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Abstract: An effort is pursued by several European National Measurement Institutes to 
lower the uncertainties in calibration of UHV measuring systems for lighting impulse. To 
this end, several reference dividers are investigated as regards their accuracy both for 
amplitude and for time parameters. At SP - RISE Research Institutes of Sweden, a 500 
kV resistive reference divider has been in use since 2000. Additionally an 800 kV 
resistive divider is investigated as a possible reference divider for UHV lightning impulse 
measuring systems. The best uncertainty for the 500 kV reference measuring system is 1 
% for voltage amplitude and 3 % for time parameters. The present work aims at lowering 
these uncertainties by means of better characterisation and evaluation of the possibilities 
to apply corrections for known errors.  

The scale factor and dynamic behaviour of a resistive divider can be conveniently 
determined at low voltage and frequency. Further experiments such as linearity tests and 
augmented by scientific work is needed to ascertain the performance at high voltage. 

Step response plays a major role in the characterisation of dividers, and in this work 
much effort has gone into gathering step responses and evaluating them for various 
circuit layouts to characterise the variation of the step response due to circuit dimensions 
and diverse proximity effects. The step applied to the divider is generated by a mercury 
wetted relay based step generator with an output voltage of 200 V. The step rise-time is a 
few ns, and thus appreciably faster than the response of the divider. Apart from 
inspection of the step response itself, evaluation of measurement errors is performed by 
convolving an ideal curve with the step response of the divider, including its transmission 
cable. The convolved signal is evaluated with impulse evaluation software and the 
parameters compared to the ideal input. The difference is a measure of the errors 
introduced by the divider. This procedure follows IEC 60060-2: 2010. 

 
1 INTRODUCTION 

Lightning impulse test voltages have increased 
due to the development of new transmission 
systems with system voltage exceeding 800 kV, 
accentuating the need for reliable calibration 
facilities at the multi-megavolt levels necessary. A 
two-pronged approach is followed, where on one 
hand, existing reference measuring systems are 
augmented for lower uncertainties, and on the 
other hand new reference measuring systems are 
developed for higher voltages. To this end, several 
reference dividers are investigated as regards their 
accuracy both for amplitude and for time 
parameters. At SP - RISE Research Institutes of 
Sweden, a 500 kV resistive reference divider is 
assessed with the goal to lower uncertainties from 
present 1 % for voltage amplitude and 3 % for time 
parameters. In parallel, work has been undertaken 
to modify and evaluate an 800 kV resistive divider 
to ensure performance as reference divider. 

2 CHALLENGES RELATED TO IMPULSE 
MEASUREMENTS 

For lightning impulse measurements three 
parameters are of main interest; peak value Up, 
front time T1 and time to half value T2. The short 

front time involved in lightning impulse requires a 
fast and accurate step response of the divider. 

The seemingly simple resistive divider with the 
high- and low-voltage arms consisting of resistors 
needs to be further modelled to understand its 
limitations [1]. The high-voltage resistor will in 
general have a linear voltage distribution. 
However, when we consider the electrical field in 
the vicinity of the resistor, we will find that this field 
is non-linear. The effect of this is can be 
understood as capacitances connected to the 
resistor columns at different positions, meaning 
that the divider acts like a low-pass filter. To 
counteract this, it is common to add a field 
electrode at the top of the divider in an attempt to 
linearize the field, see Figure 1. Unfortunately this 

increases the capacitance C to earth. The 

unavoidable inductance Ls of the high voltage lead 

is in series and will perforce lead to oscillations. 
These oscillations can be mitigated by adding a 

series resistor RD with a value chosen for critical 

damping according to  
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Unfortunately, a large RD acts as a limit for the 

achievable rise-time proportionally to CR  . It is 

thus clear that no optimum solution does exist and 
that compromises must be made and verified 
experimentally.  

