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Abstract—In [1], a Bayesian selectivity technique has been in-

troduced to identify the faulty feeder in compensated medium 

voltage (MV) networks. The proposed technique has been based 

on a conditional probabilistic method applied on transient fea-

tures extracted from the residual currents only using the Discrete 

Wavelet Transform (DWT). In this paper, the performance of this 

selectivity technique is evaluated when the current transformers 

(CTs) impacts are considered. The CTs are modeled considering 

their frequency characteristics. Furthermore, network noises are 

added to the simulated signals. Therefore, the algorithm can be 

tested at different practical conditions, such as nonlinear charac-

teristics of the measuring devices and the impact of noise as well. 

The fault cases occurring at different locations in a compensated 

20 kV network are simulated by ATP/EMTP. Results show a re-

duction in the algorithm sensitivity with considering CT and noise 

effectiveness.  
 

Index Terms—Earth fault detection, DWT, probability, initial 

transients, residual current, CT characteristics, network noise.  

I. INTRODUCTION 

nitial transients can reliably enhance the faulty feeder identi-

fication regardless of the earthing type of MV network [1]-

[3]. Extracting transients is carried out using various signal 

processing methods. One of the best methods used for extract-

ing the transients is the Wavelet Transform which overcomes 

shortcomings of Fast Fourier Transform (FFT). 

The probability functions have been recently used to pro-

vide a decisive selectivity function in distribution protection 

such as addressed in [1], [4]. Combining the benefits of apply-

ing a point-probability method and of extracting transient fea-

tures by the DWT has been gained in [1] to detect the earth 

faults in fully compensated MV networks. The algorithm pro-

cedure is depending on absolute sum of DWT detail coeffi-

cients of the residual currents measured at the beginning of 

each feeder. The absolute sum is used as a detector for the 

fault event. A novel discriminator is introduced to estimate the 

faulty feeder. This discriminator is based on conditional prob-

ability approach in which the absolute sum of each feeder de-

cides which feeder is the most probable faulty-feeder. This ap-

proach is found to be suitable for identifying faulty feeders in 

unearthed or compensated distribution networks. 

In this paper, the proposed selectivity technique introduced 
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in [1] is comprehensively examined concerning the frequency 

characteristics of the CTs and the impact of the network 

noises. The CTs are simulated using ATP/EMTP and they are 

incorporated in a practical 20 kV compensated-network where 

ATPDraw is used as a graphical interface [5].  

II. SELECTIVITY TECHNIQUE PRINCIPLES [1] 

The proposed technique mainly depends on applying the 

Bayesian theorem after DWT-based transient feature extrac-

tion. A brief introduction on DWT is given in Appendix A. 

Fig. 1 illustrates the flowchart of the proposed technique im-

plementation. At each measuring node, phase currents of each 

feeder are measured and the corresponding residual current is 

computed. Then, the transient features are extracted using 

DWT. Several wavelet families are tested to extract the fault 

features using the Wavelet toolbox incorporated into the 

MATLAB software [6]. Daubechies wavelet 24 (db24) is ap-

propriate for localizing this fault where the sampling frequency 

is 100 kHz. The absolute sum (Si) is computed over a power-

frequency cycle window of the DWT detail level d2 of the re-

sidual current in a discrete form at each measuring node, as in 

form: 

1

( ) 2( )
k

i

n k N

S k d n
= − +

= ∑  (1) 

where i is denotes the i-th feeder, and N is a number of sam-

ples representing a window of 20 ms. This absolute sum is 

used as a detector to detect the fault occurrence.  

The selectivity function to estimate the faulty feeder is pro-

posed based on the Bayesian theorem as in [1,4]:  
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where f0 and f1 are the normal distribution density function 

considering the feeder healthy and considering the feeder 

faulty, respectively. The distribution density functions are:  
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where σ0, σ1, µ0 and µ1 are the standard deviation and the 

mean for the DWT details level d2 of the healthy and faulty 

feeder conditions. In [1], it has been found that σ1 = 3.04, σ0 = 

0.87, µ1 = 3.73 and µ0 = 1.1 for the simulated MV network.  
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Fig. 1  Implementation of the proposed detection technique. 
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Fig. 2 CT Transfer function versus frequency 

 

