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ABSTRACT 

The introduction of the test voltage function or k-factor in IEC 60060-1 Ed. 3 has been 
an important step to ensure reproducibility and traceability in high voltage tests 
techniques for lightning impulses with superposed oscillations and overshoots. The 
standard recommends computed fitting methods to extract a base curve from the 
oscillating recorded voltage curve and, applying the test voltage function, it is possible 
to calculate the impulse parameters. Testing external insulations with positive polarity 
lightning impulses at 50% breakdown voltage or lower level, the disruptive discharge 
usually arrives after ten microseconds. For these cases the test voltage function and 
procedures for calculating impulse parameters proposed by the standard may lead to 
divergent results. In this paper a new approach is proposed for fitting the base curve 
for metric air gaps based on the relevance of the leader propagation phase, highlighting 
the influence of the instantaneous voltage between the impulse crest and the time-to-
breakdown. A comparison of three calculation methods for test curves with long time-
to-breakdown is discussed and a new test voltage function obtained by measurements 
on a 1 m rod-plane air gap is proposed. Compared to the standard test voltage factor, 
this approach evidences a negligible influence of oscillations and the relevancy of the 
impulse tail voltage for testing external insulations with moderately distorted lightning 
impulses. Finally, a generalization of the voltage test function is proposed for several 
types of insulation considering mainly the average breakdown times. 

   Index Terms - Dielectric breakdown, insulation, lightning impulse, test voltage 
function, overshoot, base curve, test voltage. 

 
1   INTRODUCTION 

DISTORTED lightning impulses are a subject of marked 
interest in high voltage techniques due to the fact that 
generating standard lightning impulses in a laboratory is not 
always possible. Voltage oscillations and superimposed 
overshoots frequently appear in high-voltage lightning 
impulse (LI) tests on large apparatus by the influence of the 
physically distributed inductances of circuits. The calculation 
of the parameters of an equivalent two-exponential LI with 
equal probability of discharge as the distorted impulse is 
therefore of the utmost importance. In the past, a simple 

convention was adopted in high-voltage standards [1] for 
relative overshoots or oscillations lower than 5%: if the 
frequency of oscillation was lower than a reference value (500 
kHz), the crest voltage considered for testing (test voltage 
value) was the maximum of the impulse voltage. If the 
frequency was higher than the reference value, the test voltage 
was calculated by interpolation of the oscillations with a 
“mean” base curve. For much damped voltage oscillations 
without a clear frequency, the criterion was to assimilate the 
low frequency case to the overshoot duration lower than one 
microsecond. This method presented the disadvantage of 
attributing an arbitrary stress influence to voltage oscillations 
incorporating a sharp frequency transition, and inserting a 
quota of subjectivity to the test analysis.  
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New h-v standards [2, 3] introduced the test voltage 
function, or k-factor, for LI, which provides a gradual 
transition in the frequency dependence of the overshoot 
magnitude on the dielectric strength. A relative overshoot of 
up to 10 % is accepted in the current standards. The 
experiments carried out in order to determine the k-factor in 
[2, 3] are described in [4], but concerning non uniform air 
gaps it is worth emphasizing that LI voltages were not higher 
than 100 kV and that the relative overshoots were around 
15%. In [4] the tests for evaluating the k-factor were made by 
using two high voltage generators. In the actual test there is 
only one voltage source and the determination of a “smooth” 
base curve is critical in order to apply the standard procedures 
[2, 3] for evaluating parameters of LI with superimposed 
overshoot or oscillations. Significant efforts were devoted to 
implementing efficient fitting for base curves from the 
recorded voltage curves [5, 6, 7, 8, 9, 10] because the methods 
proposed in [2, 3] are suitable for insulations with uniform or 
quasi uniform electric fields, with time-to-breakdown not 
greater than ten microseconds. For a 1 m rod-plane air gap 
submitted to standard LI of positive polarity with U50% level, 
the measured individual breakdown time for each shot ranges 
from 10 to 30 µs [11] depending on humidity, and the time 
grows slightly with air gap distances [25]. For a 3 m air gap, 
consisting of a ring shield and a plane ground, the times-to-
breakdown reported for each shot in [18] were concentrated 
from 10 μs to 33 μs. Instead, for negative polarity, the times-
to-breakdown are shorter than in positive polarity [19]. In a 
previous experimental study [12] with a 2 m rod-plane air gap, 
the individual breakdown times occurred between 12 and 31 
μs for standard LI of positive polarity at U50% level and 
between 5 and 10 μs for negative polarity. Furthermore, the 
experimental study [12] regarding the influence of overshoots 
and tail times has shown that, with positive polarity, the first 
parameter is less significant on the breakdown voltage than 
the second one, but the opposite happens with negative 
polarity. In other words, the overshoot effect decreases when 
the time-to-breakdown is much greater than the crest time. 
This effect is related to the leader propagation whose velocity 
can be considered proportional to the excess field along the 
streamer zone [13, 14]. Under positive LI voltages it can be 
assumed that the leader phase starts when streamers have 
reached the grounded electrode. In this paper, positive polarity 
is mainly analyzed because it is generally associated to lower 
breakdown voltages in external insulations. Furthermore, the 
long time-to-breakdown observed in large air gaps is on the 
basis of the new method (MC) proposed in Section 2.2 for 
fitting the base curve for external insulations.  

