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Abstract 

 Efficient fault detection in modern hybrid power transmission systems is crucial due to 

increasing integration of renewable energy sources and the complexity of long-distance 

transmission networks. Identifying the faulty phase and terminal rapidly ensures reliable 

protection and improved power quality. This paper proposes a wavelet-based algorithm 

using Bior1.5 multi-resolution analysis is used to extract energy coefficients (CD) from 

post-fault current signals. The discrimination between faulty and healthy phases is achieved 

by comparing CD values against a threshold derived from simulation data. The method is 

validated on a 4-bus transmission system under both conventional and hybrid 

configurations, considering different fault impedances (50 Ω, 250 Ω), locations (4 km, 40 

km), and fault inception angles (120°, 340°). Results demonstrate accurate fault phase and 

terminal identification within 25 ms for symmetrical and unsymmetrical faults, with 

improved accuracy compared to existing methods. The proposed approach offers robust 

and fast protection suitable for diverse operating conditions in hybrid power systems. 

Keywords: Discrete wavelet transform, Fault detection, Energy coefficients, Hybrid 

transmission system, Fault inception angle. 
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1. Introduction 

The growing demand for electricity has led to the expansion of modern power systems, which 

now integrate both conventional and non-conventional (renewable) energy sources. 

Conventional sources, such as thermal and hydro generators, are usually connected through 

long transmission lines, whereas renewable sources such as solar and wind are often installed 

closer to load centers. This integration, while improving reliability and reducing transmission 

losses, introduces significant challenges in protection and fault detection due to differences in 

generation capacities and fault current levels. 

In conventional systems, fault currents are generally large and can be easily detected by 

traditional protective relays. However, in microgrids and hybrid networks, renewable sources 

contribute relatively small fault currents, often through power electronic converters. This leads 

to bidirectional current flow during fault conditions and complicates the reliable operation of 

protection schemes. As a result, conventional fault detection methods may fail to distinguish 

between faulty and healthy phases, particularly under high fault impedance or variable fault 

inception angles. Therefore, advanced protection algorithms are required to ensure selectivity, 

speed, and accuracy in such diverse operating environments. 

Several protection strategies have been proposed in recent literature. Best et al. [4] introduced 

a three-level protection scheme with breaker communication, though it suffers limitations 

under low transient fault currents in islanded operation. El-Zonkoly [5] combined wavelet 

transform with adaptive neural networks but faced challenges in discriminating faults at higher 

fault resistances. Islam and Gabbar [6] proposed a centralized relay-based microgrid protection 

method, but it was restricted to microgrid-only configurations. Similarly, Yadav and 

Swetapadma [7] applied a wavelet-ANN hybrid approach requiring both current and voltage 

signals, which increases measurement complexity. Other methods such as synchrophasor-

based detection [9] or traveling wave techniques [10] often involve high detection times or 

delayed terminal identification. 

These limitations highlight the need for a more reliable and computationally efficient fault 

detection approach. 

Wavelet transform has emerged as a powerful tool for analyzing non-stationary and transient 

power system signals. Unlike Fourier analysis, wavelets provide both time and frequency 

localization, making them well-suited for capturing abrupt variations in fault currents. In 

particular, biorthogonal wavelets such as Bior1.5 offer symmetrical filter properties and 

accurate feature extraction from transient signals. Energy coefficients (CD), obtained from 

wavelet decomposition, can be used as fault indicators due to their sensitivity to sudden 

disturbances. 

In this paper, a wavelet-based algorithm using Bior1.5 decomposition is proposed for 

identifying faulty terminals and phases in a hybrid 4-bus power transmission system. The 

method relies on extracting and comparing energy coefficients from post-fault current signals. 

By establishing a threshold between the highest healthy phase value and the lowest faulty phase 
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value, the algorithm effectively discriminates fault locations under a wide range of conditions, 

including different fault impedances, inception angles, and source capacities. The proposed 

approach is validated using MATLAB/Simulink simulations on both conventional and hybrid 

system configurations, and its performance is compared with existing methods [29-30]. 

The rest of this paper is organized as follows: Section 2 explains the fundamentals of wavelet 

analysis, Section 3 presents the proposed technique and algorithm, Section 4 discusses the 

power system model and simulation results, and Section 5 concludes the findings. 

