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Protection of series compensated line is a challenging task due to non linearity involved in presence 

of series capacitance. The novelty of this research paper is the application of capacitor voltage drop 

signals of fixed series capacitors (FSC) over one cycle after occurrence of fault for faulted phase 

classification and to the fuzzy system for fault distance estimation in a 400 kV transmission line with 

FSC. Such application of capacitor voltage drop signals has never been implemented in any fault 

analysis schemes which makes this technique novel. Feasibility and reliability of the proposed 

technique has been tested for all ten types of shunt faults on power system model at different fault 

inception angles (FIA), realistic fault resistances over a range of fault locations. The proposed fuzzy 

logic based technique has less computation complexity. Real transmission system parameters of 400 

kV Wardha - Aurangabad transmission line, India (400 km) with 40% compensation at one end are 

implemented for this research. Percent absolute error is calculated for performance evaluation of the 

proposed method. Large numbers of test cases are generated which provide complete distance 

protection scheme giving quite accurate results with percent absolute errors mostly within 2.75% 

demonstrating more accuracy as compared to previous fuzzy based fault location schemes, least 

complexity and robustness of the proposed technique.  

Keywords: Fuzzy inference system; power system faults; fault location; series 

compensation.  
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1. Introduction 
 

Series compensation is majorly applied in modern power system for achieving 

maximum power utilization of existing transmission system and improving the overall 

performance of transmission systems. Series compensation comprises of capacitor bank 

protected by a metal oxide varistor (MOV) and a spark-gap arrangement. The nonlinear 

behavior of such series capacitors and its protection equipments during fault disturbances 

influences the current and voltage signals. This in turn creates problems to relay operations 

[1]. Accurate detection, classification and accurate location of faults on a transmission line 

are crucial for relaying decision, removal of faulty sections in the system and quick repair 

for availability of power supply [3].  Scheme in [3] classifies the faults correctly but lacks 

to give fault distance. If fault location cannot be recognized quickly then it produces 

prolonged line outage, rigorous economic losses may happen and reliability of service may 

be at big jeopardy. Looking at the mentioned protection issues faced by the existing 

protection schemes due to series compensation, there is a strong inspiration to develop a 

novel all-inclusive relaying scheme for series compensated transmission lines. 
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Support vector machine analysis was used as an effective method in fault identification, 

classification and fault section identification with distance estimation in [4]. But maximum 

error found in distance estimation was 30%. Also, they require a cumbersome effort for 

training the network to achieve a better performance under various load conditions. A 

bibliographical survey of effect of series compensation on transmission line protection with 

relevant background and various protection methodologies for series compensated line is 

presented in [5]. To the best of the knowledge of the authors, no scheme has been given yet 

using fuzzy logic for fault phase classification and fault location in a fixed series 

compensated line. Majorly, fuzzy logic is used with techniques like ANN, SVM or Wavelet 

for fault classification purpose [1-2, 4-13]. There are very few schemes using fuzzy logic as 

a fault locator presented in [14-16] for uncompensated lines and [17-18] for series 

compensated transmission lines. Wide area measurement system, traveling wave modal etc. 

are also gaining popularity in transmission line protection area [19-20]. 

This paper implements the application of fuzzy logic for estimation of fault distance in a 

two bus single circuit 400 kV transmission line with FSC located at one end. All the ten 

types of internal shunt faults using only one terminal data, i.e. mainly capacitor voltage 

drop signals from relaying end have been considered as inputs to fuzzy logic system. These 

input signals are taken over only one cycle window from the occurrence of fault which 

makes this technique fast. The effects of varying internal fault type, fault location, FIA and 

fault resistance have been verified. The proposed technique can classify faults including 

single-phase to ground, two-phase and three-phase faults with high accuracy in a broad 

range of system post-fault loading circumstances. Also, proposed technique in this paper 

gives better accurate results in terms of percent error as compared to [14-17]. 

In this research work, an equivalent model of 400 kV Wardha - Aurangabad line (400 

km) which is under construction with end buses and 40% fixed series capacitors at Wardha 

Substation end, i.e. relaying end with proposed protection technique has been developed 

based on the real time parameters of the actual installed system. This FSC is being installed 

at 1200/765/400/220 kV Wardha Substation, Power Grid, Western Region - I, India. Figure 

1 shows the considered equivalent schematic of proposed fuzzy based relay at Wardha FSC 

end with two 400 kV end buses as described above. 

