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Abstract: The article represents results of a physical simulation of incomplete upward leader dis-
charges induced on air transmission lines’ elements, using charged artificial thunderstorm cells of
negative polarity. The influence of such discharges on closely located model sensors (both of rod and
elongated types) of digital monitoring systems, as well as on the models of receiver-transmission sys-
tems of local data collection (antennas), was determined. Effect of heterogeneity of electromagnetic
field caused by incomplete upward discharges on frequency specter of signals generated on sensors
and antennas was estimated. Wavelet analysis was carried out to determine the basic frequency
diapasons of such signals. Based on experimental data obtained, suppositions about the extent of
influence of nearby incomplete leader discharges on the functioning of currently used systems of
transmission lines” monitoring were made.

Keywords: artificial thunderstorm cell; lightning; upward leader discharges; electromagnetic
radiation spectrum; wavelet; transmission line monitoring system; model element; simulation

1. Introduction

Remote monitoring systems are increasingly being introduced into the management
of transmission lines and become an important element of digital power industry [1-11].
During their exploitation, it was observed that the functionality of the artificial intelligence
elements used in such systems (i.e., all devices that contain electromagnetic parts, e.g.,
sensors; analog—digital converters for processing of recorded signals; antennas, etc.) may
be compromised under the influence of lightning and atmospheric electricity [3,11,12]. It is
not entirely clear how the discharge phenomena forming on both rod and elongated ground
objects under the influence of thunderclouds and lightning (e.g., flashes of streamer corona,
ascending leaders, the main discharge) and the electromagnetic radiation they create will
affect functioning of such elements [13,14]. The purpose of this work is to estimate the
influence of electromagnetic radiation emerged from incomplete upward leader discharge
phenomena, located close to the remote monitoring system, on the system’s elements. To
achieve this goal, a thunderstorm experimental environment was modeled using artificially
created thunderstorm cells of negative polarity. This work is a continuation of [15], where
the characteristics of streamer discharges that did not pass into the ascending leader
were considered.

2. Experimental Complex and Experiment Schemes

Physical processes were modeled on experimental measurement complex “Thunder-
storm” [16], as in the scheme of Figure 1.
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Figure 1. First scheme of experimental and measurement setup: 1—charged aerosol gen-
erator, 2—grounded electrostatic screens, 3—artificial thunderstorm cell, 4, 5—rod electrodes,
4/, 5'—elongated electrodes, 6—upward discharge phenomena, 7—digital camera Panasonic DMC-
50, 8—shunts, 9, 10—digital memory oscilloscopes Tektronix TDS 3054B uTektronix DPO 7254, A1,
A2—flat antennas.

Experimental measurement complex “Thunderstorm” was created at the Department
of Electrophysics and High Voltage Technique (National Research University “Moscow
Power Engineering Institute”) with the purpose of physical modeling and exploration
of fundamental and practical problems in the fields of atmospheric electricity, lightning
physics, and lightning protection of both grounded and flying objects [17-21]. It allows
creating artificial clouds from a highly charged water aerosol with the maximal density
of the volume charge (the artificial thunderstorm cells), which are equal to the electrically
charged thunderclouds. Due to the capacity to create artificial thunderstorm cells of both
polarities, located above each other, the complex allows to generate different types of
electric discharges characteristic of thunderclouds, from weak diffuse discharges to the
main stage of discharge with high current release.

Experimental investigational complex “Thunderstorm” consists of an aerosol camera
(volume > 120 m3), generator of charged aerosol, investigational object (the studied system
of electrodes), and measuring complex. In the aerosol camera, two varieties of artificial
aerosol clouds (artificial thunderstorm cells) were used: either a one-cell structure of
negative or positive polarity, or two-cell structure consisting of two artificial thunderstorm
cells of the same or different polarities, located above ground at different heights [22,23].

A condensational generator of charged water aerosol was used to create artificial
thunderstorm cells. When the pressure in the generator was between 4 and 10 bar, the
velocity of water steam efflux from subsonic convergent nozzle was around 400 m/s. Water
aerosol particles were charged by condensation on ions and ion charge in the field of corona
discharge occurring in the nozzle exit section.

