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ABSTRACT 

Voltages and currents in the frequency range from 2 to 

150 kHz (supraharmonics) are generally assumed to have 

a short distance of propagation. They are expected to be 

damped within the direct neighborhood and have their 

highest magnitude directly at their source. This paper 

presents measurements of the supraharmonic propagation 

in a typical residential and a typical commercial low 

voltage network. While an effective damping is observed 

in upstream direction, in downstream direction significant 

resonance amplification at frequencies between 2 and 

20 kHz was found. For one network, the resonance is 

validated by simulation. The results show a good match 

with the measured values. 

INTRODUCTION 

The widespread application of power electronic 

converters, e.g. in photovoltaic inverters or battery electric 

vehicle chargers, introduces additional voltages and 

currents into the grid within the frequency range from 2 to 

150 kHz, also known as supraharmonics [1]. Depending 

on the magnitude of the distortion this may lead to 

different types of disturbance within other connected 

devices, e.g. device malfunction, accelerated aging or 

audible noise [2]. 

The propagation of supraharmonics in the network is still 

not well understood. A common assumption is that 

supraharmonic components do not propagate far into the 

grid and are shunted/damped by other equipment 

connected in the direct vicinity of the emitting source. 

Typically, the highest magnitudes of supraharmonic 

distortion are expected at the connection terminals of the 

emitting source, which has also been confirmed in several 

measurements [3]. Therefore, supraharmonic interferences 

are commonly considered local phenomena with limited 

range of influence. This assumption is also supported by 

measurements of channel damping for power line 

communication systems [4-6]. 

Supraharmonic voltage amplifications were found in other 

analyses cited in [1]. However, these cases are either 

located in medium voltage networks or the result of 

simulations. The accurate and reliable simulation of 

supraharmonic emission is still an unresolved issue. In the 

simulations the supplying network is often highly 

simplified or generic inverter models without real 

implementations are used. 

The goal of this paper is to analyze the propagation of 

supraharmonic emission along low voltage cables in 

public low voltage (LV) networks based on measurements 

and to verify the general validity of the assumed damping 

mechanism. The presented results shall contribute to the 

ongoing discussion about supraharmonic emission limits 

related to LV networks. 

The first two chapters of the paper are dedicated to the 

measurements in the different low voltage networks. Each 

chapter starts with a detailed description of the network, 

the applied measurement method, the measurement 

locations and the measurement results. For each part, the 

results are presented as frequency-dependent transfer ratio. 

The next chapter describes the simulation for the second 

network and compares the results with the measurements. 

The paper finishes with conclusions. 

EXAMPLE 1: RESIDENTIAL AREA  

WITH SINGLE FAMILY HOUSES 

Network configuration 

This LV network has a typical radial topology, supplying 

a residential area with single-family houses via 

underground cables. It is fed from the busbar (BB) of one 

transformer station (TS) and consists of several open loops 

and junction boxes (JB) at the intersections and along the 

lines. It is ideal for the analysis of the propagation of 

supraharmonics along the cable sections. Fig. 1 shows its 

network diagram. 

Measurement locations 

The network contains two routes of cables with JBs at both 

ends and one in the middle, marked in brown and yellow 

in Fig. 1. Each route is approximately 200 m long with 

roughly 10 houses supplied by each route. About half of 

the houses are equipped with a photovoltaic system. All 

cables are of the type NAYY 4x150SM, which is usually 

used in such configurations in Germany. 

 
Fig. 1:  Network diagram of the analyzed LV network, excerpt 

from the full network, distances are not to scale 
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Measurement method 

Along cable route I (brown), measurement devices are 

located at the junction boxes JB1 (red), JB2 (green) and 

JB3 (blue). After the measurements for route I were 

finished, the measurement devices were relocated to the 

route II (yellow). The devices measured the voltages in all 

three phases using a sampling rate of 106 samples per 

second. 300 kHz low-pass anti-aliasing filters are applied. 

The propagation on each route is measured twice: 

upstream and downstream. For the upstream measurement, 

a programmable current source is connected between a 

phase and neutral at JB3 at the end of the route, for the 

downstream measurement at JB1. The current source 

injects a current with variable magnitude and frequency 

into the grid causing a voltage response at the 

corresponding frequency. The frequency is chosen as an 

integer multiple of 5 Hz with the step size increasing with 

frequency up to 150 kHz. Along with the desired signal, a 

7 kHz pilot signal is injected in order to synchronize the 

measurement devices, as simultaneous GPS 

synchronization for all three devices was not available. 

Each injection lasts 500 ms, followed by a 500 ms pause. 

