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ABSTRACT This paper proposes three techniques for locating lightning strikes in a 115 kV transmission
system over 88.5 km, based on the arrival time of a transient wave obtained from a discrete wavelet transform
(DWT). The first technique calculates the location based on the ‘type D’ travelling wave method. The
second technique analyses the first arrival time and same reflected-back wave arrival time between two
substations. In the third technique, two sensors are installed to record arrival times at each sensor. Case
studies of direct lightning strikes to phase conductors (shielding failure) are simulated using the ‘Alternative
Transients Program/Electromagnetic Transients Program’ (ATP/EMTP). The influences of three parameters
are considered: inception angles, the phase of the conductor, and the position at which the lightning struck
the transmission system. By performing an operation scheme for all techniques, a positive sequence current
is calculated, using a three-phase current from the ATP/EMTP program which is converted using Clark’s
transform. A positive sequence current is extracted to several scales using the DWT, and the orders of
arrival times for both substations are determined. After the arrival times are obtained, each technique uses a
different order of arrival time for calculating the lightning location. By comparing the average error among
the three techniques, it is shown that the arrival time of the two sensors’ technique is less than that of the
other techniques.

INDEX TERMS Discrete wavelet transforms, lightning protection, lightning location, power system
transients, transmission lines, travelling wave.

I. INTRODUCTION
The demand for electricity has continuously risen with the
expansion of urban areas and population. In addition, eco-
nomic growth also contributes to increasing electrical con-
sumption. This is particularly evident in the business and
industrial sectors of Thailand, which is transitioning from
an agricultural to an industrial society. This trend directly
influences the government’s decisions to expand the capacity
of the generation, transmission, and distribution networks, so
as to support future growth. However, the expansion of the
power system may increase the rate of lightning strikes in a
transmission system, even when the overhead ground wire is
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protected. A lightning strike is a natural phenomenon caused
by an electric discharge from the atmosphere to an object on
the ground. A direct strike on a transmission line can cause
a massive impact on the overall power system [1]; it can
generate heat [2], an electromagnetic field [3], a high electric
current amplitude [4], or a transient signal, and an overvolt-
age [5] from the discharge can cause power outage, thereby
influencing the reliability and stability of the power system.
There is a high probability of lightning striking the overhead
ground wire, the ground near the transmission tower, and
the conductor, owing to the nature of lightning phenomena.
Lightning often strikes the overhead ground wire but causes
insignificant damage to the power system, whereas lightning
rarely strikes the conductor, but causes serious damage to the
power system [4]. Thus, ensuring the reliability of the power
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system requires a well-designed protection system, accuracy
in identifying the strike location, and the speed to restore the
system following a problem.

Several technologies and networks of communication
such as lightning location system (LLS), lightning mapping
array (LMA) were used to create a lightning map by required
components of transmission network. [6]–[9]. The presented
technologies can be classified the type of lightning and ana-
lyzed the characteristics of a lightning strike [7], [8].

According to the study focused on a characteris-
tic [10]–[22], lightning signals included return strikes, chan-
nel of current [10], upward lightning, potential lightning [11],
[12], velocity and etc. were considered. Moreover, the result
in research [15]–[22] found that environment around the
transmission tower [16], transmission line modelling (TLM)
methodology [17] and grounding of transmission tower [18],
[19] influence the lightning strike and thus the current, volt-
age, and waveform of a transient signal travelling through a
conductor [21], [22]. Thus, these was the key components
of an algorithm which can accurately locate lightning strikes
during transmission.

Three typical techniques used by the lighting location sys-
tems cost of time of arrival [23], magnetic direction finding
[24] and interferometry [25], which been used to applied
on broader lightning location. For the direct lightning strike
on conductor, many techniques are used to identify abnor-
mal positions, and they are not only used for locating light-
ning, but are also able to compute fault locations. These
techniques include phasor measurement [26]–[32], travelling
waves [33]–[39], a discrete wavelet transform [40]–[47], and
artificial intelligence [48]–[51], among others.

First, the phasor measurement method (PMU) commonly
requires parameters of voltage [26], current, and impedance
to identify the lightning location [27]. However, even the
PMU has acceptable performance for lightning signal ana-
lyzation [28], but the one imperfection of this method was
the result was proved in simple power system. Observing
complex system requires a larger amount of data, and many
measurement units. This cause long processing time and the
calculating data might loss. It resulted in the accuracy and
reliability decrease.

