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Protection of Parallel Transmission
Lines Using Wavelet Transform
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Abstract—A new scheme to enhance the solution of the problems
associated with parallel transmission line protection is presented
in this paper. The scheme depends on the three line voltages and
the six line currents of the two parallel lines at each end. Fault de-
tection, fault discrimination, and calculation of the phasors of the
measured signals are done by using wavelet transform (WT). By
comparing the magnitudes of the estimated current phasors of the
corresponding phases on both lines, internal faults on the parallel
lines can be identified. Also, by calculating the distance element of
the phases on which a disturbance is detected and having a very
small current difference magnitude can enhance and strengthen
the scheme. Studies show that all types of faults at different loading
conditions can be correctly identified in less than one cycle of the
fundamental frequency.

Index Terms—Distance protection, parallel lines protection,
wavelet transform.

I. INTRODUCTION

D ISTANCE protection relaying algorithms are commonly
applied for the protection of overhead transmission lines.

Their operation is based on measuring the input impedances of
the lines using the voltage and current signals at the relay loca-
tion. The input impedance of a short-circuited line varies from
zero for a fault at its input terminals to a finite value for a fault
at its remote end, the value of the impedance increasing with the
distance to the fault. This relaying technique can successfully be
applied for single-circuit lines. However, when applied to par-
allel lines, the performance of the conventional distance relays
is affected by the mutual coupling between the lines. The mutual
inductance between pairs of conductors in the two lines is not
the same and, therefore, emfs are produced in the conductors of
one line by the currents in the conductors of the other line. As a
result, the apparent input impedance of a line on which a fault is
present is affected by load currents or currents being fed to the
fault by a parallel healthy line and the operation of the distance
relay can be affected.

A number of solutions have been proposed to solve the par-
allel lines protection problem [1]–[5]. Adaptive distance protec-
tion schemes were proposed in [1] in which a correction factor,
based on the information of the surrounding system of the pro-
tected line under different operating conditions, was used in
the impedance calculation. A proposed scheme based on trav-
eling wave was investigated in [2]. In [3], a technique based on
comparing of currents in the corresponding phases of the two
lines to detect faults and discriminate between faulty and healthy
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Fig. 1. Parallel transmission line model.

phases is proposed. In [4], phase currents comparison between
the two circuits and positive sequence current level detection
were used in conjunction with parallel line’s zero sequence cur-
rent compensated impedance calculation. In [5], a comparison
between the measured impedance of corresponding phases was
suggested.

A scheme based on using two relays one at each end of the
parallel lines is proposed in this paper. Fig. 1 shows the parallel
transmission line model and the location of the relays. All six
current signals and three voltage signals on each end are needed
for the proposed algorithm. Using wavelet transform (WT), it is
easy to detect any disturbance or fault on the lines and to esti-
mate the phasors of the measured signals [6]. The proposed al-
gorithm is based on three stages. The first stage is the fast fault
detection and phasors estimation using WT. The second stage is
the comparison of the magnitudes of line currents in the corre-
sponding phases of the two circuits. The third stage is the backup
distance protection for some types of faults that current compar-
ison cannot discriminate. Simulation studies illustrate the effec-
tiveness of the scheme.

II. WAVELET TRANSFORM

Wavelet transform was introduced at the beginning of the
1980s and has attracted much interest in the fields of speech and
image processing since then. Its potential applications to power
industry have been discussed recently [7], [8]. A brief introduc-
tion to the WT is given in Appendix A.

In this approach, any function can be expanded in terms
of a class of orthogonal basis functions as described in Ap-
pendix A. In wavelet applications, different basis functions have
been proposed and selected. Each basis function has its feasi-
bility depending on the application requirements. In the pro-
posed scheme, the Daubechies-4 (db4) wavelet with eight co-
efficients was selected after extensive comparison with other
wavelets to serve as a wavelet basis function for the detection
and estimation of the voltage and current phasors. Daubechies
family is one of the most suitable wavelets in analyzing power
system transients [9], [14]–[17].