The breakdown times are a function of the applied 
overvoltage, as shown in volt-time curves [14, 26, 27] and 
predicted in certain cases by the disruptive effect [28, 29]. 
However, the test voltage function is calculated at the U50% 
level [4, 20] because is applied to tests with low and mean 
disruptive-discharge probabilities [2, 3]. 

2  TEST VOLTAGE FACTOR AND 
OVERSHOOT IMPULSE EVALUATION 

The first part of this section describes the application of the 
k-factor in order to calculate the LI parameters while the 

second part explains how the k-factor was experimentally 
calculated for a 1 m length air gap. 

2.1 IMPULSE PARAMETER EVALUATION 

A brief description of the standard method to calculate the 
parameters of test voltages [2, 3] on oscillating LI is presented 
below.  

The effect of superimposed oscillation (identified by the  
overshoot of frequency f) is reduced by factor k(f). The k-
factor function k(f) takes zero value when the stress caused by 
the  overshoot on the insulation is negligible, and assumes a 
unit value when the  overshoot fully affects the insulation. 
This procedure would allow the calculation of an equivalent 
LI with the same disruptive discharge probability as a 
standard impulse, with a crest value equal to Ut and time 
parameters calculated from the base curve, with the same 
disruptive discharge probability as such a standard impulse. 
See Figure 1. 

 

 

Figure 1. Recorded, base, residual, test voltage curves and equivalent 
standard LI. 

The equivalent impulse value Ut (test value) is equal to the 
peak value of the applied smooth impulse Ub (base curve) plus 
k(f) times the overshoot magnitude . The experimentally 
determined values of k(f) plotted against frequency are shown 
in Figure 2 and are valid for different dielectric media [4]. 

 )f(kUU bt                                      (1) 

where: be UU    

Ut is the test voltage to be determined.  

Ub is the maximum value of the fitted base curve. 

Ue is the maximum value of the recorded curve. 

A1 
             A2 
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The k-factor function is given by the following formula 
[2, 3], with frequency expressed in (MHz): 
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Figure 2. Current test voltage factor k(f) [2, 3] and former sharp transition [1]. 

2.2 K-FACTOR EVALUATION PROCEDURE 

This section describes the methods applied to calculate the 
k-factor experimentally for different frequencies and 
overshoots, as presented in Table 1. The eight waveforms are 
identified by a number, the measured front times T1 and 
average breakdown times TB in the distorted impulses are 
accompanied by the front time T1MB of the smooth impulses 
for the experimental method. The k-factor value k(f) was 
calculated for the 50% of disruptive-discharge probability 
level for a specific oscillation frequency f and a specific 
relative overvoltage ´ [2]. The k-factor was calculated from 
two test groups under identical atmospheric conditions: the 
first test for smooth lightning impulses 1.2/50 s to determine 
Ut and the other for oscillating lightning impulses to 
determine Ue and Ub. The up-and-down method [2] was 
applied to determine k(f) with 23 shots, in order to obtain at 
least ten discharges to calculate the average breakdown time 
TB. Then the k-factor was derived for the 50% probability 
level as follows: 
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where:  

Ut is the maximum value of the test voltage. 

Ub is the maximum value of the base curve. 

Ue is the maximum value of the recorded curve. 

The determination of the base curve was carried out by using 
three different methods: 

1)  MA or standard method: The four parameters of the 
two-exponential function (8) are fitted with the Levenberg-
Marquart algorithm (from Matlab code), as recommended by 
the standard [2]. 