At present, distance relays with quadrilateral characteristic are used for distance 

protection of 400 kV fixed series compensated transmission line and are reported to 

perform abruptly in estimating fault location distance at many fault events. Bus side voltage 

and current measurement in a series compensated line gets affected abruptly. Whereas in 

this research work it was observed that the capacitor voltage drop signals, as compared to 

impedance measurement signals used in other distance protection schemes with series 

compensation, showed reasonable linearity in voltage drop with increase in fault distance 

towards remote end. Such inclusive work has not been reported earlier for fault phase 

classification with capacitor voltage drop signals and also for fault location estimation of 

fixed series compensated line using only capacitor voltage drop signals of FSC as input to 

proposed fuzzy logic rule base with a computational time of only one cycle. Unlike other 

protection schemes which uses all the three phase currents or voltage either on one bus end 

or on both bus ends, this proposed technique implements only one quantity of capacitor 

voltage drop signal of FSC of any one of fault phases as input to fuzzy inference system 

(FIS). This reduces computational complexity and makes the technique simple. Also, main 
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achievement of this scheme is that it has reduced fault location estimation error to 2.75% 

which is less than previously applied fuzzy based schemes. Comparison of the same has 

been given in results section. 

The main benefit of fuzzy logic is that its knowledge depiction is explicit, using easy IF-

THEN fuzzy rules. All situations which are not distinguished by a simple and well defined 

deterministic mathematical model can be more easily operated in terms of the fuzzy-set 

membership functions. Fuzzy sets are efficient at various aspects of unsure knowledge 

depiction and are subjective and heuristic, while neural networks are capable of learning 

from examples, but have the inadequacy of implied knowledge depiction and need 

excessive computational efforts as explained in [11-13]. According to the degree of 

membership of the inputs, the outcome of each rule is weighted and the centroid of the 

outcome is calculated to produce the appropriate output [13]. The fuzzy logic system is 

executed in MATLAB/SIMULINK using ‘Fuzzy Logic Toolbox’ function. 

This paper is structured into 8 sections; the first section is an introduction. In the Section 

2 we discuss the working protection scheme of FSC and in Section 3 system modeling and 

configuration in MATLAB/SIMULINK with real time system parameters is explained. 

Section 4 focuses on FIS implemented in this novel scheme while section 5 introduces the 

detailed architecture of the proposed technique of fault phase classification and fault 

location estimation with complete algorithm. Section 6 presents the performance analysis. 

Simulation results for the proposed technique are given in terms of percent absolute error. 

Section 7 provides benefits of proposed technique in gist. Finally section 8 clarifies the 

extracted conclusions with this new improved proposed protection technique of series 

compensated transmission line. 

 

 
Figure 1: Proposed fuzzy based relay schematic of with FSC 

 

2.  Installed FSC scheme 
 

FSC is the simplest and cost-effective device to enhance power transmission capacity of 

a specified power line corridor. As shown in (1) and (2), series compensation of power 

transmission circuit will increase the active power transmission over the circuit without 

violating voltage and angular stability. Power transmitted without series capacitors (P1): 
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Power transmitted after fixed series compensation (P2): 
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Where, 

δ= Angular difference between Voltages, Vs = Sending end Voltage, Vr = Receiving end 

Voltage, Xl = Line Reactance, Xc = Series Capacitor Reactance. 

 

In Figure 2, single-line schematic of actual installation of 400 kV FSC is shown. The 

series capacitor banks in FSC are protected MOV and forced triggered spark gap 

protection. Till the capacitor voltage drop is below the protective level, the MOV having 

Zinc Oxide (ZnO) discs offers an incredibly high resistance. As soon as the voltage across 

the capacitor terminals crosses the protective level, the MOV offers very low resistance and 

diverts a considerable portion of the fault current through itself protecting the capacitor. In 

case of external fault (fault outside the line section, where the series capacitor is located), 

the MOV is so designed that it will limit the voltage to the protective voltage level, keeping 

capacitor banks in circuit until the line circuit breakers in the external line will clear the 

fault. 

