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Abstract—Series capacitors are used in transmission lines
for enhancing power transmission limit. However, they com-
plicate the line’s protection due to impedance change of the
line, voltage inversion, current inversion and sub-synchronous
oscillation. Distance and differential protections are used in
different arrangements in transmission line protection. Often
they are used together as main and backup protection. In this
paper, the fault tree method is used to compare the reliability of
three common transmission line protection schemes. The schemes
considered here are distance (main)-distance (backup)(Z,Z),
differential (main)-distance (backup) (∆, Z) and differential
(main)-differential (backup) (∆,∆). Fault trees are used to
calculate the reliability of protection schemes in terms of both
unavailability and failure rate. The analyses show that, for series
compensated lines, using distance protection reduces protection
system reliability. Differential protection performs best in terms
of reliability despite depending entirely on communication.

Index Terms—Series Compensation, Reliability, Unavailability,
Failure Rate, Distance Protection, Differential Protection

I. INTRODUCTION

Transmission lines are the backbone of the electric power
system. One of the popular methods for increasing the power
transfer limit of transmission lines is series capacitor compens-
ation. This is accomplished by connecting a fixed capacitor
in series with the transmission line. Generally, the capacitor
bank is connected in one of the line terminals or the middle.
The capacitive reactance of the series capacitor reduces the
inductive reactance of the line, therefore reducing the line
impedance and allowing more current flow.

Transmission lines are traditionally protected with distance
protection schemes. Distance protection relay estimates the
fault position in the line by calculating the impedance of
the line from voltage and current measurement. In principle
distance protection can work only with local measurement
without communication between two line ends, but often is
complemented by communication aided schemes. Distance
protection is usually done making different zones in the
protected line, Zone 1 is set around 80% of the line and the
relay trips when it detects a fault in zone 1. In this way,
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zone 1 from relays at both ends of the line overlaps each
other. When distance protection is assisted by communication
channels, faults in the far end of the line are cleared using
communication with the relay on the other end.

Differential protection is another popular method of the
transmission line protection. Differential protection works on
the principle that the current entering a line should be equal
to the current exiting the line. In differential protection, relays
at both ends of the transmission line communicate with each
other and determine a fault condition depending on the sum
of entering and exiting currents. Differential protection in the
transmission line is dependent on the communication between
the two ends of the line.

Comparative reliability analysis of distance and differential
protection scheme for transmission lines has been shown in
different previous research works [1], [2]. From redundancy
point of view, two schemes for transmission line protection
such as distance (main), distance (backup) (Z,Z) and differ-
ential (main), distance (backup) (∆, Z) were suggested in [3]
and [4]. In [5], different protection schemes were compared
from a reliability perspective, and it was shown that (Z,Z)
protection scheme were more reliable due to the differential
protection’s dependence on the communication channel.

However, unlike uncompensated transmission lines, for
series compensated lines zone 1 in distance protection is
reduced with increasing compensation level [6], [7]. Zone
1 reduction increases the dependency on communication for
fault clearing, therefore worsening the distance protection
system’s reliability. In some cases, this caused transmission
utilities to move towards using differential protection in series
compensated lines [8], [9]. As we expect an increase of series
compensation in transmission network in future, thus it is im-
portant to asses the reliability of distance and differential based
protection schemes for series compensated lines. According
to the author’s knowledge, comparative reliability analysis of
protection schemes for series compensated lines are not found
in the current literature. This paper attempts to address the
issue by quantifying the unavailability and failure rate of three
common protection schemes in a series compensated line.

In this paper, for series compensated lines, three pro-
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tection schemes are compared in terms of reliability. The
three schemes are, distance (main)- distance (backup) (Z,Z),
differential (main)- distance (backup) (∆, Z), and differential
(main)- differential (backup) (∆,∆) schemes are tested with
and without redundant communication channel for protection
of series compensated transmission lines. The results are
compared with the reliability of (Z,Z), (∆, Z) and (∆,∆)
schemes of uncompensated lines as well. The details of the
methodology are described in Section II.

II. METHODOLOGY

A. System Configuration

The system configuration for the reliability study is shown
in Figure 1. Here R1 is the main protection relay (commu-
nication enabled), R2 is backup protection relay (no commu-
nication), CE are positioning for an end-line capacitor, CT is
a current transformer, VT is voltage transformer and CB is a
circuit breaker. In this paper, the capacitor is assumed to be
in Bus A. The capacitor bank is usually protected with metal
oxide varistor (MOV) along with damping devices and bypass
switches.

