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Abstract

Power system, being dynamic, its states change continuously and also its parameters vary
with time. Fixed setting approach in conventional relays causes protection malfunction at
times. In order to meet the power demand and to exploit economic benefits series-
compensation and multiterminal lines are being introduced. Available line protection
schemes have limited performance for series compensated lines as compensation level
varies with time and the metal oxide varistor (MOV) protecting it functions nonlinearly.
Synchronized data from both ends of the series compensated line are applied to compute
the compensation level and to identify the operation of MOV during fault. This is used to
adapt the zone-2 and zone-3 characteristic which improves the protection performance. To
overcome the limitations of conventional distance relays for the protection of three
terminal lines, direct under reaching transfer trip (DUTT) scheme is being applied. Such
scheme has problems with the increase in infeed current when portions of the lines may
remain unprotected by the scheme. Prefault synchronized data of the three terminals are
applied to estimate the infeed current during fault and used to adapt the relay settings to
ensure more reliable operation of DUTT scheme.

Alpha plane method using ratio of both end currents is better scheme than
differential relays. Such a scheme has limited performance during outfeed condition. An
adaptive alpha plane relaying is proposed using phase angle between the voltage and
current and magnitude of change in current at both ends of a line to confirm an internal
fault which provides improved performance.

Zone 3 in distance relaying scheme uses local data and is unable to distinguish
three phase fault and heavy loading condition. Whenever apparent impedance enters zone
3 the ratio of change in voltage magnitude to change in phase angle collected from nearby
busses are applied to derive an index which discriminates load encroachment from three
phase fault. This helps in avoiding relay malfunction during load encroachment.

All the proposed methods are tested for different systems and conditions and are
compared with available methods. It is found that with the synchronized data available in
a power system, there is great scope to improve protection scheme performance.

Key words: Phasor Measurement Unit, Synchronized data, Wide area

measurements, Transmission line protection, Series-compensated line, Three-terminal
line, Load encroachment, Direct under reaching transfer trip
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Chapter 1

Introduction

1.1 General

Deregulation, renewable sources and technological developments have made power
system operation and control more challenging today. Relays protecting power system are
designed to sense faults and isolate the faulted section as soon as possible. The relay
settings, obtained through off-line calculation around an operating point, are fixed type in
general. As the parameters and states of a power system vary continuously, it is not
possible to incorporate all variations that may appear, in the calculation of relay settings.
Analysis of several blackouts reveals relay maloperation as one of the important reasons
[1]-[12]. The fixed setting approach therefore is a concern in relay performance during
stressed operating conditions of power system [13]-[20]. With the invention of phasor
measurement unit (PMU) and development in communication system, wide area
measurement system (WAMS) is able to provide synchronized phasor data for monitoring
power system dynamic states. Using WAMS data on current system status, it is possible
to change the setting in a numerical relay to most appropriate one at that time. Such an
adaptive setting approach ensures reliable operation of a protection scheme.

Available protection schemes for transmission lines use either local data or both end
data. In the former approach, distance and overcurrent relays perform correctly most of
the time, but they have limited discrimination capability for faults towards the remote end
of the line and for high resistance faults. Using communication system transmission line
protection scheme using data from both ends like current differential, phase comparison,
directional comparison and carrier aided protection schemes [21] are possible. Such
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techniques have advantage in speed and accuracy in protection decision. Uncertainties
like failure of circuit breaker or communication or sensor failure ask for backup

protection schemes.

Current differential protection while protecting long transmission line has problems
because of high charging current, current transformer saturation and unequal line
impedances [21]. Analysis on alpha plane based relay, which uses the ratio of currents of
both ends of a line, reveals advantages over current differential protection particularly on
CT saturation issue. It is found that such an approach has limitation during outfeed

condition caused by high resistance fault and weak source conditions.

To exploit economic, technical and environmental benefits multiterminal lines are
being used in power systems with three-terminal being the common configuration. Such a
configuration imposes protection challenges for both local data based protection approach
and methods using both end data [22]. Distance relay protecting a three-terminal line
experiences underreach problem for a fault beyond the T-point. Communication assisted
schemes like permissive overreaching transfer trip (POTT), direct underreacting transfer
trip (DUTT) and directional comparison blocking (DCB) are preferred for protection of
three terminal lines [23]. The DUTT scheme responds to fault when any of the three zone
1 elements detects an internal fault and the dependability of the protection scheme is
ensured by maintaining overlappings among the three zone 1 elements. However zone 1
reach decreases with increase in infeed and at times the overlappings may vanish for

certain infeed conditions.

Limited right-of-way and increased power demand have forced to include series
capacitor in long transmission line and has advantages of high transfer capability,
improved stability etc. However, a series capacitor in a line introduces challenge to
distance relaying scheme [24]. Nonlinear nature of overvoltage protection devices of
series capacitor, metal oxide varistor (MOV) and spark gap further complicates the
protection. At times, the series capacitor may be bypassed during maintenance or by the
overvoltage protection devices and during such period impedance seen by distance relay
is similar to a normal transmission line. When the fault loop includes series capacitor the
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seen impedance is modulated significantly and the distance relay requires information on

compensation level present in the line for correct protection decision.

Zone 3 of a distance relay provides backup protection to the adjacent line and
covers a large area in R-X plane. Zone 3 maloperates during heavy loading condition as
the apparent impedance may enter inside the trip characteristic. Zone 3 maloperation may
trigger cascaded tripping. Load encroachment functions are applied to prevent such
maloperation [25]. They are set considering the maximum power factor angle and
basically fixed in nature. During heavy reactive loading such fixed characteristic loses its
ability to prevent maloperation. Investigations on large disturbances reveal that protection
scheme maloperation is one of the major contributing reasons for cascaded tripping in
power systems [5]. For example, the Northeast blackout in 2003 [5] and the recent 2012
blackouts in India [9] were initiated as a result of zone 3 maloperation due to load

encroachment.

To improve the immunity of relays to the changes in system condition, adaptive
protection is proposed [13]. Such a strategy permits a function within the protective relay
that automatically adjusts the operating characteristic of the relay in response to changing
power system conditions. The adaptive protection of a transmission line can be
accomplished by changing the setting or by mapping the complex function of the relay
on-line. It requires information on present system operating condition for setting

calculation.

With the advent of global positioning system (GPS) based technology time stamped
phasors are available from PMUs at different buses with an accuracy of 1 us [26]. WAMS
which integrates PMU data, can provide snapshot of whole power system in real time
[27]. This has improved the monitoring and control of the power system. With
synchronized data, WAMS has provided new opportunities for network protection to
develop new algorithms. The adaptive protection for a transmission line can be
accomplished using WAMS data.

This thesis proposes adaptive setting of relays using synchronised data which
improves reliability of power network protection schemes. This is achieved by changing

the relay setting in accordance with the system condition and deriving better protection
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logic using additional features. An adaptive alpha plane transmission line protection
scheme is proposed to improve the performance further for high resistance fault, CT
saturation and single pole tripping. To nullify the effect of infeed, an adaptive DUTT
scheme is proposed for three terminal lines. An adaptive zone 2 and zone 3 settings for
series compensated line are achieved by computing the compensation level present in the
line using synchrophasor data from both ends of the line. A secured zone 3 algorithm is
developed using WAMS data to overcome the problem associated with load
encroachment. These proposed algorithms are tested for different systems and fault
conditions and found to be accurate. Available transmission line protection schemes
supplemented by these algorithms using synchronized data will provide enhanced network

protection for reliable power system operation.

1.2 Review of Existing State-of-the-Art Solutions

Transmission lines are protected by differential, POTT, DUTT and DCB schemes. In
association with a differential scheme, distance relay may act as a backup protection. It is
revealed that relay maloperation is a major cause of large scale disturbances in power
system. With digital technology, adaptive protection scheme can improve the performance
of relay. Synchronized phasor obtained from wide-area measurement system, has
potential to provide accurate information on network condition. Numerous techniques are
available to prevent relay maloperation during disturbances. A survey on these issues in

relevance to the transmission line protection is carried out.

1.2.1 Alpha Plane based Line Protection

Local data based conventional relays protecting long transmission lines have limited
performance in discriminating faults toward the ends of the lines. At times during stressed
condition, such relays maloperate and is an important factor of recent blackouts [9].
Reliable line protection scheme can be achieved by utilizing information from both ends
of a line. With fiber-optic communication [28], data availability from other end is feasible
even for long transmission lines. Schemes which use both end data have inherent
immunity to power swing, mutual coupling, series compensation if any and series

impedance unbalances.
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The widely applied scheme for line protection using both end information is
directional comparison [29]-[32]. Such a protection scheme has limited performance as a
result of distorted voltage signals during close-in fault or blown fuses or ferro-resonance
problem associated with capacitor coupled voltage transformer (CCVT) [27]. A protection
scheme which utilizes both end currents only can overcome these disadvantages. Phase
comparison, charge comparison and current differential schemes require line currents to
detect internal faults [33]. Current based techniques are sensitive to cross country fault.
Conventional current differential protection has setting challenges because of current
transformer (CT) saturation [34]. Both ends synchronized data also applied for differential
protection to nullify the effect of charging current[35]-[38]

With the inputs to relay in complex form, it is convenient to represent the relay
characteristic in a complex plane. In [39]-[40], alpha plane (a-plane) is introduced that
uses ratio of both ends current phasors. The ratio during external fault and healthy
condition remains within a restraining region of the complex plane. The phase current
based alpha-plane relaying with large restraining region has advantages such as: tolerance
to CT saturation and synchronization errors. The protection decision is compromised
during high resistance fault and weak source condition. Though the sequence current
based scheme has improved performance during high resistance fault, misoperates during
single pole condition and operation of metal oxide varistor (MOV) in a series
compensated line [41]. In [42], both sequence and phase currents are used to improve the
sensitivity of alpha-plane principle. A modified alpha-plane characteristic is proposed
which uses sequence components and phase currents along with an additional faulted
phase detection logic to improve the reliability and sensitivity of the relay [43]. In these
methods communication channel and computation requirements are high. During single
pole tripping new sequence element logic is adopted to improve the sensitivity of the relay

which depends on system parameters [44].

1.2.2 Communication Assisted Distance Protection for Three-Terminal
Lines
Transmission lines are tapped in between two terminals to extract economical and

technical benefits. The infeed or outfeed phenomenon during a fault in a three-terminal

line creates challenge to distance relaying. Data from remote end provides better
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performance to protect these lines. Current differential, directional comparison and
communication assisted distance protection or unit protection scheme are available which
has immunity to infeed [46]-[47].

Current differential principle adopted for three terminal line protection uses all
three end currents to take the decision [48]-[49]. This scheme is faster in response and is
free from problems associated with power swing and but may fail during outfeed
condition. For detecting high resistance fault in a heavily loaded line such a scheme has
limited performance [50]. In [49], current differential scheme is proposed using the
sampled values of currents at all the terminals. This becomes more prominent when such
faults occur during power swing [51]. The noise and spurious signals present during fault
make it difficult to compare the currents. The differential scheme has limited performance
in the presence of charging current, current transformer saturation issue and outfeed
condition for internal faults [52].

Accurate fault detection is achieved for three-terminal line using derived signals
from fault voltage and current [53]. Directional comparison technique based three-
terminal line protection is proposed in [54]-[57] where polarity of fault generated transient
current signals are compared. In [54], wavelet transform is applied to high frequency
noise signals to detect internal fault of a three-terminal line.

The communication assisted distance protection schemes for such lines are DUTT,
POTT, and DCB [23]. Out of these, POTT and DCB schemes are set with zone 2
coverage for protecting the line completely which needs to be extended to counter the
infeed effect. Such schemes are vulnerable to load encroachment and power swing and
also maloperate for outfeed condition [46]. Though zone 1 based protection DUTT
scheme is more promising than schemes using zone 2, it has reach limitation problem
[47].

DUTT scheme for protection of three-terminal line uses zone 1 distance element at
each end which finds underreach problem due to the infeed from T-point [22]. The
protection issue of three-terminal line with unequal branch lengths is more critical as they
have limited overlapping regions between the zone 1 elements. These overlappings of

zone 1 elements decrease with increase in infeed current from T-point. For high infeed
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currents, the overlappings for distance relay settings may vanish which will lead to an
unprotected line segment with DUTT scheme.

Adaptive setting for distance protection is addressed in [58]-[59]. It is shown that
the trip boundary is significantly affected by the system conditions in particular for a
transmission system with infeed. Influencing factors, e.g. load angle, voltage ratio, source
impedance ratio and fault resistance. Finally an on-line method is proposed for tripping
the available resistance and reactance components of apparent impedance. In [59], an
adaptive zone 1 setting scheme for three-terminal line is proposed which considers
voltage and line flow of all parts of system available through SCADA. Agent based
technique is employed for adaptive relay setting of transmission line using power network
information [60]. The latency of data will affect the performance of such adaptive

scheme.