The charged aerosol generator maintained an outlet current in a broad diapason from
10 pA to 150 pA. As a result of variations in the generator’s outlet current, the charge of an
individual artificial thunder cell could be regulated in a broad value diapason, reaching up
to several hundreds of microcoulombs (at maximal charging currents). Volume density of
charge in the central area of the cloud was in the diapason of 1.5 x 1074-1.5 x 1072 C/m5.
Each of the charged aerosol clouds is several cubic meters in volume. The lower cell is
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located approximately at the 1 m height over the grounded plane, while the higher cell is
located at the 2.1 m height.

When the generator is working at a high outlet current, the maximum potential of a
single artificial thunderstorm cell may reach up to 1.0-1.5 MB [24-27]. As a result, a strong
electric field is formed in the area between the artificial thunderstorm cell and the grounded
plane. Its intensity reaches up to 6-10 kV/cm close to the ground and up to 17-20 kV/cm
at the cell’s lower border. Moreover, the electric field of the almost quasi-homogeneous
quality is formed in the area between the cell’s lower border and the ground plane at the
height up to 0.4 cm from the ground, and at a distance of 1.0 to 2.0 m from the generator’s
nozzle [24,27]. The value of electric field’s intensity in this area changes comparatively
slowly as the height grows (30-40% increase). Due to this, investigative objects located in
this area (e.g., rod or other electrodes up to 0.4 m in height) will be similarly affected by the
electric field of the charged aerosol cloud.

The dynamics of electric field formation in the area between the artificial thunderstorm
cell and the ground shows that 50 ms after the beginning of the water aerosol flow charging,
field intensity at the ground under the charging cell increases to 1 kV/cm, and one second
after, it may be more than 5-6 kV/cm [25-27]. By this time, the electric field intensity at
the lower border of the artificial thunderstorm cell’s charged areas is 10-12 kV/cm. These
conditions facilitate discharge formation on the model investigative objects located on the
grounded plane.

Therefore, a slow increase in the electric field’s intensity is observed in the significant
area of the space between an artificial thunderstorm cell and ground. Due to the inertial
character of the charged cloud formation and existence of negative feedback between the
cell and occurring discharge phenomena, it can thus be expected that all discharge processes
in the space between the cell and grounded model object will occur and develop under
minimal required conditions practically without overvoltage. In this case, the character
of distribution and value of electric field’s intensity between an artificial thunderstorm
cell and the grounded plane are comparable to characteristics of the field under a real
thundercloud. Such a field is characteristic of the conditions when a thundercloud (or a
downward lightning leader beginning to develop from the cloud) affects all above-ground
objects [28]. By changing the generator’s outlet current, it is possible to emulate the
development of all types of sparks characteristic for a thunderstorm, including leader stage
and main discharge.

Figures 2—4 demonstrate photos of the different discharge phenomena, forming either
between cells of different polarity or between cells and grounded objects. In recent years, a
similar complex based on a generator of charged aerosol has been used in Istra (Moscow
region) (Rakov V.A,, Syssoev V.S., Kostinskiy A.Y. et al. [29-34]). This generator was also
developed at the Department of Electrophysics and High Voltage Technique (National
Research University “Moscow Power Engineering Institute”).

More than 90% of the lightning strikes into the ground are negative. This is related
to the characteristic thundercloud structure, where, in the majority of cases, the main
negative charge is located in its lower half [28,35]. Its impact leads not only to initiation
and formation of the downward lightning leader, but also to initiation and formation
of the upward discharges, including incomplete and/or counterpart positive streamer
and leader discharges in the opposite direction from the structural elements of objects
located on the ground under the thundercloud [35]. This is why an artificial thunder cell of
negative polarity was used for the physical modelling of the possible effect of incomplete
upward streamer and leader discharges on the nearby located various elements of power
lines” monitoring systems. At the same time, the artificial thunderstorm cell charge (outlet
current of aerosol generator) was maintained at a level where the probability of upward
discharges’ transition into a high-powered main stage was minimal.
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Figure 2. Characteristic picture of the discharge formation between artificial thunderstorm cell of
negative polarity and the ground.

Figure 3. Characteristic picture of the discharge formation between positively and negatively charged
artificial thunderstorm cells, using model hydrometeor groups.
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Figure 4. Characteristic picture of the discharge formation between the system of artificial thunder-
storm cells of negative polarity and the ground.