All three measurements are synchronized offline using the 

pilot signal. The magnitude of the current is chosen so that 

the voltage does not exceed 1 V. 

For the analysis, 200 ms within the 500 ms injection 

window are taken and transformed to the frequency 

domain using the discrete Fourier transform (DFT) 

according to the recommendations in IEC 61000-4-7 

annex B. From this spectrum, the voltages at the injected 

frequency are taken for further analysis. 

For the analysis, the ratio of the voltages at the two 

locations without injection (non-inj) over the voltage at the 

point of injection (inj) in the same phase L𝑥 is calculated. 

In the course of this paper, this is called the transfer ratio 

𝑟T L𝑥 . 

 
 𝑟T L𝑥(𝑓) = |

𝑈L𝑥 non−inj(𝑓)

𝑈L𝑥 inj(𝑓)
| (1) 

Measurement Results 

The results are divided into the measurement of the 

upstream transfer ratio (injection at the end of the cable 

route) and downstream transfer ratio (injection at the 

beginning of the cable route). In all cases the results for the 

three phases are similar and only the results for L1 are 

shown. 

Cable Route I 

The measured transfer ratios for up- and downstream 

transfer along cable route I across one and two cable 

sections are shown in Fig. 2. 

In upstream direction (towards TS) significant damping is 

observed at all frequencies up to 150 kHz. The damping 

increases with distance from the point of injection. 

In downstream direction (towards load) significant 

amplification is observed at frequencies below 9 kHz with 

a maximum amplification by a factor of 𝑟T L1 ≈ 1.8 at 

4 kHz. Amplification increases with distance from the 

point of injection. Above 9 kHz damping is observed up to 

150 kHz, but up to 20 kHz the voltage at the JB further 

away from the point of injection remains higher than at the 

JB closer to it. 

Cable Route II 

The measured transfer ratios for cable route II across one 

and two cable sections are shown in Fig. 3. In upstream 

direction, damping is observed at all frequencies, 

increasing with distance from the point of injection. 

However, the damping is significantly smaller than along 

cable route I, especially between JB5 and JB4. In 

downstream direction, again, significant amplification is 

observed at low frequencies with a maximum 

amplification by a factor of 1.6 at 5 kHz. Just like for cable 

route I, the amplification increases with distance. Again, 

significant damping is observed above 8 kHz. 

EXAMPLE 2: COMMERCIAL AREA  

WITH A FAST CHARGING STATION 

Network configuration 

This LV network is chosen, because prior measurements 

by the distribution system operator (DSO) have shown a 

significant amplification of supraharmonic voltages along 

a cable feeding a fast charging station. The amplification 

was observed when a battery electric vehicle (BEV) with 

a switching frequency of 10 kHz is charging directly at the 

 
Fig. 2: Transfer ratio along cable route I,  

red area: amplification; green area: damping  

 

 
Fig. 3: Transfer ratio along cable route II,  

red area: amplification; green area: damping, 

upstream results only available up to 70 kHz 
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TS busbar, and the fast charging station connected to the 

JB is in idle mode. 

The network consists of one TS, which feeds several 

standard charging stations and several households, shops 

and businesses in the city center of a small city. It is a 

typical configuration, which can be found in many cities in 

Germany. 

Measurement locations 

The TS also supplies a cable feeder (type NAYY 

4x150SM), which is approximately 62 m long. At the end 

of the feeder a JB is connected with two standard charging 

stations and one fast charging station. The simplified 

network diagram is shown in Fig. 4. For the analysis of the 

propagation of supraharmonics in this network, four line 

currents and three line-to-neutral voltages are measured at 

both ends of the cable. 

 
Fig. 4:  Network diagram of the LV network, excerpt from the 

full network, distances are not to scale 

Measurement Method 

To improve the time accuracy in the second experiment, 

the measurement devices are now GPS synchronized with 

a timing error of less than 1 µs. Both devices sample 

voltages (direct) and currents (Rogowski coils) 

simultaneously with 106 samples per second. 300 kHz 

low-pass anti-aliasing filters are applied on all channels. 

Due to the higher synchronization accuracy in this second 

experiment, the same 10 cycle time windows at both 

locations are used for the analysis. 

The injected frequencies are equally spaced on a 

logarithmic scale between 1 kHz and 150 kHz, and are 

then rounded so that they fit exactly into the 10 cycle time 

window. Each injection lasts for eleven cycles of which 

ten cycles are taken and transformed to the frequency 

domain using the DFT. This synchronized injection 

minimizes spectral leakage and allows more accurate 

results at lower frequencies compared to the measurements 

in the first example. The shorter injection times increased 

the overall measurement speed. Based on prior impedance 

measurement, the current magnitude is chosen so that the 

voltage at the injected frequency does not exceed 1 V. 

