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a b s t r a c t

This paper presents a fast distance relay for series compensated transmission lines based on the R–L
differential-equation algorithm using the theory of equal transfer process of transmission lines. The
measuring distances based on the proposed algorithm can fast approach the actual value of fault distance
when a fault occurs in front of the series capacitor. When a fault occurs behind of the series capacitor, the
fault loop, including the series capacitor, does not match the R–L transmission line model, so the measur-
ing distances fluctuate severely. Based on this, the relative position of the fault with respect to the series
capacitor can be judged effectively according to the fluctuation range of the measuring distances, and the
accurate fault location can be obtained fast. A variety of PSCAD/EMTDC simulation tests show that the
new relay has fast operating speed and high accuracy when applied to the long series compensated
transmission lines.

� 2014 Elsevier Ltd. All rights reserved.

Introduction

In recent years, due to various reasons, such as the rapid
increase in electricity demand, delays in building new transmis-
sion facilities, the transmission lines are forced to operate close
to their transfer limits [1]. Use of Series Capacitor (SC) is a
widely applied solution to this problem. The benefits of install-
ing SC include improved power system stability, increased power
transfer capability, reduced system losses, and improved voltage
regulation [2].

However, the employment of series compensation technique
brings unique challenges to distance protection. The measured
impedance at the relaying point is the basis of the distance pro-
tection operation, because the impedance of an uncompensated
line is proportion to its length. But the SCs may introduce
significant change in line impedances [3]. On the other hand,
in a typical SC arrangement, the Metal-Oxide Varistor (MOV),
which is connected in parallel to the capacitor and protects
the SC from over voltage during a fault, acts nonlinearly and
may also affect the apparent impedance seen by the relay. The
most important singularity of series compensated lines as
objects to be protected, lays, however, in the fact that the
impedance measured by traditional distance relays is no longer
an indicator of the distance to a fault [4].

Some research has been done to solve the aforementioned prob-
lems with the distance relay for a series compensated transmission
lines.

One approach proposes to apply machine learning and intelli-
gent technique, such as artificial neural network [5], the support
vector machines [6,7], ensemble decision tree [8], pattern recogni-
tion [9], and echo state networks [10]. Although the results
presented in the aforementioned articles are encouraging, the
performance of these methods depends on the experience gained
from the training input–output examples, which needs a large
number of training sets and training times.

Another solution proposes to use fault-generated high fre-
quency transient signals. In [11], a specialized measurement unit
consisting of stack tuner and line trap are used to capture the
high-frequency components of the fault signal. The wavelet trans-
form based technique is also proposed for the fault zone identifica-
tion [1,12–14]. These methods require either special hardware to
realize the protection algorithm or utilize novel approaches that
are not sufficiently tested nor widely accepted by relay vendors
and utilities.

Some literature proposes the voltage compensation method to
improve the performance of the relay [2,4,15,16]. For fault
occurring behind the series capacitor, the voltage across the SC is
estimated, which is subsequently subtracted from the voltage
measured by the relay to enhance the accuracy of the line imped-
ance measurement. However, this method required the compli-
cated parameters to describe the nonlinear characteristic of SCs.
Further, the current level may be of the same order at two different
fault points of the transmission line (one in front of the capacitor
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and the other behind it) for the same type of fault. This will bring
more complexity while locating the fault point on a transmission
system.

In [17], a novel fast distance protection for an uncompensated
transmission line is proposed. This method can achieve faster oper-
ating speed and higher accuracy than the conventional distance
protection algorithms on the basis of the R–L differential-equation
algorithm [18] using the theory of equal transfer process of trans-
mission lines (ETPTL) [19]. However, application of this method for
the protection of series compensated transmission line has not
been validated.

In this paper, a new fast distance protection based on the theory
of ETPTL is particularly proposed for series compensated transmis-
sion line. This new algorithm can effectively identify the relative
position of the fault with respect to the SC and obtain the accurate
fault location within about one cycle from fault inception. A variety
of PSCAD/EMTDC simulation tests show the validity. To explain the
concept of this new method, the following sections deal with the
proposed protection method, simulation analysis, discussions and
conclusions.

