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Abstract— The 150 kV Koto Panjang – Payakumbuh transmission line has a line length of 86 km with 249 towers, and the occurrence 

of the back-flashover in their transmission line is 74%, indicated by the high tower footing resistance as that is >3 ohms. The type of 

rock on the transmission line and the location of the towers, 79% in hilly or mountainous terrains, are among the factors that can cause 

an increase in the resistance value. The results of this study indicate that the level of back-flashover affects the value of the tower footing 

resistance by considering the number of electrode installations. When the towers were installed with more electrodes, the value of tower 

footing resistance, back-flashover level, and insulator voltage could be reduced to less than half of the previous ones. Moreover, the 

occurrence of the back-flashover rate in each tower can be dropped to ≤ 1 back-flashover rate of 100-km/year. Each tower's soil 

resistivity value has grown, yet fewer back-flashover disruptions exist. The span's length causes this, as the shorter the span, the faster 

the reflected wave will travel. As a result, it can lower the voltage in the insulator and diminish the likelihood that a flashover would 

occur. 
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I. INTRODUCTION

The Koto Panjang–Payakumbuh transmission line is 

installed in an area with a tropical climate and high risk of 

lightning prone to an Iso-Ceranic Level (IKL) reaching 173 

days per year [1], [2]. The lightning stroke triggers the 

frequent occurrence of flashover disturbances on the 150 kV 

Koto Panjang – Payakumbuh transmission line tower. The 

flashover on the transmission line due to the direct lightning 
stroke on the protective wire or ground wire is called the Back-

flashover phenomenon [3]–[7]. This research helps to find a 

way to minimize the impulse voltage due to back-flashover on 

the 150 kV Koto Panjang–Payakumbuh transmission line 

system by investigating the main cause [8]–[13]. 

Based on the investigation data on the Payakumbu 

substation transmission from 2017–2021, 33 towers out of 

248 experienced flashovers. The occurrence of the back-

flashover was indicated by the high ground resistance value 

in the transmission line of approximately 74%, and it was due 

to the type of rock on the transmission line and 79% of the 
towers located in hilly or mountainous terrains. 

The grounding system will immediately secure the line 

when a disturbance, such as an overvoltage or overcurrent, 

occurs. The lightning flash that strikes on the line is mainly 

affected by the tower-footing resistance [10]–[12]. An 

effectively balanced ground resistance value for a 150 kV 

transmission line is 3Ω, so the current can manageably flow 

to the disturbed ground line [11]–[13]. Thus, the yearly 

weather changes can also affect the grounding resistance. 

The grounding system used in the 150 kV transmission line 

tower Koto Panjang- Payakumbuh currently is a counterpoise 
system, and the electrode rods are installed horizontally to 

obtain a relatively low ground resistance value [8], [12]–[15]. 

That is to say, the lower the soil resistivity level, the more 

effective it becomes. Each area has a different soil structure 

based on its geological properties, and rock soil is a type of 

soil with solid properties and does not contain soil minerals. 

Therefore, an analysis of the effect of soil resistivity on back 

Flashover on the 150 kV Koto Panjang–Payakumbuh 
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transmission line tower needs to be carried out to solve those 

problems. 

II. MATERIALS AND METHOD

A. Back-Flashover

Back-Flashover is one of the main factors that cause the

outage in the airline as well as a phenomenon that can reduce 

the reliability of the system on the transmission line [12], [13], 
[15]–[17]. Back-flashover occurs due to overvoltage or 

overcurrent when lightning strikes a ground wire that fails to 

be grounded. In this study, the back-flashover rate analysis 

was carried out in 38 steps [16], [18], [19]. The following is a 

description of the calculation steps as follows. 