It is possible to design the divider with a 
geometrically non-linear resistance, chosen to 
mimic the free electrostatic field [2]. A 
disadvantage to this method is however that the 
voltage stress along the first short section of the 
high-voltage resistor increases. 
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Figure 1. Schematic overview of a resistive voltage divider. 

It is often assumed that a coaxial cable used with 
proper impedance matching, will have negligible 
influence on the signals transmitted. It was found 
during the characterization work reported here, that 
this cannot be taken for granted, and this is 
explored in [3] submitted to this Conference. Here 
it will suffice to say that all results have been 
obtained for a single cable length to avoid further 
complications. 

3 BUILD-UP TO HIGH VOLTAGE 

The characteristics of high–voltage impulse 
dividers need to be determined starting at low 
voltage, where basic references can be found, e.g. 
generators with verifiable step or with known 
output pulses [4]. Comparisons with other dividers, 
preferably with higher voltage rating, can then be 
used to show that these characteristics do not 
change when higher voltage is applied.  

The present work has centered on measuring DC 
ratio of the divider and using step response to 
extrapolate to lightning impulse time parameter 
span. Linearity tests are then used to prove 
performance at high voltage 

Methods to estimate errors of high-voltage dividers 
from step response include convolution techniques 
where the step response is convolved with an ideal 
curve to quantify the errors, as suggested in IEC 
60060-2:2010 [5]. Voltage steps have been 
generated with a mercury wetted reed relay 
providing almost perfect steps. The step response 
has been obtained for a variety of circuit layouts to 
characterise the variation of the step response due 
to circuit dimensions and diverse proximity effects. 

The static scale factor has been measured by 
applying a DC voltage and measuring the output 
voltage of the low voltage arm. Measurement of 
the resistive components related to the impulse 
divider is an alternative method to determine the 
scale factor. However, since all components are 
measured individually, additional contact 
resistance in connectors may influence the results. 
Therefore it is deemed preferable to use the DC-
voltage method in order to include all parts of the 
voltage divider during a scale factor measurement.  

4 RESULTS 

4.1 Parameters assessed 

4.1.1 Introduction 
To avoid unnecessary errors, introduced by the 
cable, a 5 m long coaxial cable was chosen as 
measuring cable. The ideal solution would be to 
avoid using a measuring cable and locate the 
transient recorder next to the output from the 
divider. However, in reality it is more practical to 
maintain a safety distance between high voltage 
and the transient recorder, making a 5 m long 
coaxial cable a good compromise. 

The analyses of scale factor and measurement 
uncertainties follow the prescriptions given in 
IEC 60060-2 [5]. 

4.1.2 Scale factor 

Measurement of DC scale factor with Rd present in 

the circuit. The contribution to standard uncertainty 

is denoted uref. 

Time parameter errors are determined by step 
response and convolution with nominal 
waveshapes with known parameters. The 

contribution to standard uncertainty is denoted uref. 

4.1.3 Linearity 
The linearity is determined by comparison with a 
2.4 MV divider, for which the non-linearity has 
been determined though comparison with other 
dividers of similar rating, but with different 
technologies.  

Evaluation of linearity is based on the maximum 

deviation of the ratios Rg from the mean Rm of the b 

ratios of the measured voltage to the 
corresponding voltage of the comparison device. 
The maximum deviation is taken as a type B 
estimate of the standard uncertainty related to non-
linearity of the scale factor. 
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4.1.4 Dynamic behaviour 
The response of the divider is determined in 
conditions representative of its use, particularly 
clearances to earthed and energized structures.  

The standard uncertainty related to the dynamic 
behaviour is given by: 
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where k is the number of scale factor 

determinations within the range of impulse time 

parameters defining  the nominal epoch, Fi are the 

individual scale factors and F is the mean scale 

factor within the nominal epoch. 

4.1.5 Short term stability 
The maximum voltage of the assigned 
measurement range was applied ten times to the 
divider at the assigned rate of 2 impulses per 
minute. The scale factor was measured as soon as 
possible after the impulse series 
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where Fbefore and Fafter are the scale factors before 

and after the short-term stability test. 