Bus A Bus B
CT

VT

CT

VT
CB CB

R2

R1

R2

R1

CE

Fiber Equipment Fiber Equipment

Fiber-optic 
Channel

48 V DC
CE

100%

48 V DC125 V DC 125 V DC

Figure 1. Transmission Line Model

B. Protection Schemes

In case of the (Z,Z) scheme, relay R1 and R2 both
are distance relays. In the (∆, Z) scheme, relay R1 is a
differential relay and relay R2 is a distance relay. In the
(∆,∆) scheme both relays are differential. For main distance
protection R1 a basic permissive overreaching transfer trip
(POTT) scheme is assumed. R2 protection in the first two cases
are without any communication channels and only work with
local measurements. The event of interest here is the failure
of the protection scheme to clear a fault in the line in the
prescribed time. The prescribed time is assumed to be 6 cycles
[10]. Therefore, only high-speed protection is considered. It
is assumed that the power system requires high-speed fault
clearance for transient stability [10]. Therefore only high-
speed protection is considered. Zone 1 protection is considered
for distance relays. In uncompensated lines, distance relay
zone 1 is set to 80% of the line length, the remaining 20% is
cleared by communicating with the relay on the other end of
the line. The relays in both buses will attempt to clear faults in
their respective zone 1 but will communicate with each other
in case of faults in zone 2.

Zone 1 reach of distance relays reduces with increasing
compensation level [6], [11], [12]. A reduced zone 1 implies

more dependence on communication for fault clearance for
distance relays. In this paper, different zone 1 reach is used
to calculate the reliability of the protection schemes. For
uncompensated line zone 1 is set at 80% after that zone
reaches of 70%, 60%, 50%, and 40% are used to represent
increasing levels of compensation. Differential relays do not
face such problems of zone reduction, their main issue is the
sole dependence on the communication channel for protection.

C. Scenarios

Three protection schemes are evaluated for both com-
pensated and uncompensated lines. Additionally, each scen-
ario is analysed based on both dependability and security.
Therefore 12 fault trees are created in total. For compensated
lines, when distance relays are used, different zone reaches are
used to observe the effect of compensation level on protection
reliability. The method for reliability analysis is detailed in
Section II-D.

D. Reliability Analysis Method

Fault tree method is used in analysing component failures
and calculate system reliability [13]. The event of interest in a
fault tree is called the top event, the failure rate of the top event
is a combination of the failure rate of the underlying events.
AND gate is used to express a failure caused only when all
underlying equipment fail (product of failure rates), OR gate is
used when a failure is caused by any failure of the underlying
equipment (sum of failure rates) [10]. The reliability analysis
method is adopted from [2] and [10]. The protection schemes
are assessed under two criteria; failure to trip (dependability
problem), and undesired trip (security problem) [10]. Two sets
of fault trees are constructed for dependability and security
analysis. If any protection equipment is unavailable, the pro-
tection system fails to trip for a fault. Therefore, unavailability
data from components are used for dependability analysis
[10]. An undesired trip usually happens when components
of protection scheme fail, therefore, failure rates are used for
security calculations [10]. Once the 12 fault trees are created,
the effects of redundant communication channels and reducing
zone 1 reach in each case can be calculated.

Figure 2 shows the fault tree for the (Z,Z) scheme. The
left side of the tree represents communication independence
protection, for zone 1 R2 works as a backup to R1. But, in
case of communication failure, the unavailability only consists
of R1. Figure 3 shows the fault tree for the (∆, Z) scheme.
For the differential relay, any unavailability in communication
channel will cause the relay to fail. This is shown on the right
side of the diagram. The backup distance relay R2 works as
a backup for its zone 1 reach only. The capacitor bank is
represented by its total unavailability. For both cases zone
1 reach can be modified to find unavailability for different
compensation levels. A zone 1 setting of 80%, and removing
the capacitor bank unavailability will allow calculating the
value for uncompensated lines. Figure 4 shows the fault tree
for (∆,∆) scheme. Here, two differential relays are working
as main and backup protection. There is no effect of zone
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Figure 2. Dependability fault tree for (Z,Z) scheme (unavailability)
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Figure 3. Dependability fault tree for (∆, Z) scheme (unavailability)

reach in differential relays. However, they are sensitive to
communication failures. In the fault tree, it is assumed that
the communication channel between two line ends is non-
redundant. However, the presence of communication redund-
ancy can also be easily calculated.

The security fault tree is shown in Figure 5 for the (∆, Z)
scheme. Failure rates are used for calculating the probability
of an undesired trip. The three fault trees for (Z,Z), (∆, Z)
and (∆,∆) are very similar because security is calculated
based on failure rates and in all schemes. Component failure
introduces security problems, the same pieces of equipment are
used in all cases. For example, a failure in the communication

scheme will cause a false trip in both of the main distance
and differential protection R1. The trees will have a somewhat
different structure, but the results would be the same for all
schemes. For uncompensated line, the capacitor bank can be
removed to get the security result.

