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IMPROVING THE PERFORMANCE OF DISTANCE RELAYS
IN THE PROTECTION OF SHORT TRANSMISSION LINES
BASED ON THE CURRENT ESTIMATION OF THE LINE
END

Seyed Mohammad Sadegh HOSSEINIMOGHADAM®, Masoud DASHTDAR?,
Majid DASHTDAR?

This paper proposes a method to improve the performance of distance relays
in short transmission lines. The most important problems of distance relays in short
lines protection are the effect of fault resistance and the problem of small voltage at
the relay location and as a result, increase the error of voltage transformers (CVT).
Eliminates the mentioned drawbacks by using the current magnitude at the end of
the line which improves the performance of the distance relay. The performance of
the proposed method has been evaluated and analyzed using simulation in ATP-
EMTP software and has been compared with the existing methods.

Keywords: Distance Protection, Short Transmission Line, Digital Relays, Fault
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1. Introduction

The transmission line is one of the most important equipment of the power
system, the protections which is very important from maintaining the stability of
the system aspects and preventing the damage of the equipment due to the short
circuit current. Moreover, the large distance between the terminals at the
beginning and end of the line, transmission line protection is one of the most
complex types of protection in the power system. Transmission line protection has
applied in different ways. The most common line protection method is for
medium and long lines is distance protection [1]. This protection method performs
the protection operation by calculating the impedance seen from the relay location
to the fault location and comparing it with the pre-defined protection areas. In
addition to the distance method, several other methods have been proposed in
different references. Even though the introduction of alternative methods for
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distance protection, and this protection method is still the most common method
of line protection. One of the main problems of the distance relay is the effect of
fault resistance. Typically, the effect of resistance on phase-to-phase faults is less
because the only spark resistance is between the two-phases. But when short-
circuit occurs with ground resistance at the ends of the protection zone, the
impedance measured by the relay will be overreached from its protection zone and
the relay will not operate (According to Fig. 1). The effect of fault feeding from
different sources will also exacerbate the adverse effect of fault resistance [2-4].

%280 Line

a) Transmission line protection b) Functional characteristic of distance relay
Fig. 1. The effect of fault resistance on the performance of the distance relay

In the case of short lines, the use of distance protection, in addition to the
above-mentioned problems, also faces other problems. Due to the small
impedance of short lines, Source to Line Impedance Ratio (SIR) is a large
number. In general, in protection, a short zone refers to a line whose SIR is large.
So a 30 km line with a low SIR will look like a long line. But a 100 km line with a
high SIR behaves like a short zone. Lines with a SIR larger than 4 km are usually
considered short zones of protection [2]. According to the definition provided for
the short zone, if an internal short-circuit occurs, the voltage seen at the relay
location will be much smaller than the nominal voltage of the system. Because
this voltage is obtained by dividing the voltage between the line and the
equivalent source of the network. This causes the smallest voltage measurement
error to interfere with relay performance. Because the voltage of transformers has
high performance around the nominal values, if the voltage at the relay location is
much lower than the nominal voltage of the system, the error of the voltage
transformers will be significant. When the SIR ratio increases according to
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Equation (1), the voltage at the relay location (Vg in Fig. 2) drops intensity. This
high voltage drop causes the capacitor transformers to malfunction.

Vp = =2 Vo= —5 Vs =——V, (1)
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Fig. 2. Fault at point F inside the short transmission line

.|||||.

Even if voltage transformers are ignored, the distance relays will not
perform reliably for small voltages. Also, the short lines distance relays are
exposed to transient vision increase due to the transient states of capacitive
voltage transformers [2]. Due to the above problems, the use of current methods
in the protection of short zones has become common. Current methods have been
implemented in a variety of ways, including comparing the current phase and
using the current difference [4-8]. These methods generally require a complex and
fast communication channel to exchange information between two posts.
Therefore, the use of these methods, in addition to the high cost of
implementation, has the problem that any error in the communication channel will
cause improper or incorrect operation of the relay. However, one of the
advantages of current methods is that there is no need for voltage information.
Therefore, the relay which uses the mentioned method is simpler and at the same
time, the need for voltage transformer is eliminated. However, voltage
transformers are still needed for purposes such as measuring and synchronizing.
In contrast, this method is highly dependent on the communication channel, and
any error in the channel will cause the relay to malfunction. Therefore, the
telecommunication equipment used needs support equipment, and as a result, the
cost of the project increases. Reference [9] presents a different method for short
transmission line protection. This method uses a high-frequency signal sent from
the relay to the line and uses a phase comparator to differentiate between lagging
and leading currents when a ground fault occurs. The advantage of this method is
its high-performance speed. The use of high-frequency signals, if there is a noise,
effects of this method performance. Another method that can be used to line
protection is neural networks. These networks have been studied in several papers
to implement the transmission line protection [11-18]. In some of these methods,
the neural network determines the fault location based on the voltage and current
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information on both sides of the line. Naturally, this method requires a fast and
secure telecommunication channel to transmit three-phase voltage and current
information to the opposite post. In reference [13] only the fault direct is sent
through the channel and the relay uses it and local information about the fault is
decided. In reference [21], considering that the voltage and current of the fault
location are the same phase and using the voltage and current information, the
fault location is determined.