The travelling wave technique is based on the natural
aspects of an electromagnetic wave which results from the
disturbance in a conductor during the transient state. Its
properties can be widely applied to locate a disturbance in
a power system [33]–[39]. The research proposed a novel
algorithm to detect and identify the stepped leader stage and
lightning channel height of cloud-to-ground lightning using
the electric field [33]. Traveling-waved-based fault-location
methods have the advantage of less interference from the
saturation characteristics of the current transform, as well
as the fault resistance, fault type, and operating mode of
system; thus, these methods have been successfully applied
to locating faults in transmission networks. A developed a
method based on using synchronized travelling waves to
identify lightning strike locations on transmission lines or

the ground has been proposed [35]. Protection relays based
on an ellipsoidal pattern were used for signal processing and
transient signal detection. The author claims that the proposed
method is simpler and more accurate than using a distance
protection relay with a wavelet.

The velocity of the transient wave and the time difference
between the first arrival time and the same reflected wave are
analysed [36]–[39]. Thus, conventional fault location meth-
ods can be divided into impedance-focused methods (phasor
or time-domain based) and travelling wave-based methods.
The effectiveness of the travelling wave technique in fault
location depends on the accuracy of the obtained signal.
However, processing for obtaining the signal, such as the
discrete wavelet transform (DWT), must be implemented to
correctly calculate and locate the disturbance.

The DWT is a mathematic methodology for signal pro-
cessing, and is a similar concept to its predecessors like the
Fourier transform. However, the difference is in the abil-
ity to process signals in the frequency domain, instead of
the time domain. It has recently gained greater attention
in the field of power systems, owing to a wide range of
applications in disturbance analysis on various power system
components [40]–[44] such as generators [40], motors [41],
and transformers [42]. It can be seen that the DWT has
a wide range of application in disturbance analysis in
various situations such as faults, lightning, and transient
switching [43]–[46].

A lightning locating methodology might have a signifi-
cant error, which can affect the performance of a protec-
tion system [47]. Thus, better lightning-locating algorithms
with increased accuracy need to be developed to ensure the
reliability of systems. In addition, various parameters such
as the peak value of lightning, structure of the transmission
system, and material of the equipment can affect the velocity
of travelling waves. These can cause errors in the process
of calculating the location. A combination of the DWT and
the travelling wave method is a commonly-used method for
locating a disturbance in a transmission system, owing to the
ability to adjust frequency limitation and to extract the arrival
time of a transient wave when a lightning strike occurs.

Artificial intelligence is also a new research field, inso-
far as its application in locating disturbances in power
system [48]–[51]. The artificial neural network is a
high-efficiency methodology with satisfying accuracy in
locating disturbances on a transmission network, but it has
limitations in complex decision conditions, and requires a
significant amount of input from instruments to accurately
locate a fault. An acoustic technique using a noise signal in a
transmission line and neural network to classify the obtained
signal has been used to detect faults in insulators [51]. From
the literature review, it is evident that disturbance-locating
algorithms have applied methodologies such as travelling
waves, electromagnetic fields, artificial neural networks, and
the DWT. These techniques have different advantages and
usage restrictions generated from the frequency, noise lim-
itations, data requirements, and training time. However, the
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discussion regarding these methodologies mainly focuses on
fault location, and rarely focuses on locating lightning strikes
on a transmission line, even though the effect of a lightning
strike can be severe to devices and equipment in transmission
system, which directly affects the reliability of the system and
has wide-ranging impact on end-users.

This paper aims to propose three methodologies for locat-
ing a lightning strike in a 115 kV transmission system,
based on a combination of the travelling wave method and
the DWT. A lightning strike signal and transmission system
are simulated using ATP/EMTP and MATLAB software.
An instrument installed on a substation is used for retrieving
voltage and current signals under both normal and lightning
conditions. The obtained data are analysed by using the DWT
to extract a high-frequency component on different wavelet
scales alongwith its coefficient value, which is then used with
travelling waves to calculate the location of a lightning strike.
The originality and main contributions of this paper are as
follows:

• Three techniques based on the DWT to identify the
location of a lightning strike in a transmission system
are presented and compared.

• The system under study is modelled on a part of a
115-kV transmission line in the ‘Electricity Generat-
ing Authority of Thailand’ (EGAT) network, and var-
ious parameters which can affect the performance of
the methodologies, such as inception angle, inception
phase, and location of the lightning strike, are taken into
consideration.

