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1 Introduction and objective
Due to the development of industrial electronics, software technology, and
info-communication technologies (ICT), the classical power system is facing
significant transformation. With prosumers’ appearance (prosumers are users who
can act both as a producer and a consumer) new challenges appeared on the
operators’ side. The conventional one-directional energy flow becomes
bidirectional, bidirectional communication is established, and thus a smart grid is
created. The integration of a vast amount of renewable energy sources and the
prosumers’ appearance requires information processing and modern controlling
algorithms. This contributes to sustainable development, security and availability of
supply, which belongs to the most important endeavors of our age.
Owing to the formation of smart grids, several technical and economic
challenges emerge. One of them is how electromagnetic compatibility can be
ensured between the electrical facilities and ICT devices. Due to the parallel
development, these technologies ensuring electromagnetic compatibility (EMC) in
the frequency range of 2–150 kHz has become a new question to be resolved. The
reason for this situation is the lack of appropriate standards. Standardization boards
are working actively on creating the missing standards; however, it cannot be
achieved without investigating the technical and scientific background of the
problem. My PhD topic is a contribution to this field. The main goal was of the
present study is to research the coupling path between disturbance emitters and
victims, but it also covers the investigation of characteristics of the relevant devices.
The goal of my research was to investigate the less known parts of this area,
bearing in mind that it should not solely consist of the critical processing of the
literature and the presentation of some simulations, which are often far from reality,
but it should also contain useful laboratory and site measurements in terms of
engineering practice. My thesis topic had several common points with
CIGRE/CIRED JWG C.4.31’s Guide [S1], which also summarizes the applied
knowledge regarding engineering practice. I joined the team in 2017. Most parts of
my PhD thesis also became a part of the technical guide, released in 2019.
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2 History and research methods
In the last decade, a new type of electromagnetic compatibility problem
appeared due to the transformation of the power system. These were solved
individually, case by case initially; however, the growing number of incidents made
it necessary to standardize the 2–150 kHz frequency range. This process has been
going on for more than ten years.
I started my research with the systematic processing of the international
literature. Here two sources must be highlighted. On the one hand [1], which played
an essential role in identifying the devices which takes part in the electromagnetic
compatibility issue as emitters or victims. On the other hand, [2] summarized the
actual situation in 2017 (when I started my doctoral studies). As I processed other
papers too, it became clear that only few research groups deal with this topic, and
each group focuses on a little slice of this enormous area. This experience,
furthermore the research challenges presented by [2] made it clear to me that the
investigation of the coupling path is an important topic; however, it had hardly been
researched. Since an MV/LV transformer was previously investigated at the
University of Dresden, I chose to investigate the surface and loop impedance of
cables and stranded conductors, which are the other main coupling path elements.
First, laboratory measurements were performed to determine the surface
and loop impedance of conductors. It is essential to develop a measurement method,
because in the case of conductors which contains ferromagnetic materials (e.g.
ACSR – aluminium conductor steel reinforced), this is the only applicable method
to determine the above-mentioned impedances.
Second, numerical calculations were made to validate the laboratory
measurements. During this, the surface or loop impedance of the investigated
conductor system (solid conductor, stranded conductor, cylindrical conductor or
bundled conductor) was determined with the filament technique.
Third, I overviewed the literature to find fast and easy analytical
calculation methods. The advantage of these methods is their simplicity, but at the
same time, their accuracy is appropriate from a practical engineering point of view;
consequently, by their application industrial stakeholders get a useful tool too.
Finally, to better understand how disturbances spread and attenuate, and
also to fit to the Guide of CIGRÉ [S1], site measurements were made in a solar park,
whose nominal power is 500 kW and contains 50 inverters.
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3 New scientific results
3.1 Thesis I
CENELEC SC205 Study Committee played an important role in
identifying supraharmonic disturbances of the power system on the low and medium
voltage network. The CLC/TR 50627:2015 report was prepared from the two earlier
reports of CENELEC SC205, which is one of the best technical summaries. The
Committee’s objective was to identify and document the phenomena which occurred
during 2–150 kHz disturbances and also to categorize the affected apparatus. The
Committee identified the following devices as disturbance emitters: inverters (e.g.
inverters of PV park, household PV equipment), variable speed drives, switch-mode
power supplies, uninterruptable power supplies, lighting equipment, household
devices. As the literature did not contain detailed solar park measurements, the need
rose in [S1] to complement this.
Site measurements were performed in a solar park near Sellye, Baranya
County, Hungary to explore how disturbances spread and aggregate on the grid. The
solar park’s nominal power is 500 kW, and it is composed of 50 pcs 10 kW inverters.
These inverters have a solar tracking function, which makes it possible all day to
operate with optimal efficiency.