Determine the flashover isolator voltage at a time of 2µs (��):V� =  820 × W (1) 

Here V� is the insulator flashover strength at 2 µs in kV, W

is the insulator length in meters. The determine the travel time 

range of the tower (��) and the travel time span (�
):

τ� = �� (2) 

τ� = ����×�.�� (3) 

Here τ� is the travel time range of the tower in microseconds,h is high of the tower in meters, τ� the travel time span in a

microsecond, s is the tower span length in meters. The 

determined refraction factor of the footing resistance (ᾶ_�):

ᾶ� = ����� � (4) 

Here ᾶ� is the refraction factor of the footing resistance, R is

the footing resistance in ohm, Z" is impedansi lonjakan in

ohm. Calculate the peak voltage tower per unit (�$)� at 2µs: 

(V")�& 'Z( − �*�+ ѱ  -1 −  ���+ ѱ /0  I  (5) 

Here VT-2 is the peak voltage tower in kV, ZI is the intrinsic 

circuit impedance in ohm, ZW is a constant wave impedance 

in ohm, ѱ is a damping constant, τ" is travel time in

microseconds. Calculate the tower flash per 100 km per year: =  0.012 ×  IKL × (b ×  4h6�.�7)  ×  0.6 (6) 

Here IKL is isokeraunik level in day/year, b is overhead 

ground wire separation distance in meter, h’ is tower height 

in meter. Sum up all values for the total back-flashover rate 

/100-km/year: BFR =  U +  M +  L +  U′ +  M′ +  L′  (7) 

B. Soil Resistivity

Soil resistivity is one of the variables that impact how much

soil resistance is present. Therefore, the soil resistivity value 

can be estimated using the formula from the soil resistance 

measurement [19]–[21]: 

ρ =  � @ A �-BC DEF  + �/ (8) 

Here ρ is the soil resistivity in ohm meter, L is the length of

electrodes in meter, a is the distance between the electrode in 

meter.  

C. Grounding Resistance

The formula below can be used to determine how adding

electrodes will affect the soil resistance value [21], [22], [23], 

[29]: 

RG  =  H� I J  Kln N J
O�P QR   GS  TD − 1U (9) 

Here RG is grounding resistance in ohm, ρ is the soil

resistivity in ohm meter, L is the distance between the

electrode in meter, a is the distance between the electrode in 

meter, r is the electrode radius in meter.

D. Electromagnetic Transients Program (EMTP)

Transients on transmission lines with scattered parameters,
lines without transposition, and circuits with concentrated 

parameters (R, L, and C) can all be analyzed using EMTP. 

The phase conductors and shielding cables are modeled based 

on the tower data [10], [23], [24].  

A model of multiple parts is utilized to offer a concise 

summary of the EMTP-ATP model that was specifically 

employed for this paper [22], [23], [25]–[33]:  

 Generator.

 Phase conductors of transmission lines and shielding

cables, including line termination and power frequency

voltage.
 Transmission line tower, tower grounding impedance.

 String insulator (i.e., arcing horn) flashover

characteristics.

 Lightning current and lightning line impedance.

E. Data Collection Method

The data collection methods used in this research were

observation, investigation, and literature study. The 

researchers directly observed objects to be analyzed, such as 

transmission tower data (grounding resistance, soil resistivity, 
and lightning disturbance) and Isoceraunic level. Then, 

interviews were administered to related parties, such as 

Government Electrical Company staff, to complete the test 

data. Furthermore, previous journals or studies were analyzed 

to acquire the standards set as a reference in the analysis and 

evaluation process. The stages of the research carried out are 

shown in Fig. 1. 

F. Investigation Data

The Koto Panjang-Payakumbuh 150 kV transmission line,

which has a total length of 86 km, is depicted in Fig. 2. Tower 

1-140 is situated in area 6 and has an IKL of 173 days/year,

whereas tower 141-249 is located in area 7 and has an IKL of

22 days/year [2]. Therefore, the Iso Keraunik Level (IKL) of

173 days per year, present in towers 1 through 140, is used in

this paper to conduct the Back Flashover analysis [20].