2)  MB or experimental method: Fitting the recorded curve 
with the normalized smooth experimental impulse obtained in 
the laboratory by short-circuiting the inductances in the h-v 

circuit that produces the oscillating impulse. Normalization is 
made fitting on the tail. 

3)  MC or tail method: The four parameters of the two-
exponential function (8) are calculated by fitting the recorded 
curve following the sequence:  

3.1)  a virtual extreme value U of the first exponential 
function and the time constant  of the tail is calculated by 
fitting the recorded tail values between 90 % and 50 % of the 
maximum value, by the method of least squares: 

.( ) . tu t U e                                        (4) 

3.2)  a virtual U value and the time constant  of the front 
is calculated by fitting the recorded curve between 30% and 
90% of the maximum value, by the method of least squares. 

.( ) . tv t U e                                          (5) 

3.3)  the virtual origin td of the curve is calculated by 
matching both exponential functions: 

ln( / )

( )d

U U
t  


                                         (6) 

3.4)  the exponential extreme value U0 is calculated from 
(4) for t = td: 

.
0 . dtU U e                                          (7) 

3.5)   the fitted two-exponential base curve is obtained with: 

.( ) .( )
0( ) .( )d dt t t tU t U e e             (8) 

Figure 3 shows the application of the referred methods to 
calculate the base curve for two different recorded curves 
obtained in the laboratory. Method MA in Figure 3 gives 
slightly greater voltage values for base curves than for 
recorded curves on the tail after the overshoot and until 30 s. 
This method emphasizes the weight of the first oscillation on 
the base curve, but appears to be physically inappropriate 
when the discharge occurs at a much longer time than the 
crest, as explained in Section 3. 

The application of the three methods leads to different 
values of overshoot, frequency and k-factor. The oscillating 
damping ratio between the second A2 and first A1 oscillation, 
see Figure 1, was lower than 10 % for all impulses presented 
in Table 1. 

3  PHYSICAL CHARACTERISTICS OF THE 

DISCHARGE 
To assess the relationship between the long time-to-

breakdown observed in laboratory and the k-factor for rod-
plane gaps, further analysis using a physical approach was 
performed. Experiments were carried out with a 1 m rod-plane 
air gap and LI of positive polarity. Eight different oscillations 
and overshoots on voltage wave-shapes were obtained 
introducing various inductances and resistances in the h-v 
generator. The discharge-disruptive voltage U50 at the 50% 
probability level was determined by using the up-and-down 
method and an approved measuring system [2, 3].  
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Figure 3. Oscillating and overshooting impulses. Recorded curve and base 
curves calculated with methods MA, MB and MC. Waveforms No. 1 (a) and 
No. 6 (b). 

Table 1. Comparison between over-voltages, frequency and k-factors 
calculated with methods MA, MB and MC. 

Waveform MA MB MC 
No. T1/T1MB 

[s] 
TB 

[s] 
´ 

[%] 
f 

[MHz] 
k 

[p.u.] 
´ 

[%] 
f 

[MHz] 
k 

[p.u.] 
´ 

[%] 
f 

[MHz] 
k 

[p.u.] 
1 3.6/1.1 24 5.5 0.059 0.49 6.6 0.044 0.58 10.4 0.041 0.73 
2 1.4/1.2 20 8.0 0.215 -0.12 9.3 0.210 0.04 9.4 0.203 0.05 
3 5.4/6.2 21 7.5 0.051 0.03 12.4 0.056 0.41 11.5 0.061 0.37 
4 1.95/2.5 20 7.9 0.177 -0.21 10.5 0.136 0.09 9.9 0.150 0.03 
5 1.35/1.3 14.5 12.9 0.234 -0.01 14.1 0.236 0.07 14.5 0.226 0.10 
6 2.1/1.1 17 16.1 0.153 0.08 18.0 0.158 0.18 19.7 0.150 0.25 
7 1.85/1.7 17 15.6 0.185 -0.08 18.5 0.181 0.09 18.6 0.181 0.09 
8 0.75/0.7 17.5 14.7 0.348 0.00 16.0 0.352 0.08 15.0 0.367 0.02 