The potential of the artificial thunderstorm cell of negative polarity reached up to
1.2 MV. Monitoring system elements and grounded parts of air transmission lines were
modeled using rod electrodes with spherical tops or appeared as a cylindrical element
isolated from the main part of the whole construction (Figure 1). When discharge phenom-
ena appeared at one of the electrodes, its parameters were registered, as well as the aimed
signals at the nearest electrode.

Two experimental series were conducted while modeling the effect of close incomplete
upward discharges on the elements of power lines” monitoring systems using artificial
thunderstorm cells. In the first series, an experimental scheme with two rod model elec-
trodes with different amplification coefficients (AQ) was used. This series has modeled
signals induced on rod sensor models (receiver—transmitter devices) by the electromagnetic
radiation of the upward leader discharges forming from the nearby rod elements. In the
second series, a similar experimental scheme was used, substituting rod elements with
elongated (cylindric) models.

Tops of rod electrodes were electrically isolated from their bodies in order to decrease
the influence of the electric induction current on the electrical characteristics of the upward
leader discharges forming from the top of the grounded model object, or to extract the
signals induced by the nearby upward leader discharge specifically on the rod model
sensor. The middle part of the elongated model conductors was isolated from the other
parts with the same purpose.

Radius of the spheric (or conic, in case of small radii of curve slope) top of model rod
electrodes varied in diapason from 0.3 cm to 2.5 cm. Rod electrode height varied from
16 cm to 40 cm. Radii of metal tubes modelling cylindric sensor elements, phase wires, and
ground wires varied from 0.5 cm to 2.5 cm. Elongated electrodes were located at the height
between 15 and 37 cm. AQ for model electrodes was calculated according to specialized
software BETAFields.

Electrical characteristics of discharge phenomena between artificial thunderstorm cell and
grounded model electrodes were registered based on measuring the following parameters:

(1) Discharge current initiated at the ground model elements,
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(2)  Electric induction current inflicted by discharge phenomena on the nearest models of
digital objects and systems (sensors and antennas).

Both types of currents were measured using special low-inductance shunts.

During the experiment, the radii of the vertices of rod model objects and the radii of
model cylindrical objects varied. This was done in order to model the situation when, under
the influence of atmospheric electricity, discharge phenomena form on the digital elements
and systems, which have substantially different electric field AQs. During statistical
analysis the difference between the objects was taken into account by dividing them into
groups according to this coefficient: group I—AQ < 12; group II—12 < AQ < 27; and group
I—AQ > 27.

The following variants of discharge phenomena formation next to digital objects were
modeled in this work:

- Streamer corona and upward leader discharge form under the influence of a thun-
dercloud’s electromagnetic field on a grounded object (e.g., transmission tower).
Electromagnetic radiation from the upward discharge affects the functioning of the
sensors and antennas located on or close to the tower (Figure 5a),

- Streamer corona and upward leader discharge form under the influence of a thunder-
cloud’s electromagnetic field on a middle segment of a lightning protection wire. This
affects the functioning of the sensors and antennas located in the middle segment of
the phase wire (Figure 5b).

Figure 5. Variants of formation of discharge phenomena affecting power lines” digital monitoring
systems: (a) streamer corona/upward leader discharge forms on a transmission tower, (b) streamer
corona/upward leader discharge forms on a middle segment of a lightning protection wire.

Figures 6 and 7 represent photos of discharge phenomena that developed on the rod
and elongated model electrodes while using the “Thunderstorm” experimental complex. It
is clear that the discharge develops only on one of the two model electrodes. Photos were
taken on a digital camera in long-exposure mode, which was set to turn on at the same time
as the artificial thunderstorm cell’s charging process began. This allowed documenting
all development stages of the discharge phenomena generated on every element in the
experimental area.

Figure 8 represents a characteristic oscillograph chart for the current of streamer flash
and incomplete upward leader discharge and signals induced on the nearby grounded
element and antennas. The following parameters were registered for the current sig-
nal: current amplitude, maximal velocity of current build-up, impulse charge, and total
impulse length.
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Figure 6. Upward leader discharges from the grounded rod model elements.

Figure 7. Upward leader discharges from the grounded cylinder model element.
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Figure 8. Characteristic oscillograph charts for discharge current from grounded electrode
(channel 1), and electric induction currents induced on nearby electrode (channel 2) and flat an-
tennas (channels 3 and 4).