In this paper, in the second part, a method for calculating the voltage at the
relay location of the short transmission line is proposed. Then, considering that
the voltage drop on the short transmission line is negligible, the fault current at the
end of the transmission line is estimated. Finally, the fault location is determined
using the current values as well as the estimated voltage. In the third part, the
simulation has done, and the analysis of its results has presented. Finally, in the
fourth section, the conclusion has presented.

2. The proposed method for protection of short transmission lines

According to Fig. 3, when a fault occurs in a short transmission line, fault
currents are generated from both ends of the transmission line to the fault location.
In Fig. 3, Z, is the impedance of the entire transmission line and x percent of the
line length at which the fault occurred. In this section, the proposed method for
short transmission lines protection against various faults has presented. The
purpose of this method is to overcome the problems caused by the low voltage of
the relay location and the effect of fault resistance.

Fig. 3. The fault with Rs resistance inside the short transmission line

2.1.Single-phase fault to ground

If the single-phase fault to ground a-g occurs according to Fig. 4 at
distance x from terminal A, Equation (2) can be used to estimate the fault location
and the fault resistance value [21].
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In Equation (2), indices i and r represent the imaginary part and the real
part of the corresponding parameter, respectively. Vam represents the phase m
voltage at the beginning of the transmission line in volts and x indicates the
distance of the fault location from the beginning of the transmission line in meters
and Igm represents the fault current, which is the sum of the fault current at the
beginning of the transmission line (1am) and the end of the transmission line (Igm)
in amperes. Also:

A F B
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Fig. 4. Single-phase-ground fault at distance x from terminal A

My = Zk(kaTIAkT - kailAki) (3)
My = Zk(karlAki + kailAkT) (4)
Wherein:

k: a, b, ¢ phases

Znk. Mutual impedance between phase m and phase k in ohm per meter.

Iak: Phase k current at the beginning of the transmission line in amperes.

Isk: Phase k current at the end of the transmission line in amperes.

In Equation (2), the only parameter that is not directly available to the
relay at the beginning of the transmission line is the end current of the
transmission line that is being passed to the fault point (Ig, current in Fig. 4). In
the following, a method for estimating the current at the end of the transmission
line is proposed and then the fault location and fault resistance are calculated
using Equation (2).

The steps for performing the proposed method for single-phase-ground
fault are as follows:

1) It is assumed that the Thevenin equivalent impedance of the sources on
both sides of the short transmission line, ie Zs; and Zs, in Fig. 3, is
provided in the relay. Thevenin impedance refers to the impedance of
network equivalent symmetric components.
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2)

3)

4)

5)

6)

7)

8)

Under normal conditions, the Thevenin source voltage (positive
component source voltage) is calculated from the beginning of the
transmission line, ie V1< 8, in Fig. 3, using Va voltage values and I
current, as well as the source impedance Zs;.
Given the current and voltage in normal conditions, the Vg voltage and
Ig current at the end of the transmission line are calculated by the line
transfer matrix, according to Equation (5).
v 1z,
=1y 2107 ®
The Thevenin equivalent source voltage (positive component source
voltage) at the end of the transmission line, ie V, < &, in Fig. 3, is
calculated similarly to step 2.
It is assumed that when a single-phase-ground fault occurs (a-g), the
voltage at the fault location is equal to the voltage at the beginning of
the transmission line and that is equal to the voltage at the end of the
transmission line. That is, the voltages Vaa, Vea, and Vi, in Fig. 4 are
equal.
Vaa = Vga = Vsa (6)
This assumption is made by considering that the impedance of the
transmission line is small and the voltage drop across is negligible. As
a result, the symmetrical components of the voltage are equal.
Var =Vpy = Vpy (7)
The equivalent circuit of the symmetrical components of the network
when a single-phase (a-g) fault occurs, in the form of Fig. 5.
Considering the Equation (7) and that the voltage drop across the
transmission line is negligible, the symmetric components of the
voltage are calculated as Equations (8) to (11).

