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Abstract: This study presents the development of a new fault zone identification scheme for busbar using logistic
regression binary classifier by utilising one cycle post-fault current signals of all the bays connected to the busbar.
Practicability of the presented scheme has been verified by modelling an existing 400 kV Indian power generating
station in power systems computer-aided design/electro-magnetic transient design and control software package. The
presented scheme has been tested on enormous cases (38,400) which were generated by varying system and fault
parameters. The proposed scheme provides effective discrimination between internal and external faults with a very
high (99.69%) overall accuracy. Moreover, it remains stable in case of heavy through fault conditions particularly with
current transformer saturation during which the conventional differential protection scheme mal-operates. Furthermore,
it provides equally compatible accuracy for unknown system/unseen data set as well as for double/one-and-half
breaker busbar arrangement. In addition, performance of the proposed scheme has been verified on the laboratory
prototype and results are found to be satisfactory. The average tripping time is of the order of 23 ms in case of internal
faults. At last, comparative evaluation of the proposed scheme with recently presented schemes in the literature

indicates its superiority.

1 Introduction

Protection of busbar is very critical as clearance of bus fault would
need the tripping of all the breakers of the bays (lines) connected
to the faulted busbar. Such a tripping can potentially lead to
widespread instability of a power system. Owing to increase in
voltage level, complex configuration of busbar arrangements and
extensive interconnection, stability of generators becomes an
important condition which requires faster and reliable operation of
the relay for a severe bus fault [1]. Therefore, it is important to
develop separate busbar protection scheme which not only
prevents hazards to the system but also minimises interruption of
power by utilising a sectionalised and duplicated busbar
arrangement. At the same time, it also prevents unwanted tripping
of all the bays in case of heavy through fault. The high mega volt
ampere (MVA) level associated with the bus zone area demands fast
and reliable protection scheme for different busbar configurations [2—5].

Techniques for busbar protection are classified as non-unit
protection and unit protection. The faults cleared by non-unit
protection scheme which uses back-up overcurrent, earth fault and
distance relays are usually found to be non-discriminative and
slow in operation. Sometimes, busbar protection schemes are
classified on the basis of the type of relays used such as
directional relay and differential relay. Though the directional
comparison scheme provides good classification in case of busbar
faults, its reliability can be compromised by too many series
contacts and complex circuitry. Moreover, an instantaneous
overcurrent relay is required along with the directional relay to
identify the existence of fault, which increases cost. A directional
comparison-based busbar protection scheme was proposed by
Zadeh et al. [6] that incorporate IEC61850 sub-station protocol
and utilises superimposed components of currents. However,
higher cost and increased complexity due to the requirement of
voltage signals along with current signals are the prime limitations
of the above scheme. Afterwards, Zou and Gao [7] proposed a
busbar protection scheme based on travelling waves which
distinguish internal faults with external faults. However, the
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reliability of such a scheme has been reduced in a case when the
transient fault signal is weak.

Afterwards, various wavelet transform-based digital protection
schemes have been proposed [8—11]. Nevertheless, high-frequency
noise signals during decomposition of current signals may reduce
its accuracy. Subsequently, a new digital protection scheme for
busbar is presented [12] which depends on comparison of relative
phase angle difference of sequence components of currents.
However, assembling sequence networks and their solutions is
troublesome. Hence, a scheme based on symmetrical components
may not be practicable. Afterwards, Chothani et al. [13] and
Chothani and Bhalja [14] proposed fault zone identification
schemes based on support vector machine (SVM) and relevance
vector machine (RVM). However, the prime limitation of the
above schemes is that they do not give satisfactory results due to
the behaviour of the kernel function which needs to fulfil the
Mercer’s condition, and hence probabilistic predictions may not be
feasible. Thereafter, Song and Zou [15] presented a busbar
protection scheme by integrating the polarity of superimposed
travelling-wave currents with a new phase-mode transformation
matrix. Nevertheless, the above scheme fails to identify the fault
zone in case of severe current transformer (CT) saturation and
high resistance internal faults. Therefore, a new bus zone
identification scheme using logistic regression (LR) classifier is
presented in this paper. The authenticity of the proposed scheme
has been estimated on large cases generated by varying fault and
system parameters and also on unknown system/unseen data set.

