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Abstract: Cloud-to-ground (CG) lightning is a natural phenomenon that poses significant threats to 
human safety, infrastructure, and equipment. The destructive impacts of lightning strikes on humans 
and their property have been a longstanding concern for both society and industry. Countries with 
high thunderstorm frequencies, such as Malaysia, experience significant fatalities and damage due to 
lightning strikes. To this end, a lightning locating system (LLS) was developed and deployed in a 
400 km2 study area at the University Technology Malaysia (UTM), Johor, Malaysia for detecting cloud- 
to-ground lightning discharges. The study utilized a particle swarm optimization (PSO) algorithm 
as a mediator to identify the best location for a lightning strike. The algorithm was initiated with 
30 particles, considering the outcomes of the MDF and TDOA techniques. The effectiveness of the 
PSO algorithm was found to be dependent on how the search process was arranged. The results of the 
detected lightning strikes by the PSO-based LLS were compared with an industrial lightning detection 
system installed in Malaysia. From the experimental data, the mean distance differences between 
the PSO-based LLS and the industrial LLS inside the study area was up to 573 m. Therefore, the 
proposed PSO-based LLS would be efficient and accurate to detect and map the lightning discharges 
occurring within the coverage area. This study is significant for researchers, insurance companies, 
and the public seeking to be informed about the impacts of lightning discharges.

Keywords: lightning locating system; particle swarm optimization; VLF and VHF sensors; 
GPS antennas; lightning mapping; environmental monitoring
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1. Introduction

Precise determ ination of a cloud-to-ground (CG) lightning strike location is essential
for various applications utilizing lightning locating system (LLS) data. Moreover, a reliable
LLS system  can function as an efficient m eans to m onitor lightning discharges in real-time. 
The capacity to promptly detect flashes can help facilitate early w arning systems for severe 
w eather events and enable tim ely and effective disaster response. Lightning is a naturally
occurring phenom enon that often takes place during thunderclouds and rainfall. The
electrom agnetic radiation em itted by a lightning discharge spans a broad spectrum , from
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very low frequency (VLF) to very high frequency (VHF). Furthermore, lightning discharges 
can deliver a substantial am ount of current, typically  in the tens of k iloam pere range, to 
objects or the ground [1,2]. H ence, this charge transfer is a serious w orry for hum ans 
and the industry. C loud to cloud, cloud to air, inter-cloud, and cloud to ground (CG) are 
different types of lightning discharges. The CG discharges are com prised of fast/very fast 
im pulse current discharges to the ground w ith return stokes [3- 5 ].

G overnm ents establish  m eteorological stations to track the frequency of lightning 
events annually. The m ajority  of lightning strike-related dam age and disruption stem s 
from  the rapid discharge of electrical energy in the form  of flashes betw een clouds and 
the ground. In addition to the dam age to properties, m any people are killed by the cloud- 
to-ground discharges in  the w orld each year [6- 8 ]. These severe negative im pacts o f CG 
discharges to people and devices led to the designing of protective system s such as light
ning protection system s [1]. Pow er system  outages, forest fires, and livestock deaths are a 
few examples of lightning-related incidents. Nowadays, the behavior of lightning activities 
is m onitored by  various sensors and system s, w hich  are satellite-based or ground-based 
netw orks [9- 11]. A  lightning locating system  (LLS) is designed to accurately  locate light
n ing strikes and provide valuable inform ation for both private and governm ental sectors. 
M oreover, LLSs assist researchers in extracting essential characteristics and param eters of 
lightning strikes. Precise estim ation of CG  strike location is critical for applications that 
utilize LLS inform ation. It should be em phasized that various characteristics of lightning 
discharges can be extracted from  the captured data depending on the type of L L S em 
ployed [12]. L ightning locating  system s (LLSs) accum ulate extensive data on lightning 
activities, w hich can be applied in various practical contexts, including weather monitoring 
and prediction, geophysical research, and national pow er grid protection.

Single station lightning detection  sensors, such as lightning discharge counters, are 
only capable of detecting and tallying the instances of lightning discharges, w ithout accu
rately  locating the source of the radiation. H ow ever, the advent of m ulti-sensor lightning 
detection systems, w hich have been in use since the 1920s, has reduced the issues associated 
w ith single station LLSs. Russian physicist Popoff conducted the first measurements in 1895 
to study the electrom agnetic fields created by lightning at a distance. O ther scientists such 
as A ppleton, W atson-W att, and H erd also conducted research on radiation fields [13]. In 
subsequent years, more sensors w ere utilized to capture the entirety of the lightning channel 
and provide a m ore precise LLS. Rakov noted in  2013 that tw o com m only used lightning 
locating techniques for long-baseline system s operating in the LF/VLF ranges are the time 
difference of arrival (TD O A ) and m agnetic direction finding (M D F) m ethods [14]. M ost 
ground-based LLSs require more than one station (sensor) to accurately locate the lightning 
discharges [15]. The accurate lightning locating  system  based on different technologies 
inevitably includes several sensors.

1.1. Lightning Detection Techniques

Lightning tracking and m apping system has many applications in both academic and 
industrial sectors. The detected weather changes by the LLSs are used for understanding the 
physics of lightning discharges and global electric movements. M agnetosphere, ionosphere, 
and N O x generation studies also use the captured data by  the LLSs [16- 19].

L ightning m apping system s are closely  m onitored by w eather forecasters and re
searchers to study storm  patterns. The aviation industry is a m ajor user of LLSs, w ith air 
traffic controllers redirecting flights as soon as w eather hazards are detected. LLS alarm s 
are also equipped in fire detectors in forestry areas, outdoor activities, and sports facilities 
to w arn the public [20,21]. M any outdoor activities such as recreation centers and outdoor 
facilities such as transm ission lines can be influenced by  lightning [22- 25].

Various lightning detection sensors and system s possess their ow n advantages and 
draw backs. For instance, som e are capable of detecting cloud-to-ground lightning (CG) 
and other cloud activities, while others have limitations on their coverage areas and require 
an optim al num ber and location of m easuring stations. N evertheless, the advancem ents
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in  lightning detection techniques have helped researchers locate lightning discharges 
w ith m inim al detection errors. In the past three decades, lightning locating system s have 
undergone significant im provem ents, resulting in m ore accurate system s [26]. M odern 
ground-based LLSs are capable o f not only  locating lightning, bu t also determ ining its 
peak current and tracking cloud movem ents. Different w orking frequencies of LLSs reveal 
different flash characteristics, w hich is w hy they are installed in various frequency ranges 
to provide com plem entary inform ation about thunderstorm s. To establish  a correlation 
betw een annual lightning discharges and landform  distribution, such as topography and 
latitude, extensive research is necessary. It has been  observed that in certain  regions, the 
num ber of return strokes and lightning current am plitude increase w ith altitude.

Two w idely used lightning detection m ethods are m agnetic direction finding (M DF) 
and time difference of arrival (TDOA) methods, w hich have specific baselines based on the 
distances and locations of the stations relative to each other. It is know n that VLF sensors 
have a longer w avelength  com pared to V H F sensors, resulting in V L F radiations being 
able to travel farther distances than VHF radiations. VHF em issions are com m only emitted 
from clouds due to electrical breakdown, whereas VLF em issions are propagated by return 
strokes or k-changes and localize the CG activities [27]. The magnetic crossed-loop antenna 
is used to obtain the direction of the horizontal com ponent of the captured m agnetic field 
that is generated by a lightning discharge. Based on the construction of this antenna, tw o 
vertical and orthogonal loops w hile the planes are oriented N S (N orth-South) and EW  
(East-West) are designed to measure the magnetic fields and, therefore, find the direction of 
the discharge [28,29].

Loop antennas are w idely used in various applications, such as survival com m unica
tions, oil exploration, and geophysical research, as low -frequency sensors. These antennas 
can detect sensing m agnetic fields, w hich induce a voltage in the loops of the crossed-loop 
antennas. D ue to their sensitivity to m agnetic fields and not electric fields, these antennas 
are particularly  useful for m easuring m agnetic field variations. The induced voltages in 
the two loops are proportional to the derivative of the induced magnetic field com ponents 
perpendicular to the areas of the loops, m ultiplied by the area of the antenna (A).

