard derived from the work done by Pigini
et at [15] and is the most commonly used standard. This
standard defines two methods of atmospheric correction
namely:

1. The standard procedure- This procedure is used to
correct voltages from non-standard conditions to
standard conditions using the relationship

U0 =
U
Kt

(19)

where U0 is the disruptive-discharge voltage
under standard conditions, U is the measured
disruptive-discharge voltage under non-standard
conditions and Kt is the atmospheric correction
factor [17].

2. The converse procedure- This is an iterative method
used to correct voltages from standard conditions to
non-standard conditions using the relationship stated
in equation (19) with U as the subject of the formula.



The determination of Kt in [17] involves the calculation
of the g-factor to determine the exponents m and w. The
function that relates m to the g-factor is derived from a
curve that averages the results obtained during the work
done by [15] of different gap geometries and positive
polarities of different impulse shapes [22]. This gives rise
to the possibility of over-correction or under-correction the
voltage [22]. With regards to negative polarity impulses,
the value m=1 was assumed by [15] and incorporated into
the standard. This implies that the value of m for negative
impulses is independent of the air density. Since the
variation of air density has an effect on the breakdown
voltage, the assumption of a constant value of m is an
approximation that cannot be considered accurate.
The relationship between m, w and g in [17] is only valid
when δ x k ≈ 1 [5]. This condition is valid for high
voltage laboratories located at altitudes near sea level.
Laboratories at much higher altitudes have the relationship
δ x k < 1 [5] implying that the application of the correction
method in [17] becomes invalid for results obtained in such
laboratories.
For one to be able to use the g-factor, the U50 of the
apparatus/gap is assumed to be known. However, for high
voltage apparatus, the type test withstand voltage is the
one known and cannot be assumed to be the U50 of the
apparatus [5]. This implies that the g-factor calculated
using the type test withstand voltage is invalid. Also, as
earlier mentioned, the g-factor incorporates the average
electric field strength required for streamer propagation
(500 kV/mm), therefore implying that it is more accurate
for streamer dominated discharges. Otherwise, the
expression given for the g-factor cannot be taken as an
accurate approximation.
These irregularities make the IEC 60060-1 standard quite
unreliable for correction of voltages at altitudes greater
than the maximum altitude at which the tests were
conducted (1 800 m) and for discharges that are not
streamer dominated.

3.2 IEC 60071-2 (1996)

This standard was based on the same data used to develop
IEC 60060-1. This therefore makes the standard to be valid
only up to 1 800 m, but is assumed to be applicable for
higher altitudes. The relationship between the required
withstand voltage (Urw) and the co-ordination withstand
voltage (Ucw) is given by equation (20)

Urw =Ucw×Ka (20)

where K a is the atmospheric correction factor given by
equation (21)

Ka = em( H
8150 ) (21)

where H is the altitude in m. In this standard, the value
of m is defined as 1 for lightning impulses and short
duration AC voltage tests. For switching impulses, the
value of m is taken from a plot of curves that relate m to
(Ucw). However,(Ucw) is defined as the 10% probability
breakdown voltage therefore, when designing insulation
for a lower breakdown voltage probability, the value of

(Ucw) cannot be used [5]. The curves relating m and
(Ucw) in the standard are for phase-to-earth insulation,
longitudinal insulation, phase-to-phase insulation and
rod-plane gap. These cannot fully describe the dielectric
strength and and discharge characteristics of different gap
configurations, rod-to-rod for instance. Also, a value for
m to be used for AC voltages is recommended but no
recommendation is given for DC voltage.
Even though this standard is assumed to be able to correct
for altitudes greater than 1 800 m, there are irregularities
in the determination of m and no recommendation for DC
voltages is given.

3.3 IEEE Std 4

This standard has two methods for atmospheric correction
[21].

1. Method 1- This method uses the factor K and is the
same as the one used in IEC 60060-1

2. Method 2- This method uses the factors kd (air density
correction factor) and kh (humidity correction factor)
for correction and is applicable to gaps less than 1 m.

