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First-Zone Distance Relaying Algorithm
of Parallel Transmission Lines for
Cross-Country Grounded Faults
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Abstract—A novel distance protection algorithm for the
first-zone distance relay of parallel transmission lines is proposed
for cross-country grounded faults. The algorithm calculates the
fault impedance using one-end sampling voltages and currents
from a single line. The theoretical basis of the proposed algorithm
is described in this paper, which is based on the symmetrical
component method for parallel lines. And an attempt is made to
express the zero-sequence current of the adjacent parallel line at
the relay location by the zero-sequence current of the concerned
line in combination with the fault characteristics of the system
model, by which the impact of the mutual coupling between the
lines can be eliminated. And, thus, the distance algorithm for
cross-country grounded faults is presented. The simulations show
that the proposed algorithm can obtain the accurate fault reac-
tance when cross-country bolted faults occur, which is superior to
the existing distance protection algorithm based on one-end data
from a single line.

Index Terms—Cross-country grounded faults, distance relaying
algorithm, parallel transmission lines, symmetrical component.

NOMENCLATURE

In subscript, they denote the variables of
lines I and II for parallel lines.

, and In subscript, they denote the electrical
quantities of phases A, B, and C.

1, 2, and 0 In subscript, they denote the positive-,
negative-, and zero-sequence variables.

In subscript, they denote the source
impedances at buses M and N.

and In subscript, they denote the sequence
component variables of forward and reverse
sequence.
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In subscript, it denotes the fault location.

and Cross-country fault resistance and the
ground fault resistance, respectively.

and They denote the total impedance and
reactance of line I, respectively.

The line-line mutual impedance.

, , and Define the different impedance ratios
between two equivalent systems.

Phase angle between synchronous sources.

Calculating operator, which is equal to
.

Fractional distance from the relay location
to the fault point .

Any phase of A, B, or C.

I. INTRODUCTION

P ARALLEL transmission lines are extensively utilized
in high-voltage (HV) transmission networks [1]–[3].

Distance protection is commonly used as one of the main
protections of parallel lines. However, the mutual impedance
between parallel transmission lines can be as high as 50%–70%
of the self-impedance for the zero-sequence coupling [4]. When
conventional distance relays based on one-end sampling data
from a single line are applied to parallel lines, its performance
is affected by the mutual coupling between the lines, especially
for cross-country faults. The protection zone of traditional
distance relays without zero-sequence current compensation
for parallel lines may vary from less than 50% up to far more
than 100% of the total line length depending on the power
system state [5].
Moreover, a failure of distance relays caused by the cross-

country faults may lead to three-phase trips of both circuits.
The impact of misoperations will be particularly serious under
some conditions. Therefore, the protection algorithm for cross-
country faults has gained an increasing interest [6].
A cross-country fault is generally caused by the fault arc from

the first ground fault. There is a short time interval from the first
ground fault to the cross-country fault. However, the time in-
terval is very short compared with the fault duration time. Ac-
cording to the practical experience, if the time interval is within
a cycle, the distance protection algorithm for the cross-country
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fault has to be used instead of the traditional distance algorithm
for the single-line-to-ground fault.
There are two possible solutions to consider the impact of

mutual coupling between the lines. One of them is to introduce
the current of the neighboring line into the distance relay of
the concerned line [5]–[8]. This kind of solutions takes into ac-
count the impacts of zero-sequence mutual inductance by using
sampling data from two lines, which can achieve good perfor-
mance. However, bringing the neighboring line current might
reduce the reliability of the relay and is not suggested in the
U.K., China, and some other countries. Therefore, how to elim-
inate the impacts of zero-sequence mutual inductance based on
one-end sampling voltages and currents from a single line is an-
other possible solution and still an open problem.
Besides, there are two types of cross-country faults (i.e.,

cross-country grounded faults and cross-country ungrounded
faults). For the cross-country ungrounded faults, the two
zero-sequence currents of parallel lines are equal in magnitude
and opposite in phase. Therefore, the fault impedance can be
calculated accurately according to this characteristic [1]. When
the cross-country grounded fault occurs, there is a new ground
branch. The two zero-sequence currents of the parallel lines
might not be equal anymore, which increases the complexity of
the solution greatly.
In this paper, a novel first-zone distance-relaying algorithm is

