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An in-depth study on a lighting location system is conducted in this paper. Firstly, the history and application of this system are
summarized. The overall structure is detailed, including the detection principle of the lightning location, the orientation method,
the detection circuit, the method of discriminating cloud flash and ground lightning signal, the error analysis, the guideline for
station deployment, the preprocessing of the central station, and the function and structure of data server and user interface.
The development of a lightning monitoring system in China is presented, and the construction of a new generation of a
lightning location system in the Hubei Province power grid is introduced. Through the collection of measured data, the
performance of the lightning location system in the lightning accident inspection rate, lightning location, and lightning
situation statistics are analyzed. Artificial intelligence algorithms are applied in the lightning warning system. The new system

has a high predicting accuracy.

1. Introduction

Lightning is a high-intensity electromagnetic pulse phenom-
enon that frequently occurs in nature [1, 2]. As its impact is
huge, it has received extensive attention from many industry
fields, such as meteorology, aerospace, aviation, electric
power, and petroleum. Among them, the power grid is sus-
ceptible to lightning due to its wide-area distribution and a
geometric scale of thousands of kilometers [3]. It is estimated
that the number of trips on high-voltage transmission lines
caused by lightning accounts for 40% to 70% in China. Light-
ning is an important factor that seriously affects the safe
operation of the power grid.

The observation of accurate lightning parameters is the
basis for lightning protection [4-6]. The key to detect light-
ning is the lightning location. It refers to automatic detection
equipment, which uses the characteristics of sound, light,
and electromagnetic wave radiated by the lightning return
strike to remotely measure the discharge parameters [7].
Several methods for detecting lighting have been proposed

including acoustic, optical, and electromagnetic field
methods [8-10]. The modern lightning location system
started in 1976. Krider used a single-chip technique to suc-
cessfully transform the original double-cathode oscilloscope
lightning detector into an intelligent magnetic direction
lightning location system, which effectively improved the
accuracy of lightning angle measurement. In the early
1980s, the emergence and application of cloud-to-ground
lightning waveform identification technology enabled the
detection efficiency to reach up to 90%. Since then, all devel-
oped countries and regions in the world have begun to
install lightning monitoring and location networks, e.g., the
United States, Canada, Japan, France, and Germany. In the
1990s, due to the use of the global positioning system
(GPS), lightning monitoring added GPS clocks based on a
direction finding system to form a time difference direction
hybrid system. Meanwhile, the use of digital signal process-
ing (DSP) and integrated technology to perform correlation
analysis and position processing on the waveform greatly
improves the prediction performance. Currently, there are
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more than 60 lightning location system networks worldwide
that employ commercial instrumentation operating in the
very low frequency/low frequency range.

The lightning location system has been widely used in
the aerospace, disaster reduction, and prevention and power
industries, especially in the global power system. Over 40
countries in the world have installed lightning monitoring
systems. Over the past decades, with the development of sci-
ence and technology and the continuous improvement of
itself, the location accuracy and detection efficiency of the
lightning location system have been greatly improved. The
current lightning location system uses GPS satellite position-
ing technology, satellite communications, geographic infor-
mation system (GIS), and other high-tech technologies to
form a real-time dynamic multipurpose large-scale informa-
tion system.

Extensive research has been done on the statistical anal-
ysis of lightning parameters [11, 12]. Chen et al. proposed a
grid method based on the huge data accumulated by the
lightning location systems and used data mining technology
to analyze the temporal and spatial distribution of lightning
[13]. An improved grid method using the two parameters of
a grid area and observation range is developed to further
improve the accuracy. Many scholars have analyzed the
influence of region and climate change on lightning param-
eters [14-17]. The lightning parameters of crucial transmis-
sion line corridors are analyzed, reducing the error in the
area where the line is located. The influence of lightning cur-
rent amplitude probabilities on the trip rate of the transmis-
sion line is investigated, considering different topography
and landforms.