In the first experiment, the transfer ratio is measured in 

upstream and downstream direction. The upstream results 

show high damping across all frequencies similar to the 

results in the first network and are not presented. In 

addition to the transfer ratio as defined for the first 

example, a so-called crosstalk ratio is defined as the ratio 

of the line-to-neutral voltage of the other phases 𝑈L𝑦N over 

the voltage in the injected phase 𝑈L𝑥N at the same location. 

 
𝑟C L𝑥L𝑦(𝑓) = |

𝑈L𝑦N(𝑓)

𝑈L𝑥N(𝑓)
| (2) 

In the second experiment, the aforementioned BEV with 

10 kHz switching frequency is used as a realistic, three-

phase emission source at the TS busbar. For this case, the 

measurements are taken according to the 

recommendations in IEC 61000-4-7 annex B (200 ms 

window, 5 Hz resolution). The downstream transfer ratio 

is calculated in two ways: based on 2 kHz bands around 

10 kHz, and on the single 5 Hz component value with the 

highest individual voltage at the TS busbar (10050 Hz). 

Load impedances have a significant impact on the transfer 

characteristic. As current and voltage measurements are 

available, the load impedance for a frequency f is 

calculated by equation (3) using the respective 

measurement results. 

 
𝑍load Lx(𝑓) =

𝑈L𝑥N JB(𝑓)

𝐼L𝑥 JB(𝑓)
 (3) 

Measurement Results 

Single-Phase Injection 

In the first set of experiments, a single-phase source is used 

to inject currents into the TS busbar in order to determine 

the downstream transfer ratio. The measurements are 

carried out under three different load conditions (cases) at 

the junction box JB: 

1. open: All chargers disconnected 

2. idle: All chargers connected, but in idle mode 

3. charge: Fast charger charging, standard chargers idle 

From the measured voltages at the JB and TS the 

downstream transfer ratio 𝑟T Lx is calculated according to 

equation (1). The results are exemplarily shown for phase 

L1 in Fig. 5. 

Without any connected load (open) the voltage at the JB is 

practically identical to the voltage at the TS and the 

transfer ratio is 𝑟𝑇 ≈ 1  at all frequencies. The highest 

amplification occurs when all chargers are idle (idle). In 

this case, a transfer ratio of 𝑟𝑇 ≈ 2.2  at 10 kHz and 𝑟𝑇 ≈
2.0  at 20 kHz is observed. While the fast charger is 

charging (charge), the supraharmonic voltages above 

5 kHz are damped, but an amplification with 𝑟𝑇 ≈1.4 

occurs around 4 kHz. 

The results for the crosstalk ratio of phase L2 at the JB with 

injection in L1 at TS are shown in Fig. 6. The results for 

the other crosstalk ratios are very similar and not shown. 

 
Fig. 5:  Transfer ratio of the low voltage cable under different 

load conditions for phase L1 

 



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

Paper n°  984 

 
 

CIRED 2019  4/5 

Without any connected load (open), all coupling must be 

caused by upstream impedances (transformer, grounding 

systems, residential or commercial load, other chargers). 

Therefore, any deviation in the crosstalk ratio from the 

value of case 1 must be caused by the impedance 

configuration connected to the JB or through the inductive 

coupling in the cable. 

The results show crosstalk ratios up to rC = 1.6 for charge 

and up to rC = 2.5 for idle. It is worth noting that the 

crosstalk ratio is only high when the transfer ratio is 

below 1. There is, however, one exception for idle at 

20 kHz, where all three voltages are practically identical 

and twice the injected voltage at the busbar. 

Three-Phase Injection 

In the second experiment, a BEV (high market share in 

Germany) with 10 kHz switching frequency is used as a 

realistic three-phase supraharmonic emission source. The 

BEV is connected to the busbar of the TS. During this 

experiment, all chargers at the JB are in idle mode (idle). 

In Fig. 7 the transfer ratios for the three phases and two 

methods are shown. 

The high and different transfer ratios are mainly caused by 

the load impedances at the JB given in Table I. The 

impedances are predominantly capacitive, rather low and 

unbalanced between the phases. In phase L1, where the 

highest amplification is observed, the resistance is slightly 

negative. The analysis of the negative resistance is still 

undergoing, but measurement errors have been ruled out. 