The induced voltages in the loop are measured to obtain the magnetic field components. 
The m agnetic field in  parallel to the ground plane is generated by the vertical lightning 
discharge channel [30].

A ccording to the m ethod based on Faraday's law, the direction of the m agnetic field 
source can be determ ined by  m easuring the ratio o f the induced voltages in tw o loops. 
The line connecting the p oint of the lightning channel is at a right angle to this m agnetic 
field. The output voltage of each loop is proportional to the cosine o f the angle betw een 
the m agnetic field vector and norm al vector to the plane of the loop [31,32]. The first 
few  m icroseconds of the induced m agnetic fields by  the return strokes are em ployed to 
estimate the location for three reasons. First, the few m icroseconds of the return strokes are 
generated by  the last few  hundred m eters of the lightning channels. Second, it is know n 
that one of the strongest events in  lightning discharge is the return stroke, and it can be 
detected at large distances. M oreover, it is the return stroke that is of interest in connection 
w ith lightning protection. The third reason for using the first few m icroseconds of a return 
stroke is to avoid the errors caused by ionosphere reflections [33].

According to Lopez et al. [34] in 1991, Ortega [35] in 2007, and Chen et al. [36] in 2013, 
errors are included in  calcu lating the azim uth of arrival w aveform  to the crossed-loop 
antenna. Position and topography of the surrounding terrain, such as close metallic objects 
and tall structures are several possible site errors [37]. The time difference of arrival (TDOA) 
is a com m only used m ethod to detect lightning strikes. This m ethod involves installing 
synchronized m easuring stations to capture lightning flashes in different frequency bands, 
including VLF, LF, HF, and VH F ranges. However, as these systems capture various types of 
cloud activities, a separate algorithm  is needed to differentiate cloud-to-ground discharges 
from other types of cloud activities. By using the TDOA-based LLS in the VLF range, w hich 
is typically around 10 kHz, cloud-to-ground discharges can be detected exclusively [38- 40].
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The precise global positioning system (GPS) records the time of the detected lightning 
strikes w hen  receiving the signals. The tim e differences of the detected w aveform s are 
used to create hyperbolas around the m easurem ent stations, and the points of intersection 
of these hyperbolas determ ine the location of the lightning. M athem atical calculations 
require a minim um  of four measurem ent stations to obtain an unam biguous point for each 
calculation. A nother lightning detection technique is interferom etry, w hich  uses phase 
m easurem ent in a sm all bandw idth to determ ine the direction of lightning discharge [41]. 
A t least tw o detecting antennas w ith  d istance are needed in  such a system . Identical 
narrowband filters are connected to the receivers. The outputs of the receivers are processed 
by  the phase detector, w hich  generates a voltage. This voltage level is proportional to 
the phase differences of the signals that define a plane to locate the radiation source. A 
minim um  of three measuring antennas and two orthogonal baselines is required to calculate 
the azim uth and elevation of the source. R ecent lightning locating system s com bine m ore 
than one detection technique to provide surplus inform ation that localizes the C G s w ith  
low er distance error [41].

As M D F com putes the triangulation area of the radiation direction and TD O A  de
term ines the intersection of hyperbolas, a com bination of M D F and TD O A  is one of the 
best choices for a com bined LLS. Each technique can provide independent results and, 
finally, it is possible to find m ore accurate output by em ploying optim ization techniques 
such as particle sw arm  optim ization (PSO) [42]. The localization of lightning protection 
system s usually  relies on analyzing the CG  lightning flashes captured by  the lightning 
locating system . However, the accuracy of the M DF m ethod for determ ining the direction 
of field incidence can be affected by  factors such as site errors and local sensor conditions, 
including nearby objects, m etal fences, or other conducting m aterials [34,36,43].

1.2. M ain Lightning Detection Networks in M alaysia

In M alaysia, lightning is a significant cause of pow er outages. To address this issue, 
automatic lightning detection networks have been established, which enable the analysis of 
lightning strikes at both regional and local levels. The PSO-based LLS in this study utilizes 
a designed m ap that is autom atically  accessed by  the LLS program  from  online m aps as 
needed. O ne advantage of the designed LLS in this research is the use of a dynam ic and 
online map, unlike many other lightning locating systems like BOLTEK that rely on a static 
photo as the screen m ap. To obtain  a suitable m ap, com panies m u st be contacted and 
given the exact installation location of the antenna [44] . Static m ap p hotos are unreliable 
for locating lightning strikes, as the points on them  m ay not be accurate. A  dynam ic map, 
which allows zooming in and out to real places, is preferred. Lightning detection networks 
are typically ow ned by w eather forecasting com panies or w ell-equipped private research 
institutes due to their size and cost. Public individuals seldom  ow n such netw orks. It is 
crucial to warn the public of lightning strikes detected by LDNs, particularly those engaged 
in  outdoor activities. The aim  of this w ork is to address the aforem entioned gaps. The 
L ightning D etection System  im plem ented by  the M alaysian M eteorological D epartm ent 
(M M D ) com prises tw o sub-system s, nam ely the w ide area lightning localization sub
system (SAFIR) and the precision lightning m ethodology warning sub-system  (PLWS). The 
detection stations of these sub-system s report lightning data, detection station status, and 
auto-test data at intervals of every second and every 5 m in, respectively [39].

This research utilizes data from the lightning detection system (LDS) of the M alaysian 
M eteorological D epartm ent (M M D ) to determ ine lightning occurrences in Peninsular 
Malaysia. The LDS comprises eight sensors located at Bt. Tangga (Kedah), Bertam (Penang), 
Parit (Perak), Kuala K rai (K elantan), Jengka (Pahang), K lang (Selangor), Jasin  (M elaka), 
and M ersing (Johor). However, certain sites that are noisy and have obstructions, as well as 
uneven sensor spacing, are identified as w eaknesses of the lightning detection system.

The accuracy of a lightning detection system is influenced by various factors, including 
the types and num ber of sensors used, their placem ent in relation to each other, the topogra
phy of the sites, and the presence of obstructions and structures in the environment. At least
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three sensors are required to com pute lightning data, and they should be placed no farther 
apart than their nom inal range (200 km for VHF sensors). Placing the; sensors in a straight 
line is not recom m ended. In 1994, TN B R esearch (TN B-R) installed a lightning detection 
netw ork (LD N ) in Peninsular M alaysia to mitigate! the negative im pacts of lighrning on 
TN B equipm ent. TN B-R  has installed IM PACT ESP senaors at eight difeerent locations in 
M alaysia for lightning detection and fault: locrtion  estim ation. Continuous m onitoring of 
sensor perform ance is naeried out by  the lightning detection system  laboratory operated 
by  TN B-R. L ightning events and their locations are recorded by the L ightning Processor 
2000 (LP 2000) system , developed by Vaisala. H ow ever, these lightning lo c k in g  system s 
do not provide public access to the captured lightning data. The objective of this research is 
to tackle the issues associated w ith  lightning locating system s utilizing TD O A  and M D F 
techniques. To rchieve this, a hybrid TDOA and M DF m e th o l em ploying a particle swarm 
optim ization algorithm  is proposed as a PSO -based LLS, w hich  aim s to reduce errors 
associated w ith both TD OA and M DF techniques.

2. The Study Area and D ataset

M alaysia is situated close to the Equator and is divided into two main regions, namely 
Peninsular isialaysia or West M alaysia, and Hast M alaysia or M alaysie  Timur, w hich are not 
connected to each other. The largest states in  East M alaysia are Saraw ak rn d  SabaC [er]. 
M alay sia 'seastern  region is grograp hically  separuted from  Peninsular M alaycia Ty the 
South China Uea. Both regions lie w iihin the tropical lttituder, characterized by consistently 
h igh  tem peratures and hum idity  levels throughout the yeai. In addition to experiencing 
heavy rainfall, M alaysia also has d istinct m onsoon seasons in Che w estean p art o f the 
country from M ay to Octoben The annual temperature ranges aram 25 °C to 35 °C [a6 ]. The 
m onsoon regim e results in frequent rainiall throughout the year across the entire; country 
Peninsular M altysia has a mean annual rainfati ol around r5C0 mm, but each region Pas its 
ow n unique characteristics. Figure 1 displays the average yearly distribution of lightning 
discharges per square kilom eter using N A SA's lightning im aging sensor [47]. M alaysia is 
am ong the countries w ith the highest num ber of lightning strikes in the w orld.

