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Abstract: High voltage equipment will be subjected to several types of electrical stress 
during operation. A battery of factory tests is defined to ensure that the equipment will 
perform satisfactorily in service. One of the crucial tests is to apply a simulated lighting 
impulse as standardised to a double-exponential impulse with at front time of 1.2 µs 
(± 30 %) and a time to half value of 50 µs (± 20 %). Although this wave-shape only 
approximates natural lightning, there is a solid body of experience within industry, proving 
that reliability of equipment in service is adequately proven by the standard waveform. It 
is however crucial for consistency of results that the both voltage level and wave-shape 
are correctly measured. 

This paper discusses the requirements and performance of the recording instruments 
used, leaving the properties of high voltage impulse dividers outside the discussion. The 
requirements for the recording instrument – transient recorder – are given in 
IEC 61083-1. The standard provides requirements for, and/or tests to verify, that the 
recorder has moderately fast response, fast settling time, high resolution, linearity under 
dynamic conditions, high accuracy and reasonably low internal noise. 

This is partly in contrast to major trends in transient recorder development, where fast 
sampling and fast step response are prioritized ahead of high accuracy and fast settling 
without creeping response. We have therefore evaluated several commercially available 
recorders in order to find one with respectively flat and reasonably fast step response.  In 
this campaign, a proprietary step generator based on the use of a mercury reed relay has 
been used. Evaluation of this device is submitted to ISH 2017. 

It has been found that the measured flatness of the step response directly after the step 
is a good first indicator of the performance of the transient recorder. This is identified in 
IEC 61083-1 clauses 1.5.2 and 1.5.3, as a requirement on stability of the recorded step 
from 0.5 T1min to T2max. For lightning impulse this means from 0.42 µs to 60 µs. For 
approved transient recorders the requirement is to be within 1 %. For reference transient 
recorders, a limit of not more than 0.5 % should be applied. Further proof of the accuracy 
of the transient recorder can be achieved by convolution of an ideal waveform with the 
recorded step response and analysing the resulting curve with lightning impulse 
parameter software. A third possibility is to make direct calibration of the transient 
recorder, using a calculable impulse calibrator. 

Several state-of-art transient recorders have been evaluated and the results show that 
only a few are suited for measurement of lightning impulse. Also, the variation of the 
performance between the ranges and channels of one instruments are significantly large. 
Both direct assessment of step response as well as result of convolution with a 
theoretical 0.84/50 µs impulse will be reported. The agreement with results obtained with 
a calculable impulse calibrator will be illustrated. 

 

1 INTRODUCTION 

High voltage equipment will be subjected to 
several types of electrical stress during operation. 
A battery of factory tests is defined to ensure that 
the equipment will perform satisfactorily in service. 
One of the crucial tests is to apply a simulated 
lighting impulse as standardised to a double-
exponential impulse with at front time of 1.2 µs 
(± 30 %) and a time to half value of 50 µs (± 20 %). 
Although this wave-shape only approximates 
natural lightning, there is a solid body of 

experience within industry, proving that reliability of 
equipment in service is adequately proven by the 
standard waveform. It is however crucial for 
consistency of results that the both voltage level 
and wave-shape are correctly measured. 

Measurement of the applied voltage is performed 
with high-voltage measuring systems comprising of 
high voltage divider, transmission system and a 
recording device, where the latter is the subject of 
this paper.  



 

The requirements on the recording device seem 
beguilingly simple to achieve. The frequency 
content is moderate – often cited as 200 kHz for a 
full lightning impulse – and requirement on 
resolution is at worst stated as 9 bit [1]. Amplitude 
accuracy for an entire measuring system must be 
within 3 %, where the recording device should be 
on the order of a fraction of a percent. Considering 
that there are recording devices – transient 
recorders - on the market with GHz bandwidth and 
8 bit or much better resolution and lower 
bandwidth, there should be ample choice of 
suitable devices. As will be shown later, the 
requirement to measure accurate peak value and 
accurate time parameters turns out to limit the 
possible choices severely. 

A battery of tests is defined in [1] as deemed 
necessary by the IEC Technical Committee 42, 
High-Voltage and High-Current Test Techniques. 
The authors have found three tests to be decisive 
for the evaluation, all relating to step performance 
for recording devices intended for lightning impulse 
measurement:  

• Impulse calibration 
• Step calibration 
• Constancy of scale factor within time interval 
 

Other requirements, although necessary, are easy 
to meet with the devices available today. 

Impulse calibration entails application of reference 
impulses to the input of the recording device. The 
use of a calculable reference impulse generator [2] 
builds a traceable calibration from measurement of 
voltage, capacitance and resistance. This method 
is unequivocal in analysing the performance of the 
tested instrument, but requires some effort. 

