
 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n° 1078 

 
 

CIRED 2019  1/5 

SURVEY OF CURRENT GRADIENT AT PUBLIC LOW VOLTAGE  

CUSTOMER TERMINALS IN GERMANY 
 

 Pierre JAQUES  Ralf HARTIG  Anke FRÖBEL 

 Mittweida University of  Mittweida University of  Otto von Guericke University 

 Applied Sciences Applied Sciences Magdeburg 

 jaques@hs-mittweida.de hartig@hs-mittweida.de anke.froebel@ovgu.de 

 

 Ralf KOLANDER Robert STIEGLER Jan MEYER 

Mitteldeutsche Netzgesellschaft Strom mbh. Technische Universität Dresden Technische Universität Dresden 

 ralf.kolander@mitnetz-strom.de robert.stiegler@tu-dresden.de jan.meyer@tu-dresden.de 

 

 

ABSTRACT 

Recent studies demonstrated that current sensors may 

influence the measurement accuracy of some electricity 

meters. One of the identified influencing parameters is the 

gradient of the current waveform (di/dt). So far, only 

laboratory studies on that topic exist without any 

verification about the relevance in real distribution 

networks. This paper presents the results of a 

comprehensive measurement campaign on the gradient of 

the current waveform at 95 customer terminals 

(households, commercial, industry und generation) in 

Germany. 

INTRODUCTION 

The growing share of power electronic devices causes a 
continuous increase of current and voltage distortion in 
public low voltage networks. This has been already 
observed many decades ago. Studies dating back to this 
time have also shown that non-sinusoidal current and 
voltage waveforms can have a significant impact on the 
accuracy of the results of active power measurement, 
particularly because of different measurement and 
calculation techniques [1]. 

At present, the electromechanical energy meters based 
on the well-known Ferraris principle are replaced by static, 
or electronic ones. This new generation of meters has an 
added value for both, the end user and the grid operator. 
Individual phase voltages and currents as well as the 
resulting power can be recorded and transferred to the grid 
operator. In the member states of the European Union, the 
goal is to have 80% of the meters replaced by 2020 in order 
to use this added value for grid operation. However, this 
requires that neither the operation nor the algorithm for 
active power calculation is affected by distortion, which is 
present under real network conditions. 

Today’s research activities focus on the field of power 
measurement of static meters. E.g. in 2013, the immunity 
of static meters to electromagnetic interference was 
studied for interfering currents in the range of 2-150 kHz, 
based on the international EMC standard IEC 61000-4-19 
[2]. Main objective was to determine, if smart meters work 
properly when exposed to the immunity levels set by the 
standards. However, an accuracy test of the power 
measurement under these conditions was not carried out. 
Reference [3] from 2016 has tested static meters with 

interference currents up to 3 kHz. It was found that the 
accuracy of power measurement of static meters can be 
significantly affected with higher disturbance magnitudes. 
Another study from 2016 has found that a phase control, 
which is also represented by harmonic distortion, can lead 
to severe deviations of the measured power in specific 
situations [4]. 

The findings in the above described studies suggest that 
one of the parameters leading to erroneous power and 
energy measurements is the current gradient (di/dt). This 
parameter can significantly depend on higher frequency 
disturbances superimposed to the fundamental. However, 
no research exists up to know on the current gradient, 
which has to be expected under realistic conditions at the 
customer terminals (metering points) in public low voltage 
networks. This paper presents results of a respective 
measurement campaign carried out in Germany. It shall 
contribute to a better understanding of realistic 
disturbances seen by static meters in the field. 

The paper starts with some theoretical background and 
definitions. Next the measurement campaign is introduced 
and the results using two different analyses approaches (in 
time-domain and frequency-domain) are presented. The 
paper finishes with a critical discussion of the results and 
a conclusion. 