2. Sensing Principle of the Lightning
Location System

2.1. Structure of the Lightning Location Station. The detec-
tion station is composed of an electromagnetic field antenna,
lightning waveform recognition and processing unit, high-
precision crystal oscillator and GPS clock unit, communica-
tion, power supply, and protection unit [18]. It measures
and outputs the characteristic quantities of ground-flash
waves: the time, direction, and relative signal strength of
each return strike, and sends the original measurement data
to the central station in real time. Each part of the detection
station has a unique function [19]. The GPS antenna is
mainly used to receive a GPS synchronization signal. The
electromagnetic antenna is composed of two vertical orthog-
onal frame antennas for receiving electromagnetic wave sig-
nals. The circuit structure of the detection station is shown
in Figure 1.

The GPS clock unit is used to provide the required high-
precision synchronization time signal. The lightning wave-
form delay processing circuit and the overrange timing cir-
cuit are specially designed to improve the accuracy of
electromagnetic wave signal detection and lightning strike
location. Meanwhile, a drift calibration is developed to avoid
errors caused by the drift of the GPS clock crystal oscillator
affected by temperature rise. These devices would improve
both the detection efficiency and accuracy.

Journal of Sensors

Each detection station of the lightning location system is
equipped with a time difference clock, which is composed of
a high-stability constant temperature crystal oscillator, a
GPS antenna, and a clock board, as given in Figure 2. The
clock consists of a highly stable crystal oscillator. GPS can
receive a high-precision second pulse time signal and use
this signal to correct the clock. The accuracy and reliability
of the revised clock are greatly improved. The quality of
the GPS receiving board and antenna is reliable, and the
time error is less than 0.5 ys.

2.2. Directional Location Principle of the Lightning Location
System. The lightning is accompanied by strong light, sound,
and electromagnetic radiation. Among them, the most suit-
able signal for detecting in a relatively large range is electro-
magnetic radiation. The electromagnetic radiation of
thunder and lightning mainly spreads along the earth sur-
face through low frequency and very low frequency. The
range is several hundred kilometers and sometimes can be
wider, which is determined by the discharge energy. When
extracting signals, the lightning location system activates
multiple detection stations to measure the electromagnetic
radiation generated by lightning, eliminate the signal of
cloud flashes, and identify ground-to-ground flashes. The
antenna can measure signals with a frequency ranging from
1kHz to 1 MHz. Through the electronic circuit, the ground
flashing signal is identified and the peak value of each return
wave is sampled. The orientation method is the most widely
used in the directional location principle.

It employs the magnetic field intensity to obtain the azi-
muth of the lightning strike point relative to the detection
station. In order to detect the radiation waves of the ground
flash magnetic field, as depicted in Figure 3, the two orthog-
onal antennas are in east-west and north-south directions,
respectively. If a lightning strike occurs on A, the orthogonal
antenna can receive two magnetic signals of different
strengths. Assuming that the measured magnetic field
strengths in the east-west and north-south directions are
H and Hyg, respectively, the direction angle of the light-
ning strike point can be calculated as follows:

H
tana= (1)

WE

The angles measured by two detection stations are
shown in Figure 4. According to the angle relationship of
the triangle, the azimuth of point A is expressed as

3
B:Bl+(xfp(1+1ﬁ) (1— Efﬁ tan Bocfp), (2)
sin &, sin
L=L, +sin" Lf“’ . (3)
cos ([31 + oclp)

In Figure 4, A is the location of the lightning strike,
TDF1 and TDF2 are two different detection stations, the
coordinates of TDF1 are (B;, L,), the coordinates of TDF2
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are (B,,L,), B is the latitude, L is the longitude, and f3,, and
B, are the azimuth angle.

2.3. Structure of the Lightning Location System. The lightning
location system uses a browser/server mode to publish the
lightning location information on the web, and its structure
is given in Figure 5.

