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Abstract— Driven by the increasing demands on traceable 

measurement systems and given the importance of having 

reliable electricity grids able to support renewable energy 

sources and the growing energy demand for electric mobility, 

there is an imperative need for an adequate grid components 

testing. The typical tests on high voltage electricity grid systems 

include the combined and composite voltage tests, during which 

lightning or switching impulses are superimposed on the High 

Voltage Alternating Current or High Voltage Direct Current. 

However, at present, there are inadequate traceable 

measurement systems that can be directly connected to the 

equipment under combined and composite high voltage tests, 

which may result in unreliable test results. Combined and 

composite waveform measurements are complex due to their 

characteristics. The aspect addressed in this paper is to verify 

the capabilities of the recording instruments used for 

measurements. Nowadays, there are a lot of off-the-shelf 

digitizers with adequate accuracy and uncertainties for the 

measurement of impulse voltage and current. In high voltage 

testing and calibration, these digitizers are used not only in the 

measurement of impulse voltage but also composite and 

combined voltages. The current IEC 60060 standard series do 

not provide evidence for the ability of such measurement 

systems to accurately measure combined and composite 

voltages. Furthermore, there is a lack of standardization in the 

IEC 61083 series for measuring instruments and software used 

for combined and composite wave shapes measurements. This 

paper includes the characterization results of commercial 

digitizers which are the brands of Dr. Strauss TR-AS 200/12 and 

National Instruments oscilloscope PXI-5124 on DC and 

lightning impulse (LI) performed by INRiM and TUBITAK. 

This paper arises in the context of the European project 

19NRM07 HV-com² which support the standardization in high 

voltage testing. 

Keywords—Characterization, Digitizers, Comparison, 

composite and combined voltages 

I. INTRODUCTION 

Combined and composite waveform are combination of 
slow phenomena such as direct (DC) or alternating (AC) 
voltage and impulse voltages that could be lightning or 
switching impulse and those complex waveforms are used in 
high voltage tests, as described in IEC 60060-1 [1]. These tests 
are necessary for a better resilience of the high voltage 
network.  

The European Project 19NRM07 HV-com2, of which this 
work is part, takes care of checking the traceability for the 
measurement of these high voltage tests realizing the entire 
test circuit and defining the characteristics required for each 
individual component of the reference measuring system in 

order to achieve the standard and be able to provide the tools 
for updating the regulation [2, 3]. 

Typically an high voltage measuring system is composed 
by: 

- Voltage divider, that could be resistive, capacitive or 
compensated; 

- Measurement connection system, which could be a 
cable or a fiber optic connection system; 

- Digitizer, that has to acquire the waveforms; 

- Software, which calculate the parameter that the 
standards require to measure. 

The project aims to create the entire reference 
measurement system, this paper is focused on the digitizers. 

The phenomena descripted before are extremely complex 
and it is necessary to verify the behavior of recording 
instruments used to measure them. 

The digital recorders are used for recording the waveforms 
of impulse voltages and currents in testing and calibration 
laboratories. A great advantage of digital recorders lies in the 
computer-aided evaluation of digitized waveforms using 
special developed software. Nowadays, there are a lot of 
commercial type digitizers or special cards with adequate 
uncertainties for the measurement of impulse voltage and 
current. In high voltage testing and calibration, these digitizers 
can be used not only in the measurement of impulse voltage 
but also composite and combined voltages. In this case, the 
AC and DC performance of digitizers also have an important 
role in calibration uncertainty. 

The acquisition system used for measuring composite 
voltages must be capable of measuring DC, AC and impulse 
voltages at the same time [4]. This work can be performed 
with a single card that can measure both slow and fast 
phenomena or it is possible to specialize the measuring system 
with two different cards, one for fast phenomenon that can be 
the same digital recorder used for impulse voltage and another 
for slow phenomenon that can be with a slower sample rate 
like a digital multimeter (DMM), Fig. 1 shows a principle 
scheme. 

These two solutions could be used for the purpose of this 
paper, but them have some differences to take into account. A 
slow phenomenon, like AC component, requires to acquire at 
least one period to evaluate the amplitude of the voltage 
applied. Perform these measurements with a high sample rate 
oscilloscope leads to a fulfillment of the scope card’s memory 
and it is time consuming for the algorithm.  