THE PARAMETER CURRENT GRADIENT 

The change of the current amplitude within a specific 
time-interval is defined as current gradient. A possible 
approach to determine a “worst-case” current gradient is 
the use of existing standards defining current harmonic 
emission or immunity limits for equipment.  Consequently 
the standards IEC 61000-3-2 [1], IEC 61000-3-12 [6], 
IEC 61000-4-16 [7] and IEC 61000-4-19 [8] have been 
considered. The standard IEC 61000-3-2 defines absolute 
maximum values for the individual harmonic currents of a 
device from the 2nd to 40th order. Using the superposition 
method, a function with the greatest possible amount of 
harmonics can be developed (1). From this function finally 
the maximum resulting current gradient can be calculated 
by (3). 

 

𝑖(𝑡) = ∑𝐼ℎ ⋅ sin(2 ⋅ 𝜋 ⋅ ℎ ⋅ 𝑓𝑁 ⋅ 𝑡)

𝑛

ℎ=1

 (1) 
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𝑑𝑖

𝑑𝑡
= ∑2𝜋 ⋅ ℎ ⋅ 𝑓𝑁 ⋅ 𝐼ℎ ⋅ cos(2𝜋 ⋅ ℎ ⋅ 𝑓𝑁 ⋅ 𝑡)

𝑛

ℎ=1

 (2) 

 

max (
𝑑𝑖

𝑑𝑡
) = ∑2 ⋅ 𝜋 ⋅ ℎ ⋅ 𝑓𝑁 ⋅ 𝐼ℎ

𝑛

ℎ=1

 (3) 

where 𝐼ℎ is the amplitude of the current of the respective 
harmonic, ℎ is the order of the harmonic and fN is the grid 
frequency. 

Furthermore it has to be considered that the standard 
applies to electronic devices with fundamental currents 
between 0 A up to 16 A. To estimate the influence of the 
fundamental current on the current gradient while keeping 
all harmonics at their limits, the current gradient di/dt was 
calculated once for a fundamental current I1 = 0 A 
(0.041 A/µs) and once for I1 = 16 A (0.049 A/µs). The 
results show that the fundamental current changes the 
current gradient only by about 16%. The maximum 
expected current gradient when connecting a device with 
an input current Ir = 16 A is therefore approx. 49 mA/μs. 

Furthermore, the parameter current gradient is discussed 
in the standard EN 50470-3 [9], which defines the special 
characteristics of electricity metering equipment. The 
standard requires a test in which a phase control with a 
firing angle of 90° is required. The amplitude of the test 
signal is specified by the nominal current of the static 
meter. Based on a given current rise time the current 
gradient di/dt can be calculated (Fig. 1). 

Most static meters have a nominal current of 5 A. 
Considering the rise time of 0.2 ms ± 0.1 ms, the 
maximum current gradient in this test amounts 50 mA/μs, 
which compares fairly well with the one calculated based 
on IEC 61000-3-2.  

MEASUREMENT METHODOLOGY 

For the study presented in this paper a comprehensive 
measurement campaign has been organized at 95 customer 
terminals in Germany. With the assistance of 16 network 
operators, one-week measurements at the selected 
customer terminals have been carried out. Table I provides 
a summary of the number of measured terminals 
categorized by four major types of customers. The sites 
with generation consist of inverter-based as well as CHP 
plants with direct connected asynchronous machines. 

 
Tab. I: Number of measured terminals by customer category 

Customer category Number of terminals 

Households 47 

Commercial 20 

Industry 11 

Generation 7 

The measurements were conducted with Power Quality 
measurement instruments complying with IEC 61000-4-
30 [10] class A. The instrument is also able to record 
instantaneous values (raw waveform data). In order to 
ensure reliable results, the dynamic characteristic of the 
instrument has been assessed beforehand. Laboratory tests 
have shown that the resolution of very short current rises 

is limited due to the limited sampling rate. A respective 
validation procedure has been developed for the time-
domain approach, which can identify measurements, for 
which the instrument constraints can affect the results. The 
validation has shown that the measurements are reliable 
and not affected by the instrument limitations. The photo 
in Fig. 2 shows a typical setup in the field. The analysis of 
the measurements is performed following two approaches, 
one in frequency domain and one in time-domain. 