• The performance of the proposed methodology is eval-
uated by testing it on the transmission system under
different conditions, and verifying the accuracy of the
lightning location(s).

The remainder of this paper is organized as follows.
Section II presents travelling wave and proposed technique
used to locate the lightning strike in the transmission sys-
tem. In Section III, simulation is implemented. Section IV
discusses simulation results. Finally, Section V offers con-
clusions, summarizes the main contributions, and suggests
directions for future work.

II. TRAVELLING WAVE AND PROPOSED TECHNIQUE
There is no perfect electrical system on earth; thus, electrical
systems must compensate when a fault occurs in the trans-
mission system. In most power system-relaying algorithms,
the first step always involves fault detection, and the next
step involves fault identification, as well as fault location. The
information related to detection of faults is essential for the
fault location algorithm. As previously mentioned, the most
effective technique for calculating fault location has been
proposed based on a travelling wave.

Overhead line Fault location based on travelling waves
can be divided into five types: A, B, C, D, and E, based
on the measuring method used. However, in modern fault
location, type A (sometimes called a single-end method) and

type D (sometimes called a double-end method) are the most-
commonly used methods. Type A only requires considering
two time situations, that is, a transient wave travelling from
one observed substation, and the same wave being reflected
back. Type D requires the time which wave takes to travel
from the sending and receiving substations, and disregards
the reflected wave.

As depicted in Fig. 1, when a fault occurs in a transmission
line, a transient wave appears at the position of the fault, and
the transient wave travels to the end of the line with velocity
close to speed of light. The first arrival time of the transient
wave travelling from the position of the fault to the end of
the sending substation is recorded by the current transformer
(CT), and is defined as t1stRYG. Subsequent to first arrival
time, the transient wave is reflected back to the position of the
fault, and then back again to the end of the sending substation.
The arrival time of the reflected wave is also recorded by the
CT at the sending substation, and is defined as t3rdRYG, or the
third-order arrival time of the transient wave which arrives
at the sending substation. As previously mentioned, t1stRYG
and t3rdRYG are considered as input data for calculating a
fault location based on the type A travelling wave method.
Similarly, by considering the receiving substation as shown
in Fig. 1, it can be observed that the transient wave behaviour
in travelling to the end of the receiving substation is the same
as that to the sending substation, such that t1stCTI and t3rdCTI
are the first arrival time and the time of reflected-back wave
corresponding to the first arrival time, respectively. Hence,
t1stRYG and t1stCTI are considered as input data for calculating
a fault location based on the type D travelling wave method.
Moreover, by considering the sending substation in Fig. 1,
the first arrival time of the transient wave at the receiving
substation (t1stCTI) will be reflected back through the position
of the fault to the other end of the line. The transient wave
which travels past the position of the fault to the opposite end
is denoted as t2ndRYG. However, in case of a fault location
occurring near the sending substation, the order of arrival
times of t3rdRYG and t2ndRYG would change; this indicates that
the order of arrival times of transient waves is necessary for
studying travelling waves. In this regard, the arrival time of
the transient wave travelling to the end of line depends on the
length of the transmission line and the position of the fault.
This indicates that the calculation of fault location can benefit
from the variations of the arrival time.

Similarly, when a lightning strike occurs, the lightning
position generates a lightning pulse. The pulse, which has
high energy owing to the energy of lightning, transfers to the
lightning point and travels to the end of the line. It is necessary
to accurately determine the lightning location to reduce the
time of failure interruption, quickly restore the power supply,
and improve reliability. To realise this, a high-accuracy light-
ning location technique is essential. This study investigated
three techniques for identifying a lightning location based on
travelling waves and the DWT. All techniques were based on
travelling waves, as the travelling wave technique was one
technique which was able to locate lightning strike in the
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FIGURE 1. Bewley lattice diagram for transient wave in transmission line.

transmission system. Moreover, all proposed techniques used
the arrival time to calculate the lightning location. The first
technique calculated the location by using a travelling wave
(based on the type D travelling wave method). The second
technique calculated the location by using time of arrival of
the transient wave (based on the type A and D travelling wave
methods), and the third technique calculated the location by
using the distribution section of the transmission line. Thus,
all techniques used the arrival time, but the order of arrival
time was different, as follows.

Method 1: Calculate location by using travelling wave
(based on the type D travelling wave method) [52], [53].