 

 
Figure 2: Single-line schematic of actual installation of 400 kV FSC 

 

In case of internal fault (fault inside the same line section, where the series capacitor 

bank is located), the forced triggered spark gap will bypass the MOV and the capacitor 

bank only when the fault current crosses the maximum current rating of the capacitor units 

(i.e.3000 A in this case) and MOV dissipation energy level crosses its threshold limit (i.e. 

15 MJ) thus protecting them. At the same time, the closing command is given to the bypass 

circuit breaker (BPCB) in order to protect and extinguish the spark gap. The damping 

circuit helps to limit and dampen the discharge current of the capacitor bank in case the 

spark gap operates or the BPCB is closed. 

 

3. Modeling with system parameters 

 

Accuracy of the proposed scheme are investigated using fault data set of 400 kV power 

system simulated in MATLAB/SIMULINK software. Actual 400 kV series compensated 
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Wardha - Aurangabad transmission line (400 km) and 400 kV bus parameters are 

considered for power system modeling. A two bus three phase 400 kV, 50 Hz transmission 

system as shown in Figure 2, has been simulated for the study of fault phase classification 

and fault location estimation problem. This power system comprises two sources, 400 km 

transmission line and FSC with its connected protecting components. Distributed 

parameters of transmission line are used in the model. The FSC is installed at the Wardha 

substation bus end of the transmission line. This FSC achieves 40% series compensation. 

The transmission line parameters and other real time data at bus used for simulation are 

given in the Appendix. Table 1 gives ratings of all the components of FSC installed at 

Wardha substation end. 

Total line reactance is Xl = 107.6 Ω. The capacitance of FSC, C = 73.96 µF and 

capacitive reactance of FSC is Xc = 43.04 Ω which is 40% of Wardha – Aurangabad total 

line reactance. The capacitor bank is designed for maximum current rating of 3000 A. The 

maximum continuous operating voltage (MCOV) of MOV is kept 130 kV in this case. As 

the MOV is a non linear resistive element and it has an energy dissipation limit, an overload 

protection is provided to protect it against excessive heat. The overload protection 

calculates the energy absorbed by the MOV and triggers a parallel air gap if the energy 

exceeds a threshold value i.e. 15 MJ used in this study. In practice, these measurements are 

done with 0.2 accuracy class voltage transformers which give highly accurate 

measurements. 

 

Table 1: Ratings of components of FSC 

Description Rating 

Fixed Capacitor Bank 43.04 Ω, 73.96 µF, 3000 A, 387.36 MVAR/phase 

MOV for Capacitor Bank MCOV = 130 kV rms, E = 15 MJ/phase 

Spark Gap Flash-over voltage  = 400 kVp 

Damping Resistor 10 Ω 

Damping Reactor 700 µH, 3000 A 

By-pass Circuit Breaker 400 kV, 3 phase, SF6, 3150 A 

 

4. Application of Fuzzy approach 

 
In this paper a fuzzy logic based technique is applied to estimate accurate fault distance 

on a 400 kV transmission line with FSC installed at one end. The technique consists of 

three steps. All the input variables are transformed into fuzzy variables at first step. Then 

the fuzzification step estimates the overall truth rank by means of membership functions. 

The final defuzzification step provides the crisp. Design of membership functions (MF) of 

input and output variables depends on designer’s expertise. These are set so that the output 

error is minimized. A set of rules appropriate to the condition are applied which may 

contradict and even overlap with each other. Finally, the output is a suitable combination of 

all appropriate situations [10].  
The inputs considered in this paper are only per phase voltage drop signals (labeled as 

Vcap) across capacitors of installed FSC over one cycle window after occurrence of fault. 

In the fuzzy logic based system shown in Figure 3, fuzzification process was performed by 

using a singleton fuzzifier method. A ‘Mamdani’ type of Fuzzy Inference System (FIS) 

with triangular member function is developed for obtaining the crisp output as the fault 

distance. The ‘centroid’ defuzzification method is utilized for the defuzzification of the 

fuzzy inference system output. One crisp number output is calculated by centroid 

defuzzification as (3), 
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Where, k is centroid of area, Vc(Xi) is aggregated output MF at value Xi. 