For each voltage waveform, the tests were repeated with 
standard LI under identical atmospheric conditions. In both 
cases U50, TB (time-to-breakdown) and the electric field at the 
plane Ep were measured. The electric field was measured with 
a field probe which allows an evaluation of the leader 
progression. Figure 4 shows an example for the recorded 
voltage of waveform No. 6. Two records of electric field 
measurements on the ground plane are presented in Figure 4b) 
for breakdown and 4c) for withstand, where ts is the time of 
streamer arrival at the plane, tl the time of leader inception and 
tw the time of leader stop in the gap for withstand. At time ts 
the streamers arrive at the ground plane with a field of about 
6-7 kV/cm. The probe is perturbed and a slight field reduction 
is observed until tl when the leader is launched increasing the 
measured field. It has been experimentally observed that the 
time difference (tl - ts) is a function of humidity and voltage 
that decreases when humidity grows. 
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Figure 4. Applied voltage a), measured electric field at ground b) and c). 

Figure 5 represents the typical behavior of a lightning 
discharge in air gap [13, 21].  

Models of leader advancement have been previously 
proposed considering some expressions for leader velocity, 
which allow the computation of the time needed for a leader to 
traverse the whole gap length d. A useful expression for leader 
velocity proposed in [13] is: 

vl(t) = a (Es(t)-E0)+b dU(t)/dt                        (9) 

where E0 is the minimum field for streamer propagation, Es(t) 
is the excess field along the streamer zone (d-ll), U(t) is the 
instantaneous voltage, a and b are parameters of field intensity 
and voltage derivative which control the speed sensitivity to 
actual voltage shapes.  

For high field and overvoltage, in [14] other formulas have 
been proposed, such as: 

vl(t)=170 d e(0.0015 U(t)/d)((U(t)/(d-ll))-E0)             (10) 

ts     tl      tw 

t (p.u.) (1p.u.= 50 s) 

U (p.u.) 

Base curve MB 
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Recorded curve 

Base curve MA 

t (p.u.) (1p.u.= 50 s) 
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Nevertheless this formula was not tested in this work 
because the study was performed with U50%. 

 

Figure 5. Sketch of the lightning discharge showing voltage, field, streamers 
and leader propagation. 

 

a) 
 

 

b) 

Figure 6. Measured time of change in the electric field (leader progression) as 
a function of time. Full and empty dots correspond to breakdown and 
withstand, respectively. Crosses show the relative extremes of the recorded 
curve voltages. a) Smooth and b) Oscillating impulses. Waveform No. 6. 

The leader elongation ll can be iteratively calculated by 
integration of equation (9) at any time, and this progression 
“provokes” the breakdown when the leader length ll equals the 
insulation distance d.  

When measuring the electric field at plane, for each shot it 
was possible to determine the field slope changes in the time. 
Figures 6 and 7 show parameters associated to the leader 
progression during the up-and-down procedure obtained from 
field measurements for waveforms No. 6. 

Figures 6 and 7 identify the behavior of the leader velocity 
for each shot. The field slopes depend on the leader speed 
because the measured field is a function of the leader length. 
The correlation with the applied voltage derivative may be 
used to verify the voltage slope influence and justify adopting 
equation (9) for simulation. Figure 7 shows growing slopes, 
i.e. increasing in the speed of the leader, which are important 
after 5 s only for breakdown impulses.  It is as if the 
breakdown were not “decided” before the initial five 
microseconds. 

As demonstrated in [11] U50 and TB depend on moisture. 
Figure 8 shows this dependency for a rod-plane gap of 1 m.  

 
a) 
 

 
b) 

Figure 7. Slope of the measured electric field showing acceleration of the 
leader progression. Full and empty dots correspond to breakdown and 
withstand, respectively. Crosses show the relative extremes of the recorded 
curve voltages. a) Smooth and b) Oscillating impulses. 

For the calculation of the test voltage function as well as for 
simulation no atmospheric corrections were performed on 

U 

E 

leader
streamers 

TB 
time

Air gap d   

   ts      tl 

breakdown
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voltage impulses, because the standard procedures [2] are 
verified only for smooth impulses but not for distorted 
waveforms. Furthermore, a tl time reduction was observed 
experimentally with increasing humidity. A simplifying 
assumption to overcome this dependency consists of making tl 
equal to ts and calculating the a parameter as a function of 
atmospheric moisture. The values of a and b have been 
calculated by matching simulations with measured values of 
U50 and TB for smooth standard LI.  
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Figure 8. Measured time-to-breakdown (average value) as a function of 
humidity for standard LI [11]. The bars show the standard deviation. 