Since Method 1 is similar to the one mentioned in IEC
60060-1, it will not be discussed again in this section.
Method 2 stated that the following relationship,

U =
kd

kh
U0 (22)

where U0 and U have the same definition as mentioned in
Section 3.1.
The values of m and n used for evaluating kd are assumed
to be the same for all electrode configurations for DC
voltages and lightning impulse voltages despite the air
density that the configuration is set. For other electrode
configurations and voltage types, the values of m, n and w
are determined from a graph that relates the three variables
to the gap length [21]. The values of m, n and w will also be
the same for the same gap length, configuration. This does
not agree with the variation of the air density correction
factor with the type of discharge that governs breakdown
in the air gap.

4. ONGOING WORK TO RESOLVE THE
DISCREPANCIES IN CURRENT ALTITUDE

CORRECTION METHODS

Due to the discrepancies in altitude corrections methods, a
Cigre work group (WG D1.50) “Atmospheric and altitude
correction factors for air gaps and clean insulators ”has
been established to develop appropriate correction factors
that can be used. This group involves members from
Australia, Brazil, China, Germany, Italy, Japan, South
Africa, Sweden and the USA. Among the work being done
by this group, they are looking at deriving a method that
uses a single value of m over the g curve for various
electrode arrangements. Work is also being done in South



Figure 1: Conceptual set up of experiment

Africa, in collaboration with the Chinese to produce data
to be used by the Cigre group.
At Wits University, there is ongoing work to simulate
altitude conditions by varying the air pressure in a chamber
and doing rod-plane breakdown tests under DC voltages.
This project looks to add information, especially for
DC voltages, to compliment other efforts being done to
develop much more accurate correction factors. Currently,
the variable pressure chamber to house the set up is is
under construction. The gap sizes will be limited to
approximately 0.8 m due to voltages supply limitations. A
conceptual diagram of the experimental set up is shown in
Figure 1. The results of the experiment will also be used to
validate the models mentioned in the background section
for DC voltage stress as they were mostly developed
from data for lightning and switching impulse tests. The
major steps to be conducted during the experiment are
highlighted below:

• The first experiment will be conducted under standard
pressure. Once the breakdown voltages of the
different gap lengths up to 1 m are recorded, a graph
will be plotted of breakdown voltage versus gap
length.

• The breakdown voltages recorded in the first
experiment will then be corrected to different
altitudes up to 4 500 m using the IEC 60060-1
(2010), the Ramirez model and the Calva model. The
breakdown voltages at the different altitudes will be
plotted against the gap lengths.

• Experiments will be conducted again at the pressure
levels that correspond to the air densities of the
altitudes used to correct the voltages as mentioned in
the previous bullet point.

• The breakdown voltages are then plotted versus gap
length and then compared to the ones obtained from
the three models to be verified.

• Using statistical methods, the model that corrects the
voltages to the closest experimental value obtained
will be justified.

• Using the recordings of the breakdown processes
during the experiment, the model that yields the best
results will also be analysed and justified.

A major challenge on how to bring in 300 kV HVDC
into the metallic walled pressure chamber is being faced.
The bushings required for DC voltages around 300 kV
are very large, exceeding lengths of 2 m, and may cause
structural problems on the chamber. Besides the structural
problem, acquiring an already made bushing can also
be very expensive and very difficult as the bushings are
hard to find. To counter this problem, an HVDC cable
can be used. Alternatively, a bushing fit enough to use
only for the experiments can be constructed in the high
voltage laboratory. This option is currently under rigorous
investigation.