 

 
Figure 3: Generalized structure Mamdani FIS 

 

 Initially, by extensive simulation work, test results of voltage drop signals across 

capacitor of FSC over one cycle window post fault in all the three phases are obtained 

simultaneously. Sampling frequency is 1 kHz and input samples are assumed to pass 

through anti-aliasing filter. Comprehensive fault conditions like all 10 types of shunt faults, 

various fault locations, different FIA and 2 realistic fault resistances are dealt with 

simulations as explained later in Section 6. After expert overview on results of about 18500 

test simulation cases, 14 output triangular membership functions with linguistic values of 

output fault distances are formed as shown in Figure 4. These 14 output membership 

functions labeled as D1-D14 are kept same for all types of fault. Corresponding to each 

output membership function, ranges of input capacitor voltage drop signals in each phase 

are decided and hence corresponding 14 input triangular membership functions are formed 

labeled as Z1-Z14. These input membership functions i.e. Z1-Z14 are nothing but the 

capacitor voltage drop sets corresponding to various types of fault. Three separate FIS are 

designed for 1-phase, 2-phase and 3-phase fault locator respectively. The output variables 

of inference system are fault distances which are achieved with the application of rules 

specified in Table 2. 

 

 
Figure 4: Fuzzy membership functions 
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Table 2: Fuzzy rule base for fault location  
Sr. No Fuzzy Rule 

1 If (Vcap is Z1) then (D is D1) 

2 If (Vcap is Z2) then (D is D2) 

3 If (Vcap is Z3) then (D is D3) 

4 If (Vcap is Z4) then (D is D4) 

5 If (Vcap is Z5) then (D is D5) 

6 If (Vcap is Z6) then (D is D6) 

7 If (Vcap is Z7) then (D is D7) 

8 If (Vcap is Z8) then (D is D8) 

9 If (Vcap is Z9) then (D is D9) 

10 If (Vcap is Z10) then (D is D10) 

11 If (Vcap is Z11) then (D is D11) 

12 If (Vcap is Z12) then (D is D12) 

13 If (Vcap is Z13) then (D is D13) 

14 If (Vcap is Z14) then (D is D14) 

 

5. Architecture of the proposed technique 
 

 The use of online capacitor voltage drop signals of FSC makes the proposed technique 

very easy and unique. The proposed algorithm consists of two stages, namely fault phase 

classification and fault location estimation. Figure 5 shows the main structure of the 

proposed algorithm. 

 

5.1. Fault phase classification 

 

 Whenever there is an internal fault on the specified line, only respective phase capacitor 

voltage drop increases above threshold. This principle is used for the classification of fault 

here and is illustrated in Section 6. If there is an external fault behind FSC at a distance 

more than 5% of the total length i.e. faults in other line behind the FSC, then capacitor 

voltage drop will be below specified threshold and proposed relay will not operate for such 

external fault. Provision of capacitor voltage drop measurement at FSC end is made. Va, Vb 

and Vc are capacitor voltage drop signals per phase at relaying end. To classify the fault 

type, the magnitudes of these input signals are continuously compared online with the 

predefined respective threshold values Vth (which are given in Section 6) as follows: 

 

1. If the magnitude of capacitor voltage drop in only one phase of FSC is greater than the 

respective phase defined threshold, then the fault will be classified as a single phase to 

ground fault. 

2. If the magnitudes of capacitor voltage drop in any two phases of FSC are greater than 

respective phase defined thresholds, then the fault will be classified as a two phase 

fault. 

3. If the magnitudes of capacitor voltage drop in all the three phases of FSC are greater 

than respective defined thresholds simultaneously, then it will be a three phase fault. 

 

5.2. Fault location estimation 

 

 In this step, the output of fault classification step is used as input to the respective fault 

FIS scheme to estimate accurate fault distance from relaying end. Three efficiently trained 

FIS for 1-phase, 2-phase and 3-phase faults respectively are considered. Respective FIS is 

then activated according to the type of fault which then calculates accurate fault location as 

the output of the proposed technique as shown in algorithm Figure 5.  
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 To design the finest FIS, the training sets must be properly selected using the problem 

domain knowledge and experimental approach so that all fault situations, i.e. different FIA, 

fault resistances and fault locations are taken care of. Then the performance of the FIS 

scheme is tested using random fault conditions in the testing set. The output fault estimation 

logic of the proposed technique contains 14 ranges of triangular membership function 

representing the fault location values which are designed after extensive simulation expert 

system database. For each fault type 1-phase, 2-phase and 3-phase, separate FIS is designed 

to estimate the location of fault, that is, total three FIS modules for fault location are 

designed. 