3. Application of the Lightning Location
System in the Hubei Power Grid

3.1. Hubei Power Grid Lightning Location System. The light-
ning location system of the Hubei power grid was estab-
lished in 1998, with six base stations located in Puqi,
Huangshi, Xiaogan, Jingmen, Jingzhou, and Yichang,
respectively. In 2000, three stations were added in Suizhou,
Xiangfan, and Shiyan, and from 2002 to 2005, five other sta-
tions were built in Enshi, Qianjiang, Macheng, Shishou, and
Badong. After 13 years of construction and operation, a
lightning detection network consisting of 14 lightning detec-
tion stations has been developed. Based on the principles of
time difference and direction location as well as modern
communication technology, the automatic monitor with full
real-time function in most areas in Hubei Province has been
realized.

More than 1930 transmission lines of various voltage
grades in Hubei Province were input into the system. It

Journal of Sensors

can be widely used in investigation of the line fault point,
lightning parameter statistics, and lightning accident analy-
sis. It reduces the loss of power failure caused by lightning
strike and the labor intensity of searching the lightning strike
point. The safety of the power system can be ensured.

3.2. Frequency of Lightning Activity in the Hubei Power Grid.
From 2014 to 2018, the lightning activity was frequent in
Hubei, and the average lightning density in the whole prov-
ince was between 1.6 and 2.3 times/km”. In 2018, lightning
activity was the most intense, and the density reached 2.29
times/km”. The lightning activity in Hubei in recent 5 years
is listed in Table 1.

Taking 2018 as an example, there were 10 times of the
lightning trip in the Hubei power grid for voltage levels of
500kV and above, including once in March, once in April,
thrice in June, quartic in July, and once in August. The
most lightning trips were in June and July. The time dis-
tribution characteristics of lightning tripping are shown
in Figure 6.

In 2018, overhead transmission lines of 500kV and
above were tripped 10 times due to lightning strikes, an
increase of 6 times over the same period last year. The light-
ning density was 2.29 times/km?, 1.44 times higher than that
of the same period last year, which was the highest in the
past five years. The results of ground lightning density and
lightning trip times are shown in Figure 7. The number of
lightning strikes increases with the rise of lightning density.

Compared with the lightning density map in 2017, the
lightning activity is changed significantly in 2018. In 2017,
the areas with high lightning density were mainly concen-
trated in the southern part of Jingzhou, Huangshi, Huang-
gang, and Xianning. In 2018, a large area of Cl level
regions appeared in central Yichang, Jingzhou, Jingmen, Shi-
yan, and Wuhan, as shown in Figure 8.

220kV Hubei Qiaoshun line fault analysis: on July 31,
2012, 220kV Qiaoshun line was tripped and the reclose
was successful. There were obvious discharge traces on both
the left front and the right back of ground wire of the #017
pole. In the large side of the middle phase (phase C), the
internal string porcelain insulators and connecting fittings
had obvious discharge traces. The other poles passed ground
and pole climbing inspection, and no abnormality was
found. During the fault inspection, it was found that around
15:30-22:00 of July 31, strong lightning and heavy rain began
to appear in the area. The lightning information query sys-
tem is shown in Table 2: within 5 minutes before and after
21:21 on July 31, there were 4 lightning strikes along the sec-
ond circuit of 220kV Qiaoshun, and the lightning current
amplitude was from -3.4kA to -18.5kA, distributed near
#016~#020 towers.

After inspecting the transmission tower, the faulty sec-
tion was located in the vegetable garden in Baijiawan Village,
Xiangyang. The line right-of-way was in good condition,
without tree barriers, external damage traces, industrial pol-
lution sources, and fouling on insulator strings. There was
no strong wind or abnormal local air flow during the fault,
and possibilities caused by wind deviation, external damage,
pollution, and tree barriers were ruled out, and it was judged
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TaBLE 1: Statistics of lightning parameters in Hubei from 2014 to 2018.