A method for determining a lightning strike location based
on the combination of the travelling wave type D and a
wavelet transform was proposed, as shown in Equation 1.
The technique reflected in Equation 1 is based on two main
parameters; the first arrival time of the transient wave, and
the velocity wave which travels to the end of both sub-
stations. Generally, GPS receivers are installed at transmis-
sion line ends in a substation. Synchronization between the
arrival times of the transient wave is realised by using a
GPS receiver to obtain the time differences in when transient
waves the reach substation. As shown in Fig. 1, when the
sending-end (RYG) substation is considered during a light-
ning strike, t1stRYG is the first arrival time which can be
used to detect abnormal conditions at sending end, whereas
when the receiving end is also considered during the lightning
strike, t1stCTI is the first arrival time which can be used
to detect abnormal conditions at the receiving end. Hence,
t1stRYG and t1stCTI are considered as input data for Equation 1.
When the velocity of a travelling wave is carefully con-

sidered as shown in Fig. 2 and the data in Table 1, a relation
between the velocity of the travelling wave and the frequency
band can be found. This indicates that the velocity of a trav-
elling wave depends on frequency band, as shown in Table 1.
This research observed lightning events in which frequency
of the lightning was higher than normal conditions; in that
regard, the sampling frequency rate used for the simulation
was 200 MHz (corresponding to the chosen sampling time
used in ATP/EMTP, which is 5 ns). Thus, the velocity of
the travelling wave for calculating lightning location was
50–100 MHz at scale 1.

D =
L − v(t1stCTI − t1stRYG)

2
(1)

FIGURE 2. Relationship between velocity and frequency of travelling
wave.

TABLE 1. Relationship between velocity and frequency band at each
scale of wavelet transform.

In Equation 1:

D = Measuring location referred from sending
substation or RYG (km)

L = Total distance of transmission line (km)
t1stRYG = first arrival time of transient wave travelling

to sending substation (s)
t1stCTI = first arrival time of transient wave travelling

to receiving substation (s)
ν = velocity of transient wave travelling in line

(km/s)

Method 2: Calculate location by using time of arrival of
transient wave (based on the type A and D travelling wave
methods) [52], [54].

This technique is based on a combination of the travelling
wave methods (type A and type D) and a wavelet transform,
and has been proposed for improved fault location during
simultaneous faults in an underground system [52], [54]. The
obtained results show that, in the case of a simultaneous
fault, this technique provides satisfactory results in locating
faults. Equation 2 reflects the concept used in identifying the
lightning location. The first arrival time and the same wave
reflected back (or third order arrival time of transient wave)
are used in this technique; this corresponds to the behaviour
of the transient wave, as shown in Fig. 1. In view of Fig. 1,
when the sending end is considered during a lightning strike,
t1stRYG and t3rdRYG are the first arrival time and the arrival
time of the same wave reflected back, respectively, and can
be used to detect abnormal conditions at the sending end.
In contrast, when the receiving end is considered during a
lightning strike, t1stCTI and t3rdCTI are the first arrival time
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and the arrival time of the reflected wave, and can be used
to detect abnormal conditions at the receiving end. Hence,
t1stRYG, t3rdRYG, t1stCTI, and t3rdCTI are considered as the input
data for Equation 3, and 4. Moreover, this proposed method
does not use the velocity of transient wave to calculate the
lightning location.

D =
L ×1TRYG

1TRYG +1TCTI
(2)

1TRYG =
|T3rdRYG − T1stRYG|

2
(3)

1TCTI =
|T3rdCTI − T1stCTI |

2
(4)

In the above:

D = measuring location reference at sending sub-
station or RYG (km)

L = total distance of transmission line (km)
1TRYG = differential arrival time between reflected

wave and first wave which travelled to sending
substation (s)

1TCTI = differential arrival time between reflected
wave and first wave which travelled to receiving
substation (s)

t1stRY = first arrival time of transient wave which trav-
elled to sending substation (s)

t3rdRYG = reflected back arrival time of transient wave
which travelled to sending substation (s)

t1stCTI = first arrival time of transient wave which trav-
elled to receiving substation (s)

t3rdCTI = reflected back arrival time of transient wave
which travelled to receiving substation (s)

Method 3: Calculate location using two sensors.
This technique is different from the above techniques,

as the two previous techniques recorded the first arrival time
and the arrival time of the same wave reflected back, whereas
this technique involves installing two sensors in the transmis-
sion system. This not only records the time of first wave and
the same wave reflected back, but also records the first and
second arrival times where sensors G and H are installed. The
two sensors are installed at L/3 and 2L/3 of the transmission
line to divide the length of the transmission line into three
areas, as shown in Fig. 3(a). In Fig. 3(a), one substation
(RYG) transfers power to another substation (CTI), and a
transmission system links between the substations. Two sen-
sors are installed on the conductor. During lightning strikes on
the transmission line, the transient wave occurs at a position,
and travels to each end of line.