 

 

 
Figure 5: Proposed algorithm 

 

6. Performance analysis and results 

 

 In order to validate of the proposed technique, the model with the mentioned system 

parameters is designed in MATLAB/SIMULINK software. Different internal faults, such as 

single line to ground, double line to ground, double line and three phase faults at different 

locations in front of the FSC and various inception angles with two fault resistances are 

extensively investigated. The technique is tested on a variety of fault cases as considered in 

Table 3.  

 

Table 3: Test data generation for fault cases 

Variation Range Cases 

Type of fault All 10 types 10 

Capacitor voltage All 3 phases 3 

Fault location 10 km – 390 km (in step of 10 km from relaying end) 39 

Fault resistance 0.1 Ω and 1 Ω 2 

FIA 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315° 8 

Total cases = 10 × 3 × 39 × 8× 2 = 18720 
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 In most of the earlier protection algorithms, only few inception angles are considered. In 

order to get more comprehensive vision on the effect of FIA on the proposed technique, 

different inception angles over complete cycle are considered as listed in Table 3. The 

threshold values used in the proposed technique are obtained by simulations and calculated 

by measurement of voltage drop across FSC with different fault conditions at the opposite 

end of relaying bus i.e. very near to 400 kV Aurangabad substation bus. These threshold 

values can be varied according to particular transmission system. 

 

 The threshold values found by these precise simulations are as follows: 

Vth1=125 kV for 1-phase and 2-phase faults, 

Vth2=130 kV for 3-phase faults. 

 

 An absolute error criterion given in equation (4) is generally used in assessing the 

accuracy of the fault location schemes. So, percentage absolute error was considered as the 

performance criterion for evaluating the fault location technique accuracy. The absolute 

error is defined as: 

 

100
Length Line Total

DistanceFault  basedFuzzy  DistanceFault  Actual
Error  Abs.% ×












 −
=       (4) 

 Tables 4 to 7 show the Fuzzy logic estimated fault locations for random a-g, a-b, b-c-g 

and a-b-c faults respectively. Capacitor voltage drop signal of any one fault phase at various 

locations at different inception angles was given as input to designed FIS and output was 

obtained as Fuzzy estimated fault distance. Outputs at randomly selected inception angles 

were checked so as to get further transparency and more accuracy. In Tables 4 to 7, second 

column shows the actual distance where fault has been created, third column gives the fault 

resistance, fourth column is the input of the FIS as faulted phase capacitor voltage drop, 

fifth column illustrates the fault distance as Fuzzy output of the proposed relay and the last 

column with the heading ‘%Abs.Error’ gives the accuracy check for fault locator as in 

equation (4). 

 Figure 6 shows simulation results of capacitor voltage drops in a, b and c phases for an 

internal b-c fault respectively, on 400 KV Wardha - Aurangabad Line at 45 km from 

Wardha substation relaying end. The faults were created at 4th cycle. For 2-phase b-c fault 

in Figure 6, it was seen that the magnitudes of capacitor voltage in only phase-b and phase-

c were increased above threshold while the magnitude in phase-a was found below deigned 

threshold. The same principle was used in fault phase classification of this technique as 

explained in Section 5.1. 

Comparative analysis of proposed location estimation technique with other recent FIS 

based schemes with maximum %absolute error is given in Table 8. Also, Table 9 gives 

fault classification comparison of proposed scheme with some of the cited references 

showing the superiority of the proposed scheme. It can easily be observed from Tables 4 to 

7 that the technique is simple and accurate for varying fault conditions. Since the proposed 

fault analysis technique applied in this research work is based on a distributed line model, 

real transmission line parameters and also results are quite accurate, this improved fuzzy 

logic method can be implemented in a real fixed series compensated line. 
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Figure 6: Capacitor voltage drops in 3 phases respectively for an internal b-c fault 

 

 Table 4: Test results of fuzzy-based fault locator for a-g fault with FIA=45° 
Sr. 

No. 