MEASUREMENT RESULTS 

Frequency-domain approach 

Analysis method 
The frequency-domain approach is based on the 

harmonic current amplitude spectra provided by the PQ 
measurement instrument. Harmonic current amplitudes up 
to the 50th order are included. For every minute the 
maximum value of each harmonic obtained from the 
gapless recorded 10-cycle-windows (300 windows at 
50 Hz grid frequency) is stored. Using all 1-minute spectra 
for the whole observation period, a final “worst-case” 
maximum spectrum has been obtained for the respective 
measurement site. This spectrum has been used to 
calculate a “worst-case” current gradient using equation 
(3). An example spectrum is shown in Fig. 3. 

It should be noted that these values represent a 
conservative maximum, as neither the phase angles nor the 
“simultaneousness” of the harmonics in time (individual 
maximum harmonics result from different time instants) 
are considered. Moreover due to the use of the maximum 

 
Fig. 1: Phase control test according to IEC 50470-3 [9] 

 
Fig. 2: Example setup in the field 
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value the method is sensitive, e.g. to switching events, 
which have usually a rich harmonic content. It is therefore 
very unlikely that the “true” maximum current gradient is 
higher than the one estimated by the approach described 
above. Consequently the approach results in conservative 
maximum current gradient, which can be expected at 
customer terminals in low voltage networks. 

The method is gapless and can be applied with low effort 
to nearly all (also existing) Power Quality measurements 
recorded with a respective measurement instrument, as no 
harmonic phase angle information is required. 

Analysis results 
Results for selected measurements are presented in 

Figure 4. The results for characteristic statistical 
parameters (minimum, arithmetic mean, maximum) for the 
individual customer categories are shown in Table II.  

Tab. II: Statistical indices of the current gradient for frequency-domain 

approach depending on the customer category 

Customer 

category 

Min 

(A/µs) 

Mean 

(A/µs) 

Max 

(A/µs) 

Households 0.048 0.105 0.246 

Commercial 0.249 0.965 1.192 

Industry 0.063 0.639 2.873 

Generation 0.121 1.206 1.874 

The table illustrates that households do not have as high 
current gradients as other customer categories. 
Significantly higher “worst-case” current gradients exist in 
industry and at measurement sites with generating 
installations. The “worst-case” maximum value of all 
measurements amounts 2.873 A/μs and was measured in a 
metalworking company. 

The measured current gradients are all considerably 
higher than the values previously calculated based on the 
standard IEC 61000-3-2. Thus, the test conditions in EN 
50470-3 seem to considerably underestimate the typical 
current gradients at public customer terminals. If this 
worst-case estimation would provide realistic results, a 
possibility exists that the power/energy measurement of 
static smart meters is falsified under network conditions. 

Time-domain approach 

Analysis method 
As described in the section before, the frequency-domain 

approach is easy to apply, but might provide unrealistic 
conservative results due to neglecting the harmonic phase 
angle and the relation in time. In order to validate the 
suitability of the frequency-domain approach, another 
approach, using time-domain data is applied.  

Therefore the sampled current waveforms were recorded 
and analyzed. Due to the constraints of the measurement 
instrument and the available storage, this could not be done 
gapless. Using an interval trigger, 220 ms of the current 
waveforms were recorded every minute with a sampling 
frequency of 40 kHz. An example of such a “snapshot” is 
shown in Fig. 5. 

The maximum gradient of the current is calculated for 
each “snapshot” by determining the maximum absolute 
difference between consecutive sample points for a prior 
selected interval matching 10 cycles according to: 

 
∆𝑖

∆𝑡
= 𝑚𝑎𝑥 (

|𝑖𝑘 − 𝑖𝑘−1|

25µ𝑠
)
𝑘=2..𝑁

 (4) 

where 𝑘 represents the sample point, N the maximum 
number of samples of one 220 ms interval and ik the 
respective sampled current value at sample point k. 