4.1.6 Long term stability 
Using data from former measurements provides 
information if the impulse divider changes with 
time. The stability is estimated as an uncertainty 

contribution valid for a projected time of use Tuse. 

The evaluation is based on results of a series of 
performance tests.  
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where F1 and F2 are the scale factors of two 

consecutive performance tests made at times T1 

and T2. 

In cases where a number of performance test 
results are available, the long-term stability can be 
characterised by the type A contribution: 
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where the results of repeated performance tests 

are the scale factors Fi, with a mean value Fm and 

repeated with a mean time interval Tmean. 

4.1.7 Temperature dependence 
A linear approximation of the temperature 
dependence of the scale factor is used to estimate 
the change in scale factor with temperature 
according to: 

 𝑘(𝑇) = 𝑘(𝑇0)(1 + 𝛼(𝑇 − 𝑇0)) (7) 
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Where FT is the scale factor at the considered 

temperature and F is that at calibration 

temperature. α is the temperature coefficient of the 

resistor. 

4.1.8 Proximity effect 
Keeping the measurement circuit constant and 
varying the distance to objects in the vicinity, or 
changing the distance between the divider and the 
measurement point shows how sensitive the 
divider is to proximity effects. Convolution of step 
responses is used as a tool to find the difference 
and finding an uncertainty estimate. 
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where Fmax and Fmin are the scale factors for 

minimum and maximum distances to other objects. 

4.2 Passoni-Villa - 800 kV voltage divider 

4.2.1 The divider 
Original design featured a flat ring structure as high 
voltage electrode. Initial measurements indicated 
an overly slow step response, leading to large front 
time errors. The field electrode was redesigned to 
further linearize the electric field along the divider 
column. The step response was appreciably faster, 
but large oscillations were present before a 
suitable high voltage damping resistor Rd was 
selected. A variety of different resistance values 
and different positioning of a damping resistor was 
therefore tested to obtain the optimal solution. 

Figure 2 shows step response after tuning of Rd. 

 

 
Figure 2. Step response after tuning of Rd  
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4.2.2 Scale factor 
Table 1. Scale factor of with and without secondary attenuators. 
Signal cable is 5 m long. Rd is accounted for in the scale factor. 

Set up Scale factor Expanded 
uncertainty 

  [%] 

Divider 1007.5 0.003 
5:1 Attenuator 5046.3 0.004 
20:1 Attenuator 20397 0.005 

Table 2. Evaluated contribution to standard uncertainty for 
divider scale factor with 5:1 attenuator, uref 

Scale factor T1 T2 

0.002 % 0.25 %. 0.25 

 

4.2.3 Linearity 
The linearity was assessed by high voltage 
comparison with a 2400 kV divider with known 
(and small) linearity error. 

 

 
Figure 3. Scale factor of Passoni-Villa versus 2.4 MV reference 

Table 3. Evaluated contribution to standard uncertainty for 
linearity, uB1 

Scale factor T1 T2 

 0.11 % n.a. n.a. 

 

4.2.4 Dynamic behaviour 

Table 4. Results obtained from convolved step responses. 

Impulse 
type 

Distance to 
step 

generator 
T1-error T2-error 

Scale 
factor error 

[µs]  [%] [%] [%] 

0.84/60 1H 1.39 0.32 -0.19 
0.84/60 2H 0.82 0.32 -0.19 

     
1.56/50 1H 0.40 0.16 -0.09 
1.56/50 2H 0.39 0.16 -0.09 

 

Table 5. Evaluated contribution to standard uncertainty for 
dynamic behaviour, uB2 

Scale factor T1 T2 

0.057 % 0.57 % 0.09 % 

 

4.2.5 Short-term stability 
Table 6. Average of positive and negative scale factor before 

and after ten impulses at 800 kV. Signal cable 5 m long. Rd not 

accounted for. 