1.2.3 Distance Relay for Series Compensated Line

Series compensation has been utilized to improve the power transfer capability, power
system stability, load division on parallel paths, reduced system losses, voltage regulation
and flexible power flow control [61]-[62]. With the inclusion of series compensation in a
line, the protection challenges are addressed in [63]-[66]. Problems in relaying of series
compensated line include phenomena such as voltage and current inversions, subharmonic
oscillations and additional transients caused by the air-gaps triggered for thermal
protection of the MOV [66]. MOV protecting series capacitor imposes challenges to line
protection because of subsynchronous resonance, and its non-linear operation [67]-[73].
Voltage inversion may cause maloperation of communication assisted and directional
comparison protection schemes [24]. Differential relays also has problem for current
inversion [64] and CT saturation. These limitations of available unit protection schemes
ask for a backup protection which is achieved through distance relay.

Overreaching may cause maloperation of distance protection scheme of a series
compensated line for a fault beyond zone-1 of the succeeding line. This can be avoided
with a reduced setting in accordance with the compensation level [65]. At times, the series
capacitor may be bypassed for maintenance or any other reason and apparent impedance

is also modulated in case of MOV operation. At these conditions backup protection will

7



Chapter 1 Introduction

maloperate if accurate compensation level and MOV operation are not considered in
online relay settings[66].

The MOV operation in a series compensated line complicates the protection
problem further for a line-to-ground fault when MOV operates only in faulty phase. This
introduces unbalance in the network and leads to non-zero values in the off-diagonal
elements of line-impedance matrix. Therefore, sequence component analysis cannot be
applied as usual for such a system. In such a case, MOV is preferred to be modeled in
phase domain [67]. In [68], a quasilinear model is proposed to provide the inter-sequence
mutual coupling during unbalanced fault with MOV operation. A superposition principle
is applied with iterative approach to obtain accurate impedance offered by the MOV-
protected series capacitor [69].

For line protection, different methods proposed to counter the effect of MOV while
estimating fault distance, use local information [70]-[73]. Using relay current, the voltage
across the series compensation is estimated for faults beyond the compensation [72].
Methods using wavelet transform [74] and high frequency noise signals [75] are also
available for protection of series compensated lines.

Adaptive protection is applied to series compensated line to accommodate the
variation in series compensation [76]-[78]. Using local data, methods are available for
relay decision addressing MOV operation [77]-[78]. Adaptive protection using a hybrid
parallel algorithm with distance relay function is proposed in [76]. In [77], adaptive
Kalman filtering technique is employed to detect the fault position with respect to the
series compensation. Neural network, to handle the complexity of varying system
condition, is also applied for series compensated line [78]. In [79]-[81], adaptive setting of

distance relay is proposed for FACTS devices.

1.2.4 Load Encroachment function in Distance Relay

Zone 3 of a distance relay provides remote backup protection for adjacent lines and
covers a large area in R-X plane. During heavy system loading condition the load
impedance may enter into zone 3 and the relay may confuse with three phase fault
resulting undesirable tripping. Such maloperation has contributed cascade tripping of lines
causing wide area disturbances [1]-[9].
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Load encroachment function in distance relay, applied to prevent zone 3
maloperation is set with a fixed power factor angle [82]. Under extreme contingency and
severe reactive loading condition, distance relay finds load impedance inside zone 3 but
beyond the load encroachment function [83]. During such situations, for secured zone 3
decision additional information on system condition is necessary. Several methods are
available to avoid zone 3 maloperation under heavy loading conditions [84]-[86].
Modified zone 3 characteristics like forward offset mho, lenticular and increased
maximum torque angle are applied compromising the dependability of the relay [81].
Numerous techniques to obtain increased loadability are available in [84]-[86]. Blinders
applied to discriminate heavy loading condition from fault are difficult to set and it
requires accurate system study [85]. In [86], a neural network based blinder scheme to
discriminate load from fault is proposed. Such a technique requires large number of
training patterns to be generated for a system. In [87], a scheme combining the steady-
state and the transient components using state diagram is proposed to prevent zone 3
maloperation. Rate of change of voltage is utilized to prevent undesirable tripping of
distance relay during voltage instability and has challenges in threshold setting [86].
Transients present in current signal during fault and power factor angle are applied to
support the zone 3 decision [88]. However this method has limitation in discriminating
line end fault and transient caused by severe contingency condition. During stressed
condition, tripping of a transmission line increases loadings of other lines and may cause
zone 3 maloperation. Security analysis based zone 3 blocking scheme is proposed in [89]
which utilizes line outage distribution factor (LODF) to compute the increased loading on
lines and it is difficult to compute the LODF during cascade tripping.

Available methods using local information have limited capability in
discriminating load to three phase fault. The adaptive schemes discussed in this section
are based on local and network data received from SCADA. The measurements received
from various substations are used in control centers to provide an estimate for all bus
quantities and network parameters of the power system and updated in every 4-5 sec. As
variation in power system is dynamic, it does not capture all the dynamic changes of the

systems. Data having latency also does not guaranty the actual system condition. As a
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result adaptive setting may not be proper. These issues are solved in the advent of
Synchrophasor.

1.2.4 Synchrophasor and its applications to protection

In recent years with rapid advancement in communication and information technology,
Wide area Measurement System (WAMS) technology has evolved. Phasor measurement
Unit is a basic component of WAMs, which provides phasors with a synchronisation
accuracy of 1 us. Phasors from PMUs are gathered at a central location using advanced
communication system. This has improved the ability to capture any dynamic changes of
power system and also helps in better monitoring, protection and control of power
networks [93]-[103]. Communication latency associated with WAMS data, restricts its
application to slower form of protection schemes, e.g. backup protection schemes in

general [93].

Significant research has been carried out on application of WAMSs data to prevent
relay maloperation and improve the security of the system. Its application can be
classified in two categories, improving backup protection [101]-[114] and obtaining
adaptive relay characteristic [116]-[117]. The former approach basically called as wide
area backup protection scheme uses faulted line identification (FLI) approach. The wide-
area information is used to identify the faulted line and then isolation of faulty section is
achieved with high accuracy [101]-[114]. Such scheme can overcome the limitation of
conventional backup protection which uses local data.

In [102]-[104], agent-based backup relay protection schemes built on low latency
communication network is proposed. A WAMS based backup (WABM) protection using
fault steady state component of voltage distribution is proposed for FLI [105]. A WABP
algorithm based on the fault component voltage distribution is proposed in [106]. In this
scheme the fault component of voltage at one terminal of the line is estimated by utilizing
the measured values of fault component voltage and current at other terminals and the
faulted line is identified based on the ratio of measured values to estimated values. In
[107], on the basis of network topology and PMU placement, subsets of buses called as
protection correlation regions (PCRs) are formed. The component of differential current
in each PCR is applied to identify the fault.

10
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In [108], changes in voltage magnitude at different buses and changes in current
angle are applied to locate faulted section in a network and there from proper zone 3
decision is derived. It requires both system voltages and line currents. In [109], a state
estimation approach is used to locate the faulted section which supports zone 3 that
requires system topology and line parameters. Wide area network information and
response of relays are  applied to support the backup protection [110]. Apparent
impedance calculated using synchrophasor data is used to discriminate three phase fault
from other stressed conditions [111] which enhances the protection decision. Performance
of the method depends on system topology and data from strategic locations. Load
encroachment function applied to prevent zone 3 maloperation needs to be adaptive with
changes in power system condition. In [112], wide area measurement based backup
protection for series compensated line is proposed and it requires sequence components of
voltage and currents form both ends of the line.

With the knowledge of accurate system condition an adaptive scheme is also
feasible [113]-[115]. In [113], synchronized data is applied to three terminal line to
improve the security. Using synchronized data estimated line parameter is applied to
detect internal fault [114]. Adaptive power differential scheme is proposed in [115]. In
[116], an adaptive current differential scheme using synchronized phasors is proposed,

where the restraining region is varied using both end currents.

1.3 Motivation

In a deregulated, decentralized market in order to meet the power demand with limited
right-of-way, utilities are trying for the optimum utilization of existing power assets.
Incorporation of series compensation provides better utilization of an existing
transmission line. Multiterminal lines are often used both at transmission and sub-
transmission levels. Distance relay has underreach problem due to infeed issue with three
terminal lines and overreach problem due to the presence of series compensation in a line.
This may cause relay maloperation and such action may lead to cascaded outage when the
power system operates at a stressed condition. Communication assisted scheme like
DUTT s applied for protection of three terminal line has better performance than

conventional distance relay using local information only. With increased infeed current
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when the overlapping between zone 1 distance elements vanishes, fault in a section of
three terminal line remains undetected by DUTT scheme. Similarly in a series
compensated line as the compensation level varies distance relay seeks information on
compensation level present in the line for correct relay decision. To detect and clear fault
with a high degree of selectivity and dependability the relay setting must be changed
according to current operating condition of the power system. To improve the relay
performance data from both ends of the line are applied. Alpha plane protection scheme
which uses both end data for protection suffers with relay maloperation for a high

resistance fault.

Zone 3 element of distance relay takes decision based on local measurements. It
encounters the problem of unwanted tripping during overload and is the main contributing
reason of cascade outage and subsequent blackout. In today’s competitive environment,
transmission lines are operated close to their limits and zone 3 maloperation is often found
in recent years [6]-[10]. At the same time, the recent advances in communication,
computer networks and significant developments in phasor measurement units have
drawn attention for the use of WAMS based synchrophasor data for improved protection.
Communication latency in such technology allows mainly for improving protection

functions having slow responses.

From the above discussion and as per the limitation of the existing methods

following observations are made for the research work.

(1 Existing methods using both end phase current can detect an internal fault
efficiently. But it has limited performance for high resistance fault. However
sequence component based methods provides a solution to such an issue.
Method using both sequence component and phase current form both ends is
secured but requires more communication channel and has limitation during
single pole operation, line impedance unbalances for MOV operation for
series compensated line. Thus phase current based technique which has
limitation during high resistance fault seeks an improved protection algorithm

which can solve such issue.
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(i)

(iii)

(iv)

Introduction

Available protection technique for three terminal line has limited performance
for changes in system conditions. Infeed form the tap point varies
corresponding to the fault current and operating condition. DUTT scheme
applied to protect unsymmetrical three terminal line maloperates for certain
infeed conditions when overlapping between relay setting vanishes. This
demands an adaptive setting in accordance with the infeed current.

Inclusion of series compensation which raises several protection challenges
can be solved using both end data. However a reliable protection scheme
requires a backup protection which is provided by distance relay. Performance
of distance relay protecting series compensated line seeks information on
compensation level present in the line for correct operation. Available adaptive
protection scheme which uses single end data cannot compute the
compensation level accurate which may leads to maloperation of backup
protection. Synchronized data from both ends of the line can compute the

accurate line compensation which can be utilized for appropriate decision.

Zone 3 protection of distance relay using local information is not sufficient
enough to maintain the security of power system during stressed condition. In
literature several methods available to prevent zone 3 maloperation which
requires both end current information and system topology information.
However such scheme suffers when system topology is not available.
Therefore for effective protection, there is a need for improvement in existing

backup protection schemes.

1.4 Thesis Objective

Employing numerical relay based protection scheme in power system has resulted

significant performance improvement in the decision making process. The rapid

advancement in communication and information technology has drawn attention for the

use of wide-area synchronized measurements for protection. There is a scope to adapt the

relay setting by using system condition information. The primary objective of this work is

to obtain adaptive protection schemes for power networks with present day technology.
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The following objectives are set for the research.
a) To enhance the alpha plane relaying using phase current from both ends.

b) To access the performance of the DUTT scheme for different operating condition
using synchronized data and change the settings in accordance with the infeed

condition.

c) To estimate the compensation level present in the line using both ends
synchronized data to improve the coordination of the relay and prevent

maloperation of the zone 2 and zone 3 relay.

d) To develop an algorithm using wide area measurement data which can prevent

maloperation of zone 3 during load encroachment.

1.5 Brief Overview on Work Done

The work carried out in this research focuses on distance relaying issues for different
networks (series-compensated or three-terminal line) and system conditions. Various
techniques are developed and are tested on different systems for different situations to
overcome the limitations of conventional settings. Simulations are carried out for different
400 kV systems with EMTDC/PSCAD. Discrete Fourier transform (DFT) estimation
technique is used for extracting fundamental component of each input signal. The novelty

of each technique developed in this work is highlighted below.

1.5.1 Adaptive Alpha Plane Transmission Line Protection

Alpha plane based protection schemes protecting transmission lines has immunity to
channel delay, asymmetry has improved performance over differential relay. The scheme
uses ratio of phase or sequence current from both ends of the line in the decision process.
Phase based alpha plane relaying such scheme has limited performance during outdfeed.
Sequence based scheme has better performance for out feed condition provides incorrect

result during single pole condition and MOV operation in series compensated line.
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In this work, an adaptive alpha-plane differential relaying using phase current is
proposed which improves the performance for high resistance fault, unbalance caused by
MOV operation in series compensated line and single pole operation. The phase angle
between the voltage and current and magnitude of change in current from both ends are
utilized for protection decision in the scheme when the trajectory in the alpha-plane lies in
an overlapping region accommodating both internal faults with high resistance and
external fault with CT saturation. The proposed method is tested for WSCC 9 bus system
with and without series compensation. Simulation results show excellent performance of

the proposed method.