Viy = Vi <8y = Zgy 1y (8)
Vi = —Zg141s- (9)
Vfo = —Zs10la0 (10)

Phase-a voltage is calculated using Equation (6) to (11).

According to Fig. 4, to calculate the current Ig., the voltage drop
across the transmission line is eliminated. Therefore, the positive
component of the end current of the transmission line is calculated
using Equation (11).

Ip, = Va8 Vy+ (11

Zs2+

As shown in Fig. 5, the components of the fault current are equal to
each other. The fault current is in the form of an Equation (12).
Ip = Iy +1gy = Iy +1p_ = Iso +Ipo (12)
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9)

Therefore, the negative and zero components of the end current of the
line are calculated using Equations (11) and (12).
Ig_ = 1Ipp +1gy — Iy (13)
Igo = Ipy + Ipy — Ipo (14)
As a result, the end current of the transmission line is calculated using
Equation (11) to (14).
Finally, all the necessary parameters for estimating the fault location
by Equation (2) are available to the relay. Therefore, the relay will
calculate the fault location and the value of fault resistance.
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Fig. 5. The equivalent circuit of the symmetrical components of the network in single-

phase-ground fault mode
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Fig. 6. Two-phase fault at a distance x from terminal A
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2.2. Two-phase fault

If the two-phase fault b-c occurs according to Fig. 6 at distance x from
terminal A, Equation (15) could be used to estimate the fault location and the fault
resistance value [21].

x Ms  Tem 1" Vam, — Van,
[Rf] - [M4 IFmi:I VAmi - VAni] (15)

In Equations (15), M3 and M, are defined as Equations (16) and (17). In

Equations (15) to (17), m and n are the phases involved in the fault.

M; = Zk[(zmkr - anr)IAkr - (kai - ani)IAki] (16)
My = 2 (Zyk, — anr)IAki + (kai - ani)IAkr] (17)
Wherein:

k: a, b, ¢ phases

Znk: Mutual impedance between phase m and phase k in ohm per meter.
Zn. Mutual impedance between phase n and phase k in ohm per meter.
Iak: Phase k current at the beginning of the transmission line in amperes.
Isk: Phase k current at the end of the transmission line in amperes.

~
J
\_
Fig. 7. The equivalent circuit of the symmetrical components of the network in two-phase fault

mode

The steps for performing the proposed method for the fault of two-phase
together are as follows:

Stages 1 to 6 for this type of fault are similar to steps 1 to 6 in Sections 2-
1, except that in this section the fault is b-c and therefore instead of Equation (10)
from Equation (18) should be used.
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Vio =0 (18)

Similar to single-phase-ground faults, phase b and c voltages are
calculated using Equations (8), (9), and (18). The equivalent circuit of the
symmetrical components of the network when a two-phase (b-c) fault occurs in
the form of Fig. 7.

The continuation of the algorithm from step 7 is as follows:

7)

8)

9)

According to Fig. 7, to calculate the components of the current at the
end of the line, the voltage drop across the transmission line is
eliminated. Therefore, the symmetrical components of the current of
the transmission line end are calculated using Equation (19) to (21).

Ip, = ‘“Z% (19)
by = 2 (20)
Ipo =0 (21)

Therefore, the current at the end of the transmission line is calculated
using the Equation (19) to (21).

Finally, all the necessary parameters for estimating the fault location
by Equation (15) are available to the relay. Therefore, the relay could
calculate the fault location.

A F B
Iye Ip.

Vae

Vap

Via

Fig. 8. Three-phase-ground fault at distance x from terminal A

2.3.Three-phase fault

If the three-phase fault a-b-c occurs according to Fig. 8 at distance x from
terminal A, Equation (22) could be used to estimate the fault location and the fault
resistance value [21].
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(22)
In Equation (22), the parameters M1 and M, of each phase are calculated
using Equations (3) and (4). Also:
Izp = Ipq + Ipp + Ipc (23)
Zrape = Rrape + JXrabc (24)
The proposed method steps for a three-phase fault to the ground are as
follows:
Stages 1 to 6 for this type of fault are similar to steps 1 to 6 in Sections 2-
1, except that in this section the fault is a-b-c-g and therefore instead of Equation
(9) and (10) from Equation (25) and (26) should be used.