 Scale factor 

  

SF before LI -  990.88 
SF after LI –  990.98 

 

Table 7. Evaluated contribution to std. uncertainty for short-term 
stability, uB3 

Scale factor T1 T2 

0.006 % n/a n/a 

 

4.2.6 Long term stability 

Table 8. Scale factor measurements. Signal cable 25 m long.  

Rd not accounted for. 

Year of 
measurement 

Scale factor 

  

2013 994.68 
2016 994.48 

 

The uncertainty of scale factor determinations is 
considered to be correlated, and is disregarded. 
The uncertainty contribution is considered for a 

period Tuse of 1 year. 

Table 9. Evaluated contribution to standard uncertainty for long-
term stability, uB4 

Scale factor T1 T2 

0.003 % n.a. n.a. 

 

4.2.7 Temperature dependence 
 

 

Figure 4. Scale factor at different temperatures, Rd is not 

accounted for in the scale factor. 

Table 10. Evaluated contribution to standard uncertainty for 
temperature dependence, uB5 for a temp interval of 20ºC ± 10 K 

Scale factor T1 T2 

0.006 % n/a n/a 

 

4.2.8 Proximity effect 

Table 11. Results obtained from convolved step responses 

Impulse 
type 

Distance 
to step 

generator 

Distance 
to 

nearby 
objects  

T1-error T2-error 
Scale 
factor 
error 

[µs]   [%] [%] [%] 

0.84/60 1H 1H 1.37 0.32 -0.19 
0.84/60 1H 2H 1.33 0.33 -0.18 
0.84/60 2H 1H 0.81 0.31 -0.18 
0.84/60 2H 1.5H 0.82 0.32 -0.19 

 

Table 12. Evaluated contribution to standard uncertainty for 
proximity effect, uB6 

Scale factor T1 T2 

0.005 % 0.35 % 0.02 % 
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4.3 HighVolt SMR500 - 500 kV voltage divider 

4.3.1 The divider 

The SMR 500 is a resistive divider designed to be 
very accurate and is designed with non-linear 
resistor column for optimum performance. 

 

 

Figure 5 Step response 

4.3.2 Scale factor 
Table 13. Scale factor of with and without secondary 
attenuators. Signal cable is 5 m long. Rd is accounted for in the 
scale factor. 

Set up Scale factor Expanded 
uncertainty 

  [%] 

Divider 707.69 0.003 
5:1 Attenuator 3540.0 0.004 
20:1 Attenuator 14328.9 0.006 

 

Table 14. Evaluated contribution to standard uncertainty for 
divider scale factor with 5:1 attenuator, uref 

Scale factor T1 T2 

0.002 % 0.25 % 0.25 % 

 

4.3.3 Linearity 
The linearity was assessed by high voltage 
comparison with a 2400 kV divider with known 
(and small) linearity error. 

 

 
Figure 6. Scale factor of SMR500 versus 2.4 MV reference 

 

Table 15. Evaluated contribution to standard uncertainty for 
linearity, uB1 

Scale factor T1 T2 

0.013 % n.a. n.a. 

 

4.3.4 Dynamic behaviour 

Table 16. Results obtained from convolved step responses. 

Impulse 
type 

Distance to 
step 

generator 
T1-error T2-error 

Scale 
factor error 

[µs]  [%] [%] [%] 

0.84/60 1H 0.099 0.257 -0.19 
0.84/60 2H 0.104 0.264 -0.18 

     
1.56/50 1H -0.030 0.131 -0.19 
1.56/50 2H -0.063 0.139 -0.19 

 

Table 17. Evaluated contribution to standard uncertainty for 
dynamic behaviour, uB2 

Scale factor T1 T2 

0.057 % 0.096 % 0.077 % 

 

4.3.5 Short-term stability 
Table 18. Average of positive and negative scale factor before 

and after ten impulses at 500 kV. Signal cable is 5 m long Rd 

not accounted for. 