1.5.2 Adaptive DUTT Scheme for Three Terminal Line Protection

Multiterminal lines are often used both at transmission and sub-transmission levels to
exploit economic, technical and environmental benefits over two-terminal lines. Among
the different multiterminal configurations, the simplest and the most used one is the three-
terminal line. The use of three-terminal line imposes severe protection challenges to
different protection schemes including distance relay. The presence of a third source-
terminal causes distance relay to underreach for a fault beyond the tap point. The
underreach problem can be overcome by extending the relay reach which limits the load

carrying capability.

In this work, adaptive setting for DUTT scheme protecting three-terminal line
using prefault synchronized data is proposed. The system operating condition is calculated
from synchronized data and is used to check the overlappings between the zone 1
elements of DUTT scheme. For the loss of any overlapping, zone 1 setting of the lines are
updated for improved protection decision. The method is tested for a three-terminal line
simulated in EMTDC/PSCAD and the results show its high accuracy. The adaptive

method is compared with other available methods; current differential, DCB and POTT.

1.5.3 Adaptive Backup protection for Series compensated Line

Series capacitors are installed in high voltage transmission systems for numerous
technical benefits. Series compensation imposes challenges to different protection

schemes including distance relay. Series capacitor may be bypassed at times for
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maintenance purpose or by its overvoltage protecting devices MOV and spark-gap.
Information on compensation level is required for accurate operation of the relay when
fault loop includes the series compensation.

In this work voltage and current phasors obtained from both ends of the line are
utilised to compute the compensation level present in the line. System condition is also
estimated using the prefault data. Impedance offered by the MOV is computed using an
iterative process to generate the boundary for any system condition. The performance of
the method is tested for various compensation level, system operating condition and
compensation at different location of the line. Two source equivalent 400 kV system is
considered to test the proposed method and results show the proposed method works

properly for all system condition.

1.5.4 Secured Zone 3 Protection During Load Encroachment using

Synchrophasor Data

Conventional backup protection, in particular, zone 3 of distance relay takes decision
based on local measurements and has limitation to distinguish a fault from heavy load. To
prevent maloperation of zone 3 relay load encroachment functions are applied, which are
based on fixed power factor. At times, during heavy reactive loading the power factor
change is beyond the expected value and load encroachment function also maloperates.

Such maloperation during heavy loading condition may lead blackout of the system.

The recent development in communication, information and computer network has
drawn significant attention for the use of synchronised wide-area measurement for secure
and reliable power system protection. Communication latency makes such technology
viable mainly for improving the slower form protection functions. As zone 3 takes
decision with a time delay WAMS based voltage data are applied during load
encroachment. During a disturbance, the ratio of change in voltage magnitude and phase
angle of selected buses is computed to discriminate load encroachment from three phase
fault thus supplementing zone 3 protection. New England 39 bus and IEEE 118 bus
systems are used to test the algorithm and results show high accuracy.
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1.5.5 Overall Contribution in Adaptive Relay Setting

Adaptive protection can be applied to improve both the dependability and security of
the relay. In the thesis data from both ends of the line and the system data are applied to
improve both dependability and security. However relay decision can be enhanced
according to the system operating condition using additional information or changing the
setting of the relay. Relay decision may be instantaneous which provides primary
protection or a delayed decision to provide backup as in case of Zone 2 and Zone 3 of
distance relay as shown in Fig 1.1. However both end data based technique like alpha
plane method and DUTT scheme provides decision without any time delay. Information
with data synchronization gathered at central location called as Phasor data concentrator
(PDC) or available to the relay, can fetch accurate system condition which can be applied

for both instantaneous and delayed protection schemes as shown in the figure 1.1.
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Fig. 1.1. Adaptive protection scheme using synchronized data .
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In the first two chapters adaptive setting of faster protection scheme was sought. In alpha
plane method an additional feature phase between voltage and current at both ends of the
line is considered to support the relay decision. However the decision was taken based on
the data during fault. In the second chapter adaptive DUTT scheme using synchronized
data is proposed where infeed current for three phase fault is computed using prefault
synchronized data. The settings were changed according to the data collected at the
central location and information was send to the relay to change the setting. During fault

only decision of the relays are shared as in the conventional scheme.

In the next two chapters, backup protection (zone 2and zone 3 ) is enhanced using
synchronized data. Both ends synchronized voltage and current data are applied to
compute the compensation level and adapt the relay setting. In the last chapter voltage
form the synchophasors form selected busses are applied to discriminate three phase fault

from load encroachment.
1.6 Major Contributions from the Thesis Work

The important contributions from the thesis are summarized below.

(i) Performance of phase current based alpha plane relaying is compromised during
high resistance fault. An enhanced algorithm is proposed using the change in current
magnitude at both ends of the line and angle deviation from the pre fault voltage to
improve the performance of alpha plane relay using phase currents during high

resistance fault.

(i) The infeed current changes according to the system condition. The prefault system
voltages obtained from the synchronised voltage and current measurements from all
three terminal are considered to find out the overlappings between the zone 1
elements. If the any overlapping does not exist the adaptive setting is invoked at that

condition.

(iii) The level of compensation of the series compensated line changes at times due its

overvoltage protecting device and its maintenance purpose. When the compensation

18



Chapter 1 Introduction

level changes the setting of the zone 2 and zone 3 are adapted after calculating the
compensation level using synchronised data from both ends of the line.

(iv) Conventional backup protection acts using local information. With only local
measurements such scheme may maloperate during load encroachment. This may
lead to cascade tripping and accelerate system collapse. Voltages collected from
selected buses through a WAMS are applied to derive an index which discriminates

fault from load encroachment and thereby better line protection is achieved.

1.7 Thesis Organization

The work carried out in this thesis has been presented in six chapters. The present chapter
discusses few basic concepts and technical issues for power transmission protection. It
presents state-of-the-art survey on the subject and sets the motivation behind the work

related to distance relaying of different power networks under different system conditions.

Chapter-2 investigates the problem with the alpha plane protection schemes. A
phase current based scheme is proposed using additional information on phase angle from
both ends of the line, which improves the performance during high resistance fault.

Chapter-3 brings out the detail development of adaptive DUTT scheme for three
terminal Line. Using the synchronized data from three ends of the line, the operating
conditions at which DUTT scheme loses its dependability is found and latter the setting
are changed to prevent such maloperation. This also provides how the proposed adaptive

method is better than the conventional DUTT, POTT and differential protection schemes.

Chapter-4 provides adaptive backup protection of series compensated line is
achieved using synchronized data from both ends of the line. The compensation level is
computed using the prefault data and the system condition is computed with previously
computed source impedances. Using the prefault system data the fault current through the
MOV is computed and the equivalent impedance offered by MOV is computed and

considered in the setting of the characteristic of the distance relay

In Chapter-5 a secured zone 3 method is presented using WAMS data. During load

encroachment wide area measurement based voltage data are used. During a disturbance,
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the ratio of change in voltage magnitude and phase angle of selected buses is computed to
discriminate load encroachment from 3-phase fault thus supplementing zone 3 protection.

Chapter-6 concludes the important findings of the work presented in the thesis and

suggests few areas for the future research.
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Adaptive Alpha Plane Transmission
Line Protection

Alpha plane based relay protecting a transmission line uses the ratio of the current phasors
of both ends and has numerous advantages. Such an approach either uses phase or
sequence components of currents. For a normal operating condition and external fault, the
ratio remains within restraining region in the alpha plane. During high resistance internal
fault, the computed ratio at times lies inside the restraining region resulting misoperation
of the technique. The scheme which uses sequence components of the currents has limited
performance for single pole tripping and line impedance unbalance conditions. In this
work, two features; phase angle between voltage and current and magnitude of change in
currents of both ends of the line supplement the relay in identifying an internal fault. This
improves the performance of phase current based alpha plane relay. The proposed method
is tested for WSCC-9 bus system and results for various cases show improved

performance.

2.1 Introduction

Modern power system networks are not free from blackouts. Postmortem analysis of
several blackouts reveals the main cause behind such events is failure of conventional
relays, that use local data, in discriminating fault and heavy loading conditions [1]-[11].
With microwave and fiber-optic communications [21]-[28], protection schemes using

both end data are sought to improve the security. Such schemes have inherent immunity
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to power swing, mutual coupling and series impedance unbalance [29]. Both end current
based schemes have advantage over voltage dependent directional comparison scheme
due to the effect of CCVT transient on the latter. Convectional current differential

schemes have limited performance during CT saturation for external fault.

In [39]-[40], alpha plane (a-plane) approach is introduced that uses ratio of both
end current phasors and has advantages such as, tolerance to CT saturation and
synchronization error. The scheme uses both sequence and phase currents in decision
process. However phase current based scheme loses sensitivity due to outfeed during
high resistance fault under heavy loading and weak source condition. Performance of
relay has improved a lot for such conditions while sequence currents are considered as
inputs [41]. However, its performance is compromised for single pole condition [42]-[43].
In [44], both sequence and phase currents are combined to improve the sensitivity of

alpha plane principle, which demands increased communication channel.

In this work, an adaptive alpha plane relaying scheme using phase current is
proposed which improves the performance for high resistance fault; unbalance caused by
MOV operation in series compensated line and single pole operation. The phase angle
between the voltage and current and magnitude of change in current of both ends are
utilized for protection decision in the scheme when the trajectory in the alpha plane lies in
an overlapping region accommodating both internal faults with high resistance and
external fault with CT saturation. The proposed method is tested for several operating
conditions for a two source equivalent system and WSCC 9 bus system with and without

series compensation.

2.2 Alpha Plane Characteristic for Line Protection

A two bus power system as shown in Fig. 2.1 is considered to describe current based
alpha plane scheme. For any operating condition, using both end current phasors (f and

I) the current ratio (CR) is obtained as [39],

]
CR = ke/® =& (2.1)
I
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Where k is the magnitude ratio and a is the phase angle difference between the currents. It
is to be noted that the currents for the above relation can be either using individual phase
current or any sequence currents. The generalized alpha plane characteristic is provided in
Fig. 2.2.

Fig. 2.1. Two source equivalent system.

During normal operating condition and for external fault the CR remains within the
restraining region in the alpha plane. An internal fault is ensured when CR moves into the
operating region. The boundary of the restraining region is defined as: the radius of arc k
(typically between 5 and 10) and the angle a (typically between 160° to 210%) [39]. Phase
current based alpha plane relay with k=5 and o =210°, which bounds region 1 and 2 has
inherent immunity to relay maloperation caused by communication delay, channel

asymmetry and CT saturation.

Consider a line-to-ground fault with fault resistance of 0.1 Q at 5 km from R bus
on the 350 km line LR. For the case, the ratio CR is found in the operating region as
shown in Fig. 2.2 (Fp). When the fault resistance is increased CR moves towards the
restraining region and with Re=130 Q, CR is found at F; which is in the restraining region
of the alpha plane and relay will interpret it as an external fault situation. If fault
resistance is increased further, internal high resistance fault occurring close to R bus, the
CR lies in the portions around the real axis as shown in the Fig. 2.2. To improve the
sensitivity for high resistance fault, a smaller region (region 1) as shaded, is selected with
08<k< 25 and a =120° [44]. For external fault with CT saturation or channel
asymmetry or communication delay, the CR remains in an extended portion; region 2 as
marked in Fig. 2.2 and is outside region 1. However for high resistance internal fault, the
CR lies in this region. To overcome this conflict more discriminating functions are

required. It is to be noted that region 1 ensures no internal fault; a clear restraining region.
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Fig. 2.2.Alpha plane characteristic showing operating and restraining regions.

2.3 Characteristic of high Resistance Fault

A high resistance fault results when an energized primary conductor comes in contact
with a quasi-insulating object such as a tree, structure or equipment, or falls to the ground.
Such undetectable high resistance fault poses a serious public safety hazard as well as a
risk of arcing ignition of fires. A high resistance fault is characterized by having an
resistance sufficiently high that it is not detected by conventional overcurrent protection,
such as fuses and overcurrent relays. Unlike low impedance short circuits, which involve
relatively large fault currents and are readily detectable by conventional overcurrent
protection, these high resistance fault represent little threat of damage to power system
equipment. High impedance faults produce current levels in the 0 to 50 ampere range.
Typically, an high resistance fault exhibits arcing and flashing at the point of contact.

However the resistance of the fault is in the range of kilo Ohms. The maximum
impedance can occur for tree touching the live wire is 100 kQ.However for downed
conductor it may increase up to 225 kQ [133]. In addition to the low current magnitude
and accompanied arc, the HIF results in several physical and electrical
characteristics[134]-[135].

) Intermittence of the arc: the arc does not generate current in a steady state

pattern, instead it generates a few conduction cycles followed by several non-
conduction cycles
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i) Asymmetry in the current waveform: due to difference in the break-down
voltage against positive and negative voltage values, there is a difference
between the peak value and shape of positive and negative half cycles of HIF
current.

iii) Current buildup and shoulder: current magnitude gradually escalates (builds
up) until it reaches and maintains a constant value for several cycles
(shoulder).

iv) Non-stationary Current: the current frequency spectrum varies with time..

V) Randomness: Both the current magnitude and its conduction/non R
conduction intervals are random values.