2 System study

Fig. 1 shows the single line diagram of an existing 400 kV Indian
power system. As shown in Fig. 1, three generators (S1, S2 and
$3) are connected to the busbar through bays L1, L2 and L3. The
three CTs, installed on each bay, are used to acquire current
signals. The line and system parameters can be referred from
Appendix 1.

IET Gener. Transm. Distrib., 2017, Vol. 11, Iss. 1, pp. 174-184
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Abstract: This study presents a digital differential busbar protection scheme based on generalised alpha plane approach which
combines the benefits of percentage differential approach and two-restrain alpha plane approach. The proposed scheme utilises
one cycle current transformer (CT) secondary current signals of all the bays connected to the busbar to map the operating
points on a complex alpha plane. The proposed scheme has been evaluated by modelling an existing 400 kV Indian power
generating station in PSCAD/EMTDC software package. The performance of the proposed scheme has been evaluated on
large numbers of cases with wide variation in system and fault parameters. In order to verify authenticity of the proposed
scheme, a laboratory prototype of the proposed busbar protection scheme has been developed. From the developed prototype,
CT secondary current signals are captured during internal faults and external fault with CT saturation condition. Comparison
between the simulation and prototype results clearly shows the effectiveness of the proposed scheme in terms of higher
sensitivity during internal faults and better stability in case of external faults. The proposed protection scheme has a high

response speed (around 5 ms) and hence can be considered on par with modern busbar protection schemes.

1 Introduction

Busbar, in particular, is one of the vital parts of the power system
as tripping of it causes disconnection of all associated transmission
lines. On the contrary, any compromise in sensitivity can cause
high replacement cost and forced alterations in system operations.
Increased short-circuit level in an interconnected power system
network and state-of-the-art smart grid infrastructure needs higher
protection requirements. Therefore, it is highly desirable to achieve
minimum fault clearance time. In fact, utilities have started
mandating one-and-half cycle fault clearance time. The
aforementioned reasons demand a faster and reliable operation of
the relay [1-4].

Low-impedance percentage differential protection [S5—7] is the
long-established method used for the protection of power apparatus
including the busbar. However, uncertain power system
disturbances and close-in external faults with current transformer
(CT) saturation may initiate false tripping of the above scheme.
Moreover, it is unable to detect high-resistance in-zone faults due
to insignificant magnitude of operating current [8]. Superimposed-
impedance-based directional protection schemes [9—11] provide
better stability against substantial CT saturation. However, due to
the requirement of voltage signals along with current signals, the
cost and complexity increases. In addition, the reliability of these
schemes reduces in case multiple transmission lines connected to
the busbar.

Schemes based on travelling wave [12—15] provide high-speed
protection and are less prone to CT saturation errors. However,
production of insufficient incident wave during faults with small
inception angle, appearance of the incident and reflected waves at
the same instant during close-in fault and requirement of dedicated
CTs are the several limitations of the above scheme. Protection
schemes based on wavelet transform [16-18] extract useful
information from post-fault current samples and provide
localisation in both time and frequency domains. However, these
schemes do not provide good accuracy when the fault signal
contains channel noise or DC offset. Though artificial intelligence
(Al)-based techniques such as fuzzy logic and neural network [19]
provide better fault zone identification accuracy, they require large
number of neurons and tedious training process. Hence, application
of Al-based techniques in busbar protection is still black boxes and

IET Gener. Transm. Distrib., 2018, Vol. 12 Iss. 1, pp. 227-234
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lacks transparency. Busbar protection schemes based on
sophisticated machine learning algorithms like support vector
machine and relevance vector machine provide good classification
accuracy with diversified system parameters [20, 21]. However,
probabilistic predictions are not feasible because of the abrupt
behaviour of kernel functions. Moreover, on-chip implementation
of the above schemes involves enormous complexity.

In this paper, a new generalised alpha plane (GAP)-based
digital differential protection scheme for busbar is presented. The
operating and restraining currents are computed by calculating the
vector and scalar sum of current phasors of each bay. Afterwards,
these currents are converted into equivalent incoming and outgoing
currents using GAP approach. Finally, after calculating the ratio of
equivalent outgoing and incoming current for each phase, they are
mapped into the alpha plane.