 Scale factor 

  

SF before LI -  685.061 
SF after LI –  685.152 

 

Table 19. Evaluated contribution to standard uncertainty for 
short-term stability, uB3 

Scale factor T1 T2 

0.008 % n/a n/a 

 

4.3.6 Long term stability 

Table 20. Scale factor measurements. Signal cable is 25 m 
long. Rd is accounted for. 

Year of 
measurement 

Scale factor 

  

2011 709.65 
2012 711.05 
2013 710.82 
2014 711.00 
2015 710.30 
2016 710.90 

 

The uncertainty of scale factor determination is 
considered to be correlated, and is disregarded. 
The uncertainty contribution is considered for a 

period Tuse of 1 year. 

Table 21. Evaluated contribution to standard uncertainty for 
long-term stability, uB4 

Scale factor T1 T2 

0.064 % n.a. n.a. 
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4.3.7 Temperature dependence 
 

 

Figure 7. Scale factor at different temperatures, Rd is not 

accounted for in the scale factor. 

Table 22. Evaluated contribution to standard uncertainty for 
temperature dependence, uB5 for a temp interval of 20ºC ± 10 K 

Scale factor T1 T2 

0.032 % n/a n/a 

 

4.3.8 Proximity effect 

Table 23. Results obtained from convolved step responses 

Impulse 
type 

Distance 
to step 

generator 

Distance to 
nearby 
objects  

T1-
error 

T2-
error 

Scale 
factor 
error 

[µs]   [%] [%] [%] 

0.84/60 1H 1H 0.072 0.259 -0.19 
0.84/60 1H 2H 0.068 0.263 -0.18 
0.84/60 2H 1H 0.082 0.263 -0.18 
0.84/60 2H 2H 0.119 0.253 -0.19 

 

Table 24. Evaluated contribution to standard uncertainty for 
proximity effect, uB6 

Scale factor T1 T2 

0.005 % 0.05 % 0.006 % 

 

5 UNCERTAINTY 

Table 25: Uncertainty budget Passoni-Villa 800kV without 
recording device contributions 

 Contributions to standard uncertainty 
 [%] 

 Up T1 T2 
Divider    

uref  0.002 0.25 0.25 

Linearity uB1 0.110 n/a n/a 

Dynamic uB2 0.057 0.57 0.092 

Short term uB3 0.006 n/a n/a 

Long term uB4 0.003 n/a n/a 

Temperature uB5 0.031 n/a n/a 

Proximity uB6 0.005 0.35 0.012 

Total standard 
uncertainty 

0.13 0.72 0.27 

    
Expanded 

uncertainty (k=2) 
0.26 1.4 0.53 

 

 

 

 

Table 26: Uncertainty budget SMR500 without recording device 

 Contributions to standard uncertainty 
 [%] 

 Up T1 T2 
Divider    

uref  0.002 0.25 0.25 

Linearity uB1 0.013 n/a n/a 

Dynamic uB2 0.057 0.096 0.077 

Short term uB3 0.008 n/a n/a 

Long term uB4 0.064 n/a n/a 

Temperature uB5 0.032 n/a n/a 

Proximity uB6 0.005 0.050 0.006 

Total standard 
uncertainty 

0.1 0.27 0.26 

    
Expanded 

uncertainty (k=2) 
0.19 0.54 0.53 

 

6 CONCLUSIONS 

Two reference dividers for lightning impulse have 
been carefully evaluated. The 500 kV SMR500 has 
been shown to have an expanded uncertainty at 

k=2 of 0.19 % for the amplitude and 0.6 % and 

0.6 % for the front and tail times respectively. The 
Passoni-Villa 800 kV exhibits expanded 

uncertainty at k=2 of 0.26 % for the scale factor 

and 1.4 % and 0.6 % for the front and tail times 
respectively. Uncertainty related to the recording 
device will need to be taken into account when 
using the dividers in measuring systems- 
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