proposed for the cross-country grounded fault of parallel lines
to enhance the performance of distance protection. The sym-
metrical component method for parallel lines is employed to
decouple the mutual coupling between two lines. The zero-se-
quence current of the adjacent parallel line at the relay loca-
tion is expressed by the zero-sequence current of the concerned
line in combination with the fault characteristics of the system
model. Based on this, the proposed distance-relaying algorithm
is described. Simulations are made to verify the effectiveness of
the algorithm by comparing the proposed algorithmwith the tra-
ditional algorithms.Moreover, the factors affecting the accuracy
of the proposed algorithm, such as current distribution factors,
fault resistances, and line transposition condition are discussed
as well.
This paper is structured as follows. Section II describes the

characteristic of the zero-sequence currents. An algorithm for
cross-country grounded faults is proposed in Section III. The
comparisons between the proposed and the other distance re-
laying algorithms are shown in Section IV. Section V presents
a sensitivity study including the impacts of the current distribu-
tion factors and line transposition condition. Finally, the conclu-
sion is given in Section VI.

II. CHARACTERISTIC ANALYSIS OF THE
ZERO-SEQUENCE CURRENTS

The schematic diagram of parallel transmission lines for a
cross-country grounded fault is shown in Fig. 1. The symmet-
rical component method for parallel lines is derived from the
well-known symmetrical component method of a three-phase
line. The sequence-component algorithm is convenient for the
fault analysis of parallel lines, since it decouples the mutual in-
duction between the parallel lines skillfully [1]. We assume that
the mutual impedances between three-phase lines are the same

Fig. 1. System diagram of cross-country ground fault is the fault location
at line I, and is the fault location at line II. The distance D from the fault
locations of the two lines to the relay location M are the same.

along with the two circuits. The following analysis ignores the
shunt capacitance of parallel transmission lines to simplify the
algorithm.
With the symmetrical component method for parallel lines,

the zero-sequence currents of parallel lines can be divided to
and (i.e., and

). Moreover, we have (more details can be found
in Appendix A)

(1)

(2)

When a cross-country bolted fault occurs, and are both
equal to 0. So (1) and (2) can be decomposed into (3) and (4),
respectively

(3)

(4)

Assuming the resistances can be ignored, (5) can be obtained

(5)

When a cross-country grounded fault with fault resistance oc-
curs (i.e., at least one of and is not equal to 0), then (5)
does not hold strictly. But the phase relation between and

can be expressed as

(6)

A qualitative conclusion can be derived by analyzing the ex-
treme conditions of and . When and approach 0,
the angle approximates to 90 . When ap-
proaches infinity and approaches 0, the angle approximates
to 90 . When approaches 0 and approaches infinity, the
angle approximates to 0. So the variable range of the angle is
0 to 90 . According to the phase relation between and
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Fig. 2. Zero-sequence distribution networks of the fault component. (a) For-
ward-component distribution network of zero sequence. (b) Reverse-component
distribution network of zero sequence.

, the phase relation between the zero-sequence currents of
parallel lines can be obtained, which will be used for the deriva-
tion of the distance algorithm.

III. ALGORITHM FOR FIRST-ZONE DISTANCE RELAY

When a cross-country grounded fault (IBIICG) occurs, ap-
plying Kirchhoff’s Voltage Law (KVL) for the circuit from the
relay location to the fault location in Fig. 1, gives (7),
shown at the bottom of the page. More explicitly,

.
Supposing that the fault is the cross-country bolted fault,

and are both equal to 0. Then, we have

(8)

where and are the forward- and reverse-compo-
nent distribution factors of the zero-sequence current at the relay
location , respectively.
Fig. 2 gives the schematic diagram for the zero-sequence dis-

tribution networks of the fault component. The distribution fac-
tors of the forward- and reverse-zero-sequence currents are for-
mulated as follows [1]:

(9)

The system components are assumed as the inductive reac-
tance components, so the distribution factors and
are both real numbers. Suppose the angle is the phase differ-
ence between and . According to (5) and (8), the
relation between and is expressed as

(10)

Substituting (10) into (7)

(11)

The fault distance is obtained as follows:

(12)