Four different tower layouts exist for the 150 kV Koto 

Panjang–Payakumbuh transmission line: AA, BB, CC, and 

DD. The tower type is modified according to the site and

position of the tower planting. Fig. 3 shows the arrangement

of an AA-type tower, which accounts for 54.5% of all towers
with line disruption.

845



Fig. 1  Research Stages

Fig. 2  Location of transmission line Fig. 3  Configuration of Representative Tower 
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Pareto data study on the Payakumbuh substation 

transmission from 2017 to 2021 revealed that 33 towers were 

impacted by disturbances (trip-out). Table 1 below shows 

that, after classification, 11 towers had disruptions occur more 

than twice. 

TABLE I 

TOWER DATA INVESTIGATION 

No 

Tower 

Number Of 

Disturbances 
R (Ω) Span (m) 

Tower 

Height 

(m) 

Tower 

Location 

8 1 3.85 244 26 Desert 

9 5 7 385 26 Hill 
13 1 6.5 281 29 Hill 
14 1 9.21 204 29 Hill 
15 4 2.89 423 26 Hill 
16 2 6.59 416 26 Hill 
17 2 4.38 221 26 Hill 
20 1 6.36 263 38 Hill 
36 1 11.9 242 38 Hill 
43 1 3 389 26 Hill 

48 1 4.59 321 32 Hill 
50 3 7.5 278 25 Hill 
51 1 4.14 429 38 Hill 
54 2 3.44 391 33 Hill 
58 1 2.82 431 35 Hill 
59 2 5.77 252 35 Hill 
60 1 30.5 314 26 Hill 
63 1 4.35 427 32 Desert 

68 2 14.3 340 29 Hill 
70 2 4.4 204 35 Hill 
75 1 3.09 359 32 Hill 
76 1 6.8 342 35 Hill 
77 2 16.9 333 30 Hill 
78 1 2.1 224 26 Hill 
82 1 2.56 419 29 Hill 
89 1 15.41 397 38 Desert 

98 1 2.17 281 36 Desert 
113 1 9.12 362 32 Hill 
132 1 8.71 329 38 Desert 
133 1 5.61 223 38 Desert 
134 1 7 429 29 Hill 
135 1 6.54 428 41 Desert 
136 2 9.09 345 35 Desert 

Table 1 is data of towers that have undergone back-

flashover. The table indicates that the soil resistance value, 

span length, tower height, and tower area position often cause 

the back-flashover on the 150 kV Koto Panjang - 

Payakumbuh transmission line. 
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Fig. 4  Factors Affection Flashover

According to Fig. 4, the resistance value at a rate of 74% is 

the primary contributor to the back-flashover disturbance on 

the 150 kV Koto Panjang-Payakumbuh transmission line. 

III. RESULT AND DISCUSSION

The grounding system was enhanced by applying the 

formula (8) - considering the transmission line problems (9). 
11 towers were identified as having more than double the 

average amount of back-flashover disturbance before the 

calculations were done. Therefore, the soil resistivity value 

for each tower is calculated using formula (8), as shown in the 

table below. 

TABLE II 

SOIL RESISTIVITY OF TOWER WITH DISTURBANCE 

No. 

Tower 

Number of 

distractions 
Resistance (Ω) 

Soil Resistivity 

(Ω.m) 

16 2 6.59 13.98 
17 2 4.38 9.29 
54 2 3.44 7.3 
59 2 5.77 12.24 
68 2 14.3 30.34 
70 2 4.4 9.33 
77 2 16.9 35.85 

136 2 9.09 19.28 

50 3 7.5 15.91 
15 4 7.84 16.63 
9 5 7 14.85 

Table II shows the results of the soil resistivity value for 

towers with the occurrence of back-flashover more than 

twice. Based on the formula (8) the value of soil resistance is 

directly proportional to the value of soil resistivity; in other 

words, the higher the value of the soil resistance, the higher 
the value of the soil resistivity.  
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Fig. 5  Trend Line of Soil Resistivity and Number of Disturbances 

Fig. 5 displays the trend line results between the soil 

resistivity value data and the back-flashover disturbance 

occurrence. It can be seen that the high soil resistivity has 

greatly impacted the back-flashover disturbance occurrence. 