Spectral characteristics of the induced signal were determined using software created
specifically for this purpose. It was based on the Mexican hat wavelet analysis [36-38].
Upper level of the characteristic frequency, maximal intensity, and frequency of the maximal
intensity in the wavelet spectrum have been determined. Characteristic wavelet spectrums
for the currents and induced signal presented in Figure 9 are shown in Figures 10 and 11,

correspondingly. These signals correlate to the signals from channels 1 and 2, represented
in Figure 8.
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Figure 9. Oscillograms of the upward discharge current (upper) and induced electromagnetic
effects (bottom).
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Figure 10. Wavelet spectrum of upward discharge current.
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Figure 11. Wavelet spectrum of the signal induced on the nearby model element by the upward discharge.
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3. Results

More than 300 experiments were completed and analyzed for this work. The parame-
ters of electrode systems and their location in relation to each other varied through the ex-
periments. Tables 1 and 2 represent results of processed signals and their wavelet analysis.

Table 1. Parameters of signals induced on model rod and elongated elements by a closely located
flash of upward discharge (average values).

Source of Effect Upward Discharge (Rod) Upward Discharge (Elongated)
Amplification Coefficient AT, us I Imax|, A AT, us [Imax|, A
Group I 1.2 0.9 1.1 1.2
Group II 0.3 1.6 0.5 1.3
Group III 0.7 1.0 1.0 1.2

Table 2. Parameters of signals induced on flat antennas with upward discharge (average values).

Antenna Al A2
Parameters AT, ms I Imax|, A AT, us [ Imax|, A
Average 11 11 1.8 1.8
Maximum 45 3.1 9.8 3.3

Analysis of spectral parameters of the signals induced on rod and elongated model
elements, as incomplete upward discharges form on the nearby located model electrodes,
has shown that the surrounding electrical field is considerably influenced by those dis-
charges. Table 3 shows analysis results divided into three groups, depending on the value
of electric field’s amplification coefficient (AQ).

Table 3. Spectral parameters of signals induced with upward discharge (average values).

Source of Effect Rod Elements Elongated Elements Antennas
AQ Group I Group II Group III Group I Group II Group III Al A2
fmax, MHz 122 756 391 119 785 467 602.3 144.4
f(Cmax), MHz 111 77 14.7 9.6 73 12.3 51.6 10.5

During the experiments, several variants of elements’ location in relation to each
other were modeled. Receiver-transmitter devices (or other sensors) were located either
very close to the place of discharge formation or at a longer distance from it (antenna
A2). Another location variant had antennas located higher than the place of discharge
formation (antenna A1l was located across from the lower cloud border of the artificial
thunderstorm cell). This emulates, for example, natural conditions of a hilly or mountain
scenery, high-rise objects, or the use of flying machines.

It is clear from the presented results that all variants of model rod and elongated
elements of an intelligent monitoring system will be affected by nearby forming discharges,
and that the induced signals will include frequency diapasons in hundreds of MHz up
to GHz (Figure 12). When a flash of impulse streamer corona forms nearby, the values
of maximal frequencies in the wavelet specter will be observed for model sensors with
“average” amplification coefficients (group 2, 12 < AQ < 27): 756 MHz for rod elements
and 785 MHz for elongated elements, on average. At the same time, on the model sensors
with relatively low AQ (group 1, AQ < 12) in most cases, maximal frequencies in the
wavelet specter will not surpass 100 MHz (Figure 12). Unlike the cases when the streamer
flash did not pass into the ascending leader [15], there are no frequencies more than
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1 GHz in the specter of signals induced by the upward discharge (streamer flash plus the
upward leader).

ru 1
09 —
0.8 —
o7
0.6 —
05 —
0.4
0.3 —

02 -

. I I _ I I I
0 100 200 300 400 500 600 700 800 900 1000 >1000

fou0 MHZ

Figure 12. Histogram of diapasons of characteristic maximal frequencies in wavelet specter of the
signals induced by close upward discharges on model elements of the rod and elongated types.
Group 1—red; Group 2—blue; Group 3—yellow.

AN analogous tendency was discovered for the frequency corresponding to the
maximum intensity of Cmax (f(Cmax)) in the wavelet specter (Figure 13): for the model
elements in group 2, it was 77 MHz for rod elements and 73 MHz for elongates ones.

