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ABSTRACT 
The modeling and computation of a single line-to-ground fault of the distribution for underground cables have distinct characteristics 

compared to circuits with standard voltage and current waves. This work presents a mathematical analysis and modeling of 3-phase, 

open circuit, and single line-to-ground cables for the Azadi distribution substation lines. The feature of increased harmonic 

amplification of individual frequencies is that detecting single-phase faults can be determined using fast Fourier transform (FFT) 

analysis. The validity of chain equivalent schemas with constant parameters for a single frequency makes it possible to investigate the 

nature of wave process through the discrete selection of parameters. The proposed method selected several cases of wave cycles for 

both voltage and current. Also, during the analysis, several starting times before and after the fault is chosen to determine the total 

wave distortion. The results show that the best analysis that could detect the faults is three cycles. The FFT of three cycles has the 

maximum values of distortion in most of the cases. All the FFT is done using the MATLAB Simulink program. 

https://creativecommons.org/licenses/by-nc/4.0/ 
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1. Introduction 

The most probable fault for power systems is the distribution 

lines which, are the majority of those faults are single-line-to-

ground faults[1]. Power distribution lines have a significant role 

in the electrical power continuity from sources to users. On the 

other hand, the practical results of the high impedance non-

effective grounding system are higher reliability and security 

than the effective grounding system[2].  According to the low 

value of the single line-to-ground fault current in the high-

impedance grounding system, the line-to-line voltage remains 

constant, and the supply of electric power could be reminding 

for a long[1, 3, 4]. The importance of the earlier detection of the 

fault increases in underground cables. When the system's 

insulation fails at any point, a fault is described as a collection 

of unfavorable but unavoidable events that may momentarily 

affect the stable state of the power system.  

Several methods have been done to study the types, currents, 

voltage, frequency, location and harmonics of the faults[5-7]. For 

example, Mahanty and Gupta[8] discovered that the devised 

approach requires only current samples following the 

transmission line fault at one side. Discretized wavelets 

transform (DWT) was proposed by Ashok et al. [9] for the 

categorization of

transmission system problems. The authors provided a method 

for safeguarding the 3-terminal transmission system utilizing 

DWT for fault classification. A solution for 3-terminal 

protection issue of TL standard using DWT of fault 

classification was introduced by Kumar and Sagar[10]. On 400 

kV, 300 km transmission line models intended for various single 

phase-to-ground faults, simulation studies are conducted using 

electromagnetic transients, direct current and computer-aided 

design software for power systems[11]. While Prasad and 

Edward[12] opinion that the currents at one end of the overhead 

wire with the aid of DWT to construct a novel solution. The 

fault topic is not an exception, Komen et al.[13] used Fuzzy logic 

to develop an approach for fault analysis using current samples. 

Only one end of the 3-phase current samples was deemed to 

have accomplished the fault categorization using this method. 

Prasad et al.[14] used fuzzy logic and created a method to identify 

line-to-ground faults. Also the lightning strikes that hit nearby 

above lines impact underground cables. Opening and closing 

switching devices at various points in the cable system as well 

as electrical problems both, could be caused to switching 

overvoltages[5]. 

The achievements for the signal waves, and distortion during the 

fault led to an increase in the spot on the fault signal analysis of 

power systems, especially the overhead transmission lines[5, 7]. 

However, the correct number of waves that must be selected still 

needs to be carefully selected to get the optimal device 

sensitivity and faster decision. The optical spectrum of a given 
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surface area can often be measured from a stationary point by 

standard commercial spectrometers or spectrophotometers [15]. 

As a particular case, this work introduces a study case of the 

Azadi substation transmission system in the Kurdistan area of 

Iraq. A calculation of the frequency characteristics of the 

frequency via the voltage and currents in the healthy and faulty 

phases. The work examines five cases for cycle number and five 

starting times for the wave analysis. This FFT is done for the 

voltage and healthy and faulty currents using MATLAB. The 

high values of distortion increase the insurance of fault 

detection. The comparison between the FFT for all of the results 

suggested that assuming the analysis of the three cycles can 

discover the fault earlier. All that is done after a mathematical 

introduction for the line characteristics model. 

Table 1: The symbol description used in the paper. 