III. INSTRUMENT TRANSFORMERS EFFECTS 

The current transformer (CT) has been modeled using ex-

perimental measurements at the high voltage laboratory, Hel-

sinki University of Technology (TKK), Finland [7]. The cur-

rent transformer modeling is divided into two parts; the low 

frequency and high frequency models. The low frequency 

model parameters of the CT are estimated using open and 

short circuit tests at power frequency. At low frequency, the 

stray capacitances have negligible effects. A stable-output 

power analyzer was used in the measurements. Open circuit 

tests were only measured from the secondary windings while 

the short circuits were measured from both the primary and 

secondary sides. Since the inductance of the secondary wind-

ings dominates the impedance at low frequencies, the parame-

ters are calculated using open and short circuit tests at the 

power frequency.  The parameters of the CT model have been 

identified based upon the use of recorded time response from 

impulse tests of the CT. For high-frequency modeling, open 

and short circuit impulse test were carried out. The primary 

winding was fed with an impulse current signal and the output 

current on each secondary winding was measured using a cali-

brated 0.4905Ω resistance. The monitored signals were re-

corded by an 8-bit, 150 MHz digital oscilloscope controlled by 

a computer [7]. The digital recorded time signals are Fourier 

transformed to obtain the frequency spectra from which the 

desired transfer functions are calculated as shown in Fig. 2. 

The CT in the considered frequency range has been modeled 

as in Fig. 3 where CT capacitances are reflected into the sec-

ondary winding. Although this capacitance is distributed be-

tween turns of the secondary winding, it is modeled by a 

lumped capacitance which may cause a negligible error in the 

model. However, capacitance between the primary winding 

and its associated shield does cause an error which depends on 

the winding configuration. The corresponding CT parameters 

are summarized in Table I. 

The stray capacitance of the secondary winding can be de-

termined from several different methods [8], [9]. In this paper, 

the results of [7] are taken into account for representing the CT 

model attached with ATP/EMTP test case of a practical com-

pensated-distribution network shown in Fig. 4. This compen-

sated MV network is illustrated in Appendix B. 

 
TABLE I.  CT DATA 

CT data Core 1  core 2 core 3  

Primary 200 200 200 

Secondary 5 5 5 

Class 0.5 0.5 1 

VA 60 60 60 

Security  factor <3 <3 >10 
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Fig. 3  Simulated CT Model. 
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Fig. 4  Simulated system for 251 km distribution network.  
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Fig. 5  Enlarged residual current waveforms of the faulty feeder 1 without and 

with considering the CT (w/o CT and with CT, respectively). 

IV. PERFORMANCE OF THE PROPOSED ALGORITHM 

In this section, the algorithm described in section II is inves-

tigated considering the power network shown in Fig. 4 and the 

CT model are combined in one arrangement during the occur-

rence of a resistive earth-fault where the earth-fault current is 

fully compensated. The algorithm performance is compared to 

the case reported in [1].  

A. Effect of the CT Model 

For comparison purposes, an earth fault of resistance equal 

to 1mΩ is considered at 20 km in Feeder1 and occurred at 48 

ms. The filtering effect of the CT is clearly obvious in the cor-

responding residual-current waveforms of the faulty feeder 

shown in Fig. 5 considering the dynamics of CT model [10]. 

From Fig. 5, the dynamic effect of the CT can be summarized 

in three points that the initial transients generated due to fault 

occurrence are smoothed, damped, and delayed. The first two 

issues have a great affect on the DWT output value as ob-

served in Fig. 6 where the detail level d2 used to localize the 

initial transients generated at the fault instant are extremely re-

duced. Correspondingly, the detector has lower magnitude 

with the CT as shown in Fig. 7. However, the detector corre-

sponding to the faulty Feeder1 is still the highest one com-

pared to the healthy feeders as confirmed in Fig. 8. Therefore, 

applying the proposed selectivity function is still valid. The 

corresponding performance of the discriminator Pr(Feeder j) for 

Feeder j is shown in Fig. 9. The discriminator PFeeder1 perform-

ance has unity value during the period of initial transients as 

extracted by DWT; however the other discriminators are zero. 

Such performance provides evidence of applying the proposed 

selectivity function although CT impact is not compensated.  
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Fig. 6  The CT impact on DWT detail level d2 of the faulty feeder 1. 
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Fig. 7  The CT impact on the detector of the faulty feeder 1. 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
0

1

2

3

4

5

6

Time (s)

 

 

S
1

S
2

S
3

S
4

S
5

 
Fig. 8  The feeder detectors with considering the CT. 
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Fig. 9  The discriminator performance. 