Proposed protection method

Basic principle

A protected series compensated transmission line is illustrated
in Fig. 1. In this system, a SC is located at one terminal of the trans-
mission line. A moving data window occupying the local current
and voltage measurement at the relay point is used to calculate
the fault location based on the R–L differential-equation algorithm.
In this way, we can have every fault distance calculation result for
each sampling instance. For the distance relay M, when internal
fault occurs, as F1 shows, the SC is not in the fault loop, so the mea-
suring distances can fast approach the real value of fault using the
theory of ETPTL. When external fault occurs, as F2 shows, the fault
loop including the SC does not match the R–L transmission line
model. Therefore, the measuring distances fluctuate severely. In
the same way, as for the distance relay N which uses the line side
voltage, when internal fault occurs, as F1 shows, the measuring
distances can indicate the actual fault location. When backward
fault occurs, as F2 shows, the measuring distances fluctuate
severely. Based on this, the relative position of the fault with
respect to the SC can be judged according to the fluctuation range
of the calculated distance results, and the distance of the internal
fault can be calculated quickly.

Low pass filter and restructuring the voltage at the fault point

During the transient course due to fault occurrence, high order
harmonics in voltage and current have adverse impact on the per-
formance of the R–L differential equation algorithm. 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 [19], the voltages and the cur-
rents at the relay point and the voltage at the fault point should
pass the same low-pass filter. The voltage difference between the
relay location and the fault point with respect to the current

measured by the distance relay are still comply with the original
transmission line model because they are transformed by the same
linear circuit. Although low-pass filters produce the phase delay
between input and output signals, the relationship between the
voltage and the current does not change. Therefore, the R–L
differential equation algorithm can estimate the fault distance
accurately without any time delay due to the low-pass filter. In
contrast, if the voltage at the fault point is not low-pass filtered,
the transient error of the distance relay will possibly occur to a
great extent. So it is necessary to estimate the faulty phase voltage
at the fault point according to the three-phase voltages and cur-
rents at the relay location that can be measured by the distance
relays.

The process of restructuring the faulty phase voltage at the fault
point can be divided into two stages, namely, the pre-fault one and
the post-fault one. In general, the pre-fault voltage at the fault
point is a sinusoidal steady-state signal. The compensated voltage
at a certain point of the protected line is used as the estimation of
this voltage since the fault position is unpredictable. The post-fault
voltage at the fault point can uniformly set as the product of the
fault resistance and the current through the fault resistance.
According to the usual realization method of distance protection,
the current through the fault resistance can be replaced with the
current measured by the distance relay. Therefore, the post-fault
voltage can be regarded as the function of the fault resistance.
The more detailed process of restructuring the voltage at the fault
point can refer to literature [17].

Iterative calculations of the fault distance

The difference between the compensated voltage at a certain
point of the protected line and this voltage at the fault point can
cause the accuracy problem of distance relays. Iterative calculation
can solve the problem.

The iterative technique, described as follows, is used to calcu-
late the fault distance.

� Step (1) The initial value of the fault distance l = 0.5 D. D is the
total length of the protected line.
� Step (2) Calculate the samplings of the voltage at the fault point

according to the three-phase voltages and currents at the relay
location measured by the distance relays.
� Step (3) The voltages and the currents at the relay point and the

voltage at the fault point are then filtered using a second-order
low-pass Butterworth filter.
� Step (4) The new fault distance l can be calculated by substitut-

ing the voltages and the currents at the relay point and the volt-
age at the fault point into the R–L differential equation.
� Step (5) If l converged, stop the procedure; otherwise, go back to

Step (2).

It is verified with the calculation results that iteration for 3
times can lead to a stable result of distance measuring.

The criterion for distance protection

According to the aforementioned method, we have every fault
distance calculation result for each sampling instance during the
post-fault period. In order to identify the fault zone and obtain
the accurate fault location, two indexes, namely k and t10%, are pro-
posed to analyze the fluctuation of the calculated fault distance
results.

The index k is to describe the fluctuation range

k ¼ jlmax � lminj
jlmaxj

� 100% ð1Þ
Fig. 1. The compensated system.
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