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a b s t r a c t

The measuring accuracy and the measurement stability of conventional distance relay will be influenced
by complex and remarkable harmonic components due to the large capacitance of the line when it is used
for a long line. Correspondingly, the tripping speed will be delayed to some extent. To solve this problem,
a fast distance relay for long transmission lines is presented, which is on the basis of the differential equa-
tion algorithm using p transmission line model and the theory of Equal Transfer Process of Transmission
Lines (ETPTL). The shortcomings of p model differential equation algorithm due to the impact of high fre-
quency components can be overcome by using a low-pass filter. The problem resulting from the differ-
ence between the transfer feature of the voltages used by the distance protection and that of the
currents due to the transient characteristic of coupling capacitor voltage transformers (CCVT) can be
solved by using virtual digital CCVT. Then, the new distance relay can trip quickly by re-structuring
the voltage at the fault point and iterative calculations. A variety of ATP simulation tests show that the
new relay has fast tripping speed and high reliability when applied to the long transmission lines.

� 2014 Elsevier Ltd. All rights reserved.

Introduction

The voltage level of long-distance transmission lines is usually
up to 500-kV or higher. The distance relay acts as the foremost
back-up protection of transmission lines [1–6]. Traditional dis-
tance relays usually employ a simple R–L transmission line model.
When a fault occurs on a long line, relatively large magnitude har-
monic components of current and voltage are superimposed on the
fundamental frequency component due to the large capacitance of
the line. This harmonic component can cause oscillation of the dis-
tance measurement [7,8]. In China, in the case of an electric power
system of 330-kV and above, coupling capacitor voltage transform-
ers (CCVT) are extensively used at present, which may lead to the
transient overreach of distance protections and endanger the secu-
rity and stability of power systems [9–14]. These two factors cause
the speed and accuracy problems of distance relays of long trans-
mission lines.

Different distance relays utilizing the distributed parameter line
model to achieve accurate fault detection can be found in literature
[15,16]. However, protection schemes using the Bergeron line
model require a given sampling frequency and complex algorithms
[17]. At present, the usual approach preventing the protection from
the overreach due to CCVT transients is to add additional time

delay [18,19]. Some adaptive methods are proposed, e.g., transient
error estimation based method. Different time delay strategies are
adopted according to the quantity of error [20]. A charging current
compensation (CCC) method was proposed in the literature [7].
However, the authors did not consider the overreach problem
due to CCVT transients. Transmission line models and the over-
reach due to CCVT transients are the critical problems of a fast dis-
tance protection for long transmission lines and the difficult ones
to solve.

According to the theory of ETPTL [21,22], the relationship
between the distributed voltage and the current of a transmission
line does not change if they are transformed by the same linear cir-
cuit and still comply with the distribution parameter model of the
original transmission line. The shortcomings of distance relay due
to the impact of high frequency components can be overcome by
using a low-pass filter. The transient characteristics of CCVT distort
the linear transfer relationship between the secondary voltage
injected to the protection device and the primary voltage of
the line. A virtual digital transfer method is adopted, which can
ensure that the currents at the relay point and the voltage at the
fault point pass the virtual digital transfer link whose transfer
characteristic is the same as that of the actual CCVT equipped at
the relay point. It is proved that the voltages and the currents
transformed by the two transferring links still satisfy the original
distributed parameter based transmission line model. The distance
relay could trip quickly. A fast distance protection for long trans-
mission lines was presented. Five major steps of the new method
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are demonstrated: the differential equation algorithm using p
transmission line model, the low-pass filter, the virtual digital
transfer method, restructuring the voltage at the fault point and
iterative calculations of the fault distance.

Fast distance relaying for long transmission lines

Solving the R–L differential equation

The differential equation algorithm using p transmission line
model includes solving the R–L differential equation and the calcu-
lation of p transmission line model.