Symbol Descriptions 

𝐶�̀� Capacitance star 

𝐶𝑀 Capacitance between conductors 

𝐶𝑂 The total capacitance of the line 

𝐼𝑔 Ground fault current 

𝐼𝑜 Zero component current 

𝐿𝑂 The total inductance of the line 

𝑅𝑁 The neutral grounding resistance 

𝑅𝑇 Resistance of the transformer 

𝑅𝑔 Ground arc faults resistance 

𝑅𝑛 Grounded neutral resistance 

𝑇𝑎 Time constant 

𝑈𝑝ℎ Phase voltage 

𝑈𝑟𝑎𝑡𝑒𝑑  Rated voltage 

𝑋𝑇 Reactance of the transformer 

𝑐𝑜𝑛 
Connected to the ground for the nth lines by the 

total phase capacitance 

𝑒𝑘ℎ Input voltage vector 

𝑒𝑚ℎ Output voltage vector 

𝑖𝑘 The modal current into the end-node vector 

𝑖𝑚 The modal current into the end-node vector 

𝑙𝑛 Nth line length 

𝑛𝑥𝑘 nth component Input impedance 

𝑛𝑥𝑛 nth component output impedance 

𝑣𝑘 Input voltage 

𝑣𝑚 Output voltage 

𝑥𝑁 Output impedance 

𝑥𝑘 Input impedance 

𝜏𝑖 Traveling time constant 

C Capacitance between conductors and ground 

FC Frequency characteristics 

FFT Fast Fourier transform 

N Number of line 

THD Total harmonic distortion 

X Load reactance 

Zc Characteristic impedance in modal quantities 

𝛽 Phase change coefficient 

𝜔 Frequency of the current 

 

2. Mathematical analysis 

Electrical machine frequency characteristics (FCs) are actively 

employed to studies the modes of operation and spot emerging 

flaws. We will identify which factors, including synchronous 

and asynchronous machines, transformers, and 

autotransformers, should be considered by the power systems 

before moving forward with (FC) power transmission. 

There are further prospects for using (FCs) because it is also 

conceivable to use the same voltage transformers on the 

switchgear buses and the high side of the consumer substation. 

Due to those mentioned above, data on the zero-sequence 

component of currents and voltages in addition to phase 

voltages and phase currents. The positive and negative sequence 

components may now be separated using modern 

microprocessor devices, which can once more be utilized to 

pinpoint the location of line damage. 

Mathematical model of symmetrical switching of the high 

harmonics source 

In this instance, let us assume that the conductors of the 

underground cables are positioned symmetrically. The three-

phase power radial distribution schematic diagram is shown in 

Figure 1. 

Taking into account the equivalent circuit that is shown. 

Moreover, when operating at high frequencies, we neglected the 

resistance's impact on the frequency corresponding to the 

maximum voltage at the supply's end. 

It is clear from Figure 2 of the equivalent circuit that the highest 

voltage V2 will match the maximum voltage Vz that is measured 

on the output side. The latter situation is crucial because it 

enables low-voltage measuring circuits in step-down substations 

without needing a high-voltage measuring transformer. 

The voltage source vectors for both input and output are updated 

with the time according to equations (1) and (2)[5]. 

⌊𝑒𝑘ℎ(𝑡)⌋ = [𝑧𝑐][𝑖𝑚 (𝑡 − 𝜏𝑖)] + [𝑣𝑚(𝑡 − 𝜏𝑖)]                             (1) 

[𝑒𝑚ℎ  (𝑡)] = [𝑧𝑐 ][𝑖𝑘(𝑡 − 𝜏𝑖)] + [𝑣𝑘(𝑡 − 𝜏𝑖)]                              (2) 

Where: 

𝑧c is the characteristic impedance in modal quantities 

𝑒𝑚 ℎ(𝑡)  ,𝑒𝑘ℎ (𝑡)  are history voltage sources of the ideal line 

section 

Figure 1: Radial cable distribution system scheme[5]. 

Figure 2: Equivalent circuit of underground distribution cable[5]. 
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𝜏𝑖  𝑖𝑠 traveling time  

𝑣𝑘  (𝑡) , 𝑣𝑚 (𝑡) are the input and output voltage vectors.  