0885-8977/04$20.00 © 2004 IEEE



50 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 19, NO. 1, JANUARY 2004

III. PROPOSED ALGORITHM

The measured three voltages and six current signals (at each
end) are filtered using preband-pass filters with center frequency
of 60 Hz to attenuate the dc component. These nine signals are
sampled at a sampling frequency of 960 Hz. The algorithm starts
by collecting a one cycle sampled data window for each signal.
Based on a sampling frequency of 960 Hz, one cycle contains
16 samples. For each new sample to enter the window, the oldest
one is disregarded and the algorithm starts.

The algorithm depends on utilizing WT for its powerful
analyzing and decomposing features. For each data window,
the wavelet transform decomposes the signals into three levels
of decomposition. From the first decomposition level for
the six-line currents, the high-frequency components can be
extracted from the signal and a disturbance can be detected by
observing the norm of the detail coefficients D1 (Appendix A).
If the norm of D1 for each line current is less than a certain
threshold ( ), this means that the lines are healthy.

Theoretically, the phasors should be estimated from the third
decomposition level (0–60 Hz). Since the compact support
wavelets do not have ideal cut-off frequency characteristics,
the phasors cannot be obtained from this level. It is essential to
use some margins on both sides of the frequency of interest.
Therefore, the fundamental frequency (60 Hz) falls into the
middle of the approximation output of the second level. From
the second level of decomposition (0–120 Hz), the phasor
(magnitude and angle) of each signal can be estimated by using
the approximation coefficients vector of A2 (Appendix A).
Using these phasors, the sequence components of the currents
of both lines can be calculated.

For each new sample, a check is performed for the case of
one line being disconnected. This can be done by observing the
level of the positive sequence current magnitude of both lines. If
one line is disconnected, an alternative algorithm for single-line
distance protection should be executed [6].

Once the norm of one or more current detail coefficients ex-
ceeds the threshold ( ), a disturbance is detected. A new data
window ( ) is started from the sample at which the disturbance
has been detected. Each time a new sample enters the window,
the phasors of all current and all voltage signals are estimated
and the difference ( ) between the phasor magnitudes of the
currents of the corresponding phases, on which the WT has de-
tected a disturbance, is calculated. For example, the difference
between the magnitudes of currents of phase “a” corresponding
phasors is

If the difference is above a predetermined positive threshold
level ( ), a trip signal should be sent to the circuit breaker of line
1. If the difference is less than the negative value of ( ), a trip
signal should be sent to the circuit breaker of line 2. If the differ-
ence is within the range, the distance relay will calculate the
impedance(s) of the line(s) on which the WT detected a distur-
bance. According to the calculated impedance, the disturbance
will be classified as a fault on the line (internal or external) or
a disturbance that happened for any other reason. If the distur-
bance is classified as a fault on the line, the distance relay will

determine the zone of the fault and trip the circuit breaker ac-
cording to its time delay.

When the number of samples ( ) collected after detecting a
disturbance reaches 16, the oldest sample in the window is dis-
regarded when a new one enters the data window. The algorithm
will continue with the same procedure and with 16-sample data
window for two more cycles. If no fault is detected, the algo-
rithm will start again from the beginning. A flowchart for the
proposed parallel-lines protection algorithm is shown in Fig. 2.

The advantage of using only new samples in the data window
after the inception of a disturbance is to accelerate the iden-
tification of the fault whether it is internal or external. If the
window contains both old and new data samples, the identifica-
tion process will experience delay. The calculated impedances
for ground faults are based on deriving the positive-, negative-,
and zero-sequence current values from the estimated phasors of
only the line on fault.

A compensation for the mutual coupling between lines is not
included because this compensation may lead to a first zone trip-
ping for faults beyond the remote end of the parallel lines. Such
over-reach is not acceptable and it is therefore much more se-
rious than the under reach, which can occur without compen-
sation for the mutual coupling [10]. The first zone reach is set
to 90% of the line positive sequence impedance. The equations
used in calculating the impedances of ground and phase faults
are shown in Appendix B.

The value of the threshold used to detect disturbances by
monitoring the norm of D1, is chosen based on extensive sim-
ulations on the parallel lines model for all types of faults and
loading conditions being studied. It has been found that under
all normal loading conditions, is less than 0.3. A value of 0.4
is assigned for to increase the detection sensitivity.

