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Enhancement of Distance Relay Performance in Transmission 

Line Compensated by Series Capacitor Protected by MOV 

 

 

Abstract 

The normal distance relay face many challenges in a series compensated 

transmission lines the distance relay may give incorrect decision. This paper present a 

digital distance relay designed by using wavelet transform (WT)  to work with this 

compensated transmission lines. The relay have another features to recognize between 

fault and disturbance cases , classify fault types and giving the trip signal to circuit 

breaker in a time less than period quarter. The relay has been tested for both simulation 

cases and practically cases by simulation transmission lines board in the lab. 

Index Terms: Distance relay , fault detection , Series-Compensated Lines Protection, 

wavelet transform, MOV 
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 الخالصة

مرحلة المسافة االعتيادية تواجه عدة تحديات عند العمل في خطوط نقل الطاقة الكهربائية المعوضة باستخدام 

                                                                                                        متسعات التوالي ولهذا فان مرحلة المسافة من الممكن ان تعطي قرارا  خاطئا . هذا البحث يقدم مرحلة مسافة صممت 

المويجي لتكون قادرة على العمل في مثل هذه الخطوط المعوضة. المرحلة المصممة تمتلك مزايا باستخدام تقنية التحويل 

واعطاء اشارة افالت  فة الى تصنيف نوع العطلحاالت االضطراب اضا ه عنتمييزكشف العطل و اضافية والتي تتضمن

ن حالة النمذجة على الحاسوب والحالة .تم اختبار المرحلة المصممة لكل م في زمن اقل من ربع موجة الى قاطع الدورة

 العملية في مختبر خط النقل.
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1. Introduction: 
There are several types of electric devices affected by faults and disturbances, distance 

relay is one of these devices. This relay is an important device to keep protection and ensuring 

accuracy for power system .Its good feature gives a primary and back up protection for 

transmission line . The main target of these relay is to calculate impedance at the fundamental 

frequency between the relay point and the fault point. According to this impedance, the fault 

will determine if it was  inside or outside the protection zones. This impedance is calculated 

from the measured voltage and current signals at the relay position [1]. 

The technical reasons behind installing Series Capacitors (SCs) on long transmission 

lines are Increased transmittable power, improved system stability, reduced transmission 

losses, enhanced voltage control and more flexible power flow control.as well as 

Environmental concerns and direct cost benefits. SCs and their overvoltage protection devices 

when installed on a transmission line, create many problems for protection relays and fault 

locators. 

Operating conditions for protective relays become unfavorable and include many 

problems such as voltage and/or current inversion, sub- harmonic oscillations, and additional 

transients caused by the air gaps triggered by thermal protection of the metal oxide varistors 

(MOVs). 

Overreaching of distance relays due to series compensation is probably the most critical 

and known consequence of SCs. The opposite may happen as well: a distance relay may fail 

to detect a low-current fault on the protected line [2]. 

To protect the series capacitor from over voltages that develop in the case of short-

circuit faults, metal oxide varistors (MOVs) are used in parallel with the capacitor. The MOV 

is a non-linear resistor that limits the voltage across the capacitor during a fault condition. 

When the fault is cleared, the MOV allows almost instantaneous reinsertion of the capacitor 

into the transmission line [3]. 

In this work wavelet transform (WT) used to design a digital distance relay, Wavelets 

are a new mathematical tool for signal processing. Compared to Fourier analysis, which relies 

on a single basis function, a number of basis functions of a rather wide functional form are 

available in wavelet analysis. The basic idea in wavelet transform (WT) is to choose a suitable 

wavelet function “mother wavelet” and then perform analysis using shifted and dilated 

versions of this wavelet. Wavelet can be chosen with very desirable frequency and time 

characteristics as compared to Fourier techniques. The basic difference is that, in compare to 

the short time Fourier transform which uses a single analysis window, the WT uses short 

windows at high frequencies and long windows at low frequencies. The basic functions in 

WT employ time compression or dilation rather than a variation in time frequency of the 

modulated signal [1]. 