Vi) Non-linearity: voltage—current characteristic of the HIF is non-linear due to
the existence of the arc..

vii)  Low frequency components in current and voltage wave-forms: due to
non-linearity of HIF the waveforms contain harmonics up to 600 Hz for the
current and up to 300 Hz for voltage..

viii)  High frequency components in current waveforms: arc results in high

frequency components in the current waveform.. including:

Typical results of staged faults at two different test sites for a typical 12.5 kV feeder are
provided below in Table 2.1.

Table 2.1 Fault current for different surfaces

Surface Current (A)
Dry asphalt 0
Concrete (non-reinforced) 0
Dry sand 0
Wet sand 15
Dry sod 20
Dry grass 25
Wet sod 40
Wet grass 50
Concrete (reinforced) 75
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In this work both ends voltage current are applied to detect the internal high resistance
fault.

2.4 Phase change during Fault

The source voltages at bus L and R as shown in Fig. 2.1, at any operating condition can be
expressed as
- E
he i = R (2.2)
Ey
where h is the magnitude ratio and § is the angle difference. The prefault voltage of S bus

can be expressed as,
Vpre = EL - ISLZSL - iprezlL (2.3)

where Ig; is the prefault current at bus. Using prefault voltage the fault current for a line-

to-ground fault at F; in the Fig. 2.1 with a resistance R can be formulated as [126],

. |4
= 2.4
B Zsum + 3R @D
where,
. LinZir | ZorZor
Zsum -

LZiytZ2ir  ZoLt+Zor
Z11, Z1r, Zo1, and Zyrare the Thevenin’s impedances at fault point. The sequence currents

through the line can be obtained as,

i1L = W1W111F JIOL = W0W101F (2.5)
where,
oo I
VU ZuAZir’ Y ZoutZa
and
e Zoc
W11 =

—,W —_——
Zc+Zr'  °Y T Zoc+Zro

where Z and Z,r are the positive and zero sequence Thevenin’s impedance looking
towards the bus L.Z: and Z, are the positive and zero sequence impedances of the shunt
capacitance.

26



Chapter 2 Adaptive Alpha Plane Transmission Line Protection

The fault current at L and R bus can be computed as,
iL = IlL + iZL + iOL + Ipre (26)
Ig = Iy + Iop + 121 — Ipre (2.7)
where nullifying the prefault shunt current the current can be represented as,

Zy, + Zsy,
Zy + Zsi, + Zsg

(1 — he‘j‘S) £
Zy+ Zsy + Zsr| "

IL = 2W1W11 + WOW10 [1 - (1 - he_ja):l +

Similarly, the voltage at the bus relay can be expressed as,
Vo = 3Rplg + (2111, + [pre ) Zar + TonZow (2.8)

For the line-to-ground fault with a fault resistane of 0 Q, the voltage can be respresented

as,

_ ZlL + ZSL (1 _ he_jg)]
Zqy + Zgy, + Zsg

VaL = [2W1Wy1Z11, + WoW10ZpL [1

Z11.(1 — he /%)
Zq1, + Zg1, + Zsg

E;

Expressing I, = a + jb and V,;, = ¢ + jd, the phase angle between volatge and current

o= (B ()

where @ can be expressed as a function f(h,d,Z,y, Zsi, Zsr, Zc)

I RPN
>

> VaL

can be represnted as

Fig. 2.3. Phase angle between voltage and current during fault and normal operating
condition.
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The phase angle between voltage and current can also be observed from the Fig. 2.3.
Before the fault the prefault current lags with the power factor angle and during fault the
angle increases to 70°-80° which is equal to line impedance angle. However as the fault

resistance increases the angle decreases.

2.5 Proposed Adaptive Technique

For low resistance ground fault, the phase angle between the voltage and current is nearly
to the transmission line impedance angle. As the fault resistance increases this angle
decreases. To improve the performance of the alpha plane relay using phase currents,
during high resistance internal fault (when CR lies in region 2) an additional feature,
angle between voltage and current is first selected. During a fault, the angle deviation

from transmission line impedance angle (0) is obtained at both ends
@1 =10— 0|
@, =10 — O (2.9)

where6 = tan‘l(f) with x and r are transmission line reactance and resistance per

kilometer respectively. @;and @y are the angles between the voltage and current at L and
R sides respectively. It is to be noted that @, and @,are high for high fault resistance
cases (@;, and @y being small). This feature clearly identifies a high resistance fault when

CRis in region-2 and thus useful in distinguishing the condition from CT saturation etc.

The angles @;and @, for both internal and external high resistance faults is
similar. For any external fault or load change, the magnitude of change in current at both
ends of the line is equal. This feature is used to differentiate the internal and external high
resistance faults. A feature for this is defined as,

Al = |AIR] — |23 (2.10)
where the change in currents
AII% = Ilgfault - Ile{pre
AIE = iifault - iEpre
Similarly it can be computed for b and ¢ phases. During external high resistance fault @,

and @,will be high but Al will be small. On the other hand for internal high resistance
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fault @, @, will be high and Al will be also high. Both the features are combined to
ensure detection of internal high resistance fault whenever the CR lies in restraining
region 2. To identify internal fault when CR is in region-2 an index K is defined as,

K. = {1 if Algige > ¢and Dpin > O
1

o 0 if Aldiff > Z and Qmin < wth (211)

Where @,,;, = min(@,,0,), @y, and T are thresholds selected considering possible
operating conditions. During a high resistance fault when the CR lies in restraining
region-2,  K;=1 and the proposed method concludes an internal fault. Thus using the

system condition information the decision is derived incase the trajectory in region-2.

2.4.1 Threshold selection for Al ;¢

For internal fault Al is very high and for an external fault it is negligible (without CT
saturation). Shunt capacitance may cause difference in current magnitude at both ends but
is be of negligible effect on change in current. There may be difference in current during
normal loading condition due to CT error but this will be small. These are considered in
threshold setting to discriminate high resistance internal fault to load change. Considering
2 % error for C class protection CT at both ends and to provide a secured operation, a
threshold ( is selected as 0.08 pu. Thus by this normal condition are filtered out except CT

saturation during external fault.

2.4.2 Threshold selection @,

Angle deviates for high resistance fault and for CT saturation [46]. The scheme finds
problem during CT saturation. To differentiate CT saturation from internal high resistance
fault minimum of @,, @, is considered. Minimum change for line-to-ground fault is
observed for Rg=0 and it also depends on system condition and parameters are derived in
the previous section. To select the threshold for @, @ line-to-ground fault with Rg=0 at
one end of the line is considered (Fig. 2.1).

Considering an external line-to-ground fault with Rg=0 at F, for the two source
equivalent system as in Fig. 2.1, the phase angle deviation is observed at bus L. The
phase angle between a-phase voltage V,; and line current I, is computed for different

prefault loading conditions. To observe the effect of source impedance variation on phase
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angle between voltage and current, the source impedance at one end is varied for the
maximum possible change in source impedance from 0.2 pu. to 2 pu [128]. The variation
of @, isplotted in Fig.2.3 (a) and the maximum value is found to be 0.362 rad. Similarly
the maximum deviation of angle is observed for h and 6 (magnitude ratio and angle
difference of source voltages at two busses) which is plotted in Fig. 2.4 (b) and (c). The h
is varied from 0.9-1.1 pu. and § is varied form 0-0.61 rad [128]. The maximum deviation
of @ at L bus for h and & variations is found to be 0.362 and 0.4178 rad respectively. It
depicts that variation in @, is mostly for the changes in h and 3. With these values for
heavy loading condition and from all above observations the threshold @, is selected as
0.436 rad.

2.4.3 Steps for computation of Proposed Method

In this method to obtain improved performance of current based alpha plane scheme two
features are selected depending on system condition. The different steps of the proposed
method are given in the following steps

Step 1: Current ratio is calculated using (2.1).

Step 2 : If the ratio lies inside region-1, the relay is blocked.

Step 3 :(a) When the ratio lies inside the restraining region 2,|Alg | and |Al, |for all three
phases are computed, followed by calculation of Al ;.
(b) If Algiee > C then ®py, is calculated using®@;and@,,.
(c) Whenever Algig > C and ®pmin > Oy, Ky is set as 1 ensuring the internal fault
case.

Step 4: When the ratio is beyond region-1 it is an internal fault and K;= 1.

The flow diagram of the proposed technique is provided in the Fig. 2.5. The
inputs to the proposed technique are the voltage and current data form both ends of the
line. Using both end current information the ratio as in (2.1) is computed and the phase
angle between voltage and current at both ends of the line is computed as additional
feature is selected. Region 1 is secured region where help of additional is not required.
However, when the current ratio present in the region 2, additional features are checked
and for Kj;=1 according to (2.11) internal high resistance fault is detected. This also

improves the maloperation during CT saturation.
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Fig. 2.4. Change in phase angle for line-to-ground fault with Re= 0 Q with (a) source
impedance variation. (b) 6 variation (c) voltage magnitude variation.

2.6 Results

230 kV, 50 Hz 9-bus WSCC system as shown in Fig. 2.6 is used to test the effectiveness
of the proposed method. The line connected between bus 4 and bus 5 are selected. For
testing the algorithm simulations are carried out using EMTDC/PSCAD for various
system conditions such as internal and external high resistance line-to-ground faults, CT
saturation and load increment. The method is also tested for series compensated line for
different compensation level and compensation present at different position of the line.
Fault resistance at both ends of the line is varied and performance of the checked. Few
results are provided in this section. Comparison with previously existing method is also
provided in this section. For all the cases the phase angle between the voltage and current
at buses 5 and 4 are denoted as @, and @, respectively. Current phasors are obtained by
using one cycle discrete Fourier transform (DFT). Data sampling rate is maintained at 1
kHz. Phasor data are collected at 50 frames per second from the other end for the 50 Hz
system.
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Fig. 2.6. WSCC 9-bus system for testing alpha plane relay at bus 5 for line 5-4.
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2.6.1 Test for Internal High Resistance Line-to-ground fault

The performance of the proposed method is tested for an internal high resistance fault. In
the prefault condition power flows from bus 5 to bus 4. A line-to-ground fault at 5 km
from bus-4 with Rg =200Q, in line 5-4, is created at 1.0 s. The current ratio (CR) is
calculated using (2.1) and plotted in Fig. 2.7. From the figure, it is observed that before
fault the current ratio was inside restraining region 1. outside the restraining region 1 but
inside the region 2. The conventional alpha plane relay will send a block signal for this
internal fault. During this period current phasors obtained from both ends are applied to
compute Alg;g using (2.10) and plotted in Fig. 2.7 & (a).With Alg;s > ¢, angle deviations
between voltage and current is calculated for each end and plotted in Fig. 2.6 (b). The
minimum of both the angles is obtained and plotted in the Fig.2. 6 (c). The index Kj is
obtained using (4) and plotted in Fig. 2.7(d). With K;=1 for the case, an internal fault is
confirmed which is correct. The proposed scheme provides a correct decision where the
conventional alpha plane fails during high resistance internal fault (Fig. 2. 7).
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o |
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6 g . . .
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T2 ) 1s)
) : :
4 ¥0.5 ’ .
6 L— 0 n n . E
-5 0 5 0.98 0.99 1 1.01
@ Real(lyg/la) (e t(s)

Fig. 2.7. Result for internal line-to-ground fault with Rg = 200 Q. (a) alpha plane
characteristic (b) Algis (€) @4 and @, inrad (d) @, inrad (e) index K.
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2.6.2 Test for external high resistance line-to-ground fault

The performance of the proposed method is tested for external high resistance fault. A
line-to-ground fault with R =200 Q is simulated at 5 km from the bus 5 on the line 5-7.
Current ratio calculated for line 4-5 is plotted in Fig. 2.8 (a). The CR settles in region-2.
Al ¢ for this case is plotted in Fig. 2.8(b). From the figure it is noticed that Algs < C.
The proposed method will remain silent to this situation which is correct. Both the

conventional alpha plane and proposed schemes provide the correct decision for this case.
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Fig. 2.8. Result for external line-to- ground fault with Rg = 200 Q (a) alpha plane
characteristic (b Alg;g in pu.

2.6.3 Test for CT Saturation with external fault

Differential relays protecting high voltage transmission line have limited performance
for external fault with CT saturation. To test the performance of the proposed method for
CT saturation, line 4-5 of the nine bus system in Fig. 2.5 is considered. With

magnetization characteristic as in [117], the burden of CT at bus 4 is increased from 0.4 Q
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to 2.5 Q. A three phase fault is created beyond bus 4(external fault). The CR is plotted in
Fig. 2.8(a). It is observed that the CR moves out of region 1 and remains in region 2 as CT
saturates. Alg;e IS plotted in Fig. 2.7 (b) and @,y in Fig. 2.8 (d). From the figure it is
observed that though Algigr > £, @Pmin< Oy, and thus K; = 0.This concludes an external

fault which is correct.
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Fig. 2.9. Result for external fault three phase fault for CT saturation. (a) alphaplane
characteristic (b) Alg;s in pu. (¢) @,and @, inrad (d) @, inrad (e) index Ky .