The threshold , used to detect the abnormal difference in
the current magnitude of the corresponding phases on both lines
is chosen carefully to achieve a secure response. For faults on
the parallel lines should exceed of the maximum load
current during normal loading conditions. If the difference is
less than this value, this implies that the disturbance detected
is either an external fault or an error due to the difference in
current transformers characteristics and a certain inequality in
the primary currents.

IV. SIMULATION STUDIES

The model network shown in Fig. 1 has been simulated
using PSCAD program. The network consists of two areas
connected by two sections of 400-kV transmission lines. The
first section AB contains two 225-km–long parallel lines,
and the second section BC is equivalent to a 100-km line.
Each of the parallel lines has a zero sequence impedance

ohms ; and positive sequence
impedance ohms . The source voltages
are and , where is the load
angle in degrees.

To ensure the isolation of faults, similar relays are provided at
each end of the line. All three-line voltage signals and all six-line
current signals at both ends (A and B) of the parallel lines are
passed through bandpass filters with a center frequency of 60
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Fig. 2. Proposed parallel lines protection algorithm.

Hz. The signals are then sampled at a sampling frequency of
960 Hz. These sampled signals perform as the inputs to the WT
protection algorithm. The described WT algorithm is applied
and tested on the model network. The tests include solid and
resistive ground faults, phase and intercircuit faults, at different
locations and different loading conditions, and also for external
faults. All simulations are done for the relay at bus A.

A. Single Line Faults

A solid single line to ground fault (SLG) is applied on phase
“a” of line 1 at 100 km from the relay at bus A and with a load
angle . Fig. 3 shows the process of disturbance detec-
tion using WT. It is clear that only the norm of the WT first level
detail coefficients of phase “a” of line 1 exceeded the detec-
tion level ( ). Fig. 4 shows ( ), the difference in the corre-
sponding line currents of phase “a” on which the WT detected a
disturbance. This difference is calculated using the magnitudes
of the phasors, which are estimated from the second level ap-
proximations of the WT. Since has a positive value, the

fault is known to be on phase “a” of line 1. The figure also shows
the trip signal, which is launched four samples after ( ) ex-
ceeded the current difference threshold ( ) for reliability and
security.

A SLG fault with high ground fault resistance (50 ) is ap-
plied on phase “c” of line 2 at 150 km from bus A and with a
load angle . Like the previous case, the norm of the
WT first level detail coefficients exceeded the threshold value
( ) and, thus, the difference of the corresponding line current
phasors magnitudes of phase “c” ( ) is calculated. Fig. 5
shows exceeded the current difference threshold ( ), and
the trip signal after four samples. It is obvious that high ground
faults can be easily identified.

B. Line-to-Line Fault

The relay has been tested for line-to-line faults on one of the
two parallel lines.

The current difference magnitudes ( ), ( ) and the
trip signal for a double line fault (a-b) on line 1 at 120 km from
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Fig. 3. Norm of WT first level detail coefficients of all line currents for SLG
at 100 km from bus A.

Fig. 4. I and trip signal of SLG fault at 100 km from bus A.

Fig. 5. I and trip signal of a SLG fault on line 2 at 150 km with 50-

fault resistance.

the relay at bus A and with a load angle of are shown
in Fig. 6. This fault will cause a three-phase trip only for line 1.

C. Simultaneous Fault on Both Lines

The current difference magnitudes ( ), ( ), and the
trip signal for a phase “a” to ground fault on line 1 and a phase

Fig. 6. I , I , and the trip signal for DL fault on line 1 at 120 km from
bus A.

Fig. 7. I , I , and trip signal for “a-G” on line 1 and “b-G” on line 2
at 100 km from bus A.

“b” to ground fault on line 2 (cross country fault) are shown in
Fig. 7. The fault is applied at 100 km from the relay at bus A,
and at a load angle . This type of fault is difficult to
be identified when only distance relaying is employed to protect
the parallel lines. The distance relay will identify this fault as
a double line to ground fault on both lines and a three-phase
tripping signal will be sent to the circuit breakers of both lines
[5]. It can be seen that using this technique, the fault is correctly
identified and a single-pole tripping signal for the phase on fault
in each line will be sent to its circuit breaker.