 

2. Series Capacitor Protection  
The MOV is a nonlinear resistive device, which starts to conduct at certain 

instantaneous voltage and ceases to conduct when the voltage falls below the same voltage at 

each half cycle of the power frequency.  The non-linear voltage-current characteristic of the 

MOV allows it to provide overvoltage protection for the capacitor when connected in parallel 

with it. The MOV keep the voltage across the capacitor within the allowable range of the 

capacitor by allowing a self-regulating amount of current through itself automatically.  

Figure 1 shows the elements used to protect the series capacitor bank against over 

voltages. The MOV itself is protected against high absorption of energy by using a bypass 

switch. As the MOV conducts current, energy accumulates within the MOV itself. The MOV 
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has a maximum amount of energy that it can 

absorb before it breaks down. Hence, the MOV 

is bypassed at a preset energy level to avoid 

break down. The bypass breaker connects when 

the energy absorbed by the MOV is greater than 

the preset value. This bypasses both the MOV 

and series capacitors and re-inserts them when 

the energy falls below the preset value. The 

impedance seen by the relay transits quickly 

from compensated impedance to 

uncompensated impedance during severe short-

circuits faults. 
 

An equivalent series capacitive reactance 

and resistance of a MOV protected series 

capacitor as a function of normalized line 

current based on the capacitor’s protective level 

current is given by the model in fig. 2 which i 

used in this work. 
 

The MOV protected series capacitor 

equivalent model parameters under short-circuit 

currents can be obtained by the following 

equations : 

Rmov-sc=Xsc( )   (1) 

Xmov-sc=Xsc( )   (2) 
Where, Ipu is fault current expressed in per unit of capacitor protective level current [4]. 

 

3. Series Compensated Lines Protection Challenges  
The normal distance relay face many challenges in a series compensated transmission 

lines from these challenges voltage inversion, current inversion and the error in the 

impedance.   

A voltage inversion is a change of 180 degrees in the voltage phase angle. For elements 

responding to phase quantities, voltage inversion can occur for a fault near a series capacitor 

if the impedance from the relay to the fault is capacitive rather than inductive. Voltage 

inversion may affect directional and distance elements. In general, phase relays that take 

voltage information from the fault side of the series capacitor will correctly declare the fault 

direction. Relays measuring the voltage from the other side of the capacitor with respect to the 

fault location may incorrectly declare the fault direction. 

A current inversion occurs on a series-compensated line when, for an internal fault, the 

equivalent system at one side of the fault is capacitive and the equivalent system at the other 

side of the fault is inductive. The current flows out of the line at one terminal, which is 

referred to as current outfeed. The currents are approximately 180 degrees out of phase. 

Series compensation cause errors in the impedance that distance elements calculate. The 

series capacitor modifies the line impedance that the relay estimates. Furthermore, 

subharmonic-frequency oscillations cause the impedance estimation to oscillate. The basic 

problem is that the impedance calculation depends on the state of the capacitor protection [5]. 

 

Fig. (2): Equivalent model. 
 

Fig. (1): Protection of the SC bank 

against over voltages. 
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4. Phasors Estimation 
Theoretically, the phasors should be estimated from the sixth decomposition level  

(0-78.125 Hz). Since the compact support wavelets do not have ideal cutoff frequency 

characteristics, the phasors cannot be estimate from this level. From the fifth level of 

decomposition the phasor (magnitude and angle) of each signal can be estimated by using the 

approximation coefficients vector of A5 as discussed below. The phasors of the measured 

voltage and current signals at the fundamental frequency can be estimated by using a unity 

amplitude 50- Hz sinusoidal reference signal (X1), sampled at the same sampling rate as the 

measured signals (10 kHz) for simulation and (12.8KHz) for practical. For each data window, 

the sinusoidal reference signal and the measured signals are decomposed into fifth levels of 

decomposition using "db4" mother wavelet. As aforementioned, the phasors are estimated 

from the approximate coefficients A5 vector of the fifth decomposition level. The magnitude 

and angle with respect to the reference sinusoidal signal for each measured signal can be 

estimated using the basic vector mathematics. For example, if the approximate coefficient 

vector of the fifth decomposition level of the sinusoidal reference is A5X1 and for one of the 

measured Signals is A5S , then the angle (theta) between the two vectors is defined as: 

                                  

θ =                                                                               

 

Where (A5X1●A5S ) is the dot product of the two vectors and (|A5X1||A5S|) , are the norms 

of the two vectors.  