2.6.4 Test for Series Compensated Line.

Protection of series compensated line is challenging due to operation of its over-voltage
protective devices (MOV and air-gap). The MOV operation depends on fault resistance,
type of fault, prefault current and distance up to the fault point. MOV operation introduces
asymmetry in the phase impedances [29] and computation of the sequence components
becomes erroneous and therefore phase based approach as proposed in the method is
advantageous. To test the accuracy of the proposed method a 40 % series compensation is
considered in line 4-5, at bus 5 of Fig. 2.6. The rating of MOV is selected as in [117]. A
line-to-ground fault with R =180 Q, at 5 km from the bus 4 on the line 4-5 is created at
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0.99s. As observed form Fig. 2.10 (a), CR remains inside region 2. Alg;s for a-phase is

computed. From Fig. 2.10 (b), K;=1 during the fault and the method identifies it as an
internal fault which is correct.

The performance of the proposed method is tested for different compensation level
at end and middle of the transmission line with line-to-ground fault of 200 Q . Table. 2.2

depicts that the proposed method provides accurate decision for any compensation level at
end of the line.
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Fig. 2.10. Result for high resistance fault in series compensated line (a) alpha plane
characteristic (b) Alg;sr (c) Phase angle deviation at both ends. (d) ®min (e) Index K,

Table 2.2
Performance of Proposed method for different Compensation levels at end of the line
Position of the | Percentage of | CR Conventional Proposed Method
Sl compensation | the method -
No compensation Indices .
Al gigs D | Decision
(Pu) | (rad)
1 20% 3.582160° Block 0.242 1.10 Trip
2 End of the 35% 3.252164° Block 0.273 119 | Trip
3 Line 50% 2.48,167° Block 0293 | 1.32 Trip
4 20% 3.32£160° Block 0.23 1.34 Trip
5 Mid of the line 35% 2.84165° Block 0.237 1.23 Trip
6 50% 2.312167° Block 0.239 1.03 Trip
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2.6.5 Test for error due to Channel Equalization and Synchronization.

The communication channel delay produces an apparent phase shift between the data
collected from both ends. The algorithm must compensate for the channel delay to prevent
erroneous current ratio calculation. The level of asymmetry depends on the architecture of
the communication system [123].

To test the performance of the proposed scheme for channel delay, a 4 ms channel
delay is considered while receiving data (equivalent to 72° phase error). During normal
operating condition the synchronized data are used for CR as plotted in Fig. 2.11 (a). It is
observed that the ratio computed without any delay remains in the region 1, whereas with
delayed data it is inside region 2. Presence of the CR in region 2 dose not confirm a
healthy condition and requires additional information to check internal fault if any. This is
achieved by calculating Algi;r and ®min Which are provided in Fig. 2.11. (b) and (d)
respectively. The index K;=0 for this, which reveals no internal fault which is correct. The
proposed method is correct for even for large synchronization error and is advantageous

compared to the method in [117] with synchronized data.
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Fig. 2.11. Result for channel equalization error(a) alpha plane characteristic (b) Algig (C)
Phase angle deviation at both ends. (d) ®min .(e) Index Kj.
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2.6.6 Performance of the proposed method during single pole operation

To test the performance of the proposed method during single pole operation phase-B of
line 4-5 is tripped due to a fault at 1.0 s and the phase currents are shown in Fig. 2.12.The
CRs for phase current, negative and zero sequence currents are plotted in alpha plane as
shown in Fig. 2.12 (a). The CRs for negative and zero sequence currents settle outside the
restraining region at t=1s with pole tripping in phase-B. This show alpha plane relay
based on sequence currents will maloperate. The CR for phase-A current remains inside
region-1.

During this period a line-to-ground fault with Re=150 Q at 1.05 s is created at 4
km from bus 4 and the locus of CR of phase currents are observed. The CR remains
within the restraining region, which causes the maloperation of the conventional scheme.
For this case, Al and®pi, are computed and Ki=1 consistently following fault as shown
in Fig 2.12 (e). This confirms an internal fault which is correct. The proposed method
performs correctly during single pole operation whereas method in [26] using negative

sequence components may malfunction.

1F _———— | —

"/\"/\"/\ /\ /\ P
B "v;;v WA

t(s)

Phase Current(pu.)

2
Fig. 2.12. Phase currents of line 4-5 during single pole tripping.

2.6.7 Test for different operating conditions

The performance of the proposed algorithm is verified for different operating conditions
and different types of fault by using a two source equivalent system as shown in Fig.2.1
with the systems parameters as in Appendix C. All four types of fault is simulated at
different location by varying the fault distance from relay end to end of the line with a
system condition of h=1.1 and § = 30°. A few special cases such as line-to-line fault,
three phase fault, high resistance line-to-ground and line-line-to-ground faults at end of
the line and mid-point of the line are provided in the Table. 2.3. The current ratio (CR)
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remains within the restraining region-2 of Fig. 2.1 for high resistance line-to-ground fault
with fault resistance of 200 Q and 450 Q ( refer Table 2.3), which causes maloperation of
conventional method. However Table 2.3 depicts that indices proposed in this method,
provide correct decision for all types of fault at different location of the line. For line-to-
line and three phase fault the maximum fault resistance is considered as 10 € and for such
cases the CR remains in the trip region, proposed indices are not computed as marked
(NC) in the Table 2.3 and both methods operates correctly.
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Fig. 2.13. Result for single pole tripping (a) alpha plane characteristic (b) Algis (C) Phase
angle deviation at both ends. (d) ®min .(e) Index Kj.

Another case is tested for different types of fault at the electrical center of the line.
During normal loading conditions the current ratio for both low and high resistance fault
at electrical center remains outside the restraining region and features are not required for
the decision process. However for high resistance fault during heavy loading condition the
current ratio remains inside the restraining region and features of the proposed schemes
are helpful in providing correct decision.
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Table 2.3
Comparative Assessment of proposed method for different types of internal fault, fault
locations and fault resistances

Fault Fault Fault Conventional Proposed Method
Distance | Resistance Type CR Method Indices
(O] Algigr | ®min | Decision
LL 1172 — 81° Trip NC NC Trip
Skm 10 LLL | 69237° Trip NC | NC Trip
fr%m 40 LG | 8.19,-162° Trip NC | NC | Trip
L -bus LLG | 7.762-162° Trip NC | NC | Trip
LG 2.46£-162° Block 0.31 141 Trip
200 LLG 2.24, -161° Block 0.289 14 Trip
LG 1.952-152° Block 0.13 1.38 Trip
450 LLG 1.822 -189° Block 0.129 | 1.34 Trip
1000 LG 1.882-179° Block 0.128 | 1.31 Trip
LLG 1.792 -178° Block 0.127 | 1.30 Trip
10 kQ LG 1.882-177° Block 0.126 | 1.29 Trip
LLG 1.792 -176° Block 0.126 | 1.28 Trip
10 LL 1.07£-27.6° Trip NC NC Trip
LLL 1.51227.6° Trip NC | NC Trip
Mid of 40 LG 1.97,62.7° Trip NC | NC Trip
the Line LLG 3.04,31.8° Trip NC | NC Trip
LG 3.274£174° Block 0.25 | 1.174 Trip
200 LLG 3.09£-173° Block 0.241 | 114 Trip
LG 1.7,-168° Block 0.15 1.30 Trip
450 LLG 1.652-166° Block 0.149 | 1.29 Trip
1000 LG 1.682-171° Block 0.15 | 1.30 Trip
LLG 1.632-163° Block 0.149 | 1.29 Trip
10 kQ LG 1.582-177° Block 0.145 | 1.29 Trip
LLG 1.532-173° Block 0.135 | 1.27 Trip
LL 0.212-24° Trip NC NC Trip
5km 10 LLL 0.042-28° Trip NC NC Trip
from 40 LG 0.24,34° Trip NC | NC Trip
R -bus LLG 0.29,30° Trip NC | NC Trip
LG 0.722£144° Block 0.31 | 1.374 Trip
200 LLG 0.822145° Block 0.241 | 1.164 Trip
LG 0.632£-143° Block 0.118 | 1.31 Trip
450 LLG 0.58£-163° Block 0.117 | 1.15 Trip
1000 LG 0.652164° Block 0.116 | 1.32 Trip
LLG 0.622165° Block 0.113 | 1.114 Trip
10 kQ LG 0.552-163° Block 0.112 | 1.21 Trip
LLG 0.532£-173° Block 0.111 | 1.109 Trip

The proposed method is also tested for variation in load angle § and source
impedance at both ends of the line. For all the cases a line-to-ground fault at 5 km from
L-bus with a fault resistance of 250 Q is considered. The current ratio CR for few cases is
presented in Table 2.3. The impact of the source impedance variation on the decision

process is minimal as observed from Table 2.3. At lower loading the conditions the
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conventional and proposed scheme both provides satisfactory result. As the loading
increases the decision of the conventional method is compromised for high resistance

fault. During such condition the supplementing features of the proposed method prevent
relay maloperations.

The fault inception angle is varied for a line-to-ground fault near to L-bus with
fault resistance of 200 Q from 0° to 300°. For each case the current ratio is obtained and
current ratio (CR) for few cases is provided in the Table 2.4. It is validated that the CR is
not dependent upon the fault impedance angle and the relay detects internal high
resistance fault for any variations in source impedance.

Table 2.4
Performance of Proposed method for variations in § and source Impedance
6 Source Impedance Conventional Proposed Method
In Zy Zir CR Method Indices Decision
©) Al Qi
Zi 10* Z;, 0.812£13° Trip NC NC Trip
10° ZiL Zi 0.66,16° Trip NC NC Trip
Zi 0.1*Z; | 0.64217° Trip NC NC Trip
10* Zr Zir 2432 — 158° Block 0.31 1.174 Trip
20° ZiRr Zir 2.432 — 158° Block 0.29 1.14 Trip
0.1* Zir 3.674£ — Block 0.31 1.18 Trip
Zir 143°
Zi 10* Zy. | 1.982£-162° Block 0.30 1.28 Trip
30° ZiL Zy 2.26,-160° Block 0.38 1.165 Trip
ZiL 0.1*Z; | 1.992-160° Block 0.37 1.155 Trip
Table 2.5

Performance of Proposed method with different fault inception angle

Proposed Method
Inception Conventional Indices
Angle CR Method Alyre Do Decision
(pu.) (rad)
10° 2.072-162° Block 0.32 1.346 Trip
100° 2.072£-162° Block 0.318 1.46 Trip
200° 2.072£-162° Block 0.317 1.346 Trip
300° 2.072£-162° Block 0.316 1.346 Trip
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2.6.8 Comparative Assessment

The proposed method is compared with the phase co relation method in [45], which uses
the cosine of phase angle between the both end currents to compute the operating
quantity. It works for high resistance fault less than 400 Q. However as the fault
resistance cosine of the phase angle between current becomes negative. As it is observed
form the Table. 2.6, CR for high resistance line-to-ground fault nearby L bus with h= 1.1
and delta= 30° remains in the region 2 of the Fig 2.1. For line-to-ground faults above 400
Q, the operating quantity is less than zero, which depicts that the method in [45] provides
a block signal which is incorrect. However, the proposed method indices show the
decision is correct (refer Table 2.6). This reveals the proposed improves the sensitivity of
the conventional method during high resistance fault. The proposed method can detect

internal high resistance fault up to a resistance of 750 Q.

In comparison with the sequence based method proposed in [45], during single
pole tripping condition the proposed method provides better sensitivity for high resistance
internal fault as shown in the section F. In [44], additional external fault detection logic
improves the performance during CT saturation for external fault, but has limited
performance for high resistance internal fault. However the proposed method provides
accurate result during CT saturation and high resistance internal fault.

Table 2.6

Comparison of Performance of Proposed method with the method [45]

Fault Proposed Method
Resistance Method [45] Indices

In CR Al gige Dpin Decision

Q) —
Iop Decision (rad)
(pu.)

410 2.372£-148° -8.3 Block 0.119 1.145 Trip
450 2.312-151° -10.2 Block 0.118 1.255 Trip
500 2.172-155° -11.1 Block 0.13 1.251 Trip
520 2.14,-165° -13 Block 0.124 1.235 Trip
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2.7 Conclusion

Alpha plane based relay using phase current has limitations for high resistance fault. In
this chapter the phase angle between the voltage and current and magnitude of change in
current at both ends of a line are used to confirm an internal fault when the ratio lies in the
conflicting region. The adaptive scheme is advantageous over current differential schemes
during CT saturation for external fault. The adaptive technique is tested for numerous
situations including that for series compensated line, high resistance fault, single pole
operation and channel delay and found to be accurate. If voltage data are not available

during close in fault or so, the scheme uses the conventional alpha plane technique.
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Chapter 3

Adaptive Direct Underreaching Transfer Trip

Protection Scheme for Three Terminal Line

Direct underreaching transfer trip scheme used for protection of three terminal
transmission line operates when at least one of the three zone 1 elements detects an
internal fault. This scheme uses dedicated communication system to transfer the decision
from one end to other ends. DUTT scheme is reliable till the overlappings between zone 1
settings exist. The infeed through the tapped line reduces the overlapping between the
zone 1 distance elements in the scheme. At times, the overlappings vanish resulting an
unprotected region in the line. In this work, an adaptive DUTT scheme is proposed using
prefault synchronized data where zone 1 relay settings are updated to ensure overlappings

always resulting a more reliable protection scheme.