5. CONCLUSION

The use of HVDC transmission technology in developing
countries is on the rise. This has seen transmission
lines being set up in areas reaching altitudes of 4 500
m. However, it has been established that the altitude
correction factors have discrepancies when applied to
altitudes higher than 1 800 m. Further discrepancies in
the current altitude correction methods have been laid out
and further work is required to determine the appropriate
correction factors. A Cigre working group has been set
up to work towards resolving this issue and a lot of input



is still required. Some research efforts at Wits University
aim at contributing to the knowledge in that regard.
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Abstract: This paper is on a study of altitude correction factors on short air gap DC breakdown
voltage. Tests were conducted on small rod-plane air gaps in a pressure vessel. The air gaps used
varied between 100 mm and 300 mm in length and pressure was drawn in the pressure vessel to
give relative air densities as low as 0.53. The pressure was drawn from an ambient pressure of
about 835 mbar. The range of pressures used made it possible to simulate relative air densities
corresponding to altitudes of 1700 m to 4500 m. The results obtained showed a decrease in
breakdown voltage as pressure decreased, but only up to a threshold point beyond which an
increase in breakdown voltage at very low pressures was observed. The results were corrected
using IEC 60060-1 and were also compared to predicted breakdown voltages proposed by Calva et
al. The corrected results according to the IEC 60060-1 standard did not resemble the trend of a
decrease in breakdown voltage as relative air density decreases. When compared to the predicted
breakdown voltages according to the method by Calva et al, the experimentally obtained results
did relate to the predicted breakdown voltages. Even though the predicted flashover voltages
were higher, the trend in the breakdown voltage agreed with the ones obtained using Calva et
al but only until the pressure threshold was reached. A potential exists for the method proposed
by Calva to be improved for small air gaps.

1 INTRODUCTION

The desire to meet electricity demands, especially in
emerging economies, has led power utilities to embark
on projects that involve the transmission of power
from sources that are far away from the load centres.
The number of High Voltage Direct Current (HVDC)
schemes around Europe and Asia and the lengths of
the transmission lines show the extent at which HVDC
is being used to connect the load centres to remote
generation sources [1]. In China, the Xiangjiaba-
Shanghai HVDC link connects the load centre from
the generation source which is approximately 4 000 km
away. The Xiangjiaba-Shanghai link passes through
the Tibet region which is quite mountainous, resulting
in the line passing through altitudes above 4 000 m.
Research is still being done on insulator performance at
such high altitudes [2]. In Africa, Eskom is considering
possibilities of importing power from the Congo. This
project will involve the transmission of power over
distances of approximately 4 000 km. For this project
to be economically viable, the power will have to be
transmitted using high voltage direct current (HVDC)
technology. It has, however, been generally agreed that
the available standards for altitude correction have
discrepancies that can hinder the design of a reliable
system at high altitudes.

It is generally agreed that there is need to de-
velop altitude correction methods applicable to
altitudes beyond 1800 m. In that regard, there is a
Cigré working group (D1.50) that is currently working
towards the development of such a standard. At

the University of the Witwatersrand, Johannesburg,
ongoing work is being done to contribute towards
reviewing the altitude correction methods. This paper
presents some of the results obtained so far.
Before presenting the results, this paper starts with
a review of the evolution of the altitude correction
methods.

2 EVOLUTION OF ALTITUDE CORRECTION
METHODS: A CRITICAL REVIEW

This section discusses proposed models of altitude cor-
rection factors.

2.1 Peek Model

Peek [3] investigated the effect of altitude on the spark-
over voltages of bushings, leads and insulators by plac-
ing them in a cask and varying the pressure. Pressure
was varied to obtain relative air densities between 0.5
and 1.0 while the temperature variations due to the
pressure changes were recorded. In his research, Peek
[3] was able to produce tables of correction factors to
be used on specific insulators by reading off the relative
air density. Therefore, the correction factors for insu-
lators were different from those of bushings and leads
under the same relative air density [3]. Peek attributed
these to the uniformity of the field suggesting that the
flashover voltage for a uniform field decreases directly
with δ, whereas for non-uniform fields, the flashover
voltage decreases at a lesser rate than δ [3]. This means
that given that the flashover voltage of an insulator at
sea level (δ=1) is v1, then the breakdown voltage v at
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δ=x was given by
v = xv1 (1)

where δ is the relative air density at a specific altitude
and read from the tables derived by Peek [3]. This
therefore implied that the breakdown voltage was di-
rectly proportional to the air density.