0.1 0.4 1.4 5 20 70

Figure 1. Cont.

(a)
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Figure 1. (a) World lightning map; (b) Total lightning density of Peninsular Malaysia in (si) from 
Vaisala [47].

Figure 2 showo Peninsular M alaysia and the geographical location of the case study 
located in Skudai, Johor province, the southern part of Peninsular M alaysia [4 8,°9 ]. The 
objective of this resea rein is to analyz e the w aveform s obtained from  m easuring s°ationo 
to determ ine the occurrence of CG discharges usm g an im plem ented LLS. The stat e of1 
Johor, w here the study w as conducted, has a clim ate sim ilar to other states in M alaysia, 
characterized by  frequent rainOall throughout fha year. The w ettest m onths in this area 
are A pril, O ctober, N ovem ber, and D ecem ber. The m easurem ent stations include IVAT 
station (1.560447,103.643542), B11 station (1.557839,103.635694), and VAN station (1.565997, 
103.633469).

Figure 2. Peninsular Malaysia and geographical location of the case study located in Skudai, 
Johor province [50].
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Lightning locating  system s have been  used by m any countries to collect data on 
lightning for the purpose a f m apping CG  flashes. "The coveaage area o f an  LLS depends 
on tha num ber of stations and frequency ranges used. For this research, a  400 l<m2 area 
centered oo the IVAT station (1.560447,103.643542) w as chosen as the study area, as shown 
in  Figure 3 . The latitude and longitude coordinates of the vertices o f the study area are 
listed below:

1’40'N

1*35̂

■o

1-30TM

i - TJHIJM wnmmur 
__________________ 20  k m

13)

bkmj 
11 mi I

A
)

C

KuTar

V

Pulai

Cr ]

. f  V . _
Senai
Taman Senai 
“^Utama
Taman Am an

IVAT Station  
Unj/erslti 
Tefcnologi

Taman Skudai 
Pulai Utama

Taman Ungku
Tun Aminah

Bandar 
Uda Utama

B

Taman Puteri 
Wangsa

n^v 
: <

lar
Jda

%

•*I) Johor Balu
- "OK fl—« WGA W

103‘30-E 103‘35'G 103‘40'E 103M5’E
Longitude

Locations of Stations on the MAP

1.566 ♦
Station 3 (VAN)

1.564

•g 1.562

ra

1.56

1.558 m
Station 2 (B11)

1.556
103.632 103.634 103.636 103.638 103.64 103.642 103.644 103.646

Longitude

Figure 3. Coverage area of designed lightning locating system with respect to IVAT station (1.560447, 
103.643542).

A = 1.650912,103.553678,
B = 1.650912,103.733406,
C = 1.469982,103.553678,
D = 1.469982,103.733406.
Kulai Toll Plaza in the Kulai region is where Position A is located. Position B is situated 

in the Tebrau area, which is on the east side of Senai International Aieport and 10 km away 
from it. Jeram  Batu area is w here Point C is located, adjacent to the Sungai Pulai river and

*
Station 1 (IVAT)
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near Kam pung Jelutong Tengah. Johor City is where Location D is situated. IVAT station at 
the U niversity Technology M alaysia (UTM) is considered the central location.

Calibration o f  Lightning Locating Sensors

To ensure that the lightning detection equipm ent w as uniform , all three lightning 
locating sensor systems w ere placed at the IVAT station for calibration purposes. The goal 
o f this calibration test w as to confirm  that all the hardw are equipm ent used for lightning 
detection w as identical. To achieve this, three sets of crossed-loop antennas w ith  their 
am plifiers and three sets of p arallel plate antennas w ith  buffer circuits w ere installed at 
the IVAT station. The tim estam ps w ere saved and synchronized using G PS cards (model: 
G PS180PEX ) to ensure accurate tim e and location data for the TD O A  m ethod. The G PS 
cards w ere chosen for their ability to provide m ore precise tim e and location inform ation.

The system used GPS cards with a resolution of 100 ns, w hich provided high-precision 
tim e synchronization. The three crossed-loop antennas had the sam e size, shape, and 
m aterials, and the V LF am plifiers w ere designed w ith  identical com ponents to ensure 
consistency. It is im portant to m ention  that in a lightning locating system , the length of 
cables and w ires from  the antennas to data loggers should be the sam e at all stations. 
Figure 4 illustrates the d iagram  of the calibration system  installed  for this study. The 
primary objective of the calibration process was to ensure that all the VLF and VH F sensors 
could detect the CG lightning activities at the same time w ith m inim al delay. The i nstal led 
system  at the IVAT station w as tested using incom ing lightning strikes.

Figure 4. Schematic of calibration process of the sensors at IVAT station installed at Universiti 
Teknologi Malaysia, Johor (VHF and VLF bands).
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In  this study, the V L F system  captured six w aveform s u sing three crossed-loop an
tennas, w hile the V H F system  captured electric fields using three parallel plate antennas. 
These waveform s were then analyzed in MATLAB software to determine the signal delays.

Figure 5 presents three electric field records of a cloud-to-ground lightning flash with 
500 ms of time frame detected by antennas 1 ,2 , and 3 at 15:47:11.2534810 (hour:minute:second 
100 ns of time precision). All three GPS cards saved the same timestamps, w hich means the 
possible delay tim e is below  100 ns (GPS resolution). The delay tim e of 1 ns indicates that 
the signal has traveled 0.3 m in distance. Hence, if the delay time is 100 ns, it m eans there is 
a d istance error of 30 m. Therefore, M ATLAB softw are w as utilized to analyze the signals 
and determ ine the precise tim e delay.

(a)
Antenna 2

-0 .15  -0 .1  -0 .05  0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (s)

(b)
Antenna 3

Time (s')
(c)

Figure 5. Electric field record of a cloud-to-ground lightning flash with 500 ms of time frame detected 
by antennas 1 (a), 2 (b), and 3 (c), respectively.
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The zoom  in of the first return stroke (tim e zero) of three captured electric fields 
in  F ig u re t  is presented in Figure 6  to th e ck  the possible delay betw een the w aveform  s. 
In  Figure 5, the delay betw een the captured w aveform s by  antennas 1 -2 , 1 -3 , and 2 -3  
w ere 50 ns, 55 rts, and 50 ns, respectively. C orresponding m agne6ic fields to all electric 
fielda in Figure; 5 at a sm ila r  time were captured by crossed-loop antennas. The drlay time 
between each pair of six magnetic field signals w as calculated and analyzed ecing MATLAB 
softw are. M athem aticrl calculations w ere used to find the exact d e lry  tim e betw een the 
si^oals, as the w aveform s had a rem arkable resem blance to each other.

8 -6 -4 -2 0 2 4 6 8
Time (s) * 10'

Figure 6 . Zoom in of fitst teturn stroke of three detected electric fields by antennas 1, 2, and 3 in 
Figure 5 (shifted in Y axts go show thtee wavegorms) .

"The calibration test has been repeated for 20 CG lightning events and an average delay 
time of 50 ns w as reported. Therefore, it can be said that the additional delay time w as due 
to d ifferent system  characteristics o f the stations, electronic com p onent's characteristics, 
and ohher inconsistencies such as differences m  the cable length b rtw een  ghe em ployed 
equipm ent at the stations. The delay tim e observed w as very low, and it w ts  less than the 
resolution of the GPS cards used, w hich w as 100 ns. H ence, this delay time w as ignored in 
this research.