Actual fault 

location (km) 

Rf (Ω) V_cap  

(a-ph) (kV) 

Fuzzy fault 

location (km) 

% 

Abs.Error 

1 

 

10 0.1 146.217 8.32 0.42 

10 1 145.924 12.4 0.6 

2 
60 0.1 137.836 63.2 0.8 

60 1 137.694 63.1 0.775 

3 
90 0.1 136.804 90 0 

90 1 136.779 90 0 

4 
150 0.1 134.489 149 0.25 

150 1 133.864 150 0 

5 
200 0.1 132.294 193 1.75 

200 1 132.214 202 0.5 

6 
250 0.1 130.484 240 2.5 

250 1 130.441 254 1 

7 
300 0.1 128.754 300 0 

300 1 128.657 307 1.75 

8 
350 0.1 127.709 360 2.5 

350 1 127.373 360 2.5 

9 
390 0.1 126.246 385 1.25 

390 1 125.565 384 1.5 

 

 

Table 5: Test results of fuzzy-based fault locator for a-b fault with FIA=225° 
Sr. 

No. 

Actual fault 

location (km) 

Rf (Ω) V_cap  

(a-ph) (kV) 

Fuzzy fault 

location (km) 

%Abs. 

Error 

1 
 

10 0.1 149.045 9.51 0.123 

10 1 148.512 19.5 2.375 

2 
50 0.1 142.846 57.4 1.850 

50 1 142.982 54.6 1.150 

3 
100 0.1 138.76 90 2.500 

100 1 138.38 110 2.500 

4 
150 0.1 136.912 150 0.000 

150 1 136.245 146 1.000 

5 
200 0.1 135.983 202 0.500 

200 1 135.71 210 2.500 
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Sr. 

No. 

Actual fault 

location (km) 

Rf (Ω) V_cap  

(a-ph) (kV) 

Fuzzy fault 

location (km) 

%Abs. 

Error 

6 
240 0.1 134.463 240 0.000 

250 1 134.096 253 0.750 

7 
300 0.1 132.416 300 0.000 

300 1 132.356 300 0.000 

8 
350 0.1 131.844 346 1.000 

350 1 131.591 365 3.750 

9 
390 0.1 131.388 386 1.000 

390 1 130.561 385 1.250 

 

 Table 6: Test results of fuzzy-based fault locator for b-c-g fault with FIA=135° 
Sr. 

No. 

Actual fault 

location (km) 

Rf (Ω) V_cap  

(a-ph) (kV) 

Fuzzy fault 

location (km) 

%Abs. 

Error 

1 

 

10 0.1 150.305 8.95 0.263 

10 1 149.962 15.3 1.325 

2 
50 0.1 144.194 60.9 2.725 

50 1 143.653 44.5 1.375 

3 
100 0.1 140.601 90 2.500 

100 1 140.792 90 2.500 

4 
150 0.1 138.516 150 0.000 

150 1 138.294 150 0.000 

5 
200 0.1 136.602 209 2.250 

200 1 136.544 207 1.750 

6 
250 0.1 135.394 240 2.500 

250 1 135.298 249 0.250 

7 
300 0.1 134.007 300 0.000 

300 1 133.749 302 0.500 

8 
360 0.1 132.637 360 0.000 

360 1 132.611 360 0.000 

9 
390 0.1 132.154 384 1.500 

390 1 131.923 386 1.000 

 

 

Table 7: Test results of fuzzy-based fault locator for a-b-c fault with FIA=315° 
Sr. 

No. 

Actual fault 

location (km) 

Rf (Ω) V_cap  

(a-ph) (kV) 

Fuzzy fault 

location (km) 

%Abs. 

Error 

1 

 

10 0.1 150.801 9.13 0.218 

10 1 150.273 16.2 1.550 

2 
60 0.1 144.813 60 0.000 

40 1 146.015 40.7 0.175 

3 
90 0.1 142.805 90 0.000 

100 1 141.835 104 1.000 

4 
160 0.1 139.553 150 2.500 

150 1 139.396 157 1.750 

5 
200 0.1 137.909 210 2.500 

210 1 137.406 216 1.500 

6 
240 0.1 136.713 242 0.500 

250 1 136.602 247 0.750 

7 
300 0.1 135.481 300 0.000 

300 1 135.323 300 0.000 

8 
370 0.1 134.186 364 1.500 

350 1 134.294 360 2.500 

9 
390 0.1 133.979 386 1.000 

390 1 133.381 384 1.500 
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Table 8: Fault location comparative analysis 

Ref. Input signal Compensation Max. % Abs. 