In practice, protection algorithms in the relays are not
completely accurate in their fault detection and operation.
For this analysis, relay unavailability and failure rate due to
algorithm errors are discarded. The main reason for this is the
lack of sufficient data for such algorithm errors. However, if
such data is available, one can always add those in the fault
tree presented here to see their effect. The analysis presented
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Figure 4. Dependability fault tree for (∆,∆) scheme (unavailability)
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here is mainly representative of hardware failures. In [14],
a comprehensive reliability analysis of the complete series
capacitor bank is presented, data from their analysis is used
here. The capacitor bank is presented here with the cumulative
unavailability and failure rate of the consisting devices as
calculated in [14]. The reliability data for different equipment
in the protection scheme are taken from different previous
research papers [14], [10], [15]

III. RESULTS AND DISCUSSION

The results from the fault tree analysis are summarised in
Table I. False trip (security) calculations are similar for all
three schemes for reasons aforementioned in subsection II-D.
The failure rate for the compensated line is higher because

of the added failure rate of the capacitor bank. In Figure 2
and Figure 3, different zone values are used to calculate the
unavailability (Dependability). The (∆,∆) scheme is inde-
pendent of the zone reach settings, therefore have the same
value for all levels of zone reach. The unavailability of (Z,Z)
and (∆, Z) schemes are fairly similar, with (Z,Z) having
slightly lower unavailability. This can be explained by the
effect of zone reduction on distance relays. In both of these
schemes distance relay is working as a backup. The major
source of unavailability stems from the fact that the main
relay R1 has to protect more portion of the line alone without
any backup. That portion increases with decreasing zone 1
reach for the backup relay R2, increasing the overall system
unavailability.

Table I
RESULTS FROM THE FAULT TREE ANALYSIS

Configuration
Dependability Security
Unavailability Failure Rate

(%)(10−6) /year (10−6)

(Z,Z) Uncompensated 1362 30924
(Z,Z) Compensated 2499

34071

Zone 1 reach 70%
(Z,Z) Compensated 2776Zone 1 reach 60%
(Z,Z) Compensated 3052Zone 1 reach 50%
(Z,Z) Compensated 3329Zone 1 reach 40%
(∆, Z) Uncompensated 1383 30924
(∆, Z) Compensated 2530

34071

Zone 1 reach 70%
(∆, Z) Compensated 2816Zone 1 reach 60%
(∆, Z) Compensated 3103Zone 1 reach 50%
(∆, Z) Compensated 3389Zone 1 reach 40%
(∆,∆) Uncompensated 812 30924
(∆,∆) Compensated 1672 34071All compensation levels

In practice, in the case of differential relays, as the pro-
tection is solely dependent on communication equipment,
they are often provided with redundancy. The influence of
redundant communication equipment on unavailability can
easily be calculated from the fault trees in Figure 3, 4 and 4.
The unavailability results for (Z,Z), (∆, Z) and (∆,∆) with
redundant communication (RC) and single communication
(SC) are shown in a bar graph Figure 6. For uncompensated
lines, (∆,∆) has the lower unavailability, meanwhile, the
other two schemes have similar values of unavailability. As
the zone reach decreases, schemes using distance protection
starts having higher unavailability. Expectedly, communica-
tion redundancy improves the unavailability for all schemes
compared to non-redundant communication. The gain for
redundant communication is highest for (∆, Z). For (∆,∆)
scheme, communication redundancy improves unavailability
from 1672×10−6 to 1671×10−6, a very small improvement.
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One important thing to notice is the difference between the
schemes using distance protection and (∆,∆). As the zone
reach reduces, their difference increases. This may explain
different transmission system operator’s inclination for us-
ing communication dependent differential protection in series
compensated lines from a reliability perspective. Another
thing to ponder about is that the communication channel
requirement for POTT enabled distance protection is much
lower than that of differential relays. Therefore, in practice, a
communication channel for differential relay would be more
expensive. However, it would be more reliable.

IV. CONCLUSION

In this paper, for series compensated lines, reliability ana-
lysis of three common protection scheme are demonstrated.
Differential protection is found to be the most reliable protec-
tion for series compensated lines, albeit it’s communication
dependency. This is due to the reduction of zone 1 in distance
relays in presence of series capacitors. The increase in the level
of compensation reduces the zone 1 reach of distance relays.
With lower zone 1 reach, distance protection performs even
worse. In general, reliability analyses are as good as the data
used in the analyses. Here, data from a reputed manufacturer
was used [10] to calculate the reliability parameters. However,
the fault trees presented in this paper are generic and can
be fed with different failure rates and unavailability data for
calculating the outcomes. The fault trees can be extended for
other protection schemes. In this work, configurations with
only one backup protection were tested, but the fault trees
can be easily modified to add and calculate the effect of
more backup protection. This is one of the issues that can
be addressed in future work.
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