Fig. 3-1: Scheme of the internal grid of the
solar park

Fig. 3-2: Measurement setup to investigate
RMS current, supraharmonic currents and
voltages

Fig. 3-1. shows the most important parts of the investigated solar park. These are the
following.
•

K1–K50: 10 kW PV panels and inverters.
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•

E1–E5: distribution boards, which collect the production of ten PV
modules. The resultant current flows to the bus of the transformer through
one common cable.

•

Transformer located at the border of the solar park.

The measurement methods applied at each place are shown in Fig. Fig. 3-2. At each
place, RMS current, the spectrum of supraharmonic current and voltage were
measured. At a point, the solar tracking function of PV panels was turned off, and
panels were manually rotated to a less effective position. Therefore, we could
investigate the connection between supraharmonic emission and actual power.
Based on our measurements, the following conclusions can be drawn.
•

PV modules have an impact on each other: supraharmonic currents rather
flow in the internal grid instead of flowing into the power system.

•

Summation can be different on different frequencies.

•

There is no tight connection between actual power and supraharmonic
emission. The emitted supraharmonic disturbance does not decrease with
the decrease of actual power.

The first two conclusions are following the literature, but the last conclusion had not
been drawn in this form.

Based on my results, the following statement can be made as a thesis:
The actual power of inverters located in solar parks does not affect the
supraharmonic emission. Supraharmonic emission does not decrease proportionally
with the decrease of actual power.

Own publications in connection with the thesis: [S1], [S2], [S3].
Other publication which strengthens the thesis: [3].
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3.2 Thesis II
The surface impedance of solid conductors, stranded conductors, and
cylindrical conductors can be determined by laboratory measurements too. Fig. 3-3
presents the schematic measurement setup for solid and stranded conductors from
the side and cross-sectional view.

Fig. 3-3: Schematic of surface impedance measurement setup for stranded and solid conductors

In Fig. 3-3, the measured conductor is marked with the black shaded shape, while
the return path is realized with a coaxial return tube marked with blue colour. Before
the investigations, at the far end of the measured conductor, a surface wire must be
connected; then it must be placed tightly along the surface of the measured
conductor. This wire is marked red. The voltage drop on a section can be measured
between this point and the reference point made at the vicinity of the near end. In my
case, the voltage drop was always measured on 2.9 meters length.
The surface impedance valid on the investigated frequency can be calculated from
the measured voltage drop and the total current flowing in the conductor with Eq.
3-1.
𝑈𝑀 (𝑓)
𝑍
= |𝑍| ∙ 𝑒 𝑗𝜑𝑀
3-1
𝐼𝑀 (𝑓)
First, the measurements were made with a conventional oscilloscope, but it soon
turned out that the surface voltage is sensitive to noises on some frequencies. Finally,
I found that the following method can be a reasonable solution: I saved some periods
of the measured values with high resolution, then I used MATLAB Curve Fitting
toolbox to fit a one-component signal to both waveforms (Eq. 3-2 for voltage and
eq. 3-3 for current).
𝑍𝑀 (𝑓) =

𝑈
𝑈𝑀 (𝑡) = |𝑈𝑀 | ∙ sin(2𝜋𝑓𝑡 + 𝜑𝑀
)
𝐼
𝐼𝑀 (𝑡) = |𝐼𝑀 | ∙ sin(2𝜋𝑓𝑡 + 𝜑𝑀 )
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3-2
3-3