3. M eth odology
3.1. Com bined  Techniques

The tim e of occurrence of the first return stroke is extracted by high-resolution GPS 
antennas. The G PS cards are responsible for capturing accurate time and these timestamps 
are used in the TD O A  m ethod. The photos of the G PS card and its antenna are presented 
in  Figure 7 . This PC I Express slot card w as the best choice for adding a h ighly accurate 
time base to the server and workstations. GPS180PEX is a low-profile board for computers 
w ith  a PCI express interface. The rear slot cover integrates the antenna connector, a BN C 
connector for m odulated tim e codes, a 9-pin D_SUB m ale connector, and two status LEDs. 
The resolution of pulse outputs is 100 ns.

The M D F m ethod can provide the location of the discharge w ith  a m inim um  of 
tw o sensors bu t the location error is expected to be dependent on the distance growth. 
H ence, it is necessary to decrease the site error by  adding extra m easuring stations. M DF 
triangulation and TDOA have been im plemented in the current study. Due to the limitations 
and distance errors associated w ith each method based on the topology of the stations, it is 
proposed in this study to combine the im plem ented algorithms to optimize the results and 
achieve the localization of the lightning point w ith the low est possible error. The azim uth 
error of each crossed-loop antenna should be taken into consideration. If a three-station 
M D F system  is used, each antenna provides a lightning direction w ith  bearing errors,
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resulting in intersecting lines at each station that determ ine a location area, as show n in 
Figure 8 . The site error is caused by the nearby structures, such as buildings, pow er lines, 
and cables. On the contrary, the total random  error arisen from non-vertical channels, the 
noise of background, and M DF electronics is usually 1 -2°.

Figu re 7. GPS180PEX: (a) Low Profile G PS Clock (PCI Express); (b) GPS antenna installed on the roof.

Figure 8 . Location errors of1 three magnetic loop antennas with bearing; errors of the incoming 
waveforms.

The TDOA based on three stations m ay produce m ore than one result (one real point 
and one or m ore am biguous points). Regarding the localization m ethods, to m ake use of 
the intersection of hyperbolas in the TD O A  m ethod, it is required to install a t least four 
stations to m easure lightning flash to provide one unam biguous solution. These results 
provide other candidates for the PSO algorithm.
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3.2. Particle Swarm Optimization (PSO)

A ccording to the references [51- 53], PSO as an artificial intelligence (AI) technique is 
em ployed to find the approxim ate point of the lightning strike using available particles. 
The PSO algorithm  em ploys a population of individuals to explore promising regions of the 
search space in a synchronous manner. In this algorithm , the population is referred to as a 
swarm, and the individuals or search points are called particles. Each particle in the swarm 
represents a candidate solution in the optim ization problem . The PSO  algorithm  enables 
particles to explore the search space b y  adjusting their position  through an adaptable 
velocity. D uring this process, particles take into account their ow n experience as w ell as 
that of their neighboring particles. They also retain the m em ory of the best position they 
have encountered. This way, each particle utilizes its own and its neighbors' best positions 
to position itself towards the global minimum. The effect is that particles "fly " towards the 
global m inim um , w hile still searching a w ide area around the best solution [51- 53]. The 
perform ance of each particle (closeness of a particle to the global m inim um ) is m easured 
according to a predefined fitness function, w hich is related to the problem  being solved.

Eberhart and Kennedy in 1995 developed PSO as a global optimization technique [54- 56]. 
PSO  exhibited  good perform ance in finding solutions to static optim ization problem s. A 
particle sw arm  optim ization algorithm  w as applied  in this study as the com bination 
m ediator to find the optim um  point of the lightning strike. PSO is a search engine w hose 
w orking principle is based on the social inform ation sharing of a sw arm  [57- 59].

PSO models the swarm as particles existing in m ulti-dim ensional space. These particles 
m aintain  a record of their personal best position  and have know ledge of the global best 
position. Com m unication am ong particles in the swarm occurs by m odifying their position 
and velocity [60]. In order to give a better understanding of developing the PSO .algorithm, 
a flow chart is presented in Figure 9 as the basic or standard PSO.

( Start )

Initialization

Initialization of Particles

Iteration<Max Iteration
&

\  Counter <Max Counter 

Yes
Fitness of Function

Find Pbest and Gbest

Get Velocity

Update Particles

1
Iteration = Iteration +1

( End )

Figure 9. Particle Swarm Optimization search engine flowchart.
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First, the algorithm  starts by initializing all the related param eters that will be used in 
the algorithm . D epending on the num ber of tuning param eters, a set of particles w ill be 
initialized. The initialization w ill be based on the calculated num bers and random  values. 
The random  values are obtained using the defined range of search, w hich  is set in the 
earlier stage (see Equation (1)). During particle initialization, the fitness of each param eter 
w ill also be evaluated.

initialization = range min + (range m ax — range min) x  random  num ber (1)

A fter the in itializations, the PSO  w ill start its search for finding the param eter that 
gives optim um  perform ance.

3.3. D istance and A zim uth

Azim uth in the context of a navigation system refers to the horizontal angle measured 
in  a clockw ise direction from  a north reference line. The azim uth of a point can be m ore 
generally defined as an angle from a fixed reference point due to north. The geographical 
distance is the distance measured along the surface of the earth. Knowing the distance and 
azim uth to a reference point, it is possible to calculate the location (longitude and latitude) 
of a new  point relative to that reference point. We suggest the application of the available 
azim uth and distance form ulas be used in this research to provide auxiliary points for the 
PSO algorithm  (see Figure 10).

Figure 10. Assumed red circle points (longitudes, latitudes) around the MDF triangle with certain 
distances (based on the settings) as inputs for the particle swarm optimization algorithm.

3.3.1. Distance and A zim uth C alculations betw een Two Coordinates on M ap

D eterm ining the distance and az im u th b etw een  tw o locations is a crucial aspect of 
spatial analysis in  various fields such as indu siry  and research. This section outlines the 
basic concepts and m ethods involved in calculating the geographic distance and azim uth. 
The m athem atical calculations in this study w ere according to coordinates (longitude and 
latitude), w hich w ere used in G PS devices and m aps. There w ere tw o essential form ulas 
for finding the distance and azim uth betw een two points.

3.3. 2 . Azim uth C alculation

The reference plane for an azim uth is typically  through the north, m easured as a 
0° azim uth, though oZher angular units (grad, m il) can be used. M oving clockw ise on a 
360-degree circle, the east has an azimuth of 90°, the south 180°, and the w est 270°. There is 
a command in MATLAB that calculates the azim uth between two coordinates as presented 
on Equation (2) [61]. C onsider tw o pointsi X and Y. P oint (X) includes (X_lai,X _lon) and 
Point (Y) contains (Y_lat,Y_tonO Xolat is the latitude of p o itt  X (for exam ple 1.560973°) and
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X_lon is the longitude of point X (for exam ple 103.643110°). Y_lat is the latitude of point Y 
and Y_lon is the longitude of point Y,

Angle (0 or "Y  regards to X ")  =  Azim uth (X iat, X^n , Yiat, Yion) (2)

A ngle is the calculated angle 0 w ith reference to the North at point (X).

3.3.3. Distance Calculation

The form ulas in  this section calculate the distance betw een tw o points, w hich  are 
defined by  the geographical coordinates in term s of latitude and longitude.

Consider two points X and Y:
Point (X) is (X iat, X h n), point (Y) is (Yiat, Yh n). XUt is the latitude of point X (for 

exam ple 1.560973°) and Xion is the longitude of point X (for exam ple 103.643110°). W hile
Yiat is the latitude of point Y and Yion is the longitude of point Y, and " n "  is 3.1415. 

C onvert those to radians,

X iat(r)=  Xiat x  (n / 180) (3)

Xion(r) =  X ion x  (n / 180) (4)

Y iat(r)=  Yiat x  (n / 180) (5)

Yion (r ) =  Yion x  (n / 180) (6)

abs is the absolute value of the num ber inside the parenthesis.

Londif_XY =  abs (Xion (r) -Y ion  (r) (7)

acos stands for Arccosine of the value inside the parenthesis.