2 Proposed busbar protection scheme
2.1 System study

Fig. 1 shows the single-line diagram of an existing 400 kV Indian
power generating system. Three generating stations (S1, S2 and
S3) are connected to the substation busbar through transmission
lines (L1, L2 and L3), each with a physical length of 100 km. The
simulation model is developed using PSCAD/EMTDC software
package [22] and the transmission lines are modelled using
‘Beregron model’. The line and system parameters are given in the
Appendix.

2.2 Alpha plane characteristics

The concept of the alpha plane for differential protection of multi-
terminal transmission lines was developed by Roberts et al. [23].
Primarily, the ratio of remote-end current and local-end current is
calculated. In case of normal operating conditions/external faults,
the ratio lies inside the restraining region, whereas it moves outside
of the restraining region during internal faults. The concept of
alpha plane is understood by a two-terminal line section as shown
in Fig. 2a. Disregarding all possible errors, system non-uniformity,
power angle and impedance non-homogeneity, the ideal alpha
plane characteristics [24] are shown in Fig. 2b. As per (1), the
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Abstract: A high-speed busbar protection scheme based on initial travelling wavefronts is presented in this study. The aerial
mode current travelling waves (TWSs) across all lines connected to the busbar are calculated using Karenbauer transformation.
Thereatfter, the polarity and magnitude of wavelet transform modulus maximas of line current appearing after fault inception are
analysed for fault zone and faulty phase identification. Its performance has been evaluated by modelling an existing 750 kV
Indian substation in PSCAD/EMTDC software package. The simulation results reveal that the proposed scheme provides better
stability for external faults and higher reliability in case of internal faults in comparison with conventional low-impedance busbar
differential protection scheme (87B). Moreover, it remains immune to the current transformer saturation problems. In the end,
comparative evaluation of the proposed scheme with the existing busbar protection schemes proves its superiority in terms of

stability against external faults, sensitivity for internal faults, computational obligations, and communication requirements.

1 Introduction

Owing to the connection point of several substation devices, busbar
is one of the most critical elements in a power system network. The
occurrence of a fault on busbar may cause disconnection of all
incoming and outgoing lines connected to the busbar. In large
substations, busbar protection zone is usually divided into multiple
zones [1, 2]. Therefore, implementing busbar protection has been
one of the difficult aspects of power system protection. To achieve
reliable protection of busbar, it is necessary to consider several
aspects such as tripping time, stability, and sensitivity. High-speed
tripping during bus fault is one of the most important requirements
of busbar protection as it limits the widespread damage. To speed
up fault clearance, the present practise is to reduce tripping time of
the relay rather than developing new arc extinction methods for
circuit breakers [3—5].

On the basis of the frequency components used in relay
algorithms, busbar protection schemes can be broadly classified
into two categories. The first category comprises schemes based on
power frequency components. Since conventional busbar
protection schemes are prone to current transformer (CT)
saturation, most of the practical busbar schemes need phasor
computation, which adds significant time delay in fault clearance.
Directional protection schemes [6—8] are based on superimposed
impedance, and hence require both acquisition and synchronisation
of current and voltage data as per IEC61850 protocol. This, in turn,
increases financial burden and decreases reliability. Moreover,
synchronisation of current and voltage data is a major challenge as
high-speed sampling is not feasible with coupling capacitor voltage
transformers (CCVTs). Furthermore, the reliability of these
schemes is further marginalised if the number of lines connected to
the busbar is very high. Generally, 87B is the widely adopted
busbar protection scheme for extra high-voltage (HV)/ultra-HV
substations [9, 10]. However, these schemes are not fully immune
to CT saturation problems. In such scenarios, the magnitude of the
secondary current of the saturated CT is reduced and the phase
angle is advanced. This develops a fictitious differential current
subsequently leading to mal-operation. A busbar protection scheme
using partial differential current has been presented in [11].
Although it effectively counters CT saturation effect, it
significantly reduces the sensitivity during high-impedance faults.