Step calibration and constancy of scale factor are 
two facets of the same requirement, the first 
emphasising consistency between individual 
records in the test, and the latter emphasising 
stable step response over time in the averaged 
records.  

It is in addition possible to use step response 
records to estimate the errors by convolving with a 
predefined curve. Methods for this are identified in 
[3]. Investigations performed by the authors, but 
not reported here, show that good agreement 
between convolution and impulse calibration is 
easily achievable. Consequently, the investigation 
of recording devices concentrates on step 
response. Also, correction of the step response of 
the digitizer by software is possible using 
deconvolution[4]. Successful deconvolution of 
measured lightning impulse can be made on-line, 
when the step response of the measurement 
system is known with good signal to noise ratio. 

2 METHODOLOGY 

2.1 Reference equipment 

The investigations were performed with a step 
generator based on a mercury wetted reed relay, 
providing excellent step with rise-time less than 
2 ns and a calculated voltage error of less than 
0.025 % after 10 ns, reducing logarithmically to 
0.003% after 100 µs [5].  

2.2 Evaluation 

Step response has been captured by the tested 
devices with record lengths exceeding 10000 
points. The recorded waveforms should ideally be 
a pure step that settles to zero immediately. The 
requirements of IEC 61083-1 step calibration can 
be translated to mean that the step shall have 
settled within 0.5 % after 0.42 µs [1] for reference 
measuring devices. These limits have been 
implemented in an evaluation tool graphing the 
step on a lin/log diagram with ±3 % in amplitude 
and logarithmic time, with the limits shown. 

 
Figure 1. Example of evaluated step response for a device that 
fails the test. 

3 DEVICES TESTED 

3.1 Introduction 

As part of work in European Union research project 
EMPIR 14IND08, ElPow new reference measuring 
systems have been achieved by participating 
National Measurement Institutes. Important aspect 
has been to characterise recording devices that 
permit very accurate measurement of lightning 
impulse. The market for fast and accurate digitizers 
was scanned with the intent to identify suitable 
instruments with minimum 10 bits resolution, 100 
MHz bandwidth and 200 MSa/s. High input 
impedance – 1 MΩ – was a requirement to permit 
connection to capacitive high voltage dividers. 

A large number of candidates were found, ranging 
up to GHz bandwidth and superb specifications on 
step response. However, the GHz bandwidth of 
these devices is normally only available in 50 Ω 
input impedance mode. These instruments were 
subjected to a quick evaluation consisting mainly of 



 

step response measurement. A surprising find, 
was that stability after the initial step was in many 
cases insufficient for use in lightning impulse 
measurements. A few obsolete devices have also 
been included to show that the desired 
performance is indeed possible to achieve  

The instruments are listed and identified here, but 
the order of listing and presentation of results has 
intentionally been scrambled for devices not 
fulfilling the criteria. Also, as the responses were 
different from range to range, and channel to 
channel, the curves shown here are only typical 
examples. 

3.2 Instruments tested 

3.2.1 Keysight DSO S054A 
• Bandwidth @ 1 MΩ 500 MHz 
• Resolution 10 Bit 
• Effective resolution1 8.1 Bit 
• Max sample rate 20 GSa/s 
• Rise time 0.86 ns 
• Max memory depth 800 GSa 
 

3.2.2 Rohde&Schwarz RTO1024 
• Bandwidth @ 50 Ω 2 GHz 
• Bandwidth @ 1 MΩ 500 MHz 
• Resolution not stated 
• Effective resolution >7 Bit 
• Max sample rate 20 GSa/s 
• Rise time 0.18 ns 
• Max memory depth 400 GSa 
 

3.2.3 Rohde&Schwarz RTO2044 
• Bandwidth @ 50 Ω 4 GHz 
• Bandwidth @ 1 MΩ 500 MHz 
• Resolution 10 Bit @ 2 GHz 
• Resolution 12 Bit @ 500 MHz 
• Effective resolution >7 Bit 
• Max sample rate 20 GSa/s 
• Rise time 0.1 ns 
• Max memory depth 200 MSa 
 

3.2.4 Tektronix MSO 5204B 
• Bandwidth @ 50 Ω 2 GHz 
• Bandwidth @ 1 MΩ 500 MHz 
• Resolution 8 Bit 
• Resolution HiRez mode 11 Bit 
• Effective resolution > 6 Bit 
• Max sample rate 10 GSa/s 
• Rise time 0.18 ns 
• Max memory depth 50 MSa 
 

                                                      
1 Effective resolution is the resolution of an ideal ADC circuit 
that would have the same resolution as the circuit under 
consideration. 