Radian_distance =  acos (sin (X iat(r)) x  sin (YM (r)) )  +  cos (X ia t(r ))x  
cos (Yiat(r) x  cos(Londif_XY)) (8 )

Naut_distance =  Radian_distance x  (3437.74677 ) (9)

Distance_meter =  Naut_distance x  (1852) (10)

A  distance m eter is a unit of m easurem ent used to quantify the distance betw een two 
points in m eters. By utilizing the equations presented in Equations (3) to (10) for distance 
and Equation (2 ) for azimuth, the distance and azim uth between two coordinates on a map 
can be calculated.

3.3.4. Creating N ew  Points from a Reference Point (Center of M DF Triangle) Based on 
K now n D istance and Azim uth

It is possible to find the longitude and latitude of a new point referring to a reference 
p oint if the d istance and azim uth to that reference p oint are know n. The reference point 
in  this study is the center p oint of the M D F triangle. Equations (11) to (16) show  the 
m athem atical calculations for finding the second point w ith  an im agined distance and 
azim uth w ith regards to point X (considered as the reference point) [61].

C onsider tw o points X and Y. It is required to find the longitude and latitude of a 
new point (Y), w hich has a distance of D istancemeter in m eter and Angle (0) in degree with 
reference to point X. Sind and cosd are Sine and Cosine of the values inside the parenthesis.

D (X ) =  D istancemeter x  sin d (0 ) (11)
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D (Y ) =  D istancemeter x  co sd (0 ) (12)

A (L ongitud e(Y )) =  D (X )/ (111320  x c o s d (X lat)) (13)

A (L atitu de(Y )) =  D (Y )/ (110540) (14)

Longitude(Y ) =  Xlon + A (L ong itu d e(Y )) (15)

Latitu de(Y ) =  Xlat + A (L atitu d e(Y )) (16)

Ylat is the latitude of point Y  and Yjon is the longitude of point Y. The new  calculated 
point is Point (Y) =  (Ylat, Ylon).

3.4. PSO -Based Lightning Locating System

O ptim ization of the findings and results from the M DF m ethod, TD OA m ethod, and 
auxiliary points requires a m athem atical technique. The LLS utilizes a com bination of two 
or three detection m ethods to solve optim ization problem s. M any optim ization problem s 
have used the particle sw arm  optim ization algorithm  as a relatively new, m odern, and 
pow erful m ethod for optim ization issues. It is w idely  used to find the global optim um  
solution in a com plex search space. The PSO  algorithm  w as em ployed to optim ize and 
suggest the accurate location of the lightning strikes based on the available results. The 
performance of the PSO-based algorithm is known to be affected by the arrangement of the 
searching process [62,63]. Figure 11 illustrates the flow chart of a com bined LLS, w hich is 
em ployed in the current study. M uch efforts have been made to design a suitable algorithm 
to filter the cloud activities and find the CG  discharges. The detected w aveform s are 
classified using discrim ination m ethods and techniques as in Ref. [38].

Table 1  shows the results of the M D F and TD O A  m ethods, w hich w ere used to form  
the input particles for the PSO  initialization. The position of each particle is represented 
by  a vector of param eters to be optim ized. These param eters could represent values for 
variables in  a m athem atical function or param eters in  a m achine learning m odel. The 
particles are usually random ly generated within the search space, and their initial velocities 
can also be set random ly or uniformly. It is im portant to ensure that the initial particles are 
diverse enough to explore different regions of the search space, w hile also being sufficiently 
close to prom ising regions to converge quickly. A dditionally, the num ber of particles is 
another param eter that needs to be carefully chosen to balance betw een exploration and 
exploitation. A  m inim um  of 30 particles w ere determ ined based on the selected study 
area of the LLS. The possible input particles w ere added to the PSO  algorithm  to improve 
accuracy and reduce com putation time.

The PSO  algorithm  starts w ith  a set of particles or solutions and iteratively  searches 
for the optim al solution by  u pdating the generations. In each iteration, the particles are 
updated by considering two "b est" values. The first one is the best solution (fitness). It has 
been  achieved so far (the fitness value is also stored). This value is called pbest. A nother 
"b e st"  value that is tracked by the particle sw arm  optim izer is the best value, obtained so 
far by any particle in the population. This best value is a global best and called gbest. The 
particles are updated at each iteration and m ove to the result as presented in  Figure 12. 
The calculated point w ould then be selected as the w inner of PSO , if the answ er point 
w as better than the best answ er of the last loop. The loop w ould continue until reaching 
the target or passes the m axim um  epoch. M ax epoch refers to the m axim um  num ber of 
iterations or generations that the algorithm  w ill run. It is a param eter that is set before 
running the PSO algorithm  and controls how long the particles w ill search for the optimal 
solution. The num ber of epochs is typically  set based  on the com plexity  of the problem  
being solved and desired level of accuracy.
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GPS Antennas

CG Discrimination Algorithm

Optimizati on Algorithm

Figure 11. An overview of a methodological flowchart of the combined lightning locating system. 

Table 1. Initializing the PSO algorithm.

MDF Method 
(7 points)
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Table 1. Cont.

Initial Points (Particles)

TDOA Method 
(2 or more points)

Using Azmuth and Distance 
(16 points)

All input points 
(latitudes and longitudes)

Points

• • or more

In  the current research, the m ax epoch of 100  w as selected based on several experi
m ents. Setting  the coverage range for a P SO  algorithm  depends on the specific problem  
being solved and objectives of the optimization. Generally, the coverage range refers to the 
range of values that the particles are allow ed to explore during the optim ization process. 
This range can be defined by  setting appropriate boundaries for the particle positions, 
velocities, and acceleration coefficients. A s m entioned in Figure 3 , the case study is the 
coverage range for the PSO  algorithm  in  this research. The next step in the flow chart of 
PSO in Figure 12 is assigning m atrices of data. The positions and velocities of particles are 
represented as vectors of num erical values, w hich  can be thought of as m atrices. These 
vectors are updated in each iteration of the algorithm , based on the particle 's ow n best 
position and the global best position in the sw arm . The particle 's position and velocity  
vectors are used to evaluate the objective function of the optim ization problem , and to 
determ ine the new  position and velocity in the next iteration. Therefore, the use of vectors 
is essential to the im plem entation of PSO . Then, the targets are set in the flow chart in 
Figure 12. The target is to optim ize a given objective function. The particles in the swarm  
ad just their position and velocity  based on their personal best and global best values in 
order to converge tow ards the optim al solution. The target of PSO  is to find the global 
optim um  solution by iteratively  u pdating the positions and velocities of particles in the 
sw arm . Evaluating the particles is the next step in Figure 1 2 . E ach  candidate solution 
in  PSO  is represented by a particle that undergoes an iterative evaluation process based 
on  a fitness function tailored to  the optim ization problem . The fitness function is used to 
assess the quality of the solution proposed by  each particle. The iteration continues until 
a stopping criterion is m et, such as the convergence of the fitness function or reaching 
the m axim um  num ber of iterations. Subsequently, the particles ad just their position and 
velocity  based  on their personal and global best to seek a m ore optim al solution. The
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winner is the optimal solution to the given problem in this algorithm. In PSO, each particle 
represents a potential solution to the problem  and is evaluated using a fitness function 
that m easures its quality. The "g b est"  refers to the global best position or solution found 
by  the sw arm  of particles. This represents the best solution found by  any of the particles 
in  the sw arm  so far. The particles use the gbest as a guide to ad just their position and 
velocity towards a better solution. The gbest is updated as new, better solutions are found 
by the particles in the swarm. The particles adjust their position and velocity based on their 
individual experience (personal best) and collective experience of the sw arm  (global best) 
to m ove tow ards the target solution as show n in Figure 13.

Figure 12. Flowchart of PSO settings and calculating process to find lightning; strike point.
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(e)

Figure 13. Sample of moving particles in PSO algorithm (a-h).