For the same 10 power cycles also a harmonic spectrum 
can be obtain by Fourier transform. Using again equation 
(3) a “worst-case” current gradient for the particular 10-
cycle interval can be obtained. For the example in Figure 
5, the maximum gradient obtained from the time-domain 
current waveform is 1.05 A/μs, whereas the “worst-case” 
estimation obtained from the respective harmonic 
spectrum amounts 1.4 A/μs. This approach is referred to 
the modified frequency-domain approach in this paper. 

 
Fig. 3: Example of a one-week “worst-case” spectrum for one 

measurement site 
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Fig. 5: Current profile of a measurement in time domain 

 

Fig. 4: Overview of selected worst-case scenarios during the 

evaluation in the frequency domain 
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Analysis results 
Figure 6 presents a summary of results obtained by the 

time-domain approach. For each site all calculated current 
gradients are presented as a box plot. The outer box edges 
represents minimum and maximum, the inner (darker) box 
the 25-% to 75-%-percentile range. The black line 
identifies the median (50-%-percentile). 

In this, more precise, evaluation it is observed that the 
current gradients directly obtained from waveform 
“snapshots” in time-domain are significantly smaller than 
those obtained from the worst-case estimation using the 
frequency domain approach. The maximum obtained with 

time-domain approach is about 0.1 A/μs, the maximum 
current gradient amounts 0.175 A/μs.  

The values obtained by the time-domain approach are by 
about a factor of 10 below the current gradients calculated 
using the frequency-domain approach.  

The tendency of lower current gradients at household 
terminals compared to terminals of other customer 
categories is still visible, even if also at household 
terminals currents above 0.1 A/µs can be observed. 
However, a clear dependency between the value of the 
current gradient and the customer category (household, 
commercial, industrial, generation) cannot be identified. 
Furthermore it should be noted that even the current 

 

 

Fig. 6: Box plots of current gradients calculated with time-domain approach for all measurement sites 

 

 
Households 

Fig. 7: Comparison of time-domain approach and modified frequency-domain approach for household customer terminals 

(blue: time-domain approach; green: modified frequency domain approach) 
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gradients calculated based on time-domain are still up to 
four times higher than those required by the phase control 
test in EN 50470-3 [9]. 

FURTHER DISCUSSION 

The analysis of different approaches to determine the 
current gradient from measurements has shown that a 
worst-case estimation for a longer observation period (e.g. 
a week) based on maximum harmonic spectra neglecting 
both harmonic phase angle as well as the time of 
occurrence of the maxima has been proven to provide 
unrealistic high results. On the other hand the calculation 
based on “snapshots” of sampled current waveforms 
(time-domain approach) provided significantly more 
accurate results. However, this analysis method is 
considerably more complicated, since the continuous 
storage of sampled data requires much more performance 
and storage capabilities, which is normally not available in 
commonly used Power Quality instruments complying 
with IEC 61000-4-30 [10]. In particular performing 
gapless measurements for application of time-domain 
approach are due to the above mentioned constraints 
limited to short observation period of a few hours. 

A good trade-off is achieved, if the modified frequency-
domain approach is applied, which calculates a current 
gradient for each 10-cycle-spectrum and finally the 
maximum of all calculated current gradients is reported for 
the considered observation period. This way only the 
harmonic phase angle, but not the time relation of 
harmonics is neglected. Such a measurement is easily 
performed by a standard Power Quality instrument, as long 
as it is able to store 10-cycle-spectra.  

Fig. 7 presents a comparison between time-domain 
approach and modified frequency-domain approach 
exemplarily for the measurements at household terminals. 
The Box-Whisker plots show that the median values (lines 
within the boxes) of the time-domain approach tend to be 
only slightly lower than respective modified frequency-
domain approach with a few exceptions. 