3.1 Introduction

Transmission lines are tapped in between two terminals to extract economical and
technical benefits. It creates protection challenges for the line as the fault current flowing
from the tapped point affects the voltage and current at the two terminals. DUTT scheme
for protection of three-terminal line uses zone 1 distance element at each end which finds
underreach problem due to the infeed from T-point [22]. The protection issue of three-
terminal line with unequal branch lengths is more critical as they have limited overlapping
regions between the zone 1 elements [22], [47]. These overlappings of zone 1 elements
decrease with increase in infeed current from T-point. For high infeed currents, the
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overlappings with distance relay settings may vanish which will lead to an unprotected
line segment with DUTT scheme.

Communication assisted protection schemes like DUTT, permissive overreach
transfer trip and directional comparison blocking, are used for three-terminal line
protection. The DCB and POTT schemes based on zone 2 overreaching elements are
vulnerable to load encroachment and power swing. These schemes also maloperate for
outfeed condition. Zone 1 based protection scheme like DUTT is more promising than
schemes using zone 2 for the purpose. However available DUTT scheme has reach

limitation problem [47].

In this work an adaptive DUTT scheme for protection of three-terminal line is
proposed where the relay settings are modified using prefault synchronized data. The
system operating condition is obtained from synchronized data and is used to check the
overlappings between the zone 1 elements of DUTT scheme. When any overlapping is
lost, zone 1 settings of the lines are updated to overcome this problem, resulting improved
protection decision. The method is tested for a three-terminal line simulated in
EMTDC/PSCAD and the results show its high accuracy.

3.2 System Description and DUTT Settings

A three-terminal line with unequal branch lengths as shown in Fig. 3.1 is considered
where the line lengths are in the increasing order of PT, ST and RT. The DUTT scheme
protecting the lines uses zone 1 trip signals to be shared by the three distance relays at P,
R and S buses. As an example demonstrated in this work, zone 1 of relay R is set with
80% of Zzp which covers up to point F. P relay is set with 80% of Zgpwhich covers up to
M and H as shown in TR and TS sections of Fig. 3.1 respectively. In a similar way the
setting of S relay is 80% of Zsp which covers beyond Fand within M on TR section and

up to G on TP section.

The system of Fig. 3.1 is considered where distance relays (GPS time
synchronized) are available at the three buses and are linked with a communication
system. The distances of the line segments from the three ends to the T-point are provided

in Appendix B.
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Fig. 3.1. The three-terminal line.

For each relay, zone 1 is set 80% of the shortest line section in the forward direction. For
the 50 Hz system, the positive sequence phasor data available at a rate of 50 frames per
second from the three buses are processed at each relay end to estimate the operating

condition.
Es=Vs+ Zssls (3.1)
Er=Vr-Zixlr (3.2)
Ep=Vp+Zisplp 33

whereZyss, Z1sgr and Zip are the source impedance at S, R and P buses. The relation

between voltage sources are defined by,

. E . E
hle‘151:E—R ,hze-ﬂz:E—R (3.4)
S P

where (hiand h,) are voltage magnitude ratios and and(; and o;) are phase angle

differences of source voltages at R and S and P and S buses respectively.
3.3 Estimated infeed current during fault

The infeed current during fault During fault beyond T point in the system due to the
infeed for the other terminals can be obtained from the system condition information. The
prefault currents at bus S and P are obtained by applying superposition principle [92],

[93].Prefault current at S-bus is obtained as,

1
IpreS = Es < —K; — K2> (3.5)

ZSeq
where.
thle_j(Sl _ (ZTF + ZR)hze_j62

Kj=—b K =
V(e + Zs)Zgeq 2T (Zr+ s+ Z1r)Zpeg

and Zp = Zysp + Zpr, Zs = Zyss + Zst , Zr = Z1gr t+ Zgp-
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whereZpr and Zgr are impedances from P and S buses to T point respectively.Zggis the
impedance between R and F.Zygis the impedance between T and F. Z;45,Z,sp and Z; ¢y are
the positive sequence source impedance at S, P and R buses respectively. WhereZg,,,
Zreqand Zpeq are Thevenin’s equivalent impedance seen from S, R and P sources

respectively. Prefault current in TF is obtained as

hie ™%
Iprez = ES <K3 + K4 - 7 ) (36)
Req

where
B Zp K = Zsh,e /%2
(Zp + Zr + Z1p)Zseq YT (Zr+Zs + Ztr)Zpeq

K3

Considering the prefault current voltage at F can be obtained as:
Vpre = Es — IpreSZS - IpreZZTF (3.7)

Using Ipres and Ippe, in (3.5) and (3.6)V,. becomes,

1 h,e~J%1
Vore = Es(1 — Zs A Ky =Kz ) = (K3 + Ky— 7 ) Ztr)) (3.8)
Seq Req
For a three phase fault with fault resistance Rgat F, the fault current will be, I = —Vore
Zsum1+ RF
where
p _ (ZsZp/(Zs + Zp)) g +7
SUML ™ (ZsZp/(Zs + Zp)) + Zp = °
The currents at bus S and P are obtained as,
Is = IgC;Cqq , Ip = IgC;Cy, (3-9)
The distribution factors used in (3.9) are,
_ Lr(Zs+Zp) Ly L
Cl_ ;Cll_—;C12_—
ZsZp + (Zrp + Zg)(Zs+Zp) (Zs+1Zp) (Zs+Zp)
Fault current at S and P buses are defined as,
Isp=Is + IpRgs
Ipp=Ip + Ipgrep (3.10)
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Substituting I and Iprgs, current during fault at S-bus becomes,

1
-K; - Kz) - (Ka + K, — 7 )ZTF)/(ZSUMI + Rg))Ks)

1
_KI_K2+((1_ZS< -
eq

1
Isp = Eg ( Zs
eq

ZSeq
(3.11)

Similarly fault current at P-bus becomes,

1 1
Ipp = Es (Ko — K7 —Kg+ ((1—Zg (f -K; - Kz> - <K3 +K, - K) Zrr)/(Zsum1 + Rp))Ks)
eq eq
(3.12)

Where the constants in (3.11) and (3.12) can be expressed in terms of system parameters
as:

ZtrLp L1rLs _ hye 7%

K. = K, = Ko =
ST Zop(Zs+Zp) + ZsZp' ® T Zpp(Zst+Zp) + ZsZp' Zpeg

K _ Zshle_j61 K . ZTF+ZR
T (Zp +Zs)Zreq  © (Zrp + Zp + Zr)Zseq

3.4 Limitations of Communication Assisted Schemes

Three-terminal lines are protected by communication assisted distance protection schemes
or phase-segregated current differential protection scheme due to the limited performance
of the distance relays in protecting such lines.. Communication based distance protection
scheme especially POTT or DCB scheme when used for protecting such lines may
maloperate during stable power swing due to their operating principle [22]. On the other
hand current differential protection scheme has immunity to power swing. However, such
a scheme has limitation to detect high-resistance fault at higher value of prefault current
during power swing. This scheme also finds difficulty to detect an internal fault that
causes significant outfeed during power swing [26]. The performance of the
communication assisted schemes are discussed in the preceding section.

3.4.1 Limitations of POTT and DCB Scheme

Communication assisted distance protection schemes such as POTT and DCB schemes

are set with overreaching zone-2 element to overcome infeed effects in a three-terminal
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line. Zone 2 element at ends of the line shared decision information to detect internal
fault. The output of the POTT scheme is set ‘1’ for internal fault and ‘0’ otherwise. To
compensate the infeed effect the setting of the zone2 element has increased which suffers
from maloperation during overloading condition and power swing. As shown in the Fig.
3.2 for a fault in TR section the current direction at P-bus may be reverses and due to this
relay at P bus dose not responds to this condition. This causes mloperation of the POTT

scheme for outfeed.

Fig. 3.2. The three-terminal line with fault in the TR section.

Similarly DCB scheme protected three-terminal line is more susceptible to power swing
compared to POTT scheme. This is because during swing if the apparent impedance
enters into one of the three relay characteristics and at the same time apparent impedances
at the other two terminals are beyond their reverse zone setting then trip command would
be initiated by such scheme [23]. It is observed that the DCB scheme also maloperates for
the swing case demonstrated above.

3.4.2 Limitations of DUTT Scheme

Zone 1 relays at the three buses S, R and P as shown in Fig. 3.1 should have overlappings
to ensure that at least one of the three relays will be able to detect any internal fault in the
lines. The overlapping impedances between P and R relays (Zop) and between S and R

relays (Zos) are defined as,

Zop = KZgp — (Zpy + Z71F)
Zos = KZgsp — (Zst + Z1) (3.13)
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where k = 0.8 for all the cases.The overlapping impedances between relays S and R and P
and R depend on infeed from the tapped line. The apparent impedance seen by S relay for

a three phase fault at F in Fig. 3.1 can be expressed as,

Ipp
Zapp S ZST + (1 + g) ZTF (314)

wherelggand Ipp are fault currents at S and P buses during a three phase fault at F
respectively as derived in the previous section.
Thus the error to the apparent impedance caused by infeed current will be,
I
=270 (3.15)
Isk

ZETT

Zocrrelates to underreach amount of the relay and reflects the decrease in overlapping
between S and R relays zone 1 elements. The underreach effect caused by the infeed
current varies in accordance with system condition including source impedances. At
certain infeed conditions, the overlapping vanishes which will result in DUTT

maloperation.

For proper DUTT decision, the overlappings between the three relays have to be
ensured. Three phase fault current is more compared to current during any other type of
fault in a line. For a fault at one location, the error caused by the infeed current is
maximum for three phase fault. Thus, if the overlapping is ensured for three phase fault, it
would satisfy for all other faults. R relay zone 1 setting protects up to F and is not affected
by infeed from P-bus. If a fault in the TF section is not detected by any of S or P relays
(due to underreach), DUTT scheme will malfunction for this case. Therefore, decrease in
overlapping is checked for three phase fault at F (reach of R relay) to ensure proper relay
decision. With the infeed effect, the overlappings between relay settings of S and R(Cqs)

and P and R(Cqp)at one instant can be formulated as,

[Tpg|
os = |Zos| — |==—"Zrr :
Cos = |Zos| — [ = (3.16)
Ikl
B |Isk|
Cop = |Zopl — [T yAN (3.17)
|Ipg|
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whereZys and Zgp are as defined in (3.13). The percentage of overlappings between S and

P relays with R relay are defined as,

Cos
Ks = x 100 (3.18)
|Zos|
_ Cop
Kp = x 100 (3.19)
|Zop]

As the infeed current increases the overlapping decreases and at some operating
conditions, any overlapping(s) may vanish.

A 400-kV, 50 Hz three terminal transmission system as in Fig. 3.1 is simulated for
different operating conditions to observe the variation in percentage of overlapping. The
magnitude and angle of voltage at R-bus is maintained constant for all cases. The voltage
magnitude, angle and source impedances at S and P buses are varied in each case. The
variation in percentage overlapping between zone 1 of S and R and P and R relays with
infeed current ratio is plotted in Fig. 3. 3.The dotted line in the plot separates overlapping
and non-overlapping zones. The percentage of overlapping reduces with the increase in
infeed current and for a range of infeed current ratio, portion of three-terminal line

remains unprotected by DUTT scheme.
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Fig. 3.3. Variation in percentage of overlappings.

The performance of DUTT scheme is tested for a 3-phase fault at 85% of the line
RP section from R-bus (which is outside the zone 1 setting of R relay). The prefault
loading condition of the three-terminal line is fixed ath;=0.98, 6;=-15",h,=1.0andd,=-5"
(refer (3.4)).The apparent impedances seen at S,P and R relays are plotted in Fig. 3.4 (a)
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and (b). It is observed that the trajectory of apparent impedance settles outside the set
zone 1 characteristics of these S, P and R relays. Thus the fault will not be detected by any
of the zone 1 element of the DUTT protection scheme and it fails to identify the internal

fault. This happens due to the infeed.

For proper operation of DUTT scheme the zone 1 setting of S and P relays should
be monitored continuously. For this the overlappings are calculated and then relay settings

are changed when required to ensure proper decision by DUTT scheme.

40 T T T
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(b) R relay R(€2)

Fig. 3.4. Apparent impedance trajectory for 3-phase fault.

3.5 Proposed Adaptive Method

The system of Fig. 3.1 is considered to be protected by DUTT scheme where zone
ldistance elements (GPS time synchronized) are available at the three buses and are
linked with a communication system. Zone 1 of R-bus relay remains within the T-point
and is not affected by the infeed current. The relays at buses S and P face underreach
problem and need to be adapted in accordance with the infeed condition. For the 50 Hz

system, the positive sequence phasor data available at a rate of 50 frames per second from
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the three buses are processed at each relay end to estimate the operating condition. Using
this information percentage of overlapping for S relay is calculated by (3.18). Zero or
negative value of Kgimplies that the overlapping is lost. In such a case the overlapping
between S and R relays zone 1 characteristics can be retained by increasing the zone 1

setting of S relay by AZg as below,

AZg = MZTF (3.20)
153

80% setting of S relay protects up to G (say) in TP section as shown in Fig. 3.1. The
increase in S relay setting may overreach TP section which is not desirable. To ensure that
the setting of S relay does not go beyond P, the adaptive setting has to be modified. This
requirement can be assured if the reach of adaptive setting at S relay is restricted up to G.
This is only possible when the increased setting AZg is less than the error in apparent
impedance of S relay caused by the fault current from R-bus for a three phase fault at G.