2. Wavelets Concept 

Wavelet is a small energy wave having finite time interval with energy concentrated over the 

period. It has scaling ad shifting function and best suited for transient signals having abrupt 

changing current signals. The wavelet captures the transient signal whenever the signal 

resolution is match with the wavelet resolution. Hence, it is used for the any type of abrupt 

changing signal. This analysis is used to give scaling signals from the various frequency bands. 

The mother wavelet is able to the translated and dilated discretely [11-12]. According to the 

nature of fault signals the mother wavelet to be chosen to identify the accurate fault detection 

and classification [13-15]. A Bior1.5 mother wavelet is appropriate for the fault current signals. 

The Bior1.5 wavelet is a symmetric and has perfect reconstruction property. However, the 

Wavelet Transform (WT) allows variable window widths (high and low frequencies) to extract 

the features for the analysis [16]. Wavelets are in the form of series of functions similarly 

Fourier series [17]. The mother wavelet is represented by: 

 

ψj,k(t) = 2
j

2ψ(2jt − k)    (1) 

 

j, k ∈ Z 

′Z′is an integer number.   

 

Figure. 1 Transient signal and wavelet. 

′j′, ‘k′ representing translations and dilations. A high frequency fault signal and bior1.5 wavelet 

is shown in Fig. 1. 
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A wavelet moves on the transient signal in both forward and reverse direction with shrink and 

stretch property. It captures the signal wherever both the time and frequency resolution is 

matched. Later, it extracts the features as CD. Higher abrupt change in the signal generates 

higher value of CD and vice versa [18]. When a fault occurs, CD of faulted phase has higher 

value of CD compared to healthy phase [19].  A Bior1.5 wavelet is considered to generate CD 

from the fault signals [20]. The mathematical expression for DWT [21] is  

 

W(j,k)=∫  f(t)  2
j

2 ψ(2jt

−t
t − k) dt  (2) 

DWT generates good resolution match for the abrupt changing in signals. Many filter 

applications need symmetrical coefficients as output for achieving linear progress. Other 

wavelets could not give symmetrical coefficients. Bi-orthogonal wavelet systems can be 

designed to have symmetrical coefficients [22.]  

Let us consider two functions Ψ(t) & Ψ̅ (t),  

 

Ψ̅ (t) = ∑ (−1)n h(N − k − 1)Φ̅(2t − k)N−1
k=o   (3) 

Ψ(t) = ∑ (−1)nN−1
K=0 h̅(N − k − 1)Φ(2t − k)  (4) 

Calculation of energy coefficient is as follows g(x) is a function. 

elsewhere

xx
xg

30

,0

,
)(







=

 

The energy coefficient is  

dxkxxg )()( 22
00

00,0
−= 



−


 

dxkxxg )1()1)((
00,0

−= 


−


 

=
1

0

1* dxx

 

0

1

2

2

x=

 

2

1
=

 

3. Wavelet Based Technique for Faulty Terminal and Phase Identification 

The proposed wavelet based technique is designed for extraction of CD from the fault current 

signals. The post fault current signals are measured at both ends of transmission lines and then 
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compared. In absence of fault, both values are equal otherwise different [23]. This difference 

is in the form of CD indicates that the fault is occurred. Comparing all the CD a predetermined 

thresholds value can be fixed to discriminate the faulted and healthy phases [24]. The threshold 

value is fixed on the basis of CD value i.e. highest value of healthy phase and lowest value of 

faulty phase [25].  

Above the threshold value is considered as faulty phase and below is healthy phase. The flow 

chart   representing the terminal and phase detection of proposed work is shown in Fig. 2. 

3.1 Proposed Algorithm 

Step-i: Choose any one terminal and apply the fault. 

Step-ii: Measure all fault currents of all phases at both the ends. 

Step-iii: Wavelet decomposition using bior1.5 on fault current signals. 

Step-iv: Obtain CD from the current signals. 

Step-v:  Get the difference value of CD at both ends. 

Step-vi: Get the absolute value of CD of all phases. 

Step-vii: Threshold value discriminates fault terminal and the healthy terminal based on 

absolute values.  