The implementation of R–L differential equation algorithm in
the new protection scheme is demonstrated by taking the single-
phase-to-earth fault as an illustration. When a single phase to
earth fault via the fault resistance Rf occurs at point F on the line,
we have

umðtÞ ¼ uf ðtÞ þ L1
dðimðtÞ � im0ðtÞÞ

dt
þ R1ðimðtÞ � im0ðtÞÞ

�

þL0
dim0ðtÞ

dt
þ R0 � im0ðtÞ

�
� l ð1Þ

where,
um(t) – faulty phase voltage at the relay point;
im(t) – faulty phase current at the relay point;
uf(t)– faulty phase voltage at the fault point F;
im0(t) – zero sequence current at the relay point;
L1 and R1 – positive sequence inductance and resistance of the

line per unit length;
L0 and R0 – zero sequence inductance and resistance of the line

per unit length;
l –distance from the relay point to the fault point F;
Rf – fault resistance.
Here, uf(t) is the function of Rf as described in Section ‘Restruc-

turing the voltage at the fault point’. One-point differential algo-
rithm is adopted to perform the differential calculation, as given by

dðimðtÞ � im0ðtÞÞ
dt

� �
t¼nDt

¼ ½imðnþ 1Þ � im0ðnþ 1Þ� � ½imðnÞ � im0ðnÞ�
Dt

ð2Þ

where Dt is the sampling interval and n is the index of the
samplings.

If a series of samplings in a certain period are substituted into
(1), a series of differential equations are available correspondingly.
They can compose of a set of the equations. In this paper, the least
square algorithm is used to calculate the distance from the relay
point to the fault point.

The calculation of p transmission line model

The transmission line model between the bus M (the relay
point) and the fault point F consists of a p section as shown in
Fig. 1. ic is the charging current that flows into the capacitance at
the relay point. ic of phase A can be calculated, as given by

icaðtÞ ¼ 0:5l � cs0
dumaðtÞ

dt
þ 0:5l � cm0

d½umaðtÞ � umbðtÞ�
dt

þ 0:5l � cm0
d½umaðtÞ � umcðtÞ�

dt
ð3Þ

where,
uma(t), umb(t), umc(t) –three-phase voltages at the relay point;
cs0 – the line-to-ground capacitance of the line per unit length;
cm0 – the phase-to-phase capacitance of the line per unit length.
The phase-A current flowing through the R–L circuit in Fig. 1 can

be calculated as below:

iaR�LðtÞ ¼ imaðtÞ � icaðtÞ ð4Þ

where ima(t) is the phase-A current flowing through the relay. In the
same way the phase-B current ibR–L(t) and the phase-C current icR–-
L(t) can be obtained.

Low-pass filter

The low-pass filter is introduced to overcome the shortcomings
of distance relay due to the impact of high frequency components.
According to the theory of ETPTL, the voltages and the currents at
the relay point and the voltage at the fault point should pass the
same low-pass filter. A second-order Butterworth Filter is intro-
duced to restrict the frequency components of the voltages and
the currents around power frequency.

Virtual digital transfer method

A virtual digital CCVT transfer method is adopted, which can
ensure that the currents at the relay point and the voltage at the
fault point pass the virtual digital transfer link whose transfer
characteristic is the same as that of the actual CCVT equipped at
the relay point.

When the virtual digital CCVT transfer processing is conducted
on the current through the relay location, the inputs of the virtual
digital CCVT are the samplings captured by the A/D of the relay,
and the outputs are the new samplings processed by the virtual
digital CCVT. To implement the method of virtual digital CCVT
transfer, the transient recursive calculation equations for the
inductance components and capacitors of CCVT circuit are required
to be deduced. In this event, the CCVT transient equivalent circuit
can be simplified as a DC circuit only containing three kinds of
components at each sampling moment, that is, the input voltage
source, the current source and the resistance of the equivalent cir-
cuits. Then the current sampled value transformed by the virtual
digital CCVT can be calculated. The more detailed process of the
virtual transfer method can refer to literature [21].

On the other hand, when the virtual digital CCVT transfer pro-
cessing is conducted on the voltage at the fault point, the inputs
of virtual digital CCVT are the voltage samplings at the fault point.
Similarly, the outputs are the new voltage samplings processed by
the virtual digital CCVT.

The distance relay will adopt these new samplings to imple-
ment the corresponding measurement algorithm. So the problem
resulting from the difference between the transfer feature of the
voltages at the relay point and that of the currents due to the tran-
sient characteristic of CCVT can be solved.

Restructuring the voltage at the fault point

This step is demonstrated by taking the single-phase-to-earth
fault as an illustration. The faulty phase voltage measured by the
conventional distance relay is actually the faulty phase voltage dif-
ference between the relay location and the fault point in the case of
bolted faults. It is because that the faulty phase voltage at the faultFig. 1. p Transmission line model.
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