A new unity amplitude sinusoidal signal (X2) with a phase shift equal to the calculated 

angle (theta) is constructed and sampled at the same previous sampling frequency. The new 

signal is then decomposed into fifth decomposition levels using the same mother wavelet as 

used before. Using the fifth approximate coefficient vector A5X2 of this constructed 

sinusoidal signal, and the fifth approximate coefficient vector A5S of the measured signal, the 

magnitude Y of the measured signal can be defined as: 

   
The same procedure can be used for all the other measured signals to estimate their 

phasors [6][1]. 

 

5. Simulation Tests 
In order to investigate the 

applicability of the proposed wavelet 

transform distance relay, a simulation of 

transmission line model for different 

disturbances and different faults is 

formulated by using MATLAB. The 

system of simulation shown in fig. (3). 

by taking several cases of fault on the 

transmission line with different fault 

locations and many disturbance cases the thresholds is chosen by calculate the maximum peak 

of current for each phase current .so the value of the threshold (Thl) is (2.355)Amp. The fault 

is detected and recognized from other disturbances  and its type classified by comparing the 

peak value of the currents  as well as indicate the fault zone by using wavelet transform as in 

section 4. Fig (4) show the flow chart for the designed distance relay . 

(3) 

(4) 

Figure (3): The system of simulation 
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6. Simulation Results 
In this section, some typical results illustrate the performance of the protection 

technique being developed . single line to ground , double line to ground and three line to 

ground  faults at (10% , 50%, 90%) from the length of the  transmission line shown in fig (3) 

are implemented . 

Figures 5.6.7. Show the relation between the fault location on the x-axis with maximum 

peak for three phase currents on the Y-axis where (pa) is the maximum peak of current for 

phase (A) and (pb) is the maximum peak of current for phase (B) and (pc) is the maximum 

No 

Yes 

Input three phase currents and 
voltages samples for one period 

Calculate the absolute value for 

the current matrixes 

Calculate the maximum peak of 

current for three phase currents 

Is the 
event 
fault ? 

Apply the DWT for each phase current 
and voltage to get the detail coefficients 

at level 5 and mother wavelet db4 

Compute the approximation  

coefficients at level five A5 

Find The magnitude and angle for the 

three phase current and voltage 

Calculate impedance 

Which zone 
the fault to 
be located ? 

Delay time 

Trip signal Trip signal 

Figure (4): The flow chart for 
the designed distance relay 

 

In zone 2 In zone 1 
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peak of current for phase (C). from the obtained results one can realized that the maximum 

peak of currents for the faulted phases are greater than the threshold value (Th1=2.355 Amp) 

while the maximum peak of currents for unfaulted phases are less than the threshold value 

(Th1=2.355 Amp), so the relay will respond to the faulted phase or phases .  

 
 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Table (1) shows the Simulation results of the disturbances on the line system of fig. (3) 

 

Table (1): Simulation results of the disturbances on the line system of fig. (3) 
 

 

 

 

 

 

 

 

From the results shown in table (1) it can be seen that all peak of the currents are less 

than the threshold value (Th1=2.355 Amp), so the relay will not respond to these disturbance 

cases. 

 

7. Practical Results 
The designed relay was tested in the lab by the circuit shown in figure (8.a) . The values 

of thresholds are chosen in the same way in section 5 . The value of the threshold for practical 

cases was (Th1=4 Amp). Several cases for non fault transient events were tested as well as the 

Type of the disturbance Pa 

(Amp) 

Pb 

(Amp) 

Pc 

(Amp) 

Trip 

Add load of 50% from the initial load 

at the end of the line at t=1 sec 

0.7655 0.7697 0.7898 0 

Add generator with 50% load from 

the baiji station side at t=1 sec 

0.7453 0.7806 0.7852 0 

Figure (5): A-G solid fault 

 

Figure (6): A-B-G solid fault 

 

Figure (7): A-B-C-G solid fault 
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fault events. The ''power pad'' device used to forward the practical results using 12.8 KHz 

sample frequency. figure (8.b) show the practical simulation transmission system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Many faults at many locations as a percentage of line length  on the transmission line 

were implemented and the following curves show the results. The practical transmission line 

information are shown in the appendix.  