 

Figure. 2 Flowchart 
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4. Power system Model and Result Analysis 

A simulation model of 4-bus transmission system is developed on Simulink software for the 

proposed work. Power system is having 100MVA, 60MVA and 30MVA capacity conventional 

sources connected to utility grid through 60km distance. A discrete wavelet transforms with 

Bior1.5 mother wavelet is applied on fault current signals to decompose into CD [26-27]. 

Results are plotted on fault indices (time in milliseconds on X-axis and CD values on Y-axis).  

The fault analysis is carried out on two cases  

Case-1: Study of 4-bus conventional sources connected system. 

Case-2: Study of 4-bus hybrid sources connected system. 

4.1 Case-1: Study of 4-bus conventional sources connected system 

A proposed 4-bus transmission system is shown in Fig. 3 for the analysis of various faults with 

a fault impedance of 250Ω, at distance of 40km at Fault  

 

Figure. 3 A 4-bus transmission system.  

inception angle (FIA) 3400. 

The proposed system data for the fault analysis of Fig.3 is given as  

B1: Power source (100 MVA),  

B2: Utility grid (2500 MVA),  

B3: Power source (60 MVA),  

B4: Power source (30 MVA),  

Line distance: 60km each, Frequency: 50Hz. 

4.1.1 Fault Analysis 

The fault analysis on above proposed system with symmetrical and unsymmetrical faults on 

terminals T1, T2, T3, and T4 are discussed below.  

The fault indices of CD are considered as 4 (faults) x 4 (terminals) =16 sub graphs in which 

rows indicate energy coefficients of 4 terminals (CD1, CD2, CD3, CD4) and columns indicates 

3 phases (a, b, c). As shown in Figures.5,7,9,11, the 1st row 1st column indicates phase-A 

currents of T1, 1st row 2nd column indicates phase-B currents of T1, 1st row 3rd column indicates 

phase-C currents of T1 and so on for T2, T3, T4. 



International Journal of Applied Mathematics 

Volume 38 No. 8s, 2025 

ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version) 

801 
Received: August 06  2025 

4.1.2 Results of faults on T1 

An LG fault is applied at phase-A at T1 and the fault index of CD1 shown in Fig. 4 and 

corresponding bar chat is drawn based on highest values of CD1 shown in Fig. 5. 

 

Figure. 4 CD1 LG fault index at T1. 

 

Figure. 5 Faulty terminal (T1) and phases (A) 

The Fig. 4 and Fig. 5 revealed that the faulted terminal T1 and fault phase-A has relatively 

higher values compared to remaining phases of T2, T3, T4. The fault detection time is less than 

25msec.

An LLG fault is applied at phase-A, B at T1 and the fault index of CD1 shown in Fig. 6 and 

corresponding bar chat is drawn based on highest values of CD1 shown in Fig. 7. 

 

 

Figure. 6 CD1 LLG fault index at T1. 

0

50

100

150

200

250

T1 T2 T3 T4

A

B

C



International Journal of Applied Mathematics 

Volume 38 No. 8s, 2025 

ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version) 

802 
Received: August 06  2025 

 

Figure. 7 Faulty terminal (T1) and phases (A, B). 

The Fig. 6 and Fig. 7 revealed that the faulted terminal T1 and fault phase-A, B has relatively 

higher values compared to remaining phases of T2, T3, T4. The fault detection time is less than 

25msec. 

An LL fault is applied at phase-A, B at T1 and the fault index of CD1 shown in Fig. 8 and 

corresponding bar chat is drawn based on highest values of CD1 shown in Fig. 9. 

 A B C

T1 198 201 4.94

T2 4.62 4.04 4.5

T3 1.44 1.15 1.42

T4 0.49 0.65 0.38

 

Figure. 8 CD1 LL fault index at T1. 

The Fig.8 and Fig.9 revealed that the faulted terminal T1 and fault phase-A, B has relatively 

higher values compared to remaining phases of T2, T3, T4. The fault detection time is less than 

25msec. 

 

Figure. 9 Faulty terminal (T1) and phases (A, B). 

 

Figure. 10 CD1 3-phase fault index at T1. 
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Figure. 11 Faulty terminal (T1) and phases (A, B, C). 