For calculating the lightning location, the position of light-
ning depends on the area zones which the lightning strikes.
• Zone one: lightning strikes the line between sending
substation (RYG) and sensor G.

• Zone two: lightning strikes the line between sensor G
and sensor H.

• Zone three: lightning strikes the line between receiving
substation (CTI) and sensor H.

FIGURE 3. Bewley lattice diagram for two sensors in transmission line.

In case of lightning strikes in zone one:
In Fig. 3(b), where lightning strikes between sending sub-

station (RYG) and sensor G are considered, the lightning
location is calculated using Equation 6. The sensors G and
H are installed on the transmission line, and record the first
and second arrival times to detect abnormal conditions. In this
case, the first arrival time of sensor G will be recorded faster
than the first arrival time of sensor H (at the receiving end),
because the lightning occurs near the substation and sensor
G. Hence, tG1 and tG2 are the first and second arrival times
for detecting abnormal conditions at the sending end (RYG),
whereas tH1 is the first arrival time for detecting abnormal
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conditions at the receiving end (CTI).

v1 =
L

3 |tG1 − tH1|
(5)

D =
v1 (tG2 − tG1)

2
(6)

D = measuring location from sending substation
or RYG (km)

L = total distance of transmission line (km)
ν1 = velocity of transient wave travelling within

zone one (km/s)
tG1 = first arrival time of transient wave at

sensor G (s)
tG2 = second arrival time (reflected back) of tran-

sient wave at sensor G (s)
tH1 = first arrival time of transient wave at

sensor H (s)

In case of lightning strikes in zone two:
In Fig. 3(c), where the lightning strikes between sensor

G and sensor H, the lightning location is calculated using
Equation 8. The sensors G andH are installed on the transmis-
sion line, and record the arrival times, which are tG1 and tH1.
Subsequently, the transient wave continues travelling to the
end of the line. The CTs at both substations record t1stRYG and
t1stCTI. The transient waves at both substations are reflected
back, so the sensors G and H record the second arrival times
as tG2 and tH2.

v2 =

(
L
3

tG2−tG1
2

)
+

(
L
3

tH2−tH1
2

)
2

(7)

D =
L + v2 (tG1 − tH1)

2
(8)

D = measuring location from sending substation
or RYG (km)

L = total distance of transmission line (km)
ν2 = velocity of transient wave which travelling

within zone two (km/s)
tG1 = first arrival time of transient wave at

sensor G (s)
tG2 = second arrival time (reflected back) of tran-

sient wave at sensor G (s)
tH1 = first arrival time of transient wave at

sensor H (s)
tH2 = second arrival time (reflected back) of tran-

sient wave at sensor H (s)

In case of lightning strikes in zone 3:
In Fig. 3(d), where the lightning strikes between sensor H

and the receiving substation (CTI), it can be observed that
the characteristic transient wave of zone three is similar to
the characteristic transient wave of zone one, so that tH1
and t1CTI are the arrival times of the detected transient wave
at sensor H and the receiving end (CTI), respectively. The
transient wave continues travelling to the sending substation.

Thus, sensor G can detect the arrival time, defined as tG1.
The lightning location is calculated using Equation 10. In that
regard, t1stRYG is reflected back to the direction of the sending
substation. Thus, sensors H and G can record the second
arrival time (reflected back), respectively.

v3 =
L

3 |tH1 − tG1|
(9)

D = L −
v3 (tH2 − tH1)

2
(10)

D = measuring location from sending substation
or RYG (km)

L = total distance of transmission line (km)
ν3 = velocity of transient wave travelling within

zone three (km/s)
tG1 = first arrival time of transient wave at

sensor G (s)
tH1 = first arrival time of transient wave at

sensor H (s)
tH2 = second arrival time (reflected back) of tran-

sient wave at sensor H (s)

Owing to the use of this technique, the characteristics of
the transient wave traveling on the transmission line depend
on the area zone. If the characteristics are different, the equa-
tion used to calculate the lightning location is different. All
behaviours are shown in Fig. 3(b) to Fig. 3(d).