Wavelet specter analysis of signal, induced by closely located discharges on flat
antennas, which model receiver—transmitter devices and other digital elements, has shown
that frequencies of hundreds of MHz up to GHz are present in their specters, even during
the primary part of upward discharge formation. Moreover, in the wavelet specter of
signals induced on antennas by a close discharge formation, the frequencies f(Cmax) in the
wavelet specter will average tens of MHz (Figures 14 and 15).

For avalanches that form and develop on electrodes of various sizes in electrical fields,
their electromagnetic radiation (according to [39—44]) may be explicitly expressed in the
diapasons from 4.0-5.0 MHz to 0.9-1.0 GHz. Characteristic frequency diapasons of wavelet
specter signals (induced on model rod and elongated elements by the nearby discharges)
correlate with this mechanism of electromagnetic radiation formation.

As shown by modelling [40-42], the specter of electromagnetic radiation of critical
avalanche (which allows for its transition into a streamer) depends on the value of electric
field intensity and on the particularities of the change in such field in the area where
avalanches are formed. Probably, this is the reason for the very high frequencies detected
in the wavelet specter of the signal induced on the model electrode by electromagnetic
radiation of the nearby avalanche-streamer system of the upward discharge (impulse
streamer corona plus the upward leader), forming on the electrodes with high AQ values
(groups 2 and 3). Upward discharges forming on model elements with lower AQs (group 1),
in the vicinity of which variation of field intensity occurs lass rapidly, will induce the signals
with lower frequency diapasons in their specters.
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Figure 13. Histogram of f(Cmax) (frequency diapason corresponding to the maximum intensity of
Cmax) in the wavelet specter of signals induced by the nearby located upward discharges on model
elements of the rod and elongated types. Group 1—red; Group 2—blue; Group 3—yellow.

ru, 1 -

08 —
0.8

07 —|
0&
05 —|
04 —|
03

0.2 —

0.1 -

0 - ! :

I | I
0 100 200 300 400 500 600 TOO BOD 900 1000 =1000
fraee MHZ

Figure 14. Histogram of diapasons of characteristic maximum frequencies in wavelet specter of
signals induced on the flat antennas by a nearby discharge: antenna A1 (in blue); antenna A2 (in red).

Itis also important to consider that, since the streamers form and develop by avalanches
induced from their heads in electric fields of various size, electromagnetic radiation of
those avalanches (according to [39-44]) may be explicitly expressed in diapasons from
0.5-1.0 MHz to 8-10 MHz.

During the formation of a specter of electromagnetic influence of the upward discharge
developing between artificial thunderstorm cells and ground, the specter’s ultrahigh
frequency can also be affected by the powerful streamers of the upward leader reaching
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to the cell borders. External electric field intensity next to these streamers rose up to
18-22 kV/cm. In such event, several avalanche-streamer strings will be located in this area
at the same time. As noted in [39-44], in this case avalanches are situated close in time with
each other, and their electromagnetic radiation fields almost overlap, which should lead to
an increase in spectral amplitude.
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Figure 15. Histogram of diapasons of f{(Cmax) in wavelet specter of signals induced on the flat
antennas by a nearby discharge: antenna A1 (in blue); antenna A2 (in red).

4. Discussion

Analysis of experimental data has shown the following characteristic spectral dia-
pasons of signals induced on model rod objects of different AQ groups by the nearby
streamer corona:

Group 1 objects:

Maximum frequencies (fmax) in the wavelet specter of induced signals: 11-170 MHz;
900-1000 MHz. Frequencies corresponding to the maximal intensity of the wavelet specter
(f(Cmax)) of induced signals: 0.1-8 MHz; 90-100 MHz.

Group 2 objects:

fmax: 765-833 MHz. f(Cmax): 73-88 MHz.

Group 3 objects:

fmax: 13-95 MHz; 717-845 MHz. f(Cmax): 0.9-7 MHz; 40-50 MHz, 63-88 MHz.

Analysis of experimental data for model elongated elements (objects) of different AQ
groups has shown:

Group 1 objects:

fmax: 5-70 MHz; 900-1000 MHz. {(Cmax): 0.7-9 MHz; 90-100 MHz.