A 3-phase fault is applied at phase-A, B, C at T1 and the fault index of CD1 shown in Fig. 10 

and corresponding bar chat is drawn based on highest values of CD1 shown in Fig. 11. 

The Fig. 10 and Fig. 11 revealed that the faulted terminal T1 and fault phase-A, B has relatively 

higher values compared to remaining phases of T2, T3, T4. The fault detection time is less than 

25msec. 

It is observed from the Fig. 5, 7, 9 and Fig. 11 the CD1 of faulty terminal highest values are 

200, 200, 180, 202 respectively and the CD1 of healthy terminal highest values are 4.97, 4.94, 

4.8 and 4.49 respectively. So that, it is seen the discrimination of faulty and healthy terminal 

can be clearly noticed. The highest CD1 of all phases at all terminals with all faults are 

summarised in Table. 1. 

Table. 1. CD1 summary of fault at T1 

 

It has been observed from Table. 1 at T1 the highest value is 202 and the lowest value is 180 

on fault terminal whereas highest value is 4 and the lowest value is 0 among all healthy 

terminals. Therefore, the threshold value can be fixed between the values 4 to 180 as discussed 

in section-3. Above the threshold value is considered as faulty phase and below is healthy 

phase. Similarly, analysis is carried out on all remaining terminals and the results are 

summarised in Table 2. 

Table. 2. CD summary of fault at all terminals 

0

100

200

300

T1 T2 T3 T4

A

B

C

Type of Fault 

Terminal

 

T1 T2 T3 T4 

A B C A B C A B C A B C 

LG 198 4.97 4.94 4.2 4.0 4.9 1 1 1.5 0.5 0.5 0.4 

LLG 198 200 4.8 4.6 4.5 4.5 1 1.2 1.5 0.5 0.5 0.4 

LL 180 180 4.49 4.1 4.2 4.3 1 1.2 1.5 0.5 0.5 0.4 

3-phase 201 200 202 4.3 4.1 3.5 1 1.2 1.5 0.5 0.5 0.4 
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4.2 Case-2: Study of 4-bus hybrid sources connected system 

The proposed 4-bus hybrid power transmission system shown in Fig. 12 is considered for the 

analysis of different types of faults with a fault impedance of 50Ω, at a distance of 40km and 

Fault inception angle (FIA) 1200. A Wind system and solar PV system are integrated at bus-3 

and bus-4 respectively to the PCC through a 6km line instead of the 60km line by replacing the 

conventional generators. 

Figure. 12 A 4-bus hybrid power transmission system. 

The proposed system data for the fault analysis is given as: 

B1: Main generator (100 MVA),  

B2: Grid (2500 MVA),  

B3: Wind power (10 MW),  

B4: Solar PV (1MW),  

Fuel cell parameters (50KW), Transmission lines distance: 60km each, Frequency: 50Hz. 

Type 

of 

Fault 

Terminal

 

T1 T2 T3 T4 

A B C A B C A B C A B C 

LG 198 4 4 130.0 4.24 0.91 1.45 2.08 310 0.70 180.0 0.75 

LLG 198 200 4 6.01 180.1 198.5 198 1.08 311 155.0 0.84 311.6 

LL 180 180 4 0.5 198 198 200 0.5 200 120 0.5 120 

3-

phase 201 200 202 

198.6 197.0 200.0 148 150 200 160.0 180.0 351.05 
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4.2.1 Results of fault on T3 

Apply LG, LLG, LL, 3-phase faults on various phases at T3 and obtain fault indices of CD3. 

 

Figure. 13 CD3 LG fault index at T3 

 

Figure. 14 Faulty terminal (T3) and phases (C) 

 

Figure. 15 CD3 LLG fault index at T3 

 

Figure. 16 Faulty terminal (T3) and phases (A, C). 

 

 

Figure. 17 CD3 LL fault index at T3. 
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Figure. 18 Faulty terminal (T3) and phases (A, C). 

 

 

Figure. 19 CD3 LLLG fault index at T3 

 

Figure. 20 Faulty terminal (T3) and phases (A, B, C). 

 

It is observed from the Fig.14, 16, 18 and Fig. 20 the CD3 of faulty terminal highest values are 

302, 398, 115, 190 respectively and the CD3 of healthy terminal highest values are 7.1, 5.2, 

9.1 respectively. So that, it is seen the discrimination of faulty and healthy terminal can be 

clearly noticed. The highest CD3 of all phases at all terminals with all faults are summarised 

in Table. 3. 