The explanations in this section reflect the principles used
in identifying lightning locations. Next, a simulation process
using the ATP/EMTP program will be explained.

III. SIMULATION
The simulation of lightning event in this paper concern direct
lightning strikes to phase conductors (shielding failure) of
transmission line. Case studies of lightning locations were
simulated using the ATP/EMTP program. The 115-kV sys-
tem consists of sending substation (RYG) which transfers
power to receiving substation (CTI) with a 150 MVA load.
The distance between the two substations is 88.5 km, as
shown in Fig. 4(a). A multi-story transmission tower model,
that is, a transmission tower based on the transmission sys-
tem of the EGAT, is shown in Fig. 4(b). In considering
Fig. 4(b), the parameters of transmission tower model are
based on the equations recommended by the Institute of
Electrical and Electronics Engineers (IEEE) and the Inter-
national Council on Large Electric Systems (CIGRE) [38].
The model is divided into four parts, and each part consists
of a surge impedance (Z), resistance (R), and inductance (L),
as shown in Fig. 4(b) and in the data in Table 2. In addition, the
ground resistance of transmission tower (Rg) is determined as
10 ohm.

The circuit is simulated using the ATP/EMTP program,
as shown in Fig. 4(c). In Fig. 4(c), in front of the substa-
tions, both substations have installed a current transformer,
and between these two substations is a 7-transmission-towers
model which is a double circuit/single conductor model
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TABLE 2. Parameters of multi-story transmission tower.

along the lines of American National Standards Institute
(ANS)I/IEEE Std. C62.41. The peak value of the lightning,
the line phase which lightning strikes, and the impulse of
lightning are determined as unchanged, as shown in Table 3,
whereas the inception angle, lightning position, and light-
ning phase are varied, as also shown in Table 3. Moreover,
the surge source is a Heidler model which uses a lightning
impulse with 3.1/77.5µs [29]. The peak value of the lightning
is 20 kA, and the lightning occurs at 0.002 s.

As shown in Table 3, the case study was simulated in the
ATP/EMTP programwith three variable parameters. First, the
inception angle, which is the angle of voltage in reference
with phase A, is varied from 0 to 150 degrees, and each
step increased by 30 degrees. Second, the lightning position
varied between 10% to 90% of the length as measured from
the sending substation, with each step as 10%. Finally, the
lightning phases were varied in the lightning simulation (i.e.
phase A, phase B, and phase C).

The operation scheme has four steps, which are shown in
Fig. 5. First, the current signal for each phase was simulated
using the ATP/EMTP program. Next, using all of the current
signals obtained from the simulation, a positive sequence
current signal was calculated, and was converted with Clark’s
transform using the all-phase current signal from the first
step since in previous research [55] the all-phase current sig-
nal alone was insufficient for calculating lightning location.
After the positive sequence was obtained, a DWT based on
a ‘Daubechies 4 (db4)’ wavelet basis function was applied
to the positive sequence current to decompose the high-
frequency components of the signal into 3 levels. Finally,
after applying the DWT, the arrival time of the transient wave
was obtained from the DWT, so as to identify the lightning
location with the proposed techniques. From the many case
studies conducted, a case study of a lightning strike at 40%
of the length of the transmission line is considered and is
demonstrated as an example, as shown in Fig. 6.

As noted above, an example of a lightning strike at 40%
of the length of the transmission line is illustrated in Fig. 6.
The three-phase current signals of the sending and receiving
substations are plotted in Fig. 6(a) and Fig. 6(b), respectively.
It can be observed that, after the lightning strike occurrence
at 0.002 s, the obtained signal exhibits a sudden change
in a short period of time (considering at 0.002 s) and is
unsuitable for use in analysing lightning, as it has limited lag
angles of phases A, B, and C. For the next step, the positive
sequence current signal is converted with Clark’s transform
with the all-phase current signal, as plotted in the top traces
of Fig. 6(c) and Fig. 6(d). It can be observed that the peak

FIGURE 4. Transmission system for simulation.

value of positive sequence current tends to decrease with an
increase in the period of time. Moreover, the first peak time
of the positive sequence can be observed; this indicates that
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TABLE 3. Simulation conditions.