Figure 9 shows the values of parameters a and b calculated 
from smooth impulses for actual atmospheric conditions 
(humidity h between 7 and 15 g/m3, relative air density , 
between 0.93 and 0.99 p.u.). 
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Figure 9. Calculated parameter a of equation (9) as a function of humidity, 
with b = 1.5 10-4 m/kV. 

The average value of the minimum gradient for positive 
streamer propagation E0 in e equation (9) was calculated with 
the expression obtained from data provided by [15]: 

E0 = 400 1.5 + (h (4+5 ))         [kV/m; g/m3]         (11) 

Considering the mechanism of breakdown proposed in [13] 
as a reference, a simulation of the up-and-down method has 
been made to evaluate measured U50 and TB on distorted LI 
with oscillations and overshoot. The algorithm is shown in 
Figure 10. 

 
Figure 10. Simulation algorithm. 

Figure 11 gives two examples of simulation considering the 
values of U50 and TB (raw atmospheric conditions), which 
shows reasonable agreement with such measurements for 
impulses with overshoot. Similar agreement was obtained for 
the other waveforms. 

The result of simulation highlights the relevancy of the 
instantaneous voltages during the whole leader propagation 
phase and enhances the validity of the new method MC proposed 
in Section 2.2, which pays major attention to tail voltages. 

This model provides significant information for assessing the 
importance of the tail voltages on the disruptive discharge. Even 
more, the simulation shows that the influence of damped 
overshoots can be neglected and consequently the method to 
determine the k-factor, i.e. the base curve, should consider these 
particular physical characteristics for dielectric stress with 
voltages of positive polarity on external insulations. Es(t) of 
Figure 11 is the average electric field in the streamer zone 
calculated neglecting the voltage drops in the leader channel. 
This field is only a rough approximation of the measured value 
at the ground plane because the space charge fields of the 
streamers and the leader stem formation [30] are disregarded. 

4  K-FACTOR CALCULATIONS FOR A 1 M 
AIR GAP 

As explained in Section 2.2, the k-factor was calculated in 
laboratory for eight different frequencies and overshoots. 
Figure 12 gives test results for the three methods. It is 
noteworthy that for impulses with strongly damped 
oscillations, the IEC method to calculate the base curve gives 
negative k-factor values because the base curve results greater 
than the test curve. However, the methods MB and MC 
always give positive k-factor values. 

U(t) < E0 d

    U(t), d,  E0 

Es(t) = U(t) / (d - ll)
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Y

  vl(t) = (9) 
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Figure 11. Applied voltage and simulation of electric field, leader velocity 
and leader length. a) Waveform No. 6 b) Waveform No. 1.  

It is possible to consider a new expression for the k-factor 
in metric air gaps by interpolating experimental values: 

 
2

1
( )

1 330
k f
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                                (12) 

This function, shifted to lower frequencies than the standard 
equation, would indicate that overshoots do not seem to have 
a significant effect on the breakdown mechanism of long air 
gaps submitted to voltage impulses of positive polarity. In 
fact, the field excess during the leader phase has a more 
significant effect on the leader progression, which is launched 
after the front time. Thus, leader elongation or its arrest may 
occur before reaching the ground electrode. 

The results calculated with methods MB and MC are in 
agreement with recently published experiments [9, 16]. In 
addition, this work points out the physical background of the 
new method to calculate the test voltage function for large air 
gaps submitted to impulse voltages of positive polarity and its 
relationship with the time-to-breakdown.  

5  ENLARGEMENT OF THE TEST VOLTAGE 
FUNCTION  

Several results published in [4, 16, 17, 18, 19, 20, 21, 23, 
24] are analyzed in this section. Such articles present different 

test voltage functions for air gaps between 0.2 and 3 m, with 
uniform and non-uniform electric fields identified by air-gap 
factors [22] between 1 and 1.5. Some cases of negative 
polarity voltages were included from [19]. The authors of the 
present article obtained two additional test values besides 
those of Figure 12, one for rod-plane with negative polarity 
(TB=5 s) and the other for rod-rod with air gap-factor equal 
to 1.22 (TB=13 s) with positive polarity, both cases for 1 m 
gap and waveform No. 2. Moreover, several results for other 
insulating materials, like oil and SF6 [17, 23], were also 
included in the analysis. 
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Figure 12. k-factors calculated with the methods described in Section 2.2. Air 
gap: 1 m rod-plane. 