Fig. 1. Principle scheme of the solution with two acquisition board 
paralleled 

Otherwise, the high speed acquisition of oscilloscope is 
mandatory to measure correctly the fast phenomena like LI 
[5]. 

The aim of the work reported in this paper is to verify the 
behavior of the recorders with DC and LI waveforms and to 
estimate the uncertainty of measurements. The target is to fall 
within 0.5% of expanded uncertainty. 

In the paper will be discussed the differences of the two 
methodologies proposed, considering the solutions that 
already two National Metrology Institutes (NMIs) have in 
their laboratories. 

II. DIGITIZERS 

After a preliminary analysis of the digitizers currently 
available, the characteristics of those chosen are reported in 
Table I. We chosen three scope card’s of National Instruments 
(NI), one digital multimeter card of NI and two digitizers of 
two different constructor: HIGHVOLT and Dr. Strauss. 

Digitizers could have different maximum voltage range 
because in high voltage tests the digitizers cannot be directly 
connected to the generators to perform the measurement.  

For the commercial recorders, Dr. Strauss and 
HiGHVOLT, the maximum range is dependent by the 
embedded attenuator at input stage of digitizer. NI PXI-5122, 
NI PXI-5124 and NI PXI-5164 are high-speed digitizers that 
not include the attenuator and can be characterized with lower 
voltage. 

The NI PXIe-4081 is the DMM and it has a large span 
range from some hundred millivolt up to 1 kV, it can be used 
as digitizer. 

TABLE I.  DIGITIZERS AND THEIR CHARACTERISTICS 

 

 

It is possible to observe that all the digitizers have an high 
sample rate that have to be at least 60 MS/s to measure the LI 
[5], for this reason the DMM cannot usable to measure the 
impulse phenomenon and it must be paralleled with an 
adequate oscilloscope card. 

III. MEASUREMENTS 

The measurements are performed on the different 
characteristic value for each voltage type.  

The measurements of NI PXI-5122 and NI PXI-4081 were 
carried out after an autocalibration performed with MAX 
(National Instruments software) to compensate the 
temperature effect on the board. 

The measurements of NI PXI-5124 were performed 
without autocalibration to evaluate how much the drift in 
temperature influence the behavior of the scope card. 

For DC source, FLUKE 5500A calibrator has been used 
while the calculable LI/SI calibrator CRIC 300 made by 
TUBITAK has been used for the generation of LI and SI 
signals [6, 7]. 

In Fig. 2 is shown the calibration setup of TUBITAK. The 
digitizers was characterized with DC and LI.  

Fig. 2. Test setup 

A. Direct Current (DC) 

For DC were measured different points for every range of 
the scopes and for DMM we tested until 10V, that is the 
maximum range of the scope, due to the necessity to use it in 
parallel with an oscilloscope card. For Dr. Strauss and 
HIGHVOLT systems we tested until 300 V. It was set the 
maximum offset possible for every range. In Fig. 3 were 
reported the percentage error. 

It is possible to observe that the behavior of PXI-5124 is 
not linear due to the lack of the autocalibration. This is why it 
is so important to perform it every time before the 
measurements, especially if a change in environmental 
condition is present. 

As it was conceivable the instrument that best performs the 
measurement in DC is the DMM, but also the scope cards of 
NI could be used for this purpose if the autocalibration is done. 

 

 

 

 

 

Digitizer Resolution 
Maximum 

sample rate 

Maximum 

range 

NI PXI-5122 14 bit 100 MS/s 10 V 

NI PXI-5124 12 bit 200 MS/s 10 V 

NI PXI-5164 14 bit 1 GS/s 100 V 

NI PXIe-4081 7 ½ Digit 1.8 MS/s 1000 V 

Dr. Strauss 

TR-AS 200/12 
12 bit 100 MS/s 300 V 

HIGHVOLT 

HiRES 250/14 
14 bit 250 MS/s 300 V 

 

 



Fig. 3. Error on DC measurements 

The other digitizers are good from the voltage of 1 V up to 
300 V, considering that these acquisition systems are used 
with a voltage divider with a smaller scale factor than those 
used with NI cards, it is an acceptable error. 