the first peak time can be beneficial in calculating lightning
location. However, the first peak time of the transient wave
cannot be clearly indicated, because this signal consists of
different frequency ranges (high frequency and fundamental
frequency). After calculating the positive sequence current
signal, the resulting current signals are implemented using the
DWT to decompose the high-frequency components, and the
obtained signals are plotted in the bottom traces of Fig. 6(c)
and Fig. 6(d), respectively. This is the same behaviour as in
the case of the positive sequence current. Further analysis
of Fig. 6(c) reveals that the arrival time is related to the
transient wave of the travelling wave, as shown in Fig. 1. The
first arrival time and same wave reflected back are clearly
indicated; this indicates that the arrival time of a transient
wave from the DWT can be beneficial in calculating lightning
location. In addition, after the lightning strikes, the coeffi-
cient detail of the positive sequence current from the DWT
increases immediately, and the first order of the transient
wave (t1stRYG) is higher than that of the other transient wave
(t2ndRYG) and the same wave reflected back (t3rdRYG). This
indicates that the decision algorithm for abnormal detection
can benefit from variations of the coefficient detail.

By performing many case studies, the locations of light-
ning strikes, peak value of lightning, inception angles of light-
ning strikes, and ground resistances of transmission tower
were varied, to understand the transient wave behaviour and

the variation in arrival time. The obtained results indicate
that the arrival time of the transient wave from the positive
sequence current signal in cases with and without DWT have
the same behaviour, as shown in Table 4.Moreover, the arrival
time in scale 1 from the DWT seems adequate for detecting
the arrival time; therefore, it is unnecessary to use the arrival
time from higher scales.

By considering cases with and without DWT, as shown in
Table 4, when the location of lightning was varied and the
inception angles do not change, the arrival time at the sending
substation tends to significantly increase with the increase in
distance between the sending substation and the position of
lightning. while the arrival time of receiving substation tends
to decrease; this is owing to the effects of the impedance of
the transmission line.

Based on a further analysis of Table 4, by changing the
peak value of the lightning but not its position, it can be
observed that the arrival time at both substations has no
impact on the increase in the peak value of the lightning;
because of this, the characteristics of the transient wave and
velocity of the transient wave depend on the impedance of the
conductor (inductance and capacitance) on the transmission
line. Similarly, when considering the ground resistance of the
transmission tower, the arrival time at both substations has
little or no impact on the increase in the ground resistance;
this behaviour is the same as that in the other case studies.
Thus, these parameters were ignored in this study.

In addition, it can be seen that the arrival times obtained
with and without the DWT are clearly different, and these two
different times will be compared to the lightning location in
the next section.

By observing the data in Table 5, when the sensor G
and sensor H was installed between stations at L/3 km, and
2L/3 km, respectively, the arrival time of both sensors was
recorded as shown in Table 5. The characteristic of a tran-
sient wave tends to significantly increase with the increasing
of distance between the sending substation and position of
lightning; this behaviour is the same as that observed in case
studies of Table 4. For the next section, the result of lightning
location was achieved.

IV. RESULTS AND DISCUSSION
The characteristics of a transient wave when lightning occurs
in the system were explained in previous sections. The arrival
times based on the three proposed techniques were recorded
in Table 4 and Table 5 to calculate the lightning location, and
the obtained results and average error are shown in Table 6.
Moreover, to ascertain the advantages of the proposed tech-
nique, the lightning location with the type D travelling wave
method (without DWT) was compared with all proposed
techniques, and the obtained results are shown in Table 6.
From Table 6, the average error using the type D travelling
wave method (without DWT) is 0.8079 km, that is, a higher
error than all other techniques. Therefore, the proposed tech-
nique with DWT is superior to the conventional technique,
and can improve the accuracy of calculation.

80616 VOLUME 10, 2022



P. Chiradeja, A. Ngaopitakkul: Identify Direct Lightning Strike Location Based on Discrete Wavelet Transform

FIGURE 5. Operation in this experimentation.
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FIGURE 6. Lightning strike at 40% of transmission line length.

TABLE 4. Arrival time at both the ends of substation in cases without discrete wavelet transform (DWT) and with DWT.
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TABLE 5. Arrival time at both sensors in case with DWT.

In Table 4, the first arrival times for each substation were
used to calculate the lightning location, based on a combina-
tion of the type D travelling wave method and the DWT, with
the velocity of the travelling wave set as 298,782 km/s (as
shown in Table 1 and Fig. 2). By considering the obtained
result in Table 6, it can be seen that the average error is
0.08237 km.