CONCLUSION 

The paper presents the analysis and discussion of current 
gradients seen by electricity meters in public low voltage 
networks. Based on a comprehensive measurement 
campaign at 95 customer terminals belonging to the main 
categories households, commercial, industry and 
generation, maximum current gradients are calculated 
based on two different approaches in time-domain and 
frequency-domain. 

In general the time-domain approach based on sampled 
current waveforms is more accurate, but more difficult to 
implement. A reasonable trade-off is based on 10-cycle 
current spectra, which can be easily recorded with a 
commonly used Power Quality instrument. 

The highest observed current gradient (time-domain 
analysis) amounts 0.175 A/μs. This value is almost 3 times 
higher than the value required in present standards. 
Consequently the authors propose to consider a revision of 
the present standards. A clear difference of the 
characteristic current gradients between different customer 
categories could not be observed. Only a slight tendency 
exists that household terminals have lower current 
gradients compared to the other categories. 

Further studies on the relationship between the current 

gradients calculated form time-domain and frequency-
domain are planned in order to develop an easier method 
to obtain reliable information about current gradients at a 
customer terminal based on standard Power Quality 
measurements. Moreover the obtained maximum current 
gradients should be assessed with respect to the 
capabilities of current sensors used in static smart meters. 

 
 

REFERENCES 

[1] S. Svennson, “Power Measurement Techniques for 
Nonsinusoidal Conditions. The Significance of 
Harmonics for the Measurement of Power and other 
AC quantities”, Dissertation, Department of Electric 
Power Engineering, Chalmers University of 
Technology, 1999, Göteborg, Sweden 

[2] F. Gronwald, R. Conrads, R. Janssen and T. Weber, 
"Efficient immunity testing of smart meter devices 
in the frequency range 2–150 kHz", 22nd 
International Conference and Exhibition on 
Electricity Distribution (CIRED 2013), Stockholm, 
2013, pp. 1-4. 

[3] J. Novotny, J. Drapela and D. Topolanek, 
"Frequency response of revenue meters in measured 
active energy", 2016 17th International Conference 
on Harmonics and Quality of Power (ICHQP), Belo 
Horizonte, 2016, pp. 524-529. 

[4] F. Leferink, C. Keyer and A. Melentjev, "Static 
energy meter errors caused by conducted 
electromagnetic interference", in IEEE 
Electromagnetic Compatibility Magazine, vol. 5, no. 
4, pp. 49-55, Fourth Quarter 2016. 

[5] IEC 61000-3-2:2018, ”Electromagnetic 
compatibility (EMC) - Part 3-2: Limits - Limits for 
harmonic current emissions (equipment input 
current ≤16 A per phase)” 

[6] IEC 61000-3-12:2011, “Electromagnetic 
compatibility (EMC) - Part 3-12: Limits - Limits for 
harmonic currents produced by equipment 
connected to public low-voltage systems with input 
current >16 A and ≤ 75 A per phase” 

[7] IEC 61000-4-16:2017, ”Electromagnetic 
compatibility (EMC) - Part 4-16: Testing and 
measurement techniques - Test for immunity to 
conducted, common mode disturbances in the 
frequency range 0 Hz to 150 kHz” 

[8] IEC 61000-4-19:2014, “Electromagnetic 
compatibility (EMC) - Part 4-19: Testing and 
measurement techniques - Test for immunity to 
conducted, differential mode disturbances and 
signalling in the frequency range 2 kHz to 150 kHz 
at a.c. power ports” 

[9] EN 50470-3:2007, “Electricity metering equipment 
(a.c.) - Part 3: Particular requirements - Static 
meters for active energy (class indexes A, B and C)” 

[10] IEC 61000-4-30:2015, “Electromagnetic 
compatibility (EMC) - Part 4-30: Testing and 
measurement techniques - Power quality 
measurement methods” 

[11] EN 50160:2011, “Voltage characteristics of 
electricity supplied by public distribution networks” 