The error in seen impedance can be expressed as,

| Irg|
Zser = =416 (3.21)

|Iscl

wherelrg and Isg are fault currents from R and S buses. While the settings are changed, S
relay setting may overreach the TP section. To verify S relay zone 1 reach, a three phase

fault at G is considered for same operating condition. The fault currents can be expressed

as,
1 Kp1Kp2 s
Isq = Es( — Ky =Ky + ——F—(h,e™/°2 — (K9 — K7 = Kg)(Zp—Zg))) (3.22)
Zseq Zsymz + Rg
hie % KpiKps

Ipg = Es(K3 + K4 — (hye %2 — (Kg — K7 — Kg) (Zp — Zg)))

ZReq Zsym2 + R
(3.23)

whereZg is the impedance of the section T to G in Fig. 3.1. The constants used can be

expressed in terms of system parameters as,

(Zp — Zg) Z Z
K., = P G K,=—b Ky, =—— and
PUT ((Zr+ Zop)Zs/(Zr + Zop + Zs)) + Zp ' P2 (Zs+Zp) ' P° 7 (Zs+Zp)
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7 _ ((Zs+Zrp + ZR)Zg) + Zs(Zr+Z1r)) (Zp — Zg)
SUM2 (Zs+Zg+Zrp)(Zp) + Zs(Zr+Z1E)

Using I5; and I in (3.22) and (3.23) S relay overreach is checked. Positive Cg confirms
overreaching and. for such a case both S and R relays settings are adapted using (3.16).
When|AZg| > |Zs.|, adaptive setting of S relay may reach beyond TP section. In order to
maintain overlapping without overreach, setting of S relay is decreased and R relay setting
is increased simultaneously by the same amount. The renewed S relay reach for TP

section is checked by,
Cs = |AZg| — | Zser| (3.24)
In case, Cg is positive, the setting for S relay should be updated with,
Zsnew = Zssgr T Zser (3.25)
Simultaneously, R relay setting is changed to,
ZRyew = Zrser + (AL — Zser) (3.26)

whereZs sgr and Zg sgr corresponds to the fixed 80% setting for S and R

relaysrespectively. If |AZg| < |Zser|, S relay setting is increased by AZs as in (3.20).

Similarly the percentage of overlapping between P and R relays zone 1 is
calculated as in (3.19). Zero or Negative overlapping implies adaptive setting is required.
In that case, the overlapping between P and R relays is maintained by increasing the

setting by

AZp = lls—FlzTF (3.27)

|Tp|
P relay adaptive setting may overreach TS section (say beyond S). The 80% setting of P
relay covers up to H on TS section (refer Fig 3.1). As mentioned earlier for S relay reach,
P relay setting should be limited up to H. For this, the error in P relayapparent impedance

caused by fault current from R-bus can be obtained for a three phase fault at H as,

| Irul
Zper = = ZTH (3.28)

|Tpul
Irgandlpy can be derived using the system condition and can be expressed as:
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_ K1 K2 1
Ipy = Es(Kg — K7 —Kg + 5—————(1 — ( + K +K3) (Zs — Zy))) (3.29)
Zsyms + Rp Zseq
h,e /01 K1 Kis 1
Iry = Es(K3 + Ky — + (1-¢ + Ky +K3)(ZsZy)))  (3.30)

Zreq  Zsums T Rg Zseq

whereZy is the impedance between T and H in Fig. 3.1.The constants used in (3.29) and
(3.30)can be represented as:
_ (Zs — Zy)

((Zr + Z1p)Zp/(Zr + Z1r + Zp)) + Zs

2 (ZptZptZep) © T (Zr+Zp + Z1p) an

Kt1

d

7 _ ((Zp+Zyg + ZR)Zy) + Zp(Zr+Z1g)) (Zs — Zy)
SUM3 (Zp+Zp+Zyp)(Zs) + Zp(Zr+Zrr)

Using Ipy and Izy reach of P relay adaptive setting is verified. The reach of adaptive P

relay setting, for TP section is checked by
CP = IAZPl - |ZPer| (331)

In case required to satisfy the reach requirement the settings of P and R relays are changed

simultaneously. In case of, Cp is positive, the setting for P relay should be,
Zbnew = Zpsgr T Zper (3.32)
Simultaneously, R relay setting is modified to
ZR New = ZR seT T (AZp — Zper ) (3.33)

whereZp ggrcorresponds to 80% setting for P relay. For |AZp| < |Zpe |, the P relay
setting is increased by AZp. It is observed that both the renewed settings never overreach

simultaneously.

The flow diagram for adaptive DUTT setting scheme is provided in Fig. 3.5. The

different steps of the proposed adaptive technique is provided below
Step 1: The input for the proposed method is the voltage and current phasors.
Step 2 : Estimation of the system condition.

Step 3 : Computation of percentage of overlapping using (3.18) and (3.19).
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Step 4 : For any negative or zero value of percentage overlapping, increments in
impedance required for S and P relays are calculated.

Step 5: The settings are updated for S and P bus relays .

Step 6: Adaptive setting is checked by (3.24) and (3.31) and the settings are

modified in case of any violation in reach.

Proposed scheme uses three ends prefault data and the settings are updated in each cycle
when required. During fault it needs only decision signal from the other end as used in

conventional DUTT scheme. In case of communication failure it switches to the

| Acquiring voltages and current phasors |

conventional fixed setting approach.

| Calculation of hy,d4,h,,and J, using (3.3) - (3.4)|

Calculation of Kg, Kp and Cp Cs asin (3.16,3.17) and (3.18-3.19) |

CporCg
Positive ?

Fixed distance
relay setting

ncrease S or P relays
settings by AZg or AZp

Change the settings to
ZS_New ' ZP_Newand ZR_New

—————>{ Decision Uni

Relay decision

Fig. 3.5. Flow diagram for proposed adaptive technique.

The source impedance varies with time. It can be computed from a two port
equivalent of any system which is obtained from a power flow solution of the network,
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with protected component being removed [128]. In this work the source impedance is
assumed to be available using WAMs data and network information. The changes in
source impedance are updated with the arrival of a new set of data. Up to the next

computation, the previous source impedance is considered for the proposed algorithm.
3.6 Results

The method proposed for adaptive setting of three-terminal line is tested for a 400 kV, 50
Hz three bus system as shown in Fig. 3.1. Few important results are demonstrated in this
section. The system is simulated using EMTDC/PSCAD. One-cycle discrete Fourier
transform is used to compute the phasors from data sampled at 1 kHz in MATLAB
platform. The Synchronized prefault voltage and current data collected at central location
are used to estimate the overlapping. In case required, adaptive trip boundary is generated

and tested for the same system condition.

3.6.1 Test for variation in system condition

Power system is dynamic in nature and its operating condition changes with time. To
test the adaptive DUTT scheme changes in system operating condition is considered. The
system was initially operating at a condition with hy=1.01, 61=0°, h,=1.01 and 5,=5".The
condition is changed toh1=0.98, 61=-15°, h,=1.0 and J,=-5". The prefault synchronized
data obtained from three buses are used to calculate the voltage magnitude ratio and phase
angle differences (refer Table 3.1). The computed phasor are applied to compute the
overlapping present between zone 1 elements of the DUTT scheme. Using (3.18) and
(3.19) the percentage overlappings for S and P relays with R relay are calculated.
Negative Kg and Kp infer overlappings of all the three settings are lost. For proper
operation of DUTT scheme, S and P relays settings are obtained by increasing it as in
(3.20) and (3.27) respectively. Both fixed and adaptive settings are plotted in Fig. 3.6 (a)
and (b) for S and P relays respectively.

The accuracy of the adaptive setting is checked for a 3- phase fault created at 85% of
line RP from the R-bus with negligible fault resistance during the latter operating
condition. The fault impedances seen by S and P relays are plotted in Fig. 3.5 (a) and (b)

respectively. It is observed from the figures that the fault impedances settle outside the
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fixed zone 1 characteristic and inside the adaptive settings of the two relays. Thus fault is
identified correctly it shows the accuracy of the proposed adaptive method. Increased
setting of S and P relays may overreach for TP and TS sections. From Table 3.1 it is
observed that Cg and Cp are negative which confirms the new S and P relays settings do

not have overreach problem and therefore adaptive setting for R relay is not required

Table 3.1
Synchronized data and different indices (h;=0.98, 6;=-15", h,=1.0 andd,=-5")
System Condition Indices
Bus Voltage Line Current s s
(kV) (kA) hy |h, (3) (,,2) Ks| Kp | Cs| Cp

S 236.87 £-1.66° | 0.692£-10.4°

P 238.81 £-2.89°| 0.21 £166.1°
0.98|1.0]-14.13|-4.7 -67.2/ -54.7 |-1.8 | -1.3

R 232.69 £-15.3°| 0.46 £-21.7°

401 — — = - Fixed setting 8
Adaptive setting

= 30r Impedance trajectory |

~— 20 - .
X

10 .

O - .

0 20 40 60
(a) S relay R (Q)

30 ———
~ 20¢ _
S
X . . _

107 — — — - Fixed setting

Adaptive setting
0 Impedance trajectory

-10 0 10 20 30 40 50 60
(b) P relay R(Q)

Fig. 3. 6 Sand P relays zone 1 adaptive setting for DUTT scheme.
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3.6.2 Test for variation in source impedances

The source impedance varies with network topology and generation. The infeed from
T-point varies with the variation in source impedance. This in turn affects the overlapping
of the zone 1 element of the DUTT scheme. For this case, a prefault system condition of
h;=1.01, 6:=10°, h,=1.06 and 6,=-20° is considered to check the overlapping. Source
impedances are changed at fixed voltage magnitude and angle. At S-bus it is decreased by
4 times and at R, P buses decreased 2 times of the corresponding source impedance given

in Appendix B.

Synchronized data obtained at three buses are applied to estimate the voltage ratio and
phase angle difference. Using this information the overlappings are estimated. Estimated
Kg =-84.0 and Kp = -34.9 (refer Table 3.2) with negative values signify the requirement
of adaptive setting. Modified S and P relay settings are increased by (3.20) and (3.27)
respectively. The adaptive settings obtained by the proposed method for S and P relays
are shown in Fig. 3.7 (a) and (b) respectively. The negative Csand Cpin Table 3.2, implies
the adaptive setting dose not overreach for TP and TS sections for S and P relays
respectively. Therefore, adaptive setting of R relay is not required for the situation.
Accuracy of adaptive setting is checked by creating a three phase fault at 85% of RP line
from R-bus (outside the set boundary of R relay zone 1 characteristic). This fault should
be detected by the S and P relays for appropriate operation by the DUTT scheme. Due to
the variation in the source impedance at P-bus the fault impedance remains outside the
fixed setting as noticed from figures. However, the adaptive setting for the case provides
correct solution as evident from the figure.

Table 3.2
Synchronized data and different indices (h;=1.01, 6;=-10°, h,=1.06 andd,=-20")

Voltage Line Current System condition Indices
Bus (kV) (KA) hy | h2 [01()| 02) | Ks| Kp | Cs | Cp

S 2279 £-1.7°| 15 217°

P 243 222° 2.21 £-0.07°
1.011.06-9.03| -19.3 | -84 |-34.9 |-1.65| -2.7

R 229.1 £-10°| 0.69 £-13°
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30} — — — - Fixed setting g
Adaptive setting
| Impednace trajectory |

~ 20
S
X

10t

O L
-10 0 10 20 30 40 50

(a) S relay R(Q)

40 T T T

—— =+ Fixed Setting
30F Adaptive setting .
Impedance trajectory

c 20
X

101

O [ 1 1 1 1 1 1 1
-10 0 10 20 30 40 50 60
(b) P relay R(Q)

Fig. 3.7. S and P relays zone 1 adaptive setting for source impedance variation.