𝑖𝑘 (𝑡) , 𝑖𝑚 (𝑡) are the input and output currents vector for a line 

without losses[16]. 

𝑍𝑐 = √
𝐿0

𝐶0 ⁄        ωβ=√𝜔𝐿0𝜔𝐶0 =𝜔√𝐿0𝐶0 =𝜔𝛽                      

(3) 

The frequency characteristics of the electrical transmission 

could be as in (4) [16] 

𝑊2
̇ =

𝑉2̇

�̇�
= 𝑊2

̇ =
1

(1+
𝑋𝐾
𝑋𝑁

) cos(𝑛𝛽𝑙)−(
𝑛𝑥𝑘
𝑧𝑐

−
𝑧𝑐

𝑛𝑥𝑛
)sin (𝑛𝛽𝑙)

                                

(4) 

If we neglect the internal impedance of the source. Then 

formula (4) is transformed into the following[16]. 

𝑡𝑔(𝑛𝛽𝑙) = −
𝑛𝑥𝑛

𝑧𝑐

                                                                              (5) 

The mathematical model of single phase-to-ground fault for the 

underground cable with distributed parameters[16]. 

𝑇𝐴 =
3𝑅𝑔𝑅𝑛𝐶

𝑅𝑔 + 𝑅𝑁

                                                                                    (6) 

Based on equation (6), decreases in time constant T𝑎, the 

ground arc fault's resistance decreases 𝑅𝑔. Therefore, it is 

thought 𝑅𝑔 → ∞ it raises the 

𝑇𝑎 =
3𝑅𝑁𝐶

1 +
𝑅𝑁

𝑅𝑔
⁄

= 3𝑅𝑁𝐶                                                                (7) 

At the same time, the formulae below stipulate that such an 

extinguishing must occur within the main's first half period[16]. 

𝑅𝑁 =
𝑇𝑎

3𝑐
 =  

0.01 

3×3×𝐶
=

1

900𝐶
                                                                 

(8) 

Based on given by:  

𝐶𝑀

𝐶
=

1

3
              𝑓𝑜𝑟 𝑡ℎ𝑒 𝑐𝑎𝑏𝑙𝑒                                                        (9) 

𝐶′𝑚 = 3𝐶𝑚. Moreover, the total capacitance is [16]. 

𝐶0 = 𝐶 + 𝐶𝑚
′  =C+3 𝐶𝑚                                                                

(10) 

Taking into account (9): 

𝐶0 = 𝐶 + 3𝐶𝑚 = 𝐶 +
3

3
 C =2C                                                  

(11) 

The total cable capacitance could be estimated to the ground 

𝐶 =
1

2
 𝐶0                                                                                           (12) 

𝐶 =
5

8
𝐶0                                                                                            (13) 

the four cases of the standard cables in Kurdistan are given in 

Table 2. the data is obtained from the ministry of electricity of 

the Kurdistan region. 

Table 2: Cables Parameter details. 

No. Types R ohm/km L mH/km C µf/km 

1 3*185/25 0.0991 0.319 0.243 

2 3*240/25 0.0754 0.304 0.273 

3 3*300/25 0.0601 0.295 0.296 

4 3*400/25 0.0470 0.284 0.331 

 