2.2 IEC 60-1

In 1973, the IEC 60-1 was amended. In the 1973 version
of IEC 60-1, it was stated that the breakdown voltage
of an air gap or insulator at relative air density δ, uδ is
related to the breakdown voltage of the same air gap
or insulator under standard conditions, u0 by [4]

uδ = kdu0 (2)

where kd is the air density correction factor defined as

kd = (
P

P0
)m(

T0
T

)n (3)

where P and P0 are the pressure and standard pressure
respectively while T and T0 are the temperature and
standard temperature respectively. The exponents m
and n are the variations of pressure and temperature
respectively that are supposed to be determined before
kd is evaluated. Since the air density is dependent on
pressure, the determination of the exponent m became
the area of concern regarding atmospheric corrections
and was defined in IEC 60-1 (1973) as

m = −0.12d+ 1.12 (4)

where d is the air gap length between 1 m and 6 m.
For d≤1 m, m=1.0 and m=0.4 for d≥6 m. The fac-
tor m in this standard was therefore independent of the
type of voltage used and the relative air density being
corrected for. This therefore implied that the variation
of pressure was only dependent on the length of the air
gap. Compared to the model proposed by Peek, the
model in the IEC 60-1 does not give a linear relation-
ship between the flashover voltage and the relative air
density. For DC and impulse voltages of either polarity,
the standard specifies that m and n can be considered
equal.

2.3 IEC 60060-1(Pigini Model)

The IEC 60060-1 (1989) standard stated that

U50 = U50(std)(δ.K)n (5)

where K is the humidity correction factor, n is the air
density correction factor and U50 is the breakdown volt-
age under non-standard conditions. A new factor, G,
was introduced into this correction. G was determined
on the assumption that the major process during the
breakdown of the gap was streamers [5]. G was defined
as

G =
U50

500δkd
(6)

where d is the length of the discharge gap and k is a
factor dependent on the type of voltage used and δ is
defined as:

δ =
P

P0

273 + t0
273 + t

(7)

To determine n in equation (5), the G factor, equa-
tion (6), was used and n took the following values [5]
depending on the range of values of G

n =
G0(G0 − 0.2)

0.8
(8)

n =
3 −G0

2G0
(9)

where G0 is the G factor under standard conditions (δ
and k=1). Equation (8) was valid for 0.3≤G≤1 and
equation (9) was valid for 1≤G≤2. These results by [5]
were incorporated into the IEC 60060-1 (1989), includ-
ing the graphs of equation (8) and equation (9) as the
air density correction factors [6]. The results still play
a major role in the recent IEC 60060-1(2010) which,
instead of using graphs for determining G as in IEC
60060-1(1989), uses equations that are quite similar to
equations (8) and (9) [7]. It is important to note that
the model derived by Pigini et al takes into account
the voltage type through the factor k in equation (6)
whereas IEC 60-1 (1973) did not include any factor
that took into account the type of voltage used. Since
the standard was produced from the work conducted
by Pigini et al, the standard is limited to an altitude
of 1 800 m. Given that the only difference in the al-
titude correction procedures highlighted in the current
version of IEC 60060-1 (2010) with those of IEC 60060-
1 (1989) is the use of equations to determine the index
n instead of graphs, it therefore holds that the current
version of IEC 60060-1 is also limited to an altitude of
1 800 m.