3.2.5 Tektronix DPO 7354C 
• Bandwidth @ 50 Ω 3.5 GHz 
• Bandwidth @ 1 MΩ 500 MHz 
• Resolution 8 Bit 
• Resolution HiRes mode 11 Bit 
• Effective resolution 5.6 Bit 
• Max sample rate 40 GSa/s 
• Rise time 0.12 ns 
• Max memory depth 125 MSa 
 

3.2.6 NI PXI5124 
• Bandwidth @ 1 MΩ 145 MHz 
• Resolution 12 Bit 
• Effective resolution  not stated 
• Max sample rate 200 MSa/s 
• Rise time 2.4 ns 
• Max memory depth 256 MSa 
 

3.2.7 Tektronix 3054B (obsolete) 
• Bandwidth @ 1 MΩ 500 MHz 
• Resolution 9 Bit 
• Effective resolution not stated 
• Max sample rate 5 GSa/s 
• Rise time 0.7 ns 
• Max memory depth 10 kSa 
 

3.2.8 LeCroy HDO4104 
• Bandwidth @ 50 Ω 1 GHz 
• Bandwidth @ 1 MΩ 500 MHz 
• Resolution 12 Bit 
• Effective resolution not stated 
• Max ample rate 2.5 GSa/s 
• Rise time 0.45 ns 
• Max memory depth 12.5 MSa 
 

3.2.9 TEK 784C (obsolete) 
• Bandwidth @ 50 Ω 1 Ghz 
• Bandwidth @ 1 MΩ 500 MHz 
• Resolution 8 Bit 
• Effective resolution 5.5 Bit 
• Max sample rate 4 GSa/s 
• Rise time 0.86 ns 
• Max memory depth 500kSa 
 

Note: max sample rate is given for single shot 
acqusitions. 

4 TEST RESULTS 

4.1 Disclaimer 

The testing revealed that few recording devices on 
the market did show acceptable performance for 
use in measurement of lightning impulse. A few 
devices that were found to perform well are 
identified in the following, whereas the others are 
anonymised. 



 

4.2 Acceptable devices 

NI PXI 5124 passes the tests and shows very good step 
response as evinced by  

Figure 2. The figure shows the settling to final 
value at 100 µs. Other tests applied, such as 
impulse calibration, supports this verdict. 

 
Figure 2. Step response of NI5124 on 4 V range and 2.4 V step 
to zero. 

As a comparison, the obsolete Tektronix 3054A 
was also tested, Figure 3, although it does not 
qualify for impulse measurements due to other 
drawbacks. The step response is however 
excellent. 

 
Figure 3. Step response of Tektronix 3054A on 5 V range and 
1.6 V step 

4.3 Other devices 

 
Figure 4. Device A. on 1 V/div and 8V step to zero. Record is 
oversampled for better resolution. 

 
Figure 5. Device B on 1 V/div and 40 V step to zero. 

 
Figure 6. Device C on 1 V/div and 9 V step to zero 

 
Figure 7. Device D, 2 V/div and step of +18 V to zero. 

 
Figure 8. Device E, 1 V/div and 8 V step to zero. This device 
would be acceptable for measurement in tests, but not in a 
high-performance reference system. 



 

 
Figure 9. Device F. 0.5 V/div and 3.5 V step. 

 
Figure 10. Device G, obsolete but meeting requirements, 
0.2 V/div and 1 V step to zero 

 

5 IMPULSE CALIBRATOR RESULT 

5.1 The calibrator 

A resistor-capacitor network activated by a 
mercury wetted switch can be built produce 
precisely determined low-voltage impulses 
calibration of the capacitance and resistance 
values in the circuit. Such a device has been used 

to verify that verdict of step response is reliable. 
Such device is described in [2] and used in the 
following. 

5.2 Evaluation of Device F 

The device has been subjected to 10 
measurements on each level. For each input 
voltage range, at least 30 % and 90 % of range 
have been applied. Figure 12 shows the errors 
obtained, clearly disqualifying the device.  

 

  

 
Figure 11. Evaluated time parameter errors of Device F, using a calculable impulse calibrator.  
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Figure 12. Evaluated amplitude errors of Device F, using a calculable impulse calibrator.  

 

6 CONCLUSIONS 

The requirements on recording devices for 
lightning impulse pose unexpected limitations on 
acceptable performance, in that the stability of the 
voltage level after a step must be excellent in order 
to permit accurate measurement of the parameters 
of lightning impulse. The evaluation of state-of-art 
devices reported here has shown unequivocally 
that only very few have satisfactory step response 
and that the actual performance is in consonance 
with the step performance verdict. 
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