Years Thunder Density (times/ Positive Negative Positive density (times/ Negative density (times/
day km?) number number km?) km?)
2014 293 1.7 60419 257572 0.3 1.4
2015 320 2.1 93267 303948 0.5 1.6
2016 256 1.7 82627 236089 0.4 1.3
2017 213 1.6 59874 201418 0.3 1.3
2018 247 2.3 103148 321648 0.6 1.7
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FIGURE 6: Lightning frequency and lightning tripping frequency of the Hubei power grid.
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as a lightning fault, line fault scene photo as shown in
Figure 9.

4. Application of Artificial Intelligence in the
Lightning Warning System

4.1. Principle of Lightning Warning. The key of the lightning
warning system is the thunderstorm forecast model, which
can send out the lightning warning information in advance
and effectively avoid the damage caused by lightning strike
to the staff and equipment in the protected area. Thunder-
storm prediction is based on a subjective and objective pre-
diction algorithm. Subjective forecast takes observations
from Doppler weather radar and combines them with other
meteorological satellite cloud maps. The objective algo-
rithms include radar echo or cloud image extrapolation
and severe convective weather recognition [20]. However,
the success rate of forecast and warning is quite limited.
The advancement of big data and artificial intelligence tech-
nology, massive historical lightning data, and other meteoro-
logical monitoring data are processed and modeled through
a deep learning method. As a result, a more accurate local
lightning warning model is obtained. In practice, most warn-
ing methods are based on the data of the lightning location
and atmospheric electric field. The electric field meter is used
to determine the lightning probability by measuring the
intensity and change trend of the atmospheric electric field,
so that different alarm levels can be determined by setting
the proper threshold. Under different alarm levels, contin-
gency plans are made to implement actions such as stopping
sending and receiving oil to achieve the purpose of active
lightning protection.

4.2. Lightning Warning Model. The data of the lightning
warning model comes from a 3D lightning locator and other
meteorological observation data such as meteorological
radar cloud image. The 3D lightning locator is a high-
precision system for locating lightning strikes and lightning

within clouds. The average detection accuracy is about
300 m, and the detection efficiency is up to 95%. The light-
ning locator is used to collect the lightning location data
within the region, including the time, the location (latitude
and longitude information), the height of lightning from
the ground, and other attribute information. The XGB
(Extreme Gradient Boosting) algorithm is used to build a
scoring model for the occurrence probability of lightning
strike in the protected area to solve the problem of 0-2-
hour approaching warning. The model structure is shown
in Figure 10.

A, is the n basic feature data. An XGB lightning predic-
tion model is built based on the data, and the output is the
probability of lightning strike in the surveillance area (the
probability value between 0 and 1).

4.3. Feature Extraction. After obtaining the relevant light-
ning data, it is necessary to extract the data features. Accord-
ing to the periodicity, instantaneity, and mobility of
lightning, the following targeted features were extracted
from the collected data sources:

(1) Thunderstorm proximity: the distance between the
thunderstorm cluster and the protection point

(2) Total number of lightning at close range

(3) Thunderstorm approaching speed in the protected
area: the speed of the nearest thunderstorm group
approaching the protected area

(4) The increasing trend of lightning strikes: the increas-
ing trend of thunderstorm cluster energy in the pre-
sentation window

4.4. Model Training and Evaluation. After completing the
selection of characteristic values required for model training,
the next step is to use a characteristic variable to train the
model and get the best parameters. XGB is used for data
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TaBLE 2: Query results of the

lightning location system of the

Hubei power grid.

Number  Time Longitude Latitude Current (kA) Reply
1 21:18:54 112.0387  32.0604 -6.3 1

2 21:20:56  112.0521  32.0515 -14.5 1

3 21:21:48 112.0269  32.0737 -18.5 1

4 21:23:26  112.0403  32.0732 -34 -1

classification with machine learning integration, and the
XGB algorithm structure is shown in Figure 11.