Fig. 8 shows the detection of a very special fault case when
a line to ground fault occurs on one phase of line 1 and, at the
same time, the corresponding phase on line 2 has the same type
of fault. In this case, the fault is “a-G” on line 1 and “a-G” on
line 2 at 100 km from the relay at bus A and at a load angle

. It can be realized that the WT detected a disturbance
only in phase “a” of both lines. For this type of fault, the cur-
rent difference technique or the impedance difference technique
will not notice the fault because the difference is almost zero. If
the difference between the corresponding line currents of these
phases is small or zero, a backup distance measurement based
on the estimated phasors of the signals is done.
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Fig. 8. Norm of WT first level detail coefficients of all line currents for “a-G”
on line 1 and “a-G” on line 2 at 100 km from bus A.

Fig. 9. Impedance trajectory for SLG “a-G” on line 1 and SLG “a-G” on line
2 at 100 km from bus A.

The distance algorithm will calculate the impedances corre-
sponding to the fault location and according to the fault type de-
tected from the phases subject to the disturbance. This backup
helps to detect same phase faults (i.e., simultaneous fault be-
tween phase “a” and ground on line 1, and between phase “a”
and ground on line 2). The ground impedance trajectories of
phase “a” on both lines are shown in Fig. 9. Since the fault oc-
curred at the same distance on both lines, the impedance trajec-
tories are almost the same and as shown in Fig. 9 they are super-
imposed. The distance measurement does not include a compen-
sation for the mutual coupling between lines in order to avoid
the over-reach in the case of a fault beyond the remote end [10].

The proposed technique has been also tested for a phase-to-
phase clashing conductors fault. Fig. 10 shows the current dif-
ference magnitudes ( ), ( ) and the trip signal for a
phase “a” of line 1 to phase “b” of line 2 clashing conductors
fault at 50 km from the relay at bus A and with a load angle
of . The trip signal is launched after four samples the
current difference magnitudes ( ) and ( ) exceeded the
current difference threshold ( ).

Fig. 10. I , I , and trip signal for a clashing fault between phase “a”
on one circuit and phase “b” on the other circuits at 50 km.

Fig. 11. Impedance trajectories with and without mutual coupling for an SLG
“a-G” at the remote end.

D. External Faults

In the case of external faults, WT provides the ability to de-
tect the disturbance occurring in the related phase(s). The cur-
rent difference in the corresponding phases is almost zero and,
thus, the algorithm will move to the distance line protection al-
gorithm. This case here demonstrates the importance of having
a distance protection algorithm working as a backup for the cur-
rent difference algorithm.

A SLG “a-G” fault is applied at the remote end of the line
with ground fault resistance of 30 and load angle .
WT detected a disturbance in phase “a” on both lines. The calcu-
lated ground impedances for phase “a” on both lines are equal.
Only the impedance of line 1 will be considered here. Fig. 11
shows the impedance trajectory seen by the relay at bus A of line
1 with and without mutual coupling compensation. It is clear
that the compensation for the mutual coupling leads the calcu-
lated impedance to settle in the first protection zone
and give false trip on both lines. On the other hand, the cal-
culated impedance without coupling compensation
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settles outside the first zone and the relay performs as a backup
for the protection of the adjacent line.

V. CONCLUSION

A new scheme for the protection of parallel lines is presented
in this paper. The scheme depends on measuring all current and
voltage signals at both ends of the parallel lines. The WT with
its magnificent characteristics is employed to detect the distur-
bances in the current signals and to estimate the phasors of all
the signals as well as to achieve high-speed relaying. The differ-
ence in the current phasor magnitudes of the phase on which the
fault is detected and of the corresponding phase on the other line
is calculated, and the line with the higher magnitude is isolated.
In some cases, the current difference technique is not enough
to protect parallel lines. In these cases, the distance algorithm
should be applied in order to have protection coverage for all
types of faults. The relay has been successfully tested for all
types of faults at different locations and loading. All faults are
identified in less than one cycle after the fault inception.

APPENDIX A

A. WT—Introduction

A brief introduction to the wavelet transform is given here.
More details can be found in [11] and [12]. There are two fun-
damental equations upon which wavelet calculations are based;
the scaling function and the wavelet function

(1)

(2)

These functions are two-scale difference equations based on a
chosen scaling function , with properties that satisfy certain
admission criteria. The discrete sequences and represent
discrete filters that solve each equation. The scaling and wavelet
functions are the prototype of a class of orthonormal basis func-
tions of the form

(3)

(4)

where the parameter controls the dilation or compression of the
function in time scale and amplitude, the parameter controls the
translation of the function in time, and is a set of integers.