4. Results

In the preceding section, the approach for the lightning locating system  w as outlined. 
This section, however, focuses on the outcom es obtained from  the proposed m ethod. The 
experim ental results are based on the m easurem ents m ade using the proposed methods;. 
If the w aveform  w ere recognized a s a CG  signal, then the signal w ould be packed w ith  
its correspond ing tim estam p and sent to the server station; otherw ise, the signal w ould 
be rejected, and the system  w ould  be ready to sense another lightning flash. Figure 13
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presents a sam ple o f m oving particles in the PSO  algorithm . N ote that only  several steps 
of the algorithm  are illustrated  in Figure 1 3 . A ll 30  input points for initializing  the PSO  
algorithm  w ere extracted based  on M D F triangle, TD O A  m ethods, and A zim uth and 
D istance. These points are in itial points for the PSO  algorithm . The PSO  controlling
param eters are tabulated in Table 2 .

Table 2. Controlling Parameters of the PSO Algorithm.

Name Number

Inputs (latitude, longitude) 2

Particles 30 (±1)

Max Epoch 100

PSO algorithm 's loop starts by checking the num ber of counters and iterations. Then, 
the fitness function w ill be evaluated to find the best particle (PPbest) in that iteration. The 
process involves evaluating the fitness function of each particle during iterations and 
selecting the one w ith  the best perform ance index as P  best. Then, the P  best is com pared 
w ith the previous global best (g best) to find the new g best. It will set as a new g best if it is 
better, if not, the previous g b est w ill rem ain. A fter that, a new  velocity  and position w ill 
be calculated. The new  velocity  is obtained using Equations (17) and (18) w ith  an inertia 
w eight (W ). The new  particle position is obtained by sum m ing the current position w ith 
the new velocity value as expressed in Equation (19) (particle update rule). These steps are 
repeated until the stopping criteria are achieved.

Wk = W max — (iteration x  (Wmax — W min)/m ax iteration) (17)

V i,k+1 W kV i,k +  C 1 x  r1 x  (PPbest,i,k X i, k) +  C 2 x  r2 x  (Pgbest,i,k Xi,k)
tatertm  : W kV i,k (18)
PersonalInfluence : C i x  ^  x (PPbest,i,k — X i, k)
SocialInfluence : C 2 x r2 x  (Pgbest,i,k — Xi,k)

Xi,k+1 = X i,k + V i,k+1 (19)

where,
Vi,k = Velocity of the ith  individual at iteration k.
W k = Inertia w eight at iteration k.
r1 and r2 = uniform  random  num bers of [0 , 1].
C 1 and C 2 = acceleration factor betw een 0 and 2.
X i,k = Position of the ith individual at iteration k.
PPbest, i,k = Best position of the ith individual at iteration k.
Pgbest, i,k = Best position of the group until iteration k.
The PSO is initialized and then searches for optima by updating generations, as shown 

in Figure 13a. Updated candidate points in the PSO algorithm are presented in Figure 13b-h . 
The green circle is the real answ er of the system .

4.1. Lightning Data

Lightning flash activities w ere m onitored continuously in the study area, and the 
lightning locating systems recorded inform ation such as location and time of discharge. This 
study focuses only on the cloud-to-ground discharges using the discrim inating algorithm , 
w hich finds the CG  discharges am ong all the cloud activities. The m onthly CG  lightning 
flashes for two months (November and December) are illustrated in Figure 14. All-day and 
night CG  lightning discharges w ere collected to map the trend of the w aveform s.
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(^) O ctober

Longitude

(b) Novem ber

Longitude

Figure 14. Lightning discharges around and within the study area; (a) October, (b) November.

D uring the tw o m onths u nder study, a high num ber of lightning discharges w ere 
detected. In order to im plem ent the M D F-based LLS for a local area, three M D F sensors 
w ere installed at U niversiti Teknologi M alaysia in Johor. 'Tine lightning discharges w ere 
sensed by  crossed-loop antennas at the stations. The installed crossed-loop antennas 
in three stations provided three available know n param eters for the LLS system  at each 
incom ing waveform. The detected w aveform s were then saved continuously at each station. 
The M DF m ethod .was em ployed to find the direction of incom ing w aveform s. Three lines 
w ere then draw n based on calculated aneles in the M D F m ethod, w hich are a  line w ith  
angle (0 ivat or tp/AT +  180), a  line w ith  angle (6311 or 6311 +  180), and a line w ith  angle 
(O_van or 0_van + 180). The intersectione of the iines formed a triangle where the lightning 
strike w ould be inside or around this triangle.



Remote Sens. 2023,15, 2306 22 of 30

The M DF method can have bearing errors that can cause angle deviations in lightning 
locating systems. This can result in situations where the lines drawn at each station do not 
intersect, especially  w hen the d istance betw een the stations is relatively short. To solve 
this problem , in this research, up to ± 5 °  of error w as autom atically  added to the M D F 
calculation for getting the intersections of three draw n lines at the stations. The installed 
high-resolution G P S antennas provided three know n param eters for the L L S system  at 
each incoming waveform. These available parameters are tIVAT, tB11, and tVAN. The TDOA 
method used the time difference of arrivals in three stations (AtivAT-B11, AtIVAx—VAN and 
AtB11—van) to form  the hyperbola equations to find the lightning strike point. In som e 
conditions, hyperbola equations produced by only three sensors w ill result in two or more 
solutions or points, thus leading to am biguous locations. The longitudes and latitudes 
of the points in M D F and TD O A  m ethods had been  extracted for the PSO  algorithm . To 
calculate the average distance error of this system , only the captured lightning discharges 
inside the study area w ere considered.

4.2. Inter-Com parison Analysis o f  the PSO -Based LLS with an Industrial LLS in M alaysia

Com paring different lightning locating system s (LLSs) can be challenging since these 
system s operate at different frequency ranges, and therefore, m ay detect different aspects 
of lightning processes or flashes [64] . D ifferent LLSs em ploy various technologies and 
detection  m ethods such as optical m ethods or radiofrequency signals. H ence, careful 
consideration is required to compare the performance of the lightning locating systems. The 
lightning strikes that were detected by the PSO-based LLS during the months of December 
and M arch were selected for com parison w ith another industrial lightning detection system 
during the sam e tim e periods. The results of the com parison w ere presented in  Table 3 , 
w hich provides statistical analysis of the lightning strikes detected by both the industrial 
LLS and the PSO -based LLS proposed in this study. This section focuses on the num ber 
and abundance of detected lightning flashes by  both  system s. The last colum n contains 
the distances betw een tw o points (PSO -based LLS and Industrial LLS). The tabulated 
lightning strikes in  Tables 3  and 4  are illustrated in Figures 15 and 1 6 . The accuracy of a 
lightning detection system  depends on several factors. Am ong them , the type and num ber 
of installed sensors, location of the sensors in  relation to each other, sites' topography, 
surrounding obstructions, structures, and environm ent. Three stations are the m inim um  
requirem ent for an LLS to compute data. Therefore, the sensors should not be placed apart 
m ore than their nom inal range (200 km  for Very H igh Frequency (VH F) sensors), and it 
would be a bad strategy to place them  all in a straight line.

Table 3. Comparison of detected lightning flashes by PSO-based LLS and an industrial LLS 
in December.

PSO-Based LLS Industrial LSS
Date/Time Latitude Longitude Latitude Longitude Distance (m)

12-03/15:29:14.163 1.5093591 103.6379967 1.506859064 103.6365967 318.4
12-03/15:42:34.914 1.5183886 103.6292662 1.515788555 103.6225662 798.4
12-03/15:45:57.534 1.5497226 103.5972683 1.541122556 103.5952683 981.1
12-03/15:48:48.119 1.5553253 103.5813473 1.551825285 103.5791473 459.3
12-03/17:11:06.575 1.5463129 103.6529084 1.545912862 103.6473084 623.6
12-05/15:29:54.140 1.5382352 103.5765613 1.535335183 103.5718613 613.5
12-05/15:51:48.575 1.5011071 103.6047925 1.493307114 103.5969925 1225.5
12-05/15:53:31.207 1.5542215 103.5831449 1.544521451 103.5738449 1493.0
12-05/15:54:35.355 1.5710994 103.5705550 1.567799449 103.5651550 703.0
12-05/16:18:16.281 1.5948595 103.7283786 1.588959455 103.7208786 1060.1
12-05/16:35:36.495 1.6393911 103.6984139 1.636291146 103.6970139 377.9
12-05/17:06:06.618 1.6164738 103.6979654 1.611473799 103.6963654 583.3
12-06/12:26:13.807 1.4748742 103.6970687 1.471374154 103.6903687 839.7
12-06/12:41:42.274 1.6144218 103.6956172 1.606521845 103.6910172 1015.7
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Table 3. Cont.