Table.3. CD3 summary of fault at T3 

Type of 

Fault 

Terminal

 

T1 T2 T3 T4 

A B C A B C A B C A B C 

LG 
0.

8 

1.3

5 

4.

1 

0.

5 
1.1 

3.

7 

0.3

2 

0.3

4 

30

2 
1.2 

1.

8 
4.5 
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LLG 
7.

1 
0.9 

4.

1 

5.

2 

0.5

1 

3.

8 
398 0.3 

20

2 
9.1 

1.

4 
5.8 

LL 
0.

5 
0.5 

0.

5 

0.

5 
0.5 

0.

5 
115 0.5 

11

5 

0.5

5 

0.

5 
0.6 

3-phase 
0.

5 
0.5 

0.

5 

0.

5 
0.5 

0.

5 
152 190 

16

0 
0.6 

0.

7 

0.4

9 

 

4.2.2 Results of fault on T4 

Apply LG, LLG, LL, 3-phase faults on various phases at T4 and obtain fault indices of CD4. 

 

Figure 21. CD4 LL fault index at T4 

 

Figure 22. Faulty terminal (T4) and phases (A) 

 

Figure 23. CD4 LL fault index at T4 

 

Figure 24. Faulty terminal (T4) and phases (A, C) 
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Figure 25. CD4 LL fault index at T4 

 

Figure 26. Faulty terminal (T4) and phases (C) 

 

Figure 27. CD4 LL fault index at T4 

 

Figure 28. Faulty terminal (T4) and phases (A, B, C) 

It is observed from the Fig. 22, 24, 26 and Fig. 28 the CD4 of faulty terminal highest values 

are 390, 490, 180, 470 respectively and the CD4 of healthy terminal highest values are 10,9,4, 

respectively. So that, it is seen the discrimination of faulty and healthy terminal can be clearly 

noticed. The highest CD4 of all phases at all terminals with all faults are summarised in Table. 

4. 

The proposed algorithm is compared with existing method [28] of terminal identification is 

shown in Table.5. 
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Table.4. CD4 summary of fault at T4 

Type of Fault 

Terminal

 

T1 T2 T3 T4 

A B C A B C A B C A B C 

LG 7.1 2.4 1.7 6 1.8 1.4 2.1 0.7 0.7 390 0.4 0.4 

LLG 8.2 1.2 5.8 7.2 0.7 4.8 2.8 0.45 1.8 490 0.3 280 

LL 1.4 0.5 1.1 0.5 0.5 0.5 1.1 0.5 1.1 180 0.5 180 

3-phase 10 15 4.9 9 14 4.2 3 4 1.1 401 470 300 

 

Table.5. Comparison of proposed method with Existing method for variation in terminal 

identification 

 

 

 

 

 

 

5. Conclusion 

This study presented a wavelet-based method for fault terminal and phase identification in a 4-

bus hybrid power transmission system. By applying Bior1.5 wavelet decomposition to fault 

current signals, energy coefficients (CD) were extracted and used to discriminate faulty phases 

and terminals from healthy ones. Simulation results on both conventional and hybrid systems 

S.No Parameter 
Existing method 

[28] 
Proposed method Observations 

1 

Fault 

classification 

accuracy 

96.08% accuracy 98.55% accuracy 
better 

accuracy 

2 
Effect of fault 

impedance 

does not work 

effectively above 

200Ω 

do not effect up to 

300Ω 

considerably 

better 

3 
Fault inception 

angle 

does not work 

effectively when 

exceeds 3300 

works well for all  

Fault inception 

angles 

Good 

performance 
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confirmed accurate detection of LG, LLG, LL, and three-phase faults. The method achieved 

discrimination within 25 ms, regardless of variations in generation capacity, fault inception 

angle, fault impedance, or distance. Compared with existing approaches, the proposed 

technique demonstrated higher accuracy, better tolerance to fault impedance, and faster 

detection. These features make it a reliable solution for modern hybrid grids. Future work may 

focus on extending the algorithm to large-scale networks and validating its performance under 

real-time hardware implementation. 
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