1-   

Zc=√
𝐿0

𝐶0 ⁄ =√0.319
0.243⁄   = 1.145 ohm 

𝛽 =  √𝐿0𝐶0  =√0.319 ∗ 0.243   =0.278 

cm =
 1

3
c      for cables   cm = 

1

3
0.243  =0.081 µf 

RN=
1

900𝐶
  =

1

900∗0.243
  =4.5m ohm = 0.045 ohm 

2-  

Zc=√
𝐿0

𝐶0 ⁄ =√0.304
0.273⁄   = 1.055 ohm 

𝛽 =  √𝐿0𝐶0  =√0.304 ∗ 0.273   =0.288 

cm =
 1

3
c      for cables   cm = 

1

3
0.273  =0.091 µf 

RN=
1

900𝐶
  =

1

900∗0.273
  =0.407m ohm = 0.00407 ohm 

3-   

Zc=√
𝐿0

𝐶0 ⁄ =√0.295
0.296⁄   = 0.998 ohm 

𝛽 =  √𝐿0𝐶0  =√0.295 ∗ 0.296   =0.295 

cm =
 1

3
c      for cables   cm = 

1

3
0.296  =0.098 µf 

RN = 
1

900𝐶
  =

1

900∗0.296
  = 0.00375 ohm 

4-   
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Zc=√
𝐿0

𝐶0 ⁄ =√0.284
0.331⁄   = 0.92628 ohm 

𝛽 =  √𝐿0𝐶0  =√0.284 ∗ 0.331   =0.3066 

cm =
 1

3
c      for cables   cm = 

1

3
0.331  =0.1103 µf 

RN=
1

900𝐶
  =

1

900∗0.331
  =3.3568𝑚ohm=0.033568 ohm 

The ratios (11) and (12), which demonstrate how different the 

line's capacity is from its entire (full) capacity, are of utmost 

significance. When analyzing an electrical network project that 

was planned, the ground fault current Ig should be calculated 

using the same expressions as a starting point according to: 

𝐼𝑔 = √3 𝑈𝑟𝑎𝑡𝑒𝑑  ∑ 𝜔𝐶𝑜𝑛𝑙𝑛                                                          (13)

𝑁

𝑛=1

 

N is the number of lines that the common bus supplies, 𝑙𝑛 is the 

nth line's length, and 𝐶0𝑛 is connected to ground for the nth line 

by the total phase capacitance. 

𝐼𝑔 = 3𝐼0 = 𝑈𝑝ℎ {𝑗3𝜔𝐶 +
3

3𝑅𝑇+𝑗𝑋𝑇
}                                              

(14) 

3. Results and dissections 

The parameters in the first row of Table 2 are used in this work.  

The system modeling is shown in Fig.3. The simulation model 

consists of a 3-phase, 11kV source, network transformer, and 

overhead transmission.

 

Figure 3: Simulation diagram of the single line to ground fault system model. 
 

In this work, fast Fourier transforms (FFT) analysis for a 20 km, 

Kurdistan system of underground cable line is done to study the 

effect of fault on the high capacitance lines. The analysis 

involves the three-phase voltage and current of healthy and 

faulty lines. A single phase to ground fault is selected to 

examine the Simulink system. Figure 4. Presents the FFT 

analysis for the voltage and current for three cycles without 

fault. The authors used the FFT analysis of MATLAB to 

analyze the components of the signal that companions to the 

primary frequency. Also, FFT analysis, gives the total signal 

distortion that may happen during the power system operation 

and control.
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a b 
Figure 4: FFT case of 3cycles, starting time 0.051s, and without fault (a) voltage analysis (b) phase-1 current analysis. 

The previously selected analysis is used to be the base of the 

comparison between the voltage and currents for the healthy and 

the faulty line. Figure 5. Table 3 represents the voltage FFT for 

specific cases of the voltage cycles and different starting times. 

The three cases of the started times are selected to present the 

Fourier analysis before, during, and past fault timing. 

a b 

c d 
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e  
Figure 5: FFT voltage analysis during a continuous fault (a) case of 4 cycles, starting time 0.12s (b)  case of 3 cycles, starting time 0.12s (c) case of 2 

cycles, starting time 0.12s (d) case of 3 cycles, starting time 0.1s (e) case of 3 cycles, starting time 0.09s. 

 

Regarding Figure 5., it can be noticed that the total harmonic 

distortion (THD) and the high harmonic value compared to the 

fundamental frequency. Table 4 represents the THD 

compression for all cases done in this work via the voltage 

distortion. 

The current analysis was also studied to analyze the system. 

Phase-3, which is the healthy line, is studied to have information 

on the frequencies accompanying the fundamental frequencies. 

Figure 6. illustrates the phase-3 analysis. 

Table 3: Voltage THD % values. 