Date/Time
PSO-Based LLS 

Latitude Longitude
Industrial LSS 

Latitude Longitude Distance (m)

12-06/13:01:06.473 1.6389945 103.6655620 1.638494492 103.6650620 78.6
12-06/13:17:41.495 1.6043931 103.5622202 1.599493146 103.5619202 545.5
12-10/15:12:29.891 1.6063280 103.7305589 1.601528049 103.7288589 565.8
12-10/15:21:25.714 1.6504658 103.6904365 1.642965794 103.6849365 1033.3
12-10/15:24:04.761 1.6468106 103.7104904 1.646010637 103.7007904 1081.1
12-10/15:26:28.987 1.5820068 103.7200615 1.580706835 103.7173615 332.9
12-15/16:54:06.940 1.5959161 103.6452386 1.588716149 103.6436386 819.6
12-18/18:27:07.548 1.5785293 103.6357051 1.570029259 103.6337051 970.3
12-18/18:30:28.760 1.6080253 103.6178829 1.602325320 103.6158829 671.2
12-18/18:32:41.326 1.5582600 103.7179885 1.553359985 103.7084885 1187.4
12-18/18:46:44.190 1.6031632 103.6327409 1.595763206 103.6228409 1373.1
12-18/18:49:20.753 1.5866248 103.5751790 1.582824826 103.5659790 1105.7

Average 802

Table 4. Comparison of detected lightning flashes by PSO-based LLS and an industrial LLS in March.

Date/Time
PSO-Based LLS 

Latitude Longitude
Industrial LSS 

Latitude Longitude Distance (m)

03-03/16:17:47.408 1.498726555 103.6058353 1.498801555 103.6050853 83.7
03-03/16:18:57.490 1.475235751 103.6050851 1.475010751 103.6028351 251.2
03-03/16:25:25.253 1.472001384 103.6021685 1.473001384 103.6031685 157.1
03-08/18:13:21.474 1.553102872 103.5571763 1.553382872 103.5599763 312.6
03-16/12:14:08.584 1.517029717 103.60079 1.516539717 103.59589 547.0
03-16/13:09:58.838 1.551242461 103.7044218 1.554592461 103.7010718 526.3
03-16/13:23:57.110 1.578575418 103.5594308 1.579030418 103.5639808 507.9
03-17/12:08:16.645 1.515875604 103.6359874 1.515470604 103.6400374 452.1
03-17/12:09:54.275 1.535540296 103.7103542 1.537540296 103.7083542 314.2
03-17/12:24:10.487 1.557225164 103.616924 1.557665164 103.612524 491.2
03-17/12:31:21.232 1.535005266 103.6506135 1.534510266 103.6555635 552.6
03-18/14:52:22.154 1.491793328 103.6890671 1.492443328 103.6897171 102.1
03-18/14:55:29.019 1.534398082 103.6747867 1.534473082 103.6740367 83.7
03-18/15:05:11.365 1.501574321 103.5724458 1.501534321 103.5720458 44.7
03-18/16:11:18.764 1.639561402 103.683245 1.643561402 103.687245 628.5
03-19/16:08:30.028 1.492144746 103.7281663 1.492234746 103.7290663 100.5
03-19/16:20:39.706 1.535748372 103.6222458 1.535608372 103.6208458 156.3
03-19/16:22:25.204 1.508182058 103.5889977 1.510482058 103.5866977 361.4
03-19/16:24:00.767 1.52143029 103.5768302 1.52173029 103.5798302 334.9
03-19/16:31:41.387 1.484294484 103.5625046 1.483854484 103.5669046 491.2
03-19/16:32:18.064 1.640890988 103.6688524 1.643740988 103.6660024 447.8
03-19/16:32:45.647 1.63659912 103.701985 1.63696412 103.698335 407.4
03-19/16:33:31.099 1.471336762 103.6097917 1.470891762 103.6142417 496.8
03-19/16:51:00.005 1.572182043 103.5927705 1.574932043 103.5955205 432.1
03-19/16:54:43.111 1.517641053 103.6929289 1.518006053 103.6892789 407.5
03-19/16:54:43.530 1.647467983 103.6425267 1.647112983 103.6389767 396.3
03-20/15:00:09.489 1.516248946 103.7181735 1.516473946 103.7159235 251.2
03-20/16:40:04.496 1.603316676 103.5625474 1.602821676 103.5575974 552.6
03-21/16:58:17.307 1.502410723 103.7232993 1.505910723 103.7267993 549.9
03-21/17:00:05.290 1.596392045 103.719162 1.596692045 103.722162 334.9
03-21/17:03:25.651 1.553462548 103.7225846 1.553327548 103.7212346 150.7
03-21/17:23:06.339 1.614956335 103.7190187 1.619556335 103.7144187 722.7
03-21/17:24:43.791 1.629298612 103.6969697 1.629588612 103.6998697 323.7
03-28/16:03:29.746 1.492877417 103.6197889 1.492792417 103.6206389 94.9
03-28/16:08:32.648 1.591213546 103.6104063 1.592263546 103.6093563 165.0
03-28/16:17:38.017 1.496498617 103.5685041 1.496638617 103.5671041 156.3

Average 344
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Longitude

Figure 15. Locations of lightning events detected by PSO-based LLS and another industrial lightning 
detection system in December.

Longitude

Figure 16. Locations of lightning events detected by PSO-based LLS and an industrial lightning 
detection system in March.

Based on the analysis, the average distance differences between PSO-based LLS in this 
research and an industrial LLS is around 573 m, w hich is acceptable in a region w ith an area 
of 400 km 2. This average is not a fixed num ber throughout the year and locations as the 
PSO -based L L S decides according to the circum stances. The national lightning detection 
system s cover nearly  the w hole of the county bu t cannot be totally  relied on due to the 
large coverage area. O n the other hand, the unexpected suspension of sensors operation in 
these system s m ay lead to loss of lightning data in a large area.
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5. D iscussion

The lightning discharges propagate electrom agnetic fields in  all directions. The in
stalled m easuring sensors are triggered by  a radiated lightning flash, w hich im m ediately 
record the tim e and the w aveform s. A n integrated lightning locating system  using three 
m easurem ent stations w as designed and installed at U niversiti Teknologi M alaysia for 
detecting lightning strikes covering 400 km 2. The parallel plate and crossed loop antennas 
have been  installed at each station to detect electric and m agnetic fields of the lightning 
discharges respectively. In order to ensure high precision and accuracy, the clock of the sta
tions in this study were synchronized w ith the UTC time reference to record the timestamp 
of the incoming waveforms. The timestamp w as saved w ith a resolution of at least 100 ns to 
achieve high precision in the detection of lightning events. The detected w aveform s w ere 
classified using the proposed algorithm based on w avelet analysis in Ref. [38] to extract and 
discrim inate the ground flashes (CGs). The em ployed M DF method based on the magnetic 
field in this study capture, m easure, and locate the lightning em issions.

The azim uth angle betw een the north and the direction of the detected return stroke 
in  CG  discharges w as determ ined using a crossed loop antenna. To locate the lightning 
strike w ith  som e error, at least tw o sensors w ere needed. In  contrast, the TD O A  m ethod 
required a m inim um  of three synchronized m easuring stations. This approach determined 
the position of a CG discharge based on the time differences of a detected signal at different 
stations. The hyperbolics w hich are draw n betw een every  tw o stations are the host of 
the lightning discharges as the tim e differences betw een the captured tim es are constant. 
H ence, at least tw o pairs of these hyperbolics are needed to find the possible locations of 
the CG  discharge. The measuring stations in this study were calibrated and the time clocks 
w ere synchronized since this m ethod depends on the accurate captured tim estam ps.