Error 

[14] 3-Ph IL No 6.5 

[15] 3-Ph IL No 6 

[16] 3-Ph IL No 6.5 

[17] 3-Ph VL and IL Yes 10 

Proposed 

Technique 

Only capacitor 

voltage drop 

Yes 2.75 

 

Table 9: Fault classification comparative analysis 

Ref. Fault Classification Accuracy 

(%) 

[21] 93.92 

[22] 99.39 

[23] 99.21 

Proposed 

Technique 

100 

 

7. Advantages of proposed technique 
 

1. Proposed technique needs post-fault data on only one cycle and gives protection to 

100% line section. 

2. Only single quantity of FSC end is to be measured for fault analysis avoiding need of 

communication link between two ends and hence overall errors and cost in 

measurement of various quantities like in different schemes is reduced in proposed 

technique. 

3. Fuzzy membership functions are designed using capacitor voltage drop signals of any 

one of fault phases and no training is required, so proposed technique is flexible and 

computational burden is reduced to a great extent. 

4. It does not need any feature extraction process from input signals which is mostly used 

in other algorithms in the literature and hence the computational burden is reduced. 

 

 

8. Conclusion 

 

 A new improved fuzzy-capacitor voltage based accurate technique for fault phase 

classification and fault location estimation in a series compensated transmission line has 

been proposed using only one end measurement where the FSC is installed. Only capacitor 

voltage signals have never been implemented before in any of the earlier conventional 

protection algorithms of series compensated lines which make the proposed technique 

distinctive. The proposed method requires only a short duration of post fault measurement 

data. Fault properties such as different fault types, a wide range of fault locations, fault 

resistances and fault inception angles have been used to generate the training and testing 

data in order to improve the consistency of the technique. The reliability of this technique is 

not affected by such fault conditions. This fault location estimation scheme gives accurate 

results for fault distances, the majority of which are well within the 2.75% margin which is 

more accurate than the recent fuzzy logic based schemes. The proposed technique with less 

complexity, high accuracy and fast performance, is a smart investment as a potential 

solution to the real time 400 kV transmission system to accurately classify and locate fault 

in a real series compensated transmission line. 
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Appendix 

 
Real transmission system line parameters for simulation: 

• Thermal Limit of Quad Moose Conductor - 3000 A 

• R1 = 0.0146 Ω/km, X1 = 0.2530 Ω/km, B1 = 4.5777 µ-mho/km (positive sequence 

values) 

• R0 = 0.2479 Ω/km, X0 = 1.0001 Ω/km, B0 = 2.6345 µ-mho/km (zero sequence 

values) 

• Bus Voltage - 400 kV at system frequency of 50 Hz 

• Fault MVA level - 2.45 GVA 

• Total MOV columns in parallel - 5+1 hot spare 

• Reference Current per MOV column - 500 A 

 

Acknowledgment 

 

The authors would like to thank Electrical Engineering Department, Visvesvaraya 

National Institute of Technology, Nagpur (India) for providing required research 

infrastructure for this project and Power Grid Corporation of India Ltd., WR - I for 

providing the necessary data as well as technical expertise for the same. 

 

References 

 
[1] A K Pradhan, A Routray, S Pati and D K Pradhan, Wavelet fuzzy combined approach for fault classification 

of a series-compensated transmission line, IEEE Transactions on Power Delivery, 19(4), 1612-1618, 2004. 

[2] C Cecati and K Razi, Fuzzy-logic-based high accurate fault classification of single and double-circuit power 

transmission lines, IEEE International Symposium on Power Electronics, Electrical Drives, Automation and 

Motion (SPEEDAM), Sorrento, Italy, 883-889, 20-22 June 2012. 

[3] H Khorashadi-Zadeh and Z Li, An ANN based approach to improve the distance relaying algorithm, Turkish 

Journal of Electrical Engg. & Computer Science, 14(2), 345-354, 2006. 

[4] S S Gururajapathy et.al, Fault Identification in an unbalanced distribution system using Support Vector 

machine, Journal of Electrical Systems,  12(4), 786-800, 2016. 

[5] B Vyas, R P Maheshwari and B Das, Protection of series compensated transmission line: Issues and state of 
art, Electrical Power System Research, 107, 93-108, 2014. 