B. Lightning Impulses (LI) 

The measurements on Lightning Impulses (LI) are performed 
by a standardized software developed and validated, for 
different parameters, as defined in IEC 60060-1 [1]. In 
particular the following values are calculated: 

• Peak value, alias Test Voltage, represent the 
maximum value of the test voltage curve computed 
by the software; 

• T1, front time, is a virtual parameter defined as 1/0,6 
times the interval T between the instants when the 
impulse is 30 % and 90 % of the peak value; 

• T2, time to half-value, is virtual parameter defined as 
the time interval between the virtual origin, instant 
preceding the 30% of the peak value point, of the test 
voltage curve, by a time 0,3 T1, and the instant when 
the test voltage curve has decreased to half the test 
voltage value. 

For LI were measured the waveforms available of the 
CRIC 300 impulse calibrator with different input voltages: 
1 V, 5 V and 10 V for National Instruments scope cards, while 
with Dr. Strauss and HIGHVOLT systems were measured 
also 50 V, 100 V and 300 V. 

Given the steepness of the event to be measured, 
NI PXIe-4081, which can be used as a digitizer, does not have 
a sufficient sampling frequency. For this reason, 
measurements were made only with scope cards. 

For every waveforms were performed 10 measurements to 
reduce the statistical uncertainty component µA [4]. 

Fig. 4 shows the percentage error of the measurement of 
peak voltage of the impulses. In the first graph could be 
appreciate all the digitizers measurement errors, while in the 
second are expanded the results of the National Instruments 
scope cards. 

For the peak voltage of the LI the autocalibration of the 
scope cards has a negligible effect and can be omitted, this is 
due to the algorithm that, performing the measurement of the 
peak voltage as differential voltage, limits the error due to the 
thermal drift. 

 

 

 

 

Fig. 4. Error on peak voltage measurement of LI 

Fig. 5 shows measurement errors of the time parameters 
for the front time T1, also in this case the first graph collect all 
the digitizers’ measurements while the second one is focused 
on NI’s scope cards, with a limited voltage range. 

For T1 the NI’s and the HIGHVOLT the error is quite 
stable, this behavior allows an easy, constant, correction 
during the data analysis, while for Dr. Strauss it is necessary 
to correct point by point, with respect to the voltage input 
value. 

For these measurements, also without the autocalibration 
the NI PXI-5124 performs a stable measurements. 

Fig. 5. Error on T1 parameter measurement of LI 

Fig. 6 shows measurement errors of the time parameters 
for the time to half value T2, the first graph shows the error 
measurements of all digitizers while the second one is focused 
on NI’s scope cards. 
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For the NI’s the error is quite stable and also for this 
parameter the behavior allows an easy, constant, correction 
during the data analysis, while both for HIGHVOLT and for 
Dr. Strauss it is necessary to correct point by point. 

Also, for T2 the non-self-calibrated NI card has a stable 
result. 

Fig. 6. Error on T2 parameter measurement of LI 

C. Consideration on measurement results 

Concerning NI system: from the results it is recommended 
to perform an autocalibration every time that it is necessary to 
measure DC waveforms with scope cards. 

It is possible to evaluate that for slow phenomena the error 
measured with DMM is at least one order lower than scope 
cards. Due to the high input impedance of DMM, above 
10 GΩ for voltage up to 10 V as scope card span voltage or 
10 MΩ for higher range, there is a negligible influence of the 
DMM parallel at the input stage of scope NI-5122. Basing on 
this consideration and specific measurements, our proposal is 
to perform combined and composite test with the use of two 
specialized instruments: one for slow phenomena such as 
NI PXI-4081 and one for fast phenomena like NI PXI-5164 or 
NI PXI-5124. 

Another important consideration is the necessity to 
perform self-calibration of the digitizer in the NI’s scope cards 
for direct measurements, to reduce the effect of drift, 
otherwise the measurements is not reliable. Instead, if the 
measurement is a differential voltage it seems that it is not 
mandatory, but considering this work we suggest following 
the manufacturer’s instructions and carrying it out every time 
it is necessary to make a measurement. 

From this study it seems that Dr. Strauss and HIGHVOLT 
systems that we tested, although they are excellent 
measurement systems, they are not suitable for use as national 
reference systems for composite and combined voltage 
waveforms without specifically characterization and 
comparison. 

IV. UNCERTAINTY BUDGET  

The project has the aim to realize a reference measurement 
system, so the uncertainty has to be the lowest possible.  

For this reason the target of uncertainty is 0.5% for the 
digitizers to be used for the reference measurement system.  

In this paragraph we report the uncertainty budget 
calculated for DC and LI, the calculation and contribution will 
be deeply described. 