 
 

 

 

 

 

 

 

 

 

Figure (8.b): Practical simulation transmission system. 
 

D.R  

Figure (8.a): Single line diagram for Practical 

 simulation transmission system. 

Figure (9): A-G solid fault 

 

Figure (10): A-B-G solid fault  
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Figures 9.10.11.show the relation 

between the fault location in (km) on the 

x-axis with maximum peak of currents for 

three phase currents on the Y-axis. In all 

figures it is clear that the maximum peak 

of currents for the faulted phases are 

greater than the threshold value (Th1=4 

Amp) while the maximum peak of 

currents for unfaulted phases are less than 

the threshold value (Th1), so the relay will 

respond to the faulted phase or phases. 

Table (2) shows the Results of the 

disturbances on the lab transmission line 

 

Table (2): Results of the disturbances on the lab transmission line 

 

 

 

 

 

 

 

 

From the results shown in table (2) it can be seen that all peak of the samples are less 

than the threshold value (Th1=4 Amp) . 

From the results shown in the six previous figures we can see that the designed relay 

worked by same principle and same performance for both simulation and practical cases of 

transmission lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12 and fig.13 show the three phase currents and trip signals for both practical and 

simulation cases. from fig.12 we can see the distortion existence in the practical current 

signal, while the simulation waves, fig.13. without distortion . in spite of this distortion the 

designed relay worked in correctly and gave a true decision in both cases. 

Type of the disturbance Pa 

(Amp) 

Pb 

(Amp) 

Pc 

(Amp) 

Trip 

Add load of 96MW to the initial 

load at 700km  from the line length 

2.1 1.8 2 0 

Add load of 96MW to the initial 

load at 400km  from the line length 

2.2 1.9 1.9 0 

Figure (11): A-B-C-G solid fault  

 

Figure (12): practical results of three phase currents and trip signals 

for A-G fault on 400km length 
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Table (3) shows that the designed distance relay was operate correctly in all the faults at 

the compensated lines while we note the overreach in the relay when it is install  in the normal 

line. 

Table (3): Comparison between the relay operation in normal line  

and compensated line.  
The relay state 

correct operation :  √  
mal operation (overreach): X 

 

 
The fault location 

 

 
The fault type 

 

 
The system 

Compensated line Normal line 

√ √ Zone1 AG  

 

 

 

(Baiji-Baghdad west) 

system 

√ X Zone2 

√ √ Zone1 ABG 

√ X Zone2 

√ √ Zone1 ABCG 

√ X Zone2 

√ √ Zone1 AG  
 

 

 

The practical system 

√ X Zone2 

√ √ Zone1 ABG 

√ X Zone2 

√ √ Zone1 ABCG 

√ X Zone2 

Figure (13): simulation results of three phase currents and trip signals 
for A-G fault on k=80%  from the line length 
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8. Conclusion 
The designed distance relay tested with both computer simulation program and 

practically on the transmission line board in the lab. This distance relay proved its capability 

to work by high speed (time less than period quarter)and high accuracy for detecting the 

faults.  Its classify the fault type and recognize it from the disturbance cases. The relay has the 

ability to indicate the fault position whether it is in zone one or not and take the decision to 

disconnect the system immediately ,or in zone two, so it take the action after a delayed time.   
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10.  Appendix 

Biji station  information: 

Generation value (MW)=750 

Short circuit level (MVA)=11100 

X/R=3 

V(kv)=400 

west Baghdad load: 

active power (MW)= 310 

reactive power (MVAR)=35 

Compensation degree = 70% 

Transmission line parameters: 

R1= 0.034672  Ω/km 

L1=1e-3 H/km 

C1= 23.23nf/km 

Compensation degree = 53% 
 

 

The work was carried out at the college of Engineering. University of Mosul 