It follows from (8) and (10) that

(13)

According to (11), the angle is expressed by eliminating the
fault distance from the real and imaginary parts as

(14)

More explicitly

Then, (14) can be changed as

(15)

Then, (15) can be written as

(16)

More explicitly

The following is the basic rule of the trigonometric function:

(17)

According to (16) and (17), the two results of are derived

(18)

To obtain the variation range of angle , several assumptions
are considered. For a given line, the line parameters may be
considered as constants, which are shown in Appendix B. The
range of angle should be determined by (13) for various fault
locations and possible system configurations. An example of
this is shown in Fig. 3. It is evident that belongs to 90 to

(7)
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Fig. 3. Variation of angle as a function of fault location for different source
impedance ratios.

and .

Fig. 4. Estimated fault reactance under the IBIICG bolted fault with a fault
location of 150 km from bus M.

180 . According to this conclusion that belongs to 90 to
180 meets the requirement.
On the basis of the conclusion derived before, the angle in

(12) can be determined

(19)

More explicitly

Note that represents the distance, which can make up a dis-
tance relay. Substituting (19) into (12), the estimated inductive
reactance at the relay location is obtained

(20)

Similarly, performance equations for the estimated inductive
reactance for other types of cross-country faults can be derived.
In the derived formula (12), should be replaced
by the fault-phase voltage and fault-phase current, respectively.

IV. CASE STUDIES

The simulation model of a 500-kV equivalent two-machine
system is shown in Fig. 1, and the detailed parameters are pre-
sented in Appendix B. The PSCAD/EMTDC simulation soft-
ware is employed for power system simulation. Source M leads
source N by 30 (heavy load) and 0 (no load). Faults are initi-

Fig. 5. Estimated fault reactance under the IBIICG bolted fault with a fault
location of 240 km from bus M.

ated at 0.5 s. The full-cycle Fourier correlation has been applied
as a filter algorithm using a sampling rate of 100 samples/cycle
(for a 50-Hz system). Only the fundamental frequency compo-
nent is evaluated. Equation (20) is employed to calculate the
estimated fault reactance from the relay location to the fault lo-
cation.
In order to evaluate the proposed algorithm, some comparison

results are shown between the proposed algorithm, and the al-
gorithm with direct zero-sequence current compensation of the
parallel lines or the traditional algorithm without zero-sequence
current compensation of the parallel lines.
The algorithm with direct zero-sequence current compensa-

tion of the parallel lines is given

(21)

The traditional algorithm without the zero-sequence current
compensation of the parallel lines can be expressed as

(22)

Figs. 4 and 5 show the comparison results between the pro-
posed algorithm and the algorithm with the zero-sequence cur-
rent compensation of the parallel lines when IBIICG bolted
faults occur in two different locations. Once the fault phase is se-
lected, the proposed algorithm can calculate the fault reactance
within a cycle (20 ms). It can be seen that the first few estimates
are erroneous because the data windowmainly contains prefault
data. When the data window is filled with postfault data, the es-
timates approach the actual fault reactance gradually.
The zero-sequence current of parallel transmission lines is

used to compensate the mutual coupling effect in inductive re-
actance measurement on the faulted line in (21). The distance
measurement with fully compensated zero-sequence current of
the parallel transmission lines on fault lines will always be cor-
rect when both lines of the parallel lines are in operation [8].
Therefore, the algorithm with the zero-sequence current com-
pensation of the parallel lines can obtain an accurate fault reac-
tance. As shown in Figs. 4 and 5, the loci of the proposed algo-
rithm approach the loci of the algorithm with the zero-sequence
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Fig. 6. Estimated fault reactance errors under the IBIICG bolted fault with the
condition of under different fault locations.

current compensation of the parallel lines in different fault loca-
tions. The results indicate that the performance of the proposed
algorithm is close to the algorithm with the zero-sequence cur-
rent compensation of the parallel lines.
The maximum error of the proposed algorithm is less than