Group 2 objects:

fmax: 711-805 MHz. f(Cmax): 70-82 MHz.

Group 3 objects:

fmax: 4-75 MHz; 735-880 MHz. f(Cmax): 0.3-6 MHz; 40-50 MHz.

In presence of the electromagnetic field generated by a thundercloud and lightning,
incomplete upward discharges may form on different grounded objects. Electromagnetic
radiation of such discharges, when they develop close to sensors of digital objects and
systems, can create risks for the energetic safety of this equipment. The frequencies present
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in the specter of the signal induced by the nearby streamer flash and upward leader on the
sensors may affect their functioning and lead to errors in the collected data.

Such a problem is relevant for the sensors with frequency diapason under 100 kHz
and under 1.5 GHz, which control isolation status of high voltage equipment and electro-
magnetic levels on substation switchyards. Such frequencies are typical for model elements
(sensors) of all amplification coefficient groups [13,14]. Analogous errors may occur when
electromagnetic radiation from the streamer corona flash and upward leader affects the
type of system sensors which employs analog-digital converters (ADC) with working
frequencies from several hundred kHz to several GHz in order to measure and further
digitally process their signals [12,14]. Additionally, the aforementioned specters of signals
induced by the streamer corona flashes transformed into upward leaders on rod sensors of
monitoring, diagnostics, and management systems and may cause false reactions and errors
for the systems that employ ADCs with working frequencies from several tens/hundreds
Hz in slow high-voltage ADCs to several hundred MHz in high-velocity high-performance
ADCs [12].

Electromagnetic radiation of incomplete upward discharges may lead to errors in mon-
itoring systems using elongated sensors working in frequency diapasons under 1000 MHz
(this relates to sensors belonging to all AQ groups) [3,13,14]. Using analog—digital con-
verters with working frequencies from several hundred kHz to 1 GHz to process data
from the signals may also lead to failures [12,14]. Additionally, aforementioned specters of
signals induced by the streamer corona and upward leader discharges on elongated and
rod sensors of monitoring systems may cause false reactions and errors for the systems
that employ ADCs with working frequencies from several tens/hundreds Hz in slow
high-voltage ADCs to several hundred MHz in high-velocity, high-performance ADCs [12].

Analysis of experimental data has shown the following characteristic spectral diapa-
sons of signals induced on model flat broadband antennas by the nearby upward discharges:

Antenna Al:

fmax: 111-955 MHz.

f(Cmax): 0.3-6 MHz; 28-60 MHz; 73-98 MHz.

Antenna A2:

fmax: 21-852 MHz.

f(Cmax): 5-15 MHz; 48-88 MHz.

The electromagnetic radiation of incomplete upward discharges described above may
also substantively affect receiver—transmitter devices (antennas) of digital systems and
objects, which, in turn, may create risks for their energetic safety. Frequencies present
in the specter of the signal induced on antennas by a nearby streamer flash and upward
leader may lead to errors in their functioning, as well as distortion or loss of transmit-
ted information [1,12]. Firstly, it may affect the data transmission channels using GSM
(900/1100 MHz), as well as other systems of data transmission/reception working in MHz
diapason. These may include:

- Transmission systems working from sensors with frequency of 915 MHz, located on
air transmission lines [1];

- Systems, transmitting data on relatively small distances, e.g., using frequencies
434 MHz, 868 MHz for autonomous monitoring systems;

- Satellite connection systems, e.g., using user-accessible frequency diapason: Orb-
comm system with frequencies of transmitters 137.0-138.0 MHz, 400.05-400.15 MHz,
frequencies of terminals 148.0-150.05 MHz; “Gonets”system services its users in the
diapasons of 0.2-0.3 GHz and 0.3-0.4 GHz [45,46].

5. Conclusions

Completed analysis of experimental data has allowed identifying the influence of
close incomplete upward discharges (streamer flash plus the upward leader) on systems of
monitoring, diagnostics, and management of the power objects. The influence of electro-
magnetic radiation of such discharges induced on the digital systems” model sensors and



Energies 2021, 14, 7100 15 0f 17

antennas (of both rod and elongated types) has been estimated. Characteristic diapasons of
working frequencies of receiver—transmitter systems and digital-analog converters, where
such influence is most substantial and may increase risks of failures and errors in their
functioning, have been determined.
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