V=0 (25)

Vip =0 (26)

The symmetrical components of the voltage and therefore the voltage of

phases a, b and c are calculated using Equations (8), (25), and (26). The

equivalent circuit of the symmetrical components of the network when a three-
phase fault (a-b-c-g) occurs in the form of Fig. 9.

A B
Lo+ | xZLp+  f (x)Zp+y  Zsp+
+ |—+l—|
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V1 <81 Va6

Fig. 9. The equivalent circuit of the symmetrical components of the network in three-phase-
ground fault mode

The continuation of the algorithm from step 7 is as follows:

7) According to Fig. 9, to calculate the current Ig., the voltage drop
across the transmission line is eliminated. Therefore, the positive
component of the current of the transmission line end is calculated
using Equation (27).

V2<52—Vf+

(27)

I
B+ Zs2+
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8) Due to the symmetry, the negative and zero components of the current
will not exist and are considered equal to zero. Therefore, the phase
currents at the end of the transmission line are calculated and the fault
location is calculated through Equation (22).

As explained in the proposed method, first the type of short-circuit must
be known, then the protection algorithm will perform the appropriate performance
based on the type of short-circuiting. It is important to note that the short-circuit
type detection in relays, especially new relays, could be easily detected by fault
detector units. These units usually easily identify the type of short-circuit by
comparing the present current sample with the previous cycle current sample [22].

3. System modeling and simulation results

Fig. 10 shows the network used to simulate the proposed protection
methods. The simulation has done in ATP-EMTP software and the network
equivalent sources specifications are as follows.

5 . R .
S, Zg Long line Short line g

---|||I-@Jm+ >—|—< % ,_|_,ii®_|"“,_

Fig. 10. The equivalent circuit of the symmetrical components of the network in three-phase-
ground fault mode

S1: 230 kV, 50Hz, Zg1+ = 0.64+ j8.32Q), Zs10 = 3.2+ j13.44Q, 61=10°
S2: 230 kV, 50Hz, Zsp+ = 1.28+j33.12Q, Zso = 0.96+ j27.84Q, ;= 20°

5 ; ;
X[ohms] : :

1 2Riohms]

Fig. 11. Impedance observed single-phase fault to the ground at a distance of 5 km from the
beginning of the transmission line and with a resistance of 20 chm
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o ) ! ) :
X[ohms]| ' : : :

2R[ohms]
Fig. 12. Impedance observed single-phase fault to the ground at a distance of 5 km from the
beginning of the transmission line and with a resistance of 5 ohm

The long transmission line is 200 km, and the short transmission line is 20
km, and the impedance of the positive component is 0.0162+ j0.2793 Q/km and
the impedance of the zero component is 0.1588+ j0.6458 Q/km. The self-
impedances are 0.063686+ j0.401414 Q/km and the mutual impedance between
phases is 0.047526+ j0.122181 Q/km. Also, the rapid protection zone of the
distance relay is set to 80% of the transmission line.

All voltage and current signals are saved as a matrix via ATP-EMTP
software. These matrices are then called in the MATLAB software and the
necessary calculations are performed on these signals. The method used to
estimate the phasor is the return Fourier algorithm method [23-24]. If a single-
phase-ground fault occurs 5 km from the beginning of the short transmission line
with a resistance of 20 ohms, the relay performance is shown in Fig. 11. If a
single-phase-ground fault occurs 5 km from the beginning of the short
transmission line with a resistance of 5 ohms, the relay performance is shown in
Fig. 12.

Fig. 13 shows the value of relay impedance when two-phase faults occur
at a distance of 15 km from the beginning of the transmission line. The fault
resistance, in this case, is considered to be 10 ohms. Fig. 14 shows the value of
relay impedance when two-phase faults occur at a distance of 10 km from the
beginning of the transmission line. The fault resistance, in this case, is considered
to be 5 ohms.
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2 1 0 1 2R[ohm5]
Fig. 13. Impedance observed two-phase fault at a distance of 15 km from the beginning of the
transmission line and with a resistance of 10 ohm

S T : T T
Xfohms] ! L g ' :

0 ‘ ' - l :

2 -1 0 1 2R[ohms]

Fig. 14. Impedance observed two-phase fault at a distance of 10 km from the beginning of the
transmission line and with a resistance of 5 ohm