In [16, 20] the authors did not provide the measured times-
to-breakdown for each k-factor, but for the configurations 
with gap-factors (1 and 1.45) the breakdown times were 
estimated from the literature [14, 25]. In order to obtain a 
generic expression for the test voltage function, depending 
only on the oscillation frequency and average breakdown 
time, the available data were drawn in Figure 13. This figure 
shows the behavior of the function (TB) with the average 
time-to-breakdown TB for U50% expressed in s.  

The analysis of the situations previously mentioned is 
interesting because it confirms the physical approach adopted 
for the k-factor, showing that it is a relative parameter that 
depends fundamentally on the time-to-breakdown for 
overshoots lower than 20%. 

Figure 13 was drawn using the k-factors published by  
some authors [4, 16, 17, 18 19, 23, 24]. The data were 
interpolated with the family of test voltage functions shown in 
Figure 14. 

It should be remarked that the values of (TB) lower than 6 
correspond to small gaps of different insulating materials, as 
shown in [4, 23], and to metric air gaps and negative polarity 
voltage [19]. Intermediate  (TB) values between 6 and 150 are 
related to metric gaps and air-gap factors greater than 1. The 
highest  (TB) values correspond to rod-plane and large air-
gaps with positive voltage. The saturation effect observed 
matches the experimental limit of TB  noted in [14]. 

Consequently, the voltage test factor for several insulations 
can be generalized by a single equation as: 
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This function, linking TB with was calculated by fitting 
the values of Figure 13 with the hyperbolic tangent function 
(14). 
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Figure 13. Experimental data and proposed  (TB) function. 

Consequently, if the time-to-breakdown of any insulation 
submitted to distorted lightning impulses is known, it should 
be possible to calculate the (TB) value and the corresponding 
test voltage function in order to evaluate the parameters of the 
equivalent lightning impulse in h-v test techniques.  

Note that the application of method C or A for calculating 
the base curve leads to differences in the overshoot evaluation 
lower than 40%. If the relative overshoot ´ is lower than 
10%, the affectation of the test voltage crest will be less than 
4%. Considering this reduced effect, method C could be 
adopted for all cases, i.e. for all breakdown times. 

 

Figure 14. Calculated test voltage functions with (TB) as a parameter. 

6  CONCLUSIONS 

In rod-plane air gaps submitted to lightning impulses of 
positive polarity at U50% level the individual times-to-
breakdown lie between 10 and 30 s and so, the influence of 

tail voltages on discharge is greater than the overshoot values. 
Breakdown or withstand depends on leader progression 
controlled by the tail voltage and the excess field in the 
streamer zone. 

External insulations of metric distances with non-uniform 
electric fields and gap factors [14] close to unity, present long 
times-to-breakdown. Thus the evaluation of lightning impulse 
parameters with oscillations or overshoots should include a 
new k-factor, as expressed by equation (12). This function 
differs from that proposed in [2, 3] because the effects of 
oscillations and overshoots on the dielectric stress are lower 
than those prescribed by standards. 

The opposite happens in external insulations submitted to 
LI of negative polarity. The times-to-breakdown are shorter (< 
10 s) and the influence of overshoots is higher than that of 
tail voltage. In this case, the k-factor proposed by standards 
[2, 3] seems satisfactory. The same situation occurs in 
insulations with prevalence of convergent fields, i.e. with gap 
factors approaching 1.5 and short times-to-breakdown. 

A general expression for the test voltage function has been 
proposed considering the mechanism of breakdown. This 
expression is a function only of the time-to-breakdown and 
the equivalent frequency of oscillation. This k-factor could be 
applied to any gap configuration and voltage polarity. In 
principle, comparing the experimental results published by 
other authors, the generalized test voltage function works well 
with various insulating materials, such as air, oil and SF6.   

A disadvantage of the proposed approach is its limitation 
when applied onto non self-recoverable insulations by the 
need for previous knowledge or estimation of the time-to-
breakdown. But this type of insulation is often associated with 
short times-to-breakdown (<10 s) and the standard test 
voltage function seems to be satisfactory. 

The potential extension of this approach to non-
conventional lightning impulses of very short tail times (e.g. 
1/5 s), also considering overstressed insulations and short 
gaps would be very useful, but additional investigations are 
required.  
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