2.4 Ramirez Model

A year after IEC 60060-1 (1989) was published, Ramirez
and his counterparts [8] proposed a model claimed to be
more accurate than the one incorporated in IEC 60060-
1(1989) and takes account of the influence of air density
on rod-plane gaps. The model is expressed in equation
(10)

U

U0
=

0.8[1 + T (1 − δ)](δ − 0.2G′0)

(1 − 0.2G′0)
+ 0.2 (10)

where δ is the relative air density calculated by equation
(7) and

T = 1.4
1 − 0.8G′0
1 − 0.2G′0

(11)

with G0 defined as

G′0 =
U0

500[ 1+(F0−1)
3 D]

(12)

where F0 is the gap factor. This proposed model satis-
fies corrections for altitude up to 3000 m [8].
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2.5 Calva Model

Calva et al [9] proposed a method whereby one could
predict the breakdown voltage of an air gap under DC
stress at any relative air density. This model determines
the breakdown voltage Vb as

Vb = Esod[k1 + k2]S (13)

where k1 is the air density correction factor

k1 = δm (14)

and m=1.4 for positive polarity and 0.44 for negative
polarity. k2 is the humidity correction factor

k2 = 1.3δ−0.83
h− 11

100
(15)

and S is the gap factor. Eso is the electric field re-
quired for streamer propagation and considered to be
500 kV/m for positive polarity and for negative polarity
is given by equation (16)

Eso = 1476.4 × 1121.91d (16)

It is apparent that the limitations of the current alti-
tude correction methods for altitudes beyond 1800 m
need to be addressed. This paper presents results for
tests performed under DC voltage stress for simulated
altitudes between 1700 m and 4500 m.

3 EXPERIMENTAL SET UP

The single line diagram of the set up of the experiment
is shown in Figure 1 while Figure 2 shows a picture
of experimental set up used in the laboratory. The
set up consisted of a 400 kV rated Walton-Cockroft
generator, a 2 MΩ current limiting resistor and the
electrode set up in a test cell.

Figure 1: Single line diagram of experimental set up

The Walton-Cockroft generator used is equipped with
an inbuilt voltage divider connected to an LED to
display the voltage reading. All voltage measurements
were obtained using the same voltage divider.

An aluminium electrode 700 mm long with a 15
mm diameter flat tip was connected to the resistor

Figure 2: Picture of experimental set up

and used as the rod electrode. The rod protruded
into a 550 mm chamber with a borate glass wall with
an inner diameter of 120 mm as shown in Figure 3.
To adjust the distance between the rod tip and the
grounded plane set at the bottom of the chamber, an
adapter was machined which allowed the user to undo
the rod, set the appropriate length and then hold the
rod in place.

Figure 3: Picture of chamber and electrode set up

The chamber was equipped with two valves used to
either draw a vacuum or compress air by connecting
either a pump or compressor. Both valves had a gauge
to show how much pressure has been drawn from the
ambient atmospheric pressure or compressed above the
ambient atmospheric pressure. For either a vacuum to
drawn or air to be compressed, nozzles from the valves
were located at the base of the chamber that allowed
air to flow either way. An Edwards™vacuum pump was
used and the lowest pressure achieved was 300 mbar
below ambient.
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4 THE TEST PROCEDURE

The gap length was varied between 100 mm and 300
mm. Air gaps larger than 300 mm could not be tested
due space limitations in the vessel. In order to adjust
the air gap length to a required value, the rod was ini-
tially set in such a manner so that the rod tip would
be in contact with the ground plate. A zero point was
then marked on the rod. When the rod is pulled up, the
distance between the zero mark and the cap surface of
the vessel would be equivalent to the length between
the rod tip and the ground plate.
Once the required gap length was set, tests were first
done at the ambient atmospheric pressure. Voltage was
increased at a rate of approximately 2 kV/s until there
was breakdown in the air gap. Pressure was then re-
duced by 100 mbar and the voltage was raised again
until breakdown occurred. The process would then be
repeated for the specific gap length until the test pres-
sure was 300 mbar below the ambient pressure. Each
breakdown test was repeated five times per gap length
per pressure level.
Before increasing the voltage, the high speed camera
was manually triggered to start recording and monitor
any visible activities that could occur before breakdown.