Once a wavelet system is created, it can be used to expand a
function in terms of the basis functions

(5)

where the coefficients and are calculated by inner
product as

(6)

(7)

The expansion coefficients represent the approximation of
the original signal with a resolution of one point per every

Fig. 12. WT multiresolution algorithm.

points of the original signal. The expansion coefficients
represent details of the original signal at different levels

of resolution. and terms can be calculated by direct
convolution of samples with the coefficients and .

The wavelet transform can be implemented with a specially
designed pair of finite impulse response (FIR) filters called a
“quadrature mirror filters” (QMFs) pair. QMFs are distinctive
because the frequency responses of the two FIR filters separate
the high-frequency and low-frequency components of the input
signal. The dividing point is usually halfway between 0 Hz and
half the data sampling rate (the Nyquist frequency).

The outputs of the QMF filter pair are decimated (or desam-
pled) by a factor of two. The low-frequency (low-pass) filter
output is fed into another identical QMF filter pair. This op-
eration can be repeated recursively as a tree or pyramid algo-
rithm, yielding a group of signals that divides the spectrum of
the original signal into octave bands with successively coarser
measurements in time as the width of each spectral band nar-
rows and decreases in frequency. The tree or pyramid algorithm
can be applied to the wavelet transform by using the wavelet
coefficients as the filter coefficients of the QMF filter pairs as
shown in [13]. The same wavelet coefficients are used in both
low-pass (LP) and high-pass (HP) filters. The LP filter coeffi-
cients are associated with the of the scaling function
and the HP filter is associated with the of the wavelet func-
tion . Fig. 12 shows the tree algorithm of a multiresolution
WT for a signal . The outputs of the LP filters are called the
approximations (A), and the outputs of the HP filters are called
the details (D).

B. Phasors Estimation

The phasors of the measured voltage and current signals at
the fundamental frequency can be estimated by using a unity
amplitude 60-Hz sinusoidal reference signal (R1), sampled at
the same sampling rate as the measured signals (960 Hz). For
each data window, the sinusoidal reference signal and the mea-
sured signals are decomposed into two levels of decomposition
using “db4” mother wavelet. As aforementioned, the phasors are
estimated from the approximate coefficients A2 vector of the
second decomposition level. The magnitude and angle with re-
spect to the reference sinusoidal signal for each measured signal
can be estimated using the basic vector mathematics. For ex-
ample, if the approximate coefficients A2 vector of the second
decomposition level of the sinusoidal reference is and for
one of the measured signals ( ) is , then the angle between
the two vectors is defined as
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Fig. 13. Fault current signal with its first detail coefficients and its estimated
magnitude.

where ( ) is the dot product of the two vectors and
, are the norms of the two vectors.

A new unity amplitude sinusoidal signal (R2) with a phase
shift equal to the calculated angle is constructed and sam-
pled at the same previous sampling frequency. The new signal is
then decomposed into two decomposition levels using the same
mother wavelet as used before. Using the second approximate
coefficient vector of this constructed sinusoidal signal,
and the second approximate coefficient vector of the mea-
sured signal, the magnitude of the measured signal can be
defined as

where and are the norms of the second approx-
imate coefficient vectors of the constructed and measured sig-
nals. The same procedure can be done for all the other measured
signals to estimate their phasors.

Fig. 13 shows an example of a fault current signal de-
composed using WT. The figure depicts the fault current
signal, below which the first decomposition detail coefficients
D1 for detecting disturbances and the magnitude estimated,
respectively.

APPENDIX B

A. Impedance Calculation

For phase-to-ground faults

where is the estimated phase voltage phasor, ,
, and are the positive-, negative-, and zero-

sequence components of estimated phase currents, respectively,

and is the ratio between the zero sequence to the positive
sequence impedance of the protected transmission line.

For phase faults (example: phase “a” to phase “b” fault)

where and are the estimated voltage phasors, and
are the estimated current phasors.
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