Other factors also can cause the back-flashover, such as span 

length, tower height, and tower location. As shown in tower 

No. 9, with a soil resistivity of 14.85 Ω.m, the number of 

disturbances is five times, while in tower No. 77, with a 

resistivity of 35.85 Ω.m, the number of disturbances is twice. 

The span in tower no. 9 is longer than that of no.77. It can be 

assumed that the longer the span, the longer the reflected 
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wave will be, so it can increase the voltage on the insulator 

and cause a higher chance of back- flashover. 
 

14,85
16,63

13,98

9,29

15,91

7,3

12,24

30,34

9,33

35,85

19,28

1,31 1,59 1,19 0,75 2,52 1,05 1,82

9,58

1,38

12,04

5,7

0

5

10

15

20

25

30

35

40

9 15 16 17 50 54 59 68 70 77 136

Tower Number

Soil Resistivity (Ω.m) Back-Flashover

 
Fig. 6  Graph of Soil Resistivity Value to Back Flashover 

 

Fig. 6 is a graph of the back-flashover value calculated 
using [25]–[27], so the back-flashover rate value is obtained 

for the trip-out tower. This figure shows that the higher the 

soil resistivity value of a tower, the higher the Back-flashover 

value on the tower. After obtaining the back-flashover rate 

value, then an analysis of the tower peak voltage value is 

performed using EMTP simulation [19], [28]–[31] by 

projecting Heidler as a lightning source with an injection 

current of up to 100 kA, Line Circuit Cable (LCC) is a 

representation as the tower, Line Z projected as phase wire 

and RL circuit as an insulator. In the simulation, the value of 

the generator system voltage used is indicated by the normal 

peak voltage of the system of 150 kV. The simulation circuit 
can be seen in Fig.7 below. 

 

 

Fig. 7  Simulation Circuit with EMTP 

 

Fig. 7 is a simulation circuit using EMTP for tower No. 77, 

by inputting tower data No. 77 in the simulation circuit, the 

results are as shown in Fig. 8 and Fig. 9. The voltage wave 

simulation under normal conditions for the 150 kV Koto 

Panjang - Payakumbuh transmission line can be seen in Fig. 8. 
 

 
Fig. 8  Voltage Simulation Results in Normal Conditions 

 

 
Fig. 9  Graph of Peak Voltage Results in Tower 77 

 

Fig. 9 shows the simulation results obtained from the XY 

plot are a red graph showing the magnitude of the R phase 

insulator voltage of 1.99 MV, a green graph for the S phase 

insulator voltage value of 1.1 MV, and a blue graph for the T 

phase insulator voltage is 0.55 MV. The simulation shows that 

when a lightning disturbance occurs in the R phase, the 

insulator voltage in the R phase is the highest voltage of the 

other phases. This is due to the coupling factor between the 

overhead ground wire (OHGW) and the phase conductor, 

causing the voltage in the R phase to be greater than in the 
other phases. In this condition, the cause of the voltage spike 

can be identified by applying Ohm's law, where current and 

voltage are directly proportional. If the current is greater, the 

voltage will also be large, and vice versa. Simulation results 

of all towers with disturbances are shown in Fig. 10 below. 
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Fig. 10  Graph of Soil Resistivity to Peak Voltage Tower 
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In Figure 10, it can be seen that the higher the soil 

resistivity value, the higher the peak voltage value in the 

tower. Improving soil resistance by having more electrodes 

and formulating it with the formula (9) – (11) for towers that 

have tripped out more than two times can obtain the latest 

resistivity values, as shown in the table below. 