XGB is based on the gradient lifting decision tree
(GDBT), which reduces the complexity of the model and
avoids overfitting by adding a regularization term into the
objective function. The objective function is

Obj = 2 1) + 20U+ (4)
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1 1, ¢
O(f) =yT+ Z M| =yT+ 223 @, (5)
=1

where ¥, is the predicted value, y, is the actual value, and [ is
the loss function, which shows the residual value between
the predicted value and the real value Q(f,) shows the com-
plexity of the model. f, is the k™ decision tree. y and A rep-
resent the penalty coefficient of the model. T and w are the
number and the weight of leaves for the k™ tree, respectively.

c is a constant. It is relatively simple to solve the optimal
solution for the general least square loss. However, when it
is replaced by other loss functions [15], the solution process
will become more complex. To solve this problem, the XGB
algorithm performs second order Taylor expansion on this
basis. Assume that the ™ loss function is defined as

Obj(t) = Zl()//\,»(tfl)’yi +ft(xi)) +O(f,)- (6)

The second-order Taylor expansion of formula (6) is
carried out, and formula (7) is simplified by removing the
constant term.

n

Obj" = Z[gft v I (x )]m(ft). @)

i=1

Here,

9i= a?,-(tfl)l(}’vy/\i(t_l)) >
h.=0

i Z?i(t—l)l<yi’y/\i(t_l))‘
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The objective function is

Obj") =

>
-3

j=1

n

i)+ 3|y ol

(Zo)ors 3] oo

where I; = {i|q(x;) = j} represents the ™ group of leaf nodes.
At this time, the objective function is transformed into the
problem of seeking the minimum of the element quadratic
equation on w;. Assume that the tree structure is fixed. The
optimal weight of leaf node j is in

—_

©)

i (10)

Then, the objective function is expressed as

Obj* = —

1 G;
= +AT. (11)
2;H +A

Here,

G;= Zgi’

zeI}-

=>h,.

IEIj

(12)

Obj = represents the structure score of the regression
tree. The smaller the value, the better the structure. Since
the structure of all the trees cannot be listed, the greedy algo-
rithm is used for the division of subtrees. Each attempt is
made to add a division point to the existing leaf node. The
feasible division points are listed, and the division point with
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the smallest objective function and the largest gain is
selected [16]. The gain formula is given in

1[ G2 Gg? G; + Gy
— =+ —_ -
2|H +A Hy+A H +Hp+A

Gain = y.  (13)

After the XGB model integrates several regression trees,
the nodes of each tree are doing feature splitting. The num-
ber of times a feature is selected as a split feature can be used
as the importance.

After the model training, the model evaluation index is
the AUC (Area Under ROC Curve) value and ROC
(Receiver Operating Characteristic) curve. Based on the data
of the lightning location and other meteorological observa-
tion, the AUC value of the model reached 0.95 and the best
performance was 1, indicating that the model has a good
classification effect. AUC is the area of the ROC curve, which
is used to evaluate the quality of the dichotomy system.

+00

y(t)dx(t), (14)

—00

AUC=J

where x and y are the false-positive rate and true-positive
rate, respectively, and also the horizontal and vertical coor-
dinates of the ROC curve.

5. Conclusion

The conclusions are drawn as follows.

(i) The charge distribution of thunderstorm, the den-
sity and pressure level of air, and the topography
and geological conditions are various in different
climatic and geographical areas. In order to improve
the accuracy and performance evaluation of the
lightning location system, it is necessary to
strengthen the observation of natural lightning in
different areas

(ii) The cause of a typical lightning fault for a 500 kV
transmission line is analyzed in this paper. Several
lightning protection measures are introduced. Cur-
rently, the lightning protection methods available
for transmission lines cannot completely eliminate
the impact of lightning. In recent years, extreme
weather occurred frequently and there are great
uncertainties in lightning activity. It is necessary to
further study climate change and lightning behavior

(iii) The lightning warning system can send out the
lightning warning information in advance and effec-
tively avoid the damage caused by lightning strike to
the staff and equipment in the protected area. The
use of artificial intelligence algorithms in the light-
ning warning system can improve the predicted
accuracy
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