5 RESULTS AND DISCUSSION

The five breakdown voltages obtained for each pressure
level and gap size were averaged. The results of the
average breakdown voltages against relative air pressure
for each gap size are shown in Figure 4.

Figure 4: Plot of experimental DC flashover voltages

It was noted that the breakdown voltages of the air
gaps decreased with a decrease in pressure (relative air
density), but only to a knee point. After a threshold in
pressure which seems to be related to the gap length,
the breakdown voltage begins to increase with a further
decrease in pressure. The pressure threshold becomes
lower with an increase in gap length. It was also ob-
served that as the pressure decreased, pre-breakdown

corona became more prominent. For breakdown points
beyond the knee point, the pre-breakdown corona was
observed to periodically appear and disappear before
the complete breakdown of the air gap.
It has already been established that the breakdown volt-
age of an air gap is dependent on the mean free path
between the air molecules [10]. As the pressure de-
creases, the mean free path between the molecules in-
creases allowing greater mobility for there to be ioni-
sation with less energy required compared to when the
mean free path is small. However, there is a point
whereby the quantity of molecules present is so small,
reducing the probability of ionization. This whole pro-
cess is governed by Townsend’s first ionization coeffi-
cient, α, which is a function of the electric field (E) and
the pressure (p) according to equation (17)

α = Ape−
Bp
E (17)

where A and B are constants dependent on the
temperature and gas type [11]. This relationship states
that at very low and very high pressures, Townsend’s
first ionization coefficient decreases therefore implying
an increase in the breakdown voltages. It is believed
that this may be the cause of the increase in the
breakdown voltage as pressure continues to decrease.

When applied to altitude correction factors, the
breakdown voltage trend observed may be of major
concern. A factor may need to be applied to cater
for the increase in voltage at very low relative air
densities and small air gaps. The breakdown voltages
obtained during the testing were corrected to standard
conditions using IEC 60060-1 (2010) [7]. The method
proposed by Calva [9] which can be used to predict
the breakdown voltage of an air gap at any relative air
density was also used and the results obtained were
compared to the experimental results. Figure 5 to
Figure 7 show the obtained results corrected using [7].

Figure 5: DC breakdown voltage vs relative air density
for 100 mm air gap
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Figure 6: DC breakdown voltage vs relative air density
for 200 mm air gap

Figure 7: DC breakdown voltage vs relative air density
for 300 mm air gap

Ideally, the correction factors applied to the experimen-
tal results were supposed to map the experimental plot
to a straight horizontal line that corresponds to the
actual breakdown voltage under standard conditions.
However, the IEC 60060-1 correction method maps the
results onto a diverging graph above the breakdown
voltage under standard conditions. This confirms the
limitations in the standard for results obtained for air
densities less than 0.8. The same trend was observed
for the 200 mm and 300 mm air gaps as shown in
Figures 6 and 7. The failure of the IEC 60060-1 stan-
dard to correct at higher altitudes can be attributed
to the fact that the IEC 60060-1 standard was derived
empirically using data obtained at altitudes up to
1 800 m [5]. Therefore, the changes in breakdown
mechanisms that occur at higher altitudes (thus lower
relative air density) were not incorporated into the
standards.

The method proposed by Calva [9] to determine
the breakdown voltage at any relative air density was
applied and the results were plotted on the same
axis as the uncorrected data. The plots are shown in
Figures 8 - 10.

Figure 8: Comparison of results to method proposed
by Calva for 100 mm air gap

Figure 9: Comparison of results to method proposed
by Calva for 200 mm air gap

The comparison of the experimentally obtained break-
down voltages to the predicted breakdown voltages ac-
cording to the method by Calva only agree in trend
that as relative air density decreases, the breakdown
voltage for a specific gap length also decreases. The
trend was observed to agree more as the gap length
increases. This trend is only consistent up to the knee
point where divergence begins. It was also observed
that the method proposed by Calva predicted the volt-
age to be less than the experimental results. By as-
sessing the way in which the trend agrees, there is
a potential to improve Calva’s method to predict the
breakdown voltages for small air gaps at altitudes higher
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Figure 10: Comparison of results to method proposed
by Calva for 300 mm air gap

than 1800 m by incorporating a factor that can allow
the Calva method to precisely predict the breakdown
voltage of a small air gap.