In  this study, both  the M D F and TD O A  m ethods w ere utilized, and the m ain contri
bution  w as the optim ization of the com bined LLS. The first step in achieving this w as to 
establish  an appropriate solution space w hile considering the constraints of the system . 
A fter conducting investigations, the particle sw arm  optim ization algorithm  w as chosen as 
the search algorithm for the optimization process. Several parameters in the PSO algorithm 
affect the perform ance of the algorithm . These values have significant im pacts on the 
accuracy and efficiency of the PSO method. Several particles or swarm  size and num ber of 
iterations are the fundam ental param eters. The num ber of particles is the population size, 
and a b ig  sw arm  generates larger search space in each iteration that help to obtain  better 
optim ization result. O n the other hand, huge amounts of particles increase the com plexity 
of the system and consumed time. The stopping criteria in this study were set to terminate 
the iterative search process.

In this study, a m axim um  of 100 iterations w ere chosen for the PSO -based LLS algo
rithm . H ow ever, it should be noted that setting a sm all m axim um  num ber of iterations 
could result in an inaccurate solution. This research has practical im plications for various 
applications, including lightning tracking and m apping, w hich  have num erous benefits 
for both  academ ic and industrial purposes. The im plem ented PSO -based lightning locat
ing system  can provide the characteristics of lightning strikes that can be valuable to the 
governm ental agencies as w ell as private sectors to design their protection system s. There 
are two m ain lightning detecting netw orks in M alaysia, w hich belong to Tenaga N asional 
Berhad (TNB) and the M alaysian M eteorological D epartm ent (MMD). These systems cover 
the w hole country, w ith  detection efficiency and m ean distance error of 90%  and 500 m. 
TN B and M M D  cover nearly  the w hole country bu t cannot be relied on due to the large 
coverage area. Therefore, a local lightning locating system  w ill be helpful as a backup 
system  of national LLSs for sm all regions. A n autom atic detecting and saving program  
w as w ritten  in M A TLA B softw are and installed at each station. The G PS tim estam p w as 
recorded w hen the incom ing signal hit the threshold.

H igh-speed cam eras can autonom ously gather data regarding the location and char
acteristics of lightning strikes, m aking them  an essential tool for validating the results 
produced by lightning locating system s [65] . These cam eras possess the capability to cap
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ture and rec ord lightning discharges at a ra te of thousands of frames per second, which can 
identify tgf  location of lightning strikes. Lightning locating; systems rely on radiofrequency 
signals to detect and locate lighfning strikes; however, various fagtors nuch as atmospheric 
conditions, the distance and geom etry of the lightning channel, and the sen sitrn ty  of the 
system  can influence the precision of the data j^foduccd [g6]. In  this study, the cam era 
recordings w are not accessible during the designcted  m easurem ent period. Therefore, 
inter-com parison analysis w as empl oyed. It was conducted betw een the proposed particle 
sw arm  optim ization (PSO )-based lightning location system  (LLS) and an industrial LLS 
in  M alaysia. To this end, a circular region w ith  a 500-m  radius w ac delineated around 
the lightning discharge captured by  the industrial LLS and depigted in Figure 17 . G iven 
that industrial LLSs typically  exhibit a location error of approxim ately 500 m , it ir logical 
to postulate that the lightning; strike; m ay have occurred anyw here w ithin  this circular 
boundary. Consequently, the Ciscrepancy in the estim ated lightning locatioo betw een the 
PSO -based LLS and industrial LLS could range from 50 m to approxim ately 1050 m.

Figure 17. Locaiions of lighfning events detected by PSO-based LLS (1.502410723,103.7232993) and 
an industrial LLS (1.505910723,103.7267993) on 21 March at 16:58:17.307.

In order to promote public awareness, it is im portant So educate children end the pubKc 
about safety m easures such ae lightning protection system s for buildings, as these can 
significantly reyuce dhe num bet of injuries caused by lightning strikes. It should be noted, 
however, that ac curately locating the exac t location of lightni ng strikes an d predicting their 
behavior prioe to occurrence is currently  n ot possible. The PSO -based lightning locating 
system  is e safety and w arn iyg  sestem  for detecting and alarm ing the public as soon as 
lightning discharge occurs. The results can be broadcasted to the local users in real tim e 
for lightning disaster early  w arning. In  addition, a statistical data analysis is a tool for 
pow er engineers to protect their equipm ent and pow er stations from  lightning strikes by  
im proving the protection system s.

6. Conclusions

M alaysia is know n to be one of the countries w ith  a h igh frequency of lightning 
strikes in the w orld. A ccording to the M alaysian M eteorological Services, the country 
experiences an average of 2 0 0  thunder days per year, indicating the h igh frequency of 
lightning and thunderstorm  activity in the region. K now ing the total num ber of lightning 
flashes occurring w orldwide is crucial in weather and meteorological research. The stations
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installed in this study are capable of detecting and recording lightning discharges in both 
V H F and V LF frequency ranges. The collected data can be used to enhance lightning 
characterization studies in M alaysia, w hich is a tropical region known for its high lightning 
and thunderstorm  activity.

Cloud-to-ground lightning is the most significant cause of faults and outages in power 
systems compared to other types of cloud discharges such as inter-cloud and cloud-to-cloud 
activities. Therefore, it is essential to m onitor cloud activities w orldw ide, especially  in 
tropical regions, w hich are the m ain hotspots of lightning strikes. The prim ary objective of 
designing lightning protection system s is to safeguard hum an lives and properties from  
lightning strikes. M oreover, national regulations in the field of lightning protection are 
issued to ensure com pliance w ith safety standards.

A ground-based lightning locating system (LLS) comprises a minim um  of three sensors 
and a central server, w hich w ork together to detect and locate electrom agnetic w aveform s 
generated by  a lightning discharge. The sensors capture the signals and transm it them  to 
the server for analysis. Once all sensors detect a cloud-to-ground (CG) lightning event, the 
central server uses both  M D F and TD O A  techniques to p inpoint the location of the CG 
discharge. However, in the M DF m ethod, certain scenarios m ay arise w here the discharge 
hits a point betw een tw o stations, posing a significant challenge for the LLS to accurately 
locate the discharge.

To address the issue of difficult cases w here the hitting p oint is on the line betw een 
stations in the M D F m ethod, at least three stations are required. The azim uth angle of a 
return stroke can be determined by analyzing the magnetic fields captured by crossed-loop 
antennas. The im plem ented PSO -based lightning locating system  can provide inform ation 
on lightning strikes. This study w ill be significant for public users to be aware of detected 
storm s and estim ation of im m inent rainfalls.

The integration of M DF and TD O A  techniques in  the PSO -based LLS has resulted in 
an accurate lightning detection system w ith a mean location error of 573 m (up to 573 m) for 
a specific local region. This developm ent has enhanced the location accuracy of lightning 
strikes in the region.

The study involved a com parative analysis betw een a system  under investigation 
and an industrial netw ork located in the southern region of M alaysia, w hich  spanned 
a predeterm ined tim efram e. Based on the results o f the com parison, it w as found that 
the particle sw arm  optim ization (PSO) algorithm -based lightning location system  (LLS) 
exhibited an average distance of 802 m  and 344 m  in  D ecem ber and M arch, respectively, 
w hen contrasted against the industrial netw ork for detecting m ultiple lightning flashes. 
Based on the results obtained, it can be inferred that the LLS using PSO  is proficient in 
precisely identifying and charting lightning discharges in the designated coverage region, 
thereby qualifying as an effective lightning detection system . The configuration and 
quantity of stations directly im pacted the precision and accuracy of the LLS. The m ajority of 
distance deviations and errors w ere observed along lines passing through two stations. The 
efficacy of LLS is m easured by  its capability to accurately geolocate lightning events w ith 
h igh detection efficiency and low  false detection rates, as w ell as correctly report various 
lightning features.
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