The second category of protection schemes is based on transient
frequency components. As these schemes are based on
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instantaneous voltage/current, their tripping speed is significantly
higher. The scheme reported in [12] provides a reliable solution by
utilising the polarities of superimposed current at the relay location
of all the lines connected to the busbar. As the magnitude of fault
current is very small in case of high-impedance faults, it is difficult
to identify the fault based on superimposed current. Hybrid
approaches such as artificial neural network (ANN)-fuzzy [13] and
wavelet-ANN [14] have been presented for busbar protection.
Although they produce very high classification accuracy, a large
number of neurones are required for a tedious training process.
Moreover, any change in busbar architecture requires retraining of
the algorithms. In the past, machine learning-based schemes for
busbar protection [15-20] have been presented. Although these
schemes provide high classification accuracy for diversified fault
scenarios, it would be difficult to achieve probabilistic predictions
because of the abrupt behaviour of the kernel or cost functions.
Moreover, on-chip implementation of the complex algorithms
introduces enormous difficulties. Busbar protection schemes based
on alienation coefficients have been proposed in [21, 22]. As these
schemes work on the static equivalent model of the busbar, any
dynamic changes in busbar configuration make them infeasible.

The travelling wave (TW)-based scheme presented in [23]
provides real-time high-speed protection. As the fault is identified
before the starting of CT saturation, the mal-operation in these
cases can be avoided. However, faults occurring at a close-in
distance from busbar could not be detected as it practically results
in zero voltage across the faulty phase(s). Wavelet transform (WT)-
based schemes [24-28] have been presented by researchers which
extract a great deal of information about the fault characteristics
from the transient components. However, these schemes are
vulnerable to noise present in the high-frequency sampled data.
Moreover, the computational burden on the communication
channel is very high as they require instantaneous data to be
communicated with a very high frequency. A centralised busbar
and line protection scheme has been presented in [29]. It requires
both synchronised voltage and current measurements. Hence, the
reliability decreases whereas computational requirements are
increased.

To overcome the aforementioned limitations, this paper presents
a new busbar protection scheme based on the appearance of Initial
Travelling Wavefront at the CT locations in all lines connected to
the busbar. The proposed algorithm clearly distinguishes between
internal and external faults by comparing the polarity and
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Abstract—This paper presents a new differential protection
scheme for busbar using d—¢—0 transformation. The proposed
method is based on derivation of operating and restraining currents
by utilizing direct axis (d) component of current transformer (CT)
secondary current signals of all bays. The dual slope relay
characteristic (derived from the operating and restraining current)
of the proposed scheme operates in conjunction with a CT
saturation detection algorithm and hence, provides better stability
during external faults with CT saturation. The performance of the
proposed scheme has been evaluated by modeling a 400kV sub-
station with two different busbar configurations, namely Breaker-
and-Half configuration (BHC) and single breaker double-bus
configuration (SBDBC) in PSCAD/EMTDC software package.
The proposed algorithm has been tested for various fault cases
with diversified system and fault parameters. The proposed
scheme is highly sensitive against in-zone faults even with a
considerable value of fault resistance as the average fault detection
time remains within one-and-half cycle. At the end, a comparative
evaluation of the proposed scheme with the conventional bus
differential protection scheme (87B) clearly indicates its
superiority in terms of stability against close-in out-of-zone faults
with CT saturation and sensitivity for high impedance
internal faults.

1. INTRODUCTION

Busbar, a hub of power transmission or distribution net-
work, plays a vital role in the reliable operation of the
grid. Mal-operation of a busbar protection scheme not only
damages the equipment connected to the busbar but also
leads to widespread system collapse. This turns out to be a
very costly affair in terms of repair of the equipment and
forced alterations in system operations. Meanwhile, the
inter-connected power system network and state-of-the-art
smart grid infrastructure need higher protection require-
ments because of increase in short circuit levels. Therefore,
it is highly desirable to achieve minimum fault clearance
time. Due to increase in voltage and short circuit level,
complex configuration of busbar arrangements and exten-
sive inter-connection, the stability of generators becomes
an important condition which requires faster and reliable
operation of the relay for a severe bus fault [1]-[5].
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