A. Uncertainty budget for DC voltages 

For DC we considered: 

• uB1 Discretization of the boards 

• uB2 Uncertainty of Calibrator from last 
calibration Noise of the boards 

• uB3 Software uncertainty 

 
Except uB2, other sources of uncertainty have a rectangular 

probability distribution, so that were divided by √3. While uB2 
is an expanded uncertainty, so was divided by 2. 

TABLE II.  UNCERTAINTY CONTRIBUTIONS OF NI PXI-5122 
RANGE 10 V 

uB1 0.061% 
uB2 0.001% 
uB3 0.10% 

 

The expanded uncertainty was calculated with: 

 

 � � � ∗ ��	
 � 2 ∗ ��
� � ∑ ���

��
���  (1) 

 

Table III shows the expanded uncertainty calculated for 
each digitizer, it can be seen that all digitizers have an 
uncertainty that is within the target. 

TABLE III.  EXPANDED UNCERTAINTIES FOR DC MEASUREMENTS 

 
B. Uncertainty budget for impulse voltages 

For impulses we considered: 

• uA Statistical type-A uncertainty 

• uB0 Uncertainty of the calculable calibrator 

• uB1 Discretization of the boards 

• uB2 Software uncertainty 

Except uB0 and uA, other sources of uncertainty have a 
rectangular probability distribution, so that were divided for 
√3. 

Digitizer Expanded uncertainty U 

NI PXI-5122 0.14 % 

NI PXI-5124 0.31 % 

NI PXIe-4081 0.12 % 

NI PXI-5164 0.14% 

Dr. Strauss  

TRAS 200-12 
0.10% 

HIGHVOLT  

HiRES S4D 
0.20% 
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TABLE IV.  UNCERTAINTY CONTRIBUTIONS OF NI PXI-5122 LI 1.2-50 

 

 

 

 

TABLE V.  EXPANDED UNCERTAINTIES FOR LI MEASUREMENTS 

 
Is it shown that all the digitizer could be useful used to 

measure peak voltage and time to the half value within the 
uncertainty target, while for time to peak there is only the 
NI PXI-5164 that could be used for our purposes, unless to 
accept a higher uncertainty. 

C. Uncertainty of the digitizers 

The uncertainty of the digitizers for DC measurements are 
reported in Table IV that highlights that a scope specialized 
for DC measurements like NI PXIe-4081 has a better 
uncertainty respect to the others systems. 

The uncertainty of the digitizers for LI measurements are 
reported in Table V where it is always a compromise between 
high sample rate and high definition. 

NI PXI-5164 is the only measuring instruments that has all 
the characteristics that are necessary to measure both DC and 
LI with the uncertainty that we proposed. It should be noted 
that the software that allows to measure combined and 
composite waveforms could be really complex and the related 
data may consume a lot of memory. 

V. CONCLUSIONS 

Based on the reported results it is possible to do some 
important considerations. The best solution is to measure the 
combined and composite waveform with two different cards 
paralleled, specialized for slow and fast phenomena. 

In this way it is possible to exploit the characteristics of 
the single measuring instrument, to measure slow phenomena 
with a DMM and the fast phenomena with an oscilloscope 
card that have:  

• a high sample rate, mandatory to acquire the LI 
phenomena with an adequate number of samples,  

• a sufficient resolution to have high accuracy on the 
peak value. 

With the solution proposed the amount of data to be 
captured and archived is limited to a high sample rate only 
during the impulse phase. 

It is possible to use also one single scope card with a 
resolution at least of 14 bit and a high sample rate, in this case 
the software would be capable to save a sufficient number of 
samples to measure correctly slow phenomenon. 

The other solutions could be used, but it is necessary to 
accept a higher uncertainty for time parameter if the 
measuring system has a sample rate slower than 200 MS/s, or 
for peak value of the LI if the resolution is not 12 bit or more. 
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uA 0.053% 
uB0 0.100% 

uB1 0.007% 
uB2 0.100% 

Digitizer 
Expanded uncertainty U 

Up T1 T2 

NI PXI-5122 0.16 % 1.08 % 0.32 % 

NI PXI-5124 0.15 % 0.70 % 0.32 % 

NI PXI-5164 0.10% 0.50% 0.30% 

Dr. Strauss 

TRAS 200-12 
0.21% 0.60% 0.40% 

HIGHVOLT 

HiRES S4D 
0.17% 0.60% 0.40% 