Fig. 15 shows the value of relay impedance when three-phase faults occur
at a distance of 2 km from the beginning of the transmission line. The fault
resistance, in this case, is considered to be 1 ohm. Fig. 16 shows the value of relay
impedance when three-phase faults occur at a distance of 10 km from the
beginning of the transmission line. The fault resistance, in this case, is considered
to be 10 ohms.
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Fig. 15. Impedance observed three-phase fault to the ground at a distance of 2 km from the

beginning of the transmission line and with a resistance of 1 ohm

X[ohms]

I

1 2Rjohms]

Fig. 16. Impedance observed three-phase fault to the ground at a distance of 10 km from the

beginning of the transmission line and with a resistance of 20 ohm

Percentage of impedance measurement error in the case of a fault a-g

| Fau_lt Eault Common Method The proposed
ocation | resistance distance [20] method
(km) (ohm)
1 98 22 54
5 5 865 80 53
10 1742 154 50
20 3613 150 42
1 36 30 27
10 5 473 46 23
15 1425 128 20
20 1936 178 18
15 1 20 13 16

Table 1
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5 300 34 15
10 674 60 14
20 1300 120 9

The following is a comparison between the proposed method with the
common distance method and also the method presented in reference [20] in
Tables 1 to 3. In the method presented in reference [20,] considering that the
impedance of the fault path is often ohmic property when the fault occurs, and as
a result the voltage angle and current of the fault location are equal, the fault
location is estimated. Tables 1 to 3 compare single-phase to ground faults, two-
phase and three-phase faults, respectively. Also, as shown in Fig. 2, the voltage at
the relay location in short transmission lines drops sharply when a fault occurs.
Therefore, voltage measuring transformers under these conditions will face error
measures. In comparison, the voltage measurement transformer error is
considered to be 6% in amplitude and 4-degree phase difference. The magnitude
of this error is based on the reference [25] for voltage transformers.

Table 2
Percentage of impedance measurement error in the case of a fault b-c
Iolzzltjilct)n resFigtl;\ Ir:ce Cpmmon Method The proposed
(km) (ohm) distance [20] method
1 114 32 6
5 5 900 166 24
10 1900 260 34
1 41 20 7
10 5 500 80 11
15 1020 130 16
1 20 11 7
15 5 366 53 7
10 717 86 10
Table 3
Percentage of impedance measurement error in the case of a fault a-b-c-g
IO'(::thjilct)n resFigtl; IrEce Cgmmon Method The proposed
(km) (ohm) distance [20] method
1 7 6 6
5 5 7 6 6
10 7 6 5
1 7 5 5
10 5 10 5 4
15 10 7 3
1 8 6 5
15 5 10 6 4
10 10 6 4
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4. Analysis of simulation results

Based on the simulations presented in Section 3, the following results are
obtained:

e The proposed method does not require a voltage signal during the
short-circuit. Because one of the main problems with short
transmission lines protection is the error of voltage measuring
transformers at low voltages, the lack of need for voltage signal during
the fault significantly improves the performance of the proposed
method compared to previous methods.

e As could be seen from the results obtained in Tables 1 to 3, except in
cases where the fault resistance is considered to be very low, in other
cases the proposed method has less error than other methods.
However, it should be noted that usually, the minimum fault resistance
is due to the presence of a spark, the value which is about 5 ohms.
Therefore, the proposed method is more practical in comparison with
the previous two methods.

e The proposed method does not require a communication channel to
communicate between the stations at the beginning and end of the
transmission line. The voltage and current at the end of the
transmission line are estimated using the values of voltage and current
at the beginning of the transmission line. As a result, error problems
due to errors in sending information or errors in the telecommunication
channel that exist in the common methods will not be present in the
proposed method.

As the fault resistance increases, the accuracy of the proposed method
increases compared to other methods. Because in this case, the voltage drop
across the short transmission line impedance is less. As a result, the voltage at the
beginning of the transmission line, which is assumed to be equal to the voltage at
the end, has a lower error. Therefore, increasing fault resistance improves the
performance of the proposed method.

5. Conclusion

In this paper, a method for improving the performance of the distance
relay in the protection of short transmission lines was proposed. This method uses
voltage data before the fault occurs as well as the current during short-circuit,
estimates the voltage and current at the end of the transmission line, and then use
this information to estimate the fault location. The approximations used in this
method and the lack of need for voltage during short-circuit increase the
efficiency of the proposed method compared to similar methods. The proposed



Improving the performance of distance relays in the protection of short transmission lines (...) 231

method for fault resistance of up to 20 ohms has had a more appropriate response
than other similar methods in improving the performance of short transmission
lines distance relays.
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