TABLE III 

SOIL RESISTIVITY BEFORE IMPROVEMENT 

No 

Tower 

Number of 

Electrodes 

The Distance 

Between the 

Electrode 

Rods (m) 

R (Ω) ρ (Ω.m) 

9 3 2 7.00 14.9 

15 3 2 7.84 16.6 

16 3 2 6.59 14.0 

17 3 2 4.38 9.3 

50 3 2 7.50 15.9 

54 3 2 3.44 7.3 

59 3 2 5.77 12.2 

68 3 2 14.30 30.3 

70 3 2 4.40 9.3 

77 3 2 16.90 35.9 

136 3 2 9.09 19.3 

 

Table 3 illustrates  tower number 77 with resistivity before 

improvement with the a soil resistivity value of 35.85 Ω.m 

and the number of electrodes of only 3 rods and after adding 

the number of electrodes to 11 rods, it is calculated with the 

formula (9)-(11),  as a result,  soil resistivity in the tower 

decreases to 6.07 Ω.m. From the results of this numerical 

calculation, it can be seen that increasing the number of 

electrodes in the transmission line grounding system can 
reduce the soil resistivity value in the transmission line. The 

results of numerical calculations for resistivity after repair and 

the number of back-flashovers can be shown in the graph 

below: 
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Fig. 11  Comparison of back-flashover Rate before and after repair 

Fig. 11 illustrates tower No. 77 with a soil resistivity value 

of 35.85 Ω.m and a back-flashover value of 12.04 100 

km/year, and after adding the number of electrodes,  the soil 

resistivity value decreases to 6.07 Ω.m so that the back-

flashover value can be reduced to 0.86 100 km/year. Fig. 12 

shows that when the tower's soil resistivity decreases, the 

tower's peak voltage value will also decrease, as shown in the 

simulation of tower 77 with the result that the voltage drops 

almost reaching 1 MV. 

 

 

Fig.2  Graph of Peak Voltage Results after repairs to Tower 77 

Fig. 12 presents the simulation results from the XY plot 

where the magnitude of the R phase insulator voltage of 0.99 
MV is the red graph, the S phase insulator voltage value of 

0.54 MV is the green graph, and the T phase insulator voltage 

is 0.26 MV is the blue graph. It indicates that the insulator 

voltage in the R phase reaches the highest voltage than the 

other phases when there is a lightning disturbance in the R 

phase. The coupling factor between the overhead ground wire 

(OHGW) and the phase conductor is the main culprit for this 

incidence, where it triggers greater voltage in the R phase than 

in the other phases. 
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Fig. 3  Graph of Soil Resistivity to Peak Voltage Tower 

IV. CONCLUSION 

Based on the investigation of the number of back-flashover 

disturbances in the 150 kV transmission line, especially in 

towers located in rocky areas, it can be concluded as follows; 

the number of back-flashover disturbances tends to be 

influenced by 74% of the soil resistance value in the rocky 

areas. This indicates that the high soil resistance is caused by 

soil resistivity. The number of the grounding electrode is 

increased to obtain the ground resistance value to be 3 ohms. 

The highest number of electrodes is in tower 77, which is 11 
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rods because this tower has a high ground resistance value 

before the repair.  

When each tower is installed with more electrodes, the 

tower footing resistance, the soil resistivity value, back-

flashover level, and insulator voltage in the studied line can 

be reduced to less than half of their respective previous 

values. This can be seen in tower 77, where the tower footing 

resistance reduces to 0.99, the soil resistivity value drops to 

6.07 Ω.m, the back-flashover rate decreases to 0.86 flashover 

rate/km/years, the insulator voltage decline to 0.9 MV when 
the disturbances occur. Another factor affecting the number 

of back-flashovers in the lines is the span length; this can be 

seen in towers 68 and 77.  

The soil resistivity value in each tower has increased, but 

the number of back-flashover disturbances is lower. This is 

due to the length of the span because the shorter the span, the 

faster the reflected wave will be; consequently,  it can reduce 

the voltage in the insulator and minimize the chance of 

flashover occurrence. 
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