For lightning location based on a combination of the type
A and D travelling wave methods and the DWT, the first
arrival time and that of the same wave reflected back for each
substation were used for calculating the lightning location
with Equation 2 without using the velocity of the travelling
wave, as shown in Table 4. The results are also shown in
Table 6, where the average error is 0.08992 km.

In Table 5, and according to the single-line diagram shown
in Fig. 3, the arrival times of the transient wave recorded with
sensor G and sensor H (at L/3 km, 2L/3 km) were used to
calculated the lightning location with Equations 5–10. The
average error is 0.06798 km, as shown in Table 6.

As a result, by considering the average error in Table 6,
it can be shown that lightning location using method 1 (based
on combination of travelling wave type D and the DWT) is
more efficient as compared to using other techniques.

Further, to evaluate and show the advantages of the pro-
posed technique, the proposed techniques were used not only
for identifying the location of a lightning strike, but also
for locating faults in the transmission system, as shown in
Table 7. As seen in Table 7, the location of the single-
line-to-ground faults were varied, and the three proposed
techniques were compared. The obtained result shows that
all of the proposed techniques provide satisfactory results.
In particular, the average error of the technique using two
sensors is less than 0.03395 km, when compared with other
techniques.

According to the results in Table 6 and Table 7, it can
be clearly seen that the overall results of the proposed tech-
nique are satisfactory, with an average error of less than

0.1 km, which is significantly less than the conventional
technique (the lightning location with the type D travelling
wave method without the DWT). This indicates that the
proposed technique is useful for identifying the location of
abnormal conditions in the transmission system. Moreover,
the obtained average error from the arrival time of the tran-
sient wave recorded with two sensors gives better results
than the other techniques, in cases of both lightning location
and fault location. When the lightning location is based on
the combination of the type D travelling wave method and
the DWT, the accuracy of this technique depends on the
velocity of the transient wave and the first arrival time at both
substations; this is the highlight, as the first arrival time at
each substation is easy to observe or detect. Accordingly, the
result from this technique is highly satisfactory, However, this
technique can only be used for transmission systems with two
buses and, when applied to a complex transmission system
(more than two buses), it may cause difficulties in calculating
the lightning location.

When the lightning location is based on a combination of
the type A and D travelling wave methods and the DWT,
the accuracy is satisfactory as compared to a conventional
technique, but is less than that of the other technique. This
technique uses many arrival times (first and same wave
reflecting back at both substations); this is a disadvantage, as
while the first arrival time can be easily observed, the other
arrival time is difficult to detect and/or may be inaccurately
detected.

Although the lightning location method based on two
sensors uses many arrival times, this technique imitates
the travelling wave equations. This is to say, during light-
ning strikes within zone 1 or zone 3, Equation 6 will
have a calculation model identical to the type A travelling
wave method equation, whereas during the lightning strikes
within zone 2, Equation 8 will have a calculation model
identical to the type D travelling wave method. In addi-
tion, the velocity of the transient wave in each zone will
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TABLE 6. Results of the lightning location.

TABLE 7. Results of the fault location in case of single-line-to-ground fault.

change according to the arrival time at each zone. Thus, this
technique is efficient in predicting the lightning location in
both a transmission system with two buses and a complex
transmission system, as it uses the arrival time(s) from the
sensor.

V. CONCLUSION
This paper proposed three techniques based on the DWT to
identify the location of a lightning strike in a 115 kV transmis-
sion system over 88.5 km. Case studies of lightning location
were simulated using ATP/EMTP program, in which the
inception angle, lightning location, and lightning phase were
varied. A positive sequence was calculated, then the DWT
was applied to decompose the high-frequency components
of the signal. After applying the DWT, the arrival time from

the DWT of each substation was investigated based on the
travelling wave and DWT, The arrival time from the DWT
of two sensors installed at L/3 km and 2L/3 km of the
transmission line were also used for calculating the lightning
location. In addition, the three proposed techniques are not
only suitable for calculating lightning location, but also for
calculating fault location. By comparing the three proposed
techniques, it can be seen that the technique based on the
arrival time of the transient wave which records with two
sensors is a powerful tool as it gives satisfactory results for
lightning location, as shown in Tables 6–7. Future research
will be aimed at increasing the number of sensors and improv-
ing the equations, so that the location of lightning along
a complex or looped-structure transmission system can be
identified.
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