6 CONCLUSION

Laboratory experiments were conducted using a pres-
sure vessel to simulate different relative air densities and
DC breakdown tests were done in the simulated con-
ditions. Rod-plane gaps of sizes between 100 mm and
300 mm were used. From the results, it is confirmed
that the current IEC 60060-1 standard does not apply
for altitudes above 1800 m. The method proposed by
Calva, however, is more accurate in predicting break-
down voltages at high altitudes and as far as trend is
concerned. The error in the trend becomes less with an
increase in gap length.
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Cigré WG D1.50 Contribution

This appendix contains a contribution to the Cigré WG D1.50 Task Force on short air
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Prepared for Cigré D1-50 by Tatenda Gora and Cuthbert Nyamupangedengu; University of the 

Witwatersrand, Johannesburg, South Africa. 

1. Introduction 
This report presents the results obtained in South Africa for short rod-plane gaps of lengths up to     0.4 

m. The tests were to verify the effects of pressure (thus relative air density) on the breakdown voltage 

on short gaps. Two types of tests were conducted in this work: 

 Open air tests - where simple rod-plane tests were conducted in laboratories situated at 1 700 

m above sea level (asl) and 210 m asl for high and low altitude conditions respectively. 

 Pressure vessel tests- where rod-plane tests were conducted in a vessel under reduced pressure 

so as to simulate different relative air densities. 

Some of the results were published during the recently held ISH 2015 conference in Pilsen [1]. All the 

tests conducted in this work were for positive polarity HVDC. 

2. Brief description of experimental set up and procedure 

2.1 Open Air Laboratory Test 

Experimental Set up 

The open air laboratory tests were conducted at altitudes of 210 m and 1 700 m respectively. A 

diagram of the experimental set up is shown in Figure 1. A 15 mm copper rod with a fitted flat 

end cap was used as the rod electrode in the experiment. The same electrode was used for both 

high and low altitude experiments. 

 

 

Figure 1: Diagram of open air experimental set up 



 

 

Figure 2: Image of test set up at 1 700 m asl 

Experimental Procedure 

The air gap length during the tests was adjusted in steps of 0.05 m from 0.10 m to 0.40 m. For every 

gap length, 5 breakdowns were conducted by slowly increasing the voltage. Between each breakdown, 

a 5 minute window was observed to allow any accumulated space charge to dissipate. The voltage 

divider of the HVDC generator was utilised for recording the breakdown voltages. 

2.2 Pressure Vessel Tests 

Experimental Set Up 

The pressure vessel tests were conducted in a 0.55 m cylindrical tube with a 0.12 m inner radius borate 

glass wall. The vessel could only vacuum pressure due to alterations made to the lid so that a rod could 

be fitted. An aluminium rod machined to the same tip dimensions as the copper rod used in the open 

air tests was used as the rod electrode. A diagram of the experimental setup is shown in Figure 3 

accompanied by a picture of the laboratory setup in Figure 4. 

Experimental Procedure 

Due to limitations of the pressure vessel, the maximum air gap size tested was 0.3 m. The air gap size 

was adjusted in 0.1 m intervals from 0.1 m to 0.3 m. The procedure was as follows: 

 Set gap length and record ambient pressure, temperature and humidity 

 At ambient pressure, conduct 5 breakdown experiments by and record results. Observe 10 

window to allow space charge dissipation between each breakdown. 

 By maintaining the gap length, draw 100 mbar pressure from the pressure vessel. Record 

temperature and humidity and repeat the step in the previous bullet. This was done until 

breakdown results at 300 mbar below ambient pressure were obtained. 