The magnitude and phase of impedance can be directly calculated from the
parameters of the time functions by the previous equations 3-4 and 3-5.
|𝑈𝑀 |
|𝐼𝑀 |
𝑈
𝐼
= 𝜑𝑀 − 𝜑𝑀

|𝑍| =

3-4

′′

3-5

𝑍
𝜑𝑀

Subscript „M” means that the quantities are measured values; however, further
corrections must be made on these values before we get the internal impedance of
the investigated conductor. The first reason for it is that the measuring system formed
by the current sensor and amplifier has a frequency-dependent phase error. Its
frequency-dependent value is between 2-3°. However, it cannot be neglected,
because on higher frequencies, 1° phase error can even cause more than 10% error
in measurements. This error can be determined e.g., with a solid cylindrical
conductor, whose exact surface impedance can be calculated on any frequency with
Eq. 3-6.
𝑝𝑙 𝐉𝟎 (𝑝𝑟0 )
3-6
2𝜋𝑟0 𝛾 𝐉𝟏 (𝑝𝑟0 )
1
Where𝑝 = √−𝑗𝜔𝜇𝛾 [ ], 𝑙, 𝑟0 , 𝛾 is the length, radius, and conductivity of the
𝑚
conductor, respectively. 𝐉𝛂 (𝑥) is the Bessel function of the first kind. The results of
laboratory measurements and the values calculated with Eq. 3-6 cannot be compared
directly, because 𝑍𝐶 is the internal impedance of a solid conductor. However,
laboratory measurements contain an external inductance (which depends on the gap
between the surface of the investigated conductor and the surface wire) and the
frequency-dependent phase error of the measurement system. However, external
inductance affects only the imaginary part of impedance, so if we measured the
magnitude of impedance well, we should measure the following phase error (Eq.
3-7).
𝑍𝐶 = 𝑅𝐶 + 𝑗𝜔𝐿𝐶 =

𝑅𝐶
′
𝜑𝐶𝑍 = 𝑎𝑐𝑜𝑠 ( ′′ )
3-7
𝑍𝑀
′′
In Eq. 3-7. 𝑅𝐶 is the calculated (exact) internal impedance, while 𝑍𝑀
is the measured
𝑍′
𝑍 ′′
magnitude of impedance. The so defined 𝜑𝐶 and 𝜑𝑀 phase angles can be compared
directly. Their difference equals the phase error, which is valid for the investigated
frequency (Eq. 3-8).
′′

𝑍
𝜑𝑒𝑟𝑟 = 𝜑𝑀
− 𝜑𝐶𝑍

′

Based on the results, the following statement can be made as a thesis:
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3-8

A novel method was elaborated, which can be used to determine the frequencydependent phase angle error of the current sensor used by us. This can be done by
measuring the surface impedance of a solid, cylindrical, non-ferromagnetic
conductor and calculating it with Bessel function-based analytical formulas. The
method can be applied to determine the frequency-dependent phase angle error of
other current sensors.
Own publications in connection with the thesis: [S4], [S5], [S6], [S7], [S8], [S10],
[S11].
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3.3 Thesis III
The initial difficulties with laboratory measurements and the validity check
of the results made it necessary to investigate the surface impedance of conductors
with a numerical method too. For this purpose, we chose the filament technique
instead of the frequently used finite element method. The reason for our choice was
that the filament technique stands closer to our point of view. Filament calculations
are based on the calculation of self and mutual impedances; also currents and
voltages of the investigated conductor system can be used as boundary conditions
(instead of the components of electromagnetic fields).
The filament technique was developed in the 1960s. Originally its goal was
to make thermal simulations on cable lines and calculate internal forces in cables [4],
[5].

Fig. 3-4: Subdivided solid conductor with 10 mm diameter on 40 Hz frequency

The first step of the method is to subdivide the investigated conductor
system into filaments. The cross-section of filaments should be chosen so that the
current density can be considered permanent on them. This means that eddy current
(due to skin and proximity effect) can be neglected inside filaments. The crosssection of filaments must be different on different frequencies; it should be chosen
considering the 𝛿 penetration depth. In accordance with this, we created a
10

subdivision method, which makes layers ensuring that the sum of currents is equal
in each layer. An example can be seen in Fig. Fig. 3-4. for our subdivision method.
The next step of the method is to calculate the self and mutual impedance
matrix of filaments (see Eq. 3-9). This was made with Carson–Clem method, which
is frequently used in engineering practice. Elements of the impedance matrix are
identified with double indexing: the first index refers to the number of original
conductors, while the second index refers to the number of filaments in a particular
conductor.
𝑍11,11 ⋯ 𝑍11,1𝑁 𝑍11,21 ⋯ 𝑍11,2𝑁 𝑍11,31 ⋯ 𝑍11,3𝑁 𝑍11,41 ⋯ 𝑍11,4𝑁
Δ𝑈11
𝐼11

⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮
⋮
𝑍1𝑁,11 ⋯ 𝑍1𝑁,1𝑁 𝑍1𝑁,21⋯ 𝑍1𝑁,2𝑁 𝑍1𝑁,31⋯𝑍1𝑁 ,3𝑁 𝑍1𝑁,41 ⋯𝑍1𝑁,4𝑁 𝐼1𝑁
Δ𝑈1𝑁
𝑍21,11 ⋯ 𝑍21,1𝑁 𝑍21,21 ⋯ 𝑍21,2𝑁 𝑍21,31 ⋯ 𝑍21,3𝑁 𝑍21,41 ⋯ 𝑍21,4𝑁
Δ𝑈21
𝐼21
⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮
⋮
𝑍2𝑁,11 ⋯ 𝑍2𝑁,1𝑁 𝑍2𝑁,21⋯𝑍2𝑁,2𝑁 𝑍2𝑁,31⋯𝑍2𝑁,3𝑁 𝑍2𝑁,41⋯𝑍2𝑁,4𝑁 𝐼2𝑁
Δ𝑈2𝑁
=
∙
Δ𝑈31
𝑍31,11 ⋯ 𝑍31,1𝑁 𝑍31,21 ⋯ 𝑍31,2𝑁 𝑍31,31 ⋯ 𝑍31,3𝑁 𝑍31,41 ⋯ 𝑍31,4𝑁
𝐼31
⋮
⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
Δ𝑈3𝑁
𝑍3𝑁,11 ⋯ 𝑍3𝑁,1𝑁 𝑍3𝑁,21⋯𝑍3𝑁,2𝑁 𝑍3𝑁,31⋯𝑍3𝑁,3𝑁 𝑍3𝑁,41⋯𝑍3𝑁,4𝑁 𝐼3𝑁
Δ𝑈41
𝐼41
𝑍41,11 ⋯ 𝑍41,1𝑁 𝑍41,21 ⋯ 𝑍41,2𝑁 𝑍41,31 ⋯ 𝑍41,3𝑁 𝑍41,41 ⋯ 𝑍41,4𝑁
⋮
⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
⋮ ⋱ ⋮
[Δ𝑈4𝑁 ] [𝑍4𝑁,11 ⋯ 𝑍4𝑁,1𝑁 𝑍4𝑁,21⋯𝑍4𝑁,2𝑁 𝑍4𝑁,31⋯𝑍4𝑁,3𝑁 𝑍4𝑁,41⋯𝑍4𝑁,4𝑁 ] [𝐼4𝑁 ]
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After this, the impedance matrix must be inverted; thus we get the admittance matrix.
The rows and columns of the admittance matrix can be reduced.
•

Those filaments which belong to the same conductor connect parallel to
each other; thus voltage drop must be same on them.

•

Those filaments which belong to the same conductor must lead the same
current altogether as the original conductor does.

Using these facts, Eq. 3-9 are reduced to an 𝑀𝑥𝑀 dimension matrix (where 𝑀 is the
number of original conductors). Eq. 3-10 shows an example admittance matrix to a
bundled conductor, which consists of four stranded conductors.
𝑌1,1 𝑌1,2 𝑌1,3 𝑌1,4
𝐼1
Δ𝑈1
𝑌2,1 𝑌2,2𝑌2,3𝑌2,4
𝐼2
ΔU2
[ ]=
]
3-10
∙[
𝐼3
𝑌3,1 𝑌3,2𝑌3,3𝑌3,4
ΔU3
𝐼4
[𝑌4,1 𝑌4,2𝑌4,3𝑌4,4 ] ΔU4
Boundary conditions concerning the original conductor system can be
applied in Eq. 3-10; after that currents and voltages of each filament can be
calculated directly. Finally, Eq. 3-10 must be inverted again to calculate loop or
surface impedance. The surface impedance of a single conductor can be calculated
using a filament located on the surface of the conductor with Eq. 3-11. Loop
impedance formed from two conductors (e.g. 1-2) can be calculated with Eq. 3-12.
𝑍𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
11