 
Table I:  Measured impedances at the JB (see eqn. (3)) 

𝑓/kHz 𝑍load L1/Ω 𝑍load L2/Ω 𝑍load L3/Ω 

10.05 -0.15-j0.74 0.25-j0.75 0.02-j0.24 
 

SIMULATION 

Simulation Model 

In both example networks described before, the cable type 

NAYY 4x150SM is used. It is an unshielded PVC isolated 

cable with a PVC sheath and four solid, equally sized, 

sector-shaped 150 mm² aluminum conductors. It is one of 

the LV cable types most commonly installed by DSOs in 

public LV grids in Germany. The line parameters 

(inductance, mutual inductance, resistance, capacitance) 

for this cable type are calculated up to 30 kHz using a finite 

elements method (FEM) simulation tool based on the 

methods in [7]. Details on this calculation will be 

published in the future. 

For the model implementation a discrete, three-phase 

model approach is used. At 50 Hz a single pi section can 

be used up to a length of 300 km with 5% error regarding 

the exact result of a distributed line model. At 150 kHz 

(3000th harmonic) this maximum distance decreases to 

approximately 100 m. Therefore, for the 60 m cable a 

single pi section should be sufficient, which was verified 

by comparing the results with a four pi sections model. The 

model is shown in Fig. 8. 

For each frequency at which the transfer ratio was 

measured for idle load condition (idle), a simulation is 

performed using the measured voltages at the TS as UTS, 

and the measured load impedances in phase L1 at the JB 

as Zload Lx(f). For the phases L2 and L3 measured loop 

impedances at the TS busbar are used for RNx and LNx. 

These impedances were measured at the TS busbar without 

any load connected to the JB (open) using the system 

described in [8].  

 

 
Fig. 7: Voltages at the TS and JB busbars in the first emission 

band of the BEV at 10 kHz, 2 kHz bands and 5 Hz components 

  
Fig. 6:  Crosstalk ratio rC L1L2  at the JB for L2, injection in L1 

at the TS 

 

 
Fig 8:  Layout of the fully-coupled three-phase simulation model 
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Simulation Results 

From the simulated voltage at the JB UJB, the transfer ratio 

is calculated and shown in Fig. 9, along with the measured 

values. 

Similar to the measurements the simulation shows two 

resonances. Up to the first resonance, the measurements 

and simulation show very good concordance with an error 

of less than 5% at the maximum amplification. After the 

first resonance larger errors occur. This still is a very good 

result considering that the line parameters are only 

simulated, and the cable length is an estimate with an error 

margin of approximately ±10%. 
 

 
Fig. 9:  Comparison of measured and simulated transfer ratio 

for phase L1 

CONCLUSIONS 

This paper analyses the propagation of supraharmonics in 

low voltage networks by direct measurement along three 

different cable routes in two networks. The results show 

that significant supraharmonic resonances can occur in 

downstream direction (towards load) within relatively 

narrow frequency ranges, while in upstream direction 

(towards transformer) significant damping prevails. Due to 

complex coupling mechanisms between the phases, 

significant differences are observed between single-phase 

injection and three-phase injection of supraharmonic 

emission. Highest observed amplification for single-phase 

injection is 2.2 (6.8 dB), and 3.8 (11.6 dB) or 4.3 (12.7 dB) 

for three-phase injection depending on the method. 

The origin of the resonances is not the line itself, but the 

interaction of the line impedance and connected device 

impedances in downstream direction. Devices (consumers, 

generators or storages) with capacitive input impedance 

are at an increased risk to cause such resonances. With 

decreasing magnitude of impedance and increasing 

frequency, the required line length for the resonance 

decreases. The example shows that such line length may 

be lower than 100m. 

Consequently, the risk of exciting supraharmonic 

resonances is much higher, if supraharmonic sources are 

connected close to the MV/LV transformer and other loads 

are connected. This is very likely the case for larger 

customer installations. Therefore, special attention should 

be paid to central charging infrastructures and photovoltaic 

plants with dedicated or direct connection to the 

transformer busbar. 

Consequently, supraharmonic resonances can cause 

interferences not only in devices connected in close 

vicinity of the source, but also in significant distances. This 

issue is not commonly known yet, but has a clear impact 

on how supraharmonic emission limits should be defined. 

The results also draw further attention to the importance of 

standardizing the input impedance of devices in this 

frequency range. 

The measured crosstalk ratios show that strong coupling 

may be caused by connected loads under certain conditions 

and that the voltage in the other phases may exceed the 

voltage in the phase where the emitting source is 

connected. 

Future work by the authors will include a description of 

the method to calculate the cable line parameters as well 

as improvements and extension of the simulation 

framework. The eventual goal is the development of a rule 

set, which allow a simplified assessment of supraharmonic 

resonance risk by the distribution system operators. 
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