3% in Fig. 5. The errors exist due to the assumed condition that
the system is not completely composed of the strictly inductive
components and the source impedances have an insignificant
impact on the distribution factors, but the maximal value is less
than 3% that should be acceptable. The simulation in Fig. 5
shows that both of the aforementioned algorithms can operate
correctly when a normal 85% zone coverage for zone one is
set. Therefore, the proposed algorithm can satisfy the accuracy
requirements of the first-zone distance relay under the cross-
country bolted faults.
The zero-sequence current of the parallel transmission lines is

not always available for the relay in practice in some cases. The
traditional algorithm without zero-sequence current compensa-
tion of the parallel lines may either overreach or underreach, de-
pending upon the relative direction of the parallel transmission
lines’ zero-sequence current. To verify the proposed algorithm,
the comparisons between the proposed algorithm and the tradi-
tional algorithm without the zero-sequence current compensa-
tion of the parallel lines are given in two typical conditions.
Fig. 6 shows the comparisons between the proposed algo-

rithm and the traditional algorithm without the zero-sequence
current compensation of the parallel lines when IBIICG bolted
faults occur. The faults are simulated with (heavy load,
source leads source ) under different fault locations. As
shown in Fig. 6, the estimated errors of the proposed algorithm
are much smaller than those of the traditional algorithm. The
relay with the proposed algorithm can operate correctly under
this condition when the relay with the traditional algorithm may
overreach.
The fault resistance between the fault phases is small in prac-

tice, but the ground resistance might be large [9]. A simulation
is given under the extreme conditions of and equal
to 0 and within 0–300 . The estimated errors of three
algorithms are shown in Fig. 7. The error of the estimated fault
reactance is calculated

(23)

where is the actual fault reactance of line I.
According to Fig. 7, it can be seen that the estimated error

of the proposed algorithm is quite small when the ground re-
sistance is small, which is superior to the traditional algorithm.

Fig. 7. Estimated fault reactance errors under the IBIICG resistance grounded
fault with the condition of equal to 0 and within 0–300 with a fault
location of 240 km from bus M.

Fig. 8. Variation of as a function of fault location for two different source-to-
line impedance ratios .

Therefore, the application of the proposed algorithm can en-
hance the performance of the distance protection on parallel
lines.

V. SENSITIVITY STUDIES

In the derived formula from before, it is assumed that two
lines are fully transposed, and a cross-country grounded fault
occurs. However, in practice, the case may not be ideal. There-
fore, it is necessary to analyze the sensitivity of the proposed
algorithm to the error of the parameters.

A. Impact of Current Distribution Factors

The proposed algorithm for distance relaying needs the cur-
rent distribution factor in (9) to be a real number. An
exact real number will not be always accessible, for it depends
upon the system and transmission-line parameters. When the
fault location changes along the parallel transmission lines, the
phase angle of the current distribution factor varies in a cer-
tain range. The variation of the angle along the different fault
location is shown in Fig. 8.
Fig. 8 shows the variation of the angle against the fault lo-

cation for two extreme source-to-line impedance ratios (SIRs).
As shown in Fig. 8, the maximum value of the phase angle
is only 3.92 (solid line) when the fault is near the end of the
transmission line. The value lead to a maximum estimated error
approaching 2% (corresponding to the point at the end of the
solid line of Fig. 6). Therefore, the variation of the phase angle
of is very small in Fig. 8, resulting in a negligible impact
on the estimated fault reactance, as shown in the solid line of
Fig. 6.
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Fig. 9. Estimated fault reactance error by applying the proposed algorithm for
transposition and nontransposition lines.

B. Impact of Fault Resistances

It can be concluded that the proposed algorithm is associated
with the fault resistance from the derived formulas (1) and (2).
Figs. 4 and 5 show that the proposed algorithm has good perfor-
mance when a cross-country bolted fault occurs. As shown in
Figs. 6 and 7, the proposed algorithm has better performance
than the traditional algorithm without the zero-sequence cur-
rent compensation of the parallel lines for the cross-country
grounded fault with high fault resistances.