𝜌𝐼𝑠
𝐴𝑆 𝐼

3-11

In Eq. 3-11. 𝜌 is the conductor’s resistivity,𝐼𝑠 is the current flowing in the chosen
filament, 𝐴𝑠 is the cross-section of the chosen filament, while 𝐼 is the total current
flowing in the original conductor.
Δ𝑈1 − Δ𝑈2
3-12
𝐼
However, Eq. 3-11 on its own, when applied to a filament located on the
surface of the investigated conductor does not lead to correct results. Finally, the
problem was solved with the following idea. After the subdivision method was
executed, in the case of solid conductor one filament, in the case of stranded
conductors more filaments called “measuring filaments” were taken up. These
filaments are very little, they have a 1 𝜇𝑚 diameter, which is still only tenth of the
diameter of outer filaments in the case of the highest frequency. These filaments
correspond to the surface wire by the analogy of measurement. The only difference
is that these measuring filaments are considered as a part of the investigated
conductor, thus current can flow in them in contrast to the surface wire. Therefore,
no more rows or columns will appear after the reduction of the inverted admittance
matrix (see Eq. 3-9). After this idea was implemented, the filament technique became
applicable to calculate the surface impedance of conductor systems in my PhD thesis.
𝑍𝑙𝑜𝑜𝑝 =

Based on the results, the following statement can be made as a thesis:
The filament technique was made applicable to calculate the frequency-dependent
surface impedance with mapping ideal measuring filaments, which are similar to the
surface wire used in the case of laboratory measurements. The results of the
calculation method showed consistency with results obtained with other techniques.
The filament technique can be a basic method for the investigation of more complex
conductor systems.
Own publications in connection with the thesis: [S1], [S7], [S8], [S9].
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3.4 Thesis IV
Basically, there are two options to determine the surface impedance of
stranded conductors exactly: laboratory measurements or numerical calculations
(e.g., with filament technique). Their application requires appropriate equipment,
deep theoretical knowledge, software. These may be available at a university, but
industrial stakeholders might lack them (e.g., DSOs). However, the question arises,
whether simple methods are available which can be used in the investigated
frequency range (40 Hz – 150 kHz), but also have reasonable accuracy at the same
time.
After studying the international literature [6], [7], [8], I found some
analytical expressions that can be used to estimate the surface impedance in certain
frequency ranges. Most of these methods are applicable to solid cylindrical
conductors; however, it can be made applicable if an equivalent solid cylindrical
conductor is made from the original one. It can be done e.g., by assuming that 𝑅0
(DC) resistance and 𝜌 resistivity are the same. After investigating each method, I
found that skin factor derived from penetration depth estimates the surface
impedance on low frequencies well, while the Hankel method can be used for higher
frequencies. The application criteria of these methods are written in different forms,
but they can be compared directly after a few mathematical transformations. It can
be seen on the obtained formulas that they cover nearly the whole frequency range
in question.
After further investigations, I realized that the skin factor method has good
accuracy, even above its application criteria. In contrast, the accuracy of the Hankel
method worsens fast out of its criteria. After extending the low-frequency skin factor
method and using it together with the Hankel method, a combined method is
obtained, which can be used even with stakeholders’ equipment (e.g. excel sheet).
This method is simple, fast, and can be used without any theoretical or computational
background.

Based on the results, the following statement can be made as a thesis:
It was stated that with the extension of the skin factor method together with the highfrequency Hankel method a simple combined method can be obtained. This method
can be used to estimate the surface impedance of non-ferromagnetic stranded
conductors with reasonable accuracy for engineering practice in the 40 Hz – 150
kHz frequency range.
The following sub thesis can be formulated:
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The definition of equivalent solid cylindrical conductor was made, which
can be used to calculate the surface impedance of stranded conductors with the
analytical expressions found in literature.
Own publications in connection with the thesis: [S1], [S8], [S10].
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4 Results
This section shows the surface and loop impedance results for different
conductors, which were obtained using the methods presented in Section 2.
9
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Fig. 4-1: Surface resistance of 25 mm2 AASC conductor
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Fig. 4-2: Surface resistance of 50 mm2 AASC conductor
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Fig. 4-3: Surface resistance of 95 mm2 AASC conductor
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Fig. 4-4: External surface impedance with external current return of 60/50 mm Al tube
(𝑹𝒌𝒌 )
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Fig. 4-5: Internal surface impedance with internal current return of 60/50 mm Al tube
(𝑹𝒃𝒃 )
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Fig. 4-6: External surface impedance with internal current return of 60/50 mm Al tube
(𝑹𝒃𝒌 )
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Fig. 4-7: Internal surface impedance with outer current return of 60/50 mm Al tube
(𝑹𝒌𝒃 )
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Fig. 4-8: Loop resistance of bundled 4x95 mm2 AASC conductor in the „active” loop
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