 Increase gap length by 0.1 m and repeat bullets 1 to 3 until results for 0.3 m are obtained. 



 

 

Figure 3 : Pressure vessel experimental set up 

 

 

Figure 4: Pressure vessel laboratory set up 

 



3. Results 

3.1 Open air tests in laboratory 

Low altitude results (210 m asl) 

Table 1 and Figure 5 show the results obtained at low altitude. There is a close relationship between the 

IEC corrected and uncorrected results as expected since the tests were done close sea level. 

Table 1: Low altitude open air test results 

Gap 

Length 

(m) 

Temperature 

(0C) 

Pressure 

(mbar) 

Humidity 

(%) 

Uncorrected 

breakdown 

voltage (kV) 

IEC 60060-

1 (2010) 

Corrected 

breakdown 

voltage 

(kV) 

% Variance 

0.10 27.6 987.8 48.6 56.92 59.61 4.1 

0.15 26.2 986.3 56.0 82.24 84.93 3.2 

0.20 27.8 986.1 51.8 107.62 111.61 3.6 

0.25 26.5 985.4 54.8 131.48 136.14 3.4 

0.30 27.2 985.2 54.9 157.1 162.04 3.0 

0.35 24.9 985.8 56.0 174.92 181.94 3.9 

0.40 25.5 985.5 46.0 196.76 210.23 6.4 

 

 

Figure 5: Plot of IEC 60060-1(2010) corrected and uncorrected laboratory gap tests at 210 m asl 

 

 

 



High altitude results (1 700 m asl) 

Table 2 and Figure 6 show the results obtained for the open air tests at high altitude of 1 700 m asl. The 

variance between the corrected and uncorrected at high altitude is bigger than at low altitude implying 

that the correction factors are more accurate at lower altitudes than higher altitudes. Figure 6 also 

confirms the trend. 

Table 2: High altitude open air test results 

Gap 

Length 

(m) 

Temperatur

e (0C) 

Pressur

e 

(mbar) 

Humidi

ty (%) 

Uncorrecte

d 

breakdown 

voltage (kV) 

IEC 60060-1 

(2010) 

Corrected 

breakdown 

voltage (kV) 

% Variance 

0.10 15.3 844.7 41 52.50 64.43 18.5 

0.15 14.4 841.7 45 67.75 82.77 18.1 

0.20 15.4 840.2 34 81.18 102.81 21.0 

0.25 14.9 841.1 42 100.15 122.89 18.5 

0.30 15.1 842.3 46 118.2 140.33 15.8 

0.35 15.8 839.7 33 129.92 163.04 20.3 

0.40 14.8 842.3 47 156.8 187.09 16.2 

 

 

Figure 6: Plot of IEC 60060-1(2010) corrected and uncorrected laboratory gap tests at 1700 m asl 

 

 

 

 



Comparison of corrected low and high altitude air test results 

 

Table 3: Comparison of High and low altitude corrected results 

Gap length (m) High altitude 

corrected voltage 

(kV) 

Low altitude 

corrected voltage 

(kV) 

Percentage absolute 

error (%) 

0.10 64.43 59.61 8.09 

0.15 82.77 84.93 2.54 

0.20 102.81 111.61 7.88 

0.25 122.89 136.14 9.73 

0.30 140.33 162.04 13.40 

0.35 163.04 181.94 10.39 

0.40 187.09 210.23 11.01 

 

 

Figure 7: Comparison of IEC 60060-1(2010) corrected results for high and low altitude 

Remarks: 

 The two plots in Figure 7 are supposed to coincide, or within at least 5% error, due to the fact 

that they are being corrected to the same standard conditions. This is what the IEC 60060-1 

(2010) correction procedure is supposed to achieve ideally.  

 Trend in plot leads to speculation that the bigger the air gap, the larger the error to be 

observed 

 There is a need for baseline results obtained at sea level (0 m asl) at standard temperature       

(20 0C) to compare how the correction varies from the actual baseline. 
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