C. Impact of the Line Transposition Condition

It has been assumed that the parallel transmission lines are
perfectly transposed and three phases of two lines are symmet-
rical in the previous analysis. If the lines are not perfectly trans-
posed, the sequence impedances depend upon the line geometry.
If the untransposed line parameters are used to substitute for the
transposed line parameters, it will bring some errors to the pro-
posed algorithm.
The configuration of the tower structure for 500-kV transmis-

sion lines is presented in Fig. 12, and the length of the line is 150
km. For a first-zone distance relay whose setting range reaches
80%–90% of the protected line, it is often expected that the error
will be less than 5% around the reach of the setting [10]. Fig. 9
shows that the estimated fault resistance error is less than 5%
when the fault location is close to the end of the first-zone set-
ting (127.5 km). Therefore, the error has a negligible effect on
the application of the proposed algorithm to first-zone protec-
tion for the untransposed line.

VI. CONCLUSION

The performance of conventional distance relays on parallel
lines is adversely affected by the mutual coupling effect be-
tween the lines, especially for cross-country faults. The tradi-
tional distance relay without the zero-sequence current compen-
sation for parallel transmission lines may overreach. A novel
algorithm of first-zone distance relaying is proposed for cross-
country grounded faults in this paper. The zero-sequence cur-
rent of the adjacent parallel lines at the relay location is ex-
pressed by the zero-sequence current of the concerned line using
the symmetrical component method for parallel lines. The ac-
curacy of the proposed algorithm is analyzed under all kinds
of fault conditions. The simulation results demonstrate that the
proposed algorithm is as good as the algorithm with direct zero-
sequence current compensation of the parallel lines; while it

Fig. 10. Fault boundary condition of IBIICG.

achieves better performance compared with the traditional al-
gorithmwithout zero-sequence current compensation of the par-
allel lines.

APPENDIX A

The coupled transmission equations are transformed into de-
coupled ones depending on the sequence-component algorithm
of parallel lines. More details can be found in [1].
An example of an analysis IBIICG fault based on the se-

quence-component algorithm is given here. In case of cross-
country grounded faults, the fault boundary condition of IBIICG
is shown in Fig. 10.
The cross-country fault resistance is added to the system

impedances, this strategy is similar to the management of the
phase-phase fault resistance of a single line using the symmet-
rical component method. Therefore, the sequence components
of voltage would be added to the superscript “ ” in the next for-
mula for distinction. can be replaced by , and so
can the other sequence components.
More explicitly,

For the fault boundary condition shown in Fig. 10, the fol-
lowing equations are obtained by applying the KVL and KCL
at the fault location K:

(A1)

The mutual coupling between two lines can be decoupled by
sequence components, which are nominated T component and
F component. As shown in Fig. 11, it can be seen that the T
component has equal quantities in both lines; the F component
has antiequal quantities in both lines (equal in magnitude but
opposite in sign). Therefore, the T component and F component
are also called the forward component and reverse component,
respectively. Then, (A1) can be written as

(A2)

Due to the sequence-component algorithm, the following
equations are obtained from (A2).



BI et al.: FIRST-ZONE DISTANCE RELAYING ALGORITHM OF PARALLEL TRANSMISSION LINES 2191

Fig. 11. Sequence distribution networks of T and F components. (a) The T
component distribution network of the fault component. (b) The F component
distribution network of the fault component.

The next results are derived from (A3), shown at the bottom
of the page.
Applying the KCL at the fault location

(A5)

Substituting (A4), shown at the bottom of the page, into (A5)

(A6)

Due to the sequence-component algorithm, the following
equations are obtained by applying the KVL at the fault
location:

(A7)

(A8)

(A9)

Substituting (A7) and (A8), into (A9)

(A10)

(A11)

When is added to the system impedances, both and
coincide with K. The following equation is derived by applying
Ohm’s Law at the fault location

(A12)

Substituting (A8) and (A9), into (A12)

(A13)

(A14)

APPENDIX B
PARAMETERS OF THE 300-km, 500-kV BERGERON

MODEL LINES

Positive-/negative-sequence parameters:
0.022 /km;
0.28 /km;
0.24114 M -km.

Zero-sequence parameters:
0.182 8 /km;
0.86 /km;
0.57875 M -km;
0.522 /km.

S1 parameters:
: 6.0 , 67.0 ;

: 7.8 , 78.0 .
S2 parameters:

: 9.0 , 182.0 ;
: 18.2 , 364.0 .

(A3)

(A4)
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Fig. 12. Configuration of the tower structure.

For parameters of the 150-km, 500-kV asymmetrical and un-
transposed lines, see Fig. 12.
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