 

 

B. Effect of Network Noise 

In electrical networks noise is always present in many 

forms. Specifically, Gaussian noise contaminating measure-

ments is considered as the main disturbing noise effect in this 

work. The Gaussian noise signal is generated using the form:  

)2cos()log(2 BAS nn πσ ×−=  (4) 

where A and B are random numbers, which are independent 

and uniformly from 0 to 1. These random numbers are imple-

mented in ATPDraw environment using the TACS expression 

(RAN) with two different seeds. σn is the noise standard devia-

tion and it is value in MV networks is empirically estimated 

using measurements. A measurement case of staged earth fault 

with fault resistance 236 kΩ was processed for testing the tran-

sient directionality [11]. From this field data, the noise is ex-

tracted and the signal to noise ratio (SNR) is estimated to be 

21 and 35 for each feeder where there are two feeders. This 

range of SNR is because the earth fault current is small in un-

earthed/compensated networks and it is even much smaller at 

very high resistances like 236 kΩ.  

The noise standard deviation is computed from the worst 

case of SNR = 21 at the fault resistance of 236 kΩ. Accord-

ingly, the noise signals are added to the primary phase currents 

before the CTs and therefore before the computation of resid-

ual currents. The effect on performance for this case is shown 

in Fig. 10. Although the noise is obvious on the detector per-

formance as shown in Fig. 10.a, the discriminator can identify 

the faulty feeder as depicted in Fig. 10.b. DWT-based de-

noising of the measured signals is expected to provide a better 

performance for the proposed algorithm in a similar concept 

reported in [11].  

Considering the impact of the current transformer and the 

noise, it was found that they can effectively reduce the dis-

criminator sensitivity, which is limited by a fault resistance up 

to 170 Ω for a setting of a 90% probability fault condition. 

However the algorithm sensitivity was 1500 Ω without consid-

ering the CT and network noises as reported in [1]. Such short-

coming can be overcome by normalizing the input of the con-

ditional probability function.  
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(a) Detector 
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(b) Discriminator 

Fig. 10  The proposed Algorithm performance considering network noise. 

 

V. CONCLUSIONS 

A conditional probabilistic selectivity technique has been 

evaluated considering practical conditions such as measuring 

devices (CTs) and network noises. The CT model has been 

represented in ATP/EMTP program and incorporated with a 

20-kV distribution network in one arrangement and the noise 

has been added as well. As the proposed technique is depend-

ing on extracting initial transients generated due to fault occur-

rence, frequency characteristics of the CTs have a considerable 

effect on the proposed technique performance. Furthermore, 

the noise impact has a noticeable effect on the detector per-

formance. However, the measured signals can be de-noised to 

overcome the network noise. Generally, the algorithm sensitiv-

ity is highly reduced up to fault resistance of a 170Ω. Towards 

achieving an improvement in the conditional probability per-

formance, its input quantities can be normalized, in which such 

proposal will be presented in a work to follow.  
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VI. APPENDICES 

A. Discrete Wavelet Transform (DWT) 

Wavelets are families of functions generated from one sin-

gle function, called the mother wavelet, by means of scaling 

and translating operations. The scaling operation is used to di-

late and compress the mother wavelet to obtain the respective 

high and low frequency information of the function to be ana-

lyzed. Then the translation is used to obtain the time informa-

tion. In this way a family of scaled and translated wavelets is 

created and it serves as the base for representing the function 

to be analyzed [8]. The DWT is in the form:  

1
( , ) ( ) ( )

m

o o

mm
n oo

k nb a
DWT m k x n

aa
ψ ψ

−
= ∑  (5) 

where ψ(.) is the mother wavelet that is discretely dilated and 

translated by ao
m
 and nboao

m
, respectively. ao and bo are fixed 

values with ao>1 and bo>0. m and n are integers. In the case of 

the dyadic transform, which can be viewed as a special kind of 

DWT spectral analyzer, ao=2 and bo=1. DWT can be imple-

mented using a multi-stage filter with down sampling of the 

output of the low-pass filter.  

B. Simulated System 

Fig. 4 illustrates the single line diagram of a 20-kV compen-

sated, a five-feeders distribution network simulated using 

ATP/EMTP, in which the processing is created by ATPDraw 

[5]. The feeder lines are represented using the frequency de-

pendent JMarti model. 

The considered faults are resistive type with fully compen-

sation of earth fault currents. The aforementioned CT model in 

section III and the MV network are combined in a single ar-

rangement and the corresponding ATPDraw network is shown 

in Fig. 11. The best waveforms that can be analyzed for detect-

ing earth faults are residual waveforms where the residual cur-

rent is: 

cbar iiii ++=  (6) 

where ir is the residual current and ia , ib and ic are the phase 

currents.  
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Fig. 11  ATPDraw network. 