[6] S R Samantaray, A systematic fuzzy rule based approach for fault classification in transmission 

lines, Journal of Applied Soft Computing, 13(2), 928-938, 2013. 
[7] J Sadeh and H Afradi, A new and accurate fault location algorithm for combined transmission lines using 

adaptive network-based fuzzy inference system, Electrical Power System Research, 79(11), 1538-1545, 

2009. 

[8] C K Jung, K H Kim, J B Lee and B Klöckl, Wavelet and neuro-fuzzy based fault location for combined 

transmission systems, International Journal of Electrical Power & Energy System, 29(6), 445-454, 2007. 

[9] I Sadinezhad and M Joorabian, A new adaptive hybrid neural network and fuzzy logic based fault 
classification approach for transmission lines protection, IEEE 2nd International Power and Energy 

Conference PECon, Johor Bahru, Malaysia, 895-900, 1-3 December 2008. 

[10] M Jamil, M S Thomas and P Kumar, An improved scheme based on fuzzy logic for EHV transmission line 
protection, IET Eleventh International Symposium on High Voltage Engineering, London, England, 467, 

360-364, 23-27 August 1999. 

[11] K Razi, M Hagh and G Ahrabian, High accurate fault classification of power transmission lines using fuzzy 

logic, IEEE International Power Engineering Conference, Singapore, 42-463, 6 December 2007.  

[12] H Wang and W W L Keerthipala, Fuzzy-neuro approach to fault classification for transmission line 

protection, IEEE Transactions on Power Delivery, 13(4), 1093-1104, 1998. 
[13] Omar A S Youssef, Combined fuzzy-logic wavelet-based fault classification technique for power system 

relaying, IEEE Transactions on Power Delivery, 19(2), 582-589, 2004. 
[14] M J Reddy and D K Mohanta, A wavelet-fuzzy combined approach for classification and location of 

transmission line faults, International Journal of Electrical Power & Energy System, 29(9), 669-678, 2007. 

[15] M J Reddy and D K Mohanta, Adaptive-neuro-fuzzy inference system approach for transmission line fault 
classification and location incorporating effects of power swings, IET Generation, Transmission & 

Distribution, 2(2), 235-244, 2008. 



Piyush Khadke et al: An improved fault phase classification and location... 

 

 516

[16] M J Reddy and D K Mohanta, A wavelet-neuro-fuzzy combined approach for digital relaying of 

transmission line faults, Electric Power Component System, 35(12), 1385-1407, 2007. 

[17] H Meyar-Naimi, A new fuzzy fault locator for series compensated transmission lines, IEEE 11th 

International Conference on Environment and Electrical Engineering (EEEIC), Venice, 53-58, 18-25 May 

2012. 

[18] R K Goli, A G Shaik and S S T Ram, A transient current based double line transmission system protection 
using fuzzy-wavelet approach in the presence of UPFC, International Journal of Electrical Power & Energy 

System, 70, 91-98, 2015. 

[19] N V Phanendra Babu and P Suresh Babu, A Robust Wide-Area Measurement System for Southern Region of 
Indian Power Grid using Binary Cuckoo Search (BCS): A Case Study, Journal of Electrical Systems,  12(1), 

45-67, 2016. 

[20] Farhad Namdari and Moslem Salehi, Fault Classification and Location in Transmission Lines using 
Travelling Wave Modal Components and CWT, Journal of Electrical Systems,  12(2), 373-386, 2016. 

[21] U Parikh, B Das and R Maheshwari, Combined Wavelet-SVM Technique for Fault Zone Detection in a 

Series Compensated Transmission Line, IEEE Transaction in Power Delivery, 23(4), 1789-1794, 2008. 

[22] B Vyas, R Maheshwari and B Das, Investigation for Improved Artificial Intelligence Techniques for 

Thyristor-controlled Series-compensated Transmission Line Fault Classification with Discrete Wavelet 

Packet Entropy Measures, Electric Power Components and System, 42 (6), 554-566, 2012. 
[23] Z Moravej, M Khederzadeh and M Pazoki, New Combined Method for Fault Detection, Classification, and 

Location in Series-compensated Transmission Line, Electric Power Components and System,40(9), 1050-

1071, 2012. 