Starting time With fault Without fault 

1 2 3 4 5 1 2 3 4 5 

0.12 0.76 0.55 0.45 0.39 0.35  

 

0.01 

 

 

0.02 

 

 

0.02 

 

 

0.02 

 

 

0.01 
0.1 3.75 2.71 2.21 1.92 1.71 

0.09 3.48 2.72 2.23 1.93 1.73 

0.075 0.01 2.58 2.23 1.94 1.74 

0.051 0.03 0.02 2.04 1.94 1.75 

 

a  b  
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c  d  

e  
Figure 6: FFT healthy phase current analysis during a continuous fault (a) case of 4 cycles, starting time 0.12s (b)  case of 3 cycles, starting time 

0.12s (c) case of 2 cycles, starting time 0.12s (d) case of 3 cycles, starting time 0.1s (c) case of 3 cycles, starting time 0.09s. 

Table 5. represents the THD compression for all cases done in 

this work via the healthy phase distortion. 

The current analysis was also studied to analyze the system. 

Phase-1, which is the faulty line, is studied to have the 

information on the frequencies that accompany fundamental 

frequencies. Figure 7. illustrates the phase-1 analysis. 

 

 
Table 4: Phase-3 current THD% values. 

 

Starting 

time 

With fault Without fault 

1 2 3 4 5 1 2 3 4 5 

0.12 0.87 0.72 0.60 0.53 0.48  

 

0.15 

 

 

0.12 

 

 

0.10 

 

 

0.09 

 

 

0.08 
0.1 30.95 22.81 18.92 16.52 14.85 

0.09 27.54 22.69 19.47 17.29 15.70 

0.075 0.00 21.57 19.54 17.81 16.51 

0.0501 0.00 0.00 15.89 16.23 15.96 
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a b 

c d 

e 

Figure 7: FFT faulty phase current analysis during a continuous fault (a) case of 4 cycles, starting time 0.12s (b) case of 3 cycles, starting time 0.12s 

(c) case of 2 cycles, starting time 0.12s (d) case of 3 cycles, starting time 0.1s (e) case of 3 cycles, starting time 0.09s. 

Table 6. represents the THD compression for all cases done in this work via the faulty phase distortion. 

Table 5: Phase 1 current THD values. 

Starting 

time 

With fault Without fault 

1 2 3 4 5 1 2 3 4 5 

0.12 2.36 2.05 1.76 1.54 1.39  

 

0.15 

 

 

0.12 

 

 

0.10 

 

 

0.09 

 

 

0.08 
0.1 19.79 16.21 13.52 11.78 10.56 

0.09 123.75 46.51 34.62 29.03 25.54 

0.075 0.07 86.56 55.25 44.20 38 

0.0501 0.15 0.12 245.49 96.28 72.13 

 

It can be noticed from the figures and tables, that there is a high 

level of distortion in the signals for all cases during the fault. 

Overall, the three-cycle analysis has a considerable distortion 

compared to the other cycles. Also, it can be noted that the 

distortion in the current signals is higher than the voltage 
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signals, even in the healthy phase. There are also some 

interesting values, such as the maximum current distortion is 

245.49%, minimum current distortion is 0.0, maximum voltage 

distortion is 3.75, and minimum voltage distortion is 0.01. It can 

be noted that there are some specific values of THD closed to 

zero, even at the faulty phase. Those values appeared because 

the starting and ending analysis period is before the fault time, 

especially in one and two cycles. While three, four, and five 

cycles analysis have the highest distortion values. 

These results could lead us to discover the fault even though the 

fault current is not much higher than the rated current. 

Distortion sensors for both currents and voltages during high 

currents may lead to earlier fault detection. As well as selecting 

three cycles, there will be an appropriate change to detect the 

single line to ground fault. 

Conclusion 

With any part of the power system, underground cable lines are 

highly affected by abnormal conditions or faults. This study 

starts with a thorough analysis of a ground fault condition. From 

a detailed fault, distribution lines distribute a huge amount of 

power over several distances. This study presents the desired 

capacitance of the phase conductors to the ground for cables 

used in the Azadi substation located in the Kurdistan area of 

Iraq. The simulation findings have demonstrated that high-

frequency harmonics may result in the generation of significant 

distortion voltage and current in the course of a single line to 

ground fault. This research can be expanded upon in the future 

to examine the FFT for other kinds of faults, such as L-L-G and 

L-L faults. Also, it is possible to check for defects that resolve 

quickly and do not affect stability.  
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