3.6.3 Simultaneous Adaptive Settings of all three relays

In some cases, where S and P relays settings are increased to maintain the overlapping
with R relay, the changed setting may overreach for TP and TS sections. In order to avoid
overreach problem, it is required to adapt the relay characteristic at all three buses (also R
relay). An example is demonstrated with h;=1.01, 6;=-5°, h,= 0.96 and J,= -10° as
prefault condition. Synchronized data obtained are used to estimate the voltage ratio,
phase angle difference and percentage of overlapping. Estimated Ks= -151.3 and Kp = -
2.53 (refer Table 3.3) implies no overlapping available. Next the relay setting of P and S
relays are adapted which providesCs=1.85. This refers that increased S relay setting may
over reach TP section. For this case, S and R relays adaptive settings are carried out by
(3.25) and (3.33). Adaptive setting for P relay is obtained by increasing AZp as in (3.27).
The fixed and adaptive settings for S, P and R relays are plotted in Fig. 3.8 (a),(b) and (c)

respectively.
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The accuracy of proposed method is checked by creating a three phase fault at 85% of
distance from R bus. During this fault the impedance trajectory is plotted in Fig . 3.8.
Impedance trajectory travels from prefault situation to fault point and it is observed form
the figure the trajectory finally settles outside the fixed characteristic but inside the
adaptive setting. As it is outside the fixed setting the relay will not detect this fault. But
the adaptive setting will give a correct decision. This confirms that the adaptive setting is

accurate even when all three side relay setting are updated simultaneously

Table 3.3
Synchronized data and different indices (h;=1.01, 6;,=-5°, h,=0.96 and J,=-10")
. System condition Indices
Bus Voltage Line Current 5. | o,
(kV) (kA) hy h | )] ¢ Ks | Kp | Cg o

S 24226 £-15° 0.98 £-2.8°

P~ 123028 £-11° | 1.03£-163° |4 110.96/5.03 -10.3|-151.3|-2.53]1.85| -4.5
R |246.46 2-49° | 0.122 2106.7°

30
@ 20
3
10
-10 0 10 20 30 -10 0 10 20 30
R(Q) R(€2)
(@) S realy (b) P relay

100 y
g
X 5o} — — — - Fixed setting .
Adaptive setting
Impedance trajectory
Ot N I I 1 1 ]
-50 0 50 100 150 200
(c) R relay R(Q)

Fig. 3.8. S, R and P relays zone 1 adaptive setting for DUTT scheme.
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3.6.4 Test for Unsymmetrical Fault (line-to-ground fault)

All the above cases are tested for symmetrical faults. To check the effect of ground
involvement on adaptive setting, a line-to-ground fault with small fault resistance (1 ohm)
is simulated at 85% distance of RP from R- bus with same operating condition as in case
I. The fault impedance is plotted in the Fig. 3.8, with fixed and adaptive S relay setting
obtained in case-I. It is observed from Fig. 3.9 that fault impedance trajectories for line-
to-ground type fault settle outside the fixed setting but inside the adaptive setting. This

confirms that the adaptive setting is also proper for other types of fault.

—— =~ Fixed setting i
Adaptive setting
Impedance trajectory

-10 0 10 20 30 40 50 60 70
R(Q)

Fig. 3.9. S relay zone 1 adaptive setting for DUTT scheme.

3.6.5 Sensitivity Analysis

The accuracy of the proposed scheme to maintain the overlapping at any operating
condition is tested for variation in h and & with constant source impedance and variation
of source impedance with constant h and &. Table 3.4 provides the accuracy of proposed
method for h and & variation where the source impedances are maintained as in Appendix
B.Ks and Kp for adaptive setting during operating condition are calculated with the
addition of Z,,, in (3.15). With conventional setting values of Ks and Kp are negative and
when settings are changed adaptively Ks and Kp becomes positive which signifies the
overlappings are maintained. Similarly with same h and & as in case I, source impedances
are varied at S and P buses and result is provided in Table 3.5. With adaptive setting,
positive values of Ks and Kp are obtained which ensures proper DUTT operation. The
calculated fault current used in adaptive setting incurs little error while computing h and &

from WAMs data and therefore 100% overlapping is not obtained.
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Table 3.4
Adaptive setting with h and 6 variation
System condition Power flow(MW) Conventional Adaptive
In Sections Setting Setting
Cases
| (51) (5§ TS TP K Ko K Ko
2 1.05 | 1.05 -15 -15 185 217 -40 -84 97.1 98.2
4 1.01 | 1.06 -20 -22 134 425 -55 -56 98.5 99.4
5 1.02 | 1.04 -15 -25 -89 325 -75 -47 97.5 98.9
Table 3.5
Adaptive setting with source impedance variation
Source Conventional Adaptive
Impedance setting Setting
Cases
Times of| Times of Ks Ko Ks Ko
ZlSS ZlSP
2 0.5 -25 | -107 | 98.8 | 97.8
2 3 0.33 -35 | -78.2 | 98.1 | 98.7
4 0.25 -60 | -57.7 | 98.4 | 98.7

The effect of variation of line length on proposed method is observed by varying the

lengths of TP and TS section at the same system condition and length for TR section as in

Case I. The first row in Table. 3.6 provide the line lengths as in Case I. Table 3.6 shows

overlapping changes with increase in line length for the same condition. Percentage of

overlapping is maintained with variations in section lengths by the proposed method. The

boundary conditions are studied for provided in Table 3.7 in terms of distance d pu. This

is valid for power flow in any directions.

Table 3.6
Effect of line length variation
Length of

section Conventional Adaptive

Case (km) Setting Setting
TS TP Ks Kp Ks Kp
1] 70 50 -67.2 -54.7 98.8 | 984
21 75 50 -56.46 -19.5 98.8 | 97.8
3| 85 50 -184.6 -10.4 98.1 | 98.7
4|70 55 -5.6 -28.2 98.4 | 98.7
5| 70 60 -3.4 -24.5 975 | 989
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Table 3.7
Variation of overlapping with line length

Line Length of Sections
Case (km) Overlapping
TP TS TR
1 d d 4d large
2 d d 7d zero
3 d 0.25d 4d zero

3.7 Comparative Assessment

While protecting three terminal line DUTT scheme has advantages over differential,

POTT and DCB schemes. The comparisons are enumerated below.

3.7.1 Comparison with Current Differential Scheme

Differential relaying using synchronized data has limitations during CT saturation.
Differential scheme applied to protect the three terminal line is tested for CT saturation
simulating a three phase fault beyond bus R in Fig. 3.1 (outside the three terminal line).
CT burden of 30 Q is selected. The charging current compensation is considered in the
differential setting [37]-[38]. The differential relay characteristic plotted in Fig. 3.10 (a)
shows, the scheme maloperation due to CT saturation during external fault. For the same
case the apparent impedance as seen by R relay is plotted in Fig. 3.10 (b), settles outside
the zone 1 characteristic. This signifies DUTT scheme is able to distinguish the fault

correctly.

el
o

Zone-1

N

=
ol

Operating Current (pu.)

Impedance
05 trajectory
0 . . . .
0 1 2 3 4 5 6 -50 0 50
Restraining Current (pu.) R(Q)
(a) Current differential characteristic (b) Rrelay for DUTT

Fig. 3.10. Response of differential and DUTT schemes for CT saturation during three phase
external fault.
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3.7.2 Comparison with POTT and DCB schemes

In an interconnected network R and P buses in Fig. 3.1 may be connected through another
path. In this case for fault near bus R on line between T to R current direction may be
reversed at P bus. A three phase fault is created at 0.1 pu distance from R bus.
Corresponding apparent impedance at P bus is plotted in Fig. 3.11 (a) where zone 2

characteristic for POTT scheme is also shown.

150 100
Zone-2 Zone-1
100 1
50
50 ~
a S
X 0 X 0
-50 50
00— ) o
50 0 50 100 -50 0 50
R(Q) R(Q?)
(a) P relay for POTT (b) R relay for DUTT

Fig. 3.11. Apparent impedance at P and R relays during three phase internal fault.

It is observed that the trajectory is well outside the characteristic. As the POTT
scheme rely on information from other end, this will cause maloperation of this scheme.
On the other hand R bus zone 1 element detect fault and send trip signal to other ends and
DUTT scheme will operate correctly for this condition as evident from the Fig. 3.10 (b).
The two demonstrations above clearly depict that DUTT is a superior method than
differential, POTT and DCB. Next limitation of DUTT will be studied followed by the

proposed scheme for 3-terminal line protection

3.8 Conclusions

Conventional DUTT scheme has limited performance in protecting unsymmetrical three
terminal line and at certain infeed current fault in a portion of a line remains undetected.
An adaptive DUTT scheme for three-terminal line protection is proposed considering
infeed current at different operating conditions. Prefault synchronized data at the three

terminals are applied to estimate the overlappings between the zone 1 elements. When
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these overlappings vanish, the settings are adapted in accordance with infeed condition to
ensure reliable operation of the DUTT scheme. In case the adaptive setting has violated
the reach of the relay, the adaptive settings are modified, where all three side relay
characteristic are modified. The scheme is tested for different operating conditions and
different types of faults. Comparison with the conventional DUTT, POTT and differential
scheme shows the proposed method has better performance. Test results show its high

accuracy.
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Chapter 4

Synchronized Data Based Adaptive Backup

Protection for Series Compensated Line

Apparent impedance seen by the relay is modulated when metal oxide varistor protected
series capacitor, is present in a fault loop. At times series compensation may be bypassed
due to maintenance purpose or by overvoltage protecting devices. The information on the
level of compensation is required for proper protection decision by distance relay if the
series capacitor is placed away from the relay. Synchronized data obtained at both ends
are applied to calculate the compensation level which is used to adapt the relay setting for
backup protection of adjacent line. The mutual coupling in the compensation portion is
also considered in the apparent impedance computation. The status of capacitor during
fault (bypassed or not) is obtained through impedance calculation during fault and the
relay setting is adapted accordingly. Using data simulated through EMTDC/PSCAD for a
series compensated line the technique is tested and found to be accurate.

4.1 Introduction

Recent regulatory development, increased electricity demand and restrictions on building
new transmission, has an important role in inclusion of series capacitor in long
transmission lines. However, series capacitor and MOV protecting it impose challenges to
line protection because of subsynchronous resonance, voltage-current inversions, non-
linear operation of MOV etc. [24]. Voltage inversion causes maloperation of

communication assisted and directional comparison protection schemes [61]. Similarly,
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Differential relays performance is compromised for current inversion [59] and CT
saturation cases. Failure of these unit protection schemes needs a backup protection and

distance relay provides it for long lines.

Distance relay protecting series compensated line suffers from overreaching
problem and may trip for a fault beyond zone 1 of the succeeding line. Co-ordination of
distance relays can only be achieved when zone 2 settings of the series compensated lines
are reduced in accordance with the compensation level [71]. Series capacitors have
overvoltage protecting devices like MOV and spark gap, which protects the capacitor
during fault. When capacitors are bypassed by its overvoltage protecting devices MOV,
spark gap and also for maintenance purpose, the line is treated as uncompensated. During
MOV operationthe apparent impedance is also modulated [61]. At these conditions
backup protection seeks accurate compensation level present in the line and impedance

offered by MOV to improve the relay performance.

In numerical relaying, it is possible to adapt the trip characteristic in accordance
with system condition [14]-[15]. In this chapter, an adaptive backup protection of
subsequent section of a series compensated line with capacitor placed away from the relay
bus is proposed. With the fault current through the capacitor exceeding its protective
level, the MOV operates. In the apparent impedance computation for the adaptive setting,
the coupling among the sequence networks [62] for the MOV-capacitor combination is
taken into account. For adaptive distance relay setting, information on compensation level
and operating condition are obtained from prefault synchronized data collected from both
the ends. The capacitor and MOV combination may be bypassed at times by the air-gap
arrangement when the fault persists for elongated period. The MOV operation is adjudged
by the fault current through the capacitor and during the MOV operation the impedance
offered by the capacitor and MOV combination is computed using the fault current. For
such a situation, synchronized data are used to estimate the status of the capacitor during
fault and the relay setting for zone 2/zone 3 is adapted accordingly. Proposed technique is
tested for a 400-kV series compensated transmission system. The results from the
simulation in EMTDC/PSCAD show high accuracy.
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4.2 Apparent Impedance Calculation for Series Compensated
Line

Series compensation may be available at the middle, at one or both ends of a line. A two

source system is considered for apparent impedance calculation as shown in Fig. 4.1. The

series compensation available at middle of line section MN is considered first. Zone 2 of

the distance relay located at bus M and in the similar way zone 3 can be studied. The

relation for prefault voltages of both sides can be written as,

E .
E_P = he¥ (4.1)
N

whereh is the voltage magnitude ratio and § is the phase angle difference between E,; and
Ep. While deriving the characteristics for zone 2 protection for the system the line
segment between the relay and capacitor will have similar characteristics to a normal line.
For capacitor portion, two issues arise during faults (i) without and (ii) with the operation
of MOV. The subsequent portion of the line beyond the capacitor and 50% of the adjacent
line section for zone 2 will have impedances similar to a normal line. For zone 2
protection the seen impedance for the relay at M is obtained by analyzing faults at

different points on line MN and 50% of the adjacent line section NP.

L 1~
TSI

Load =

Fig. 4.1. PMUs at the two buses in the series compensation

For the system in Fig. 4.1, consider ag-type fault at a distance ‘d’ pu away from
the capacitor. The sequence diagram for the case is shown in Fig. 4.2. The prefault
currents through impedancesZsyi,Zimi, X, Zuprand Zppy are Isy,im.Iie Ionand Ipp
respectively. Using the information on system condition calculated by (4.38),
(4.39),(4.1)and compensation level (-jXc) by (4.37), current I,y is calculated using

ABCD parameters approach as,
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I E'Dhe]6 4.2
sM=Ewm (g B (4.2)

where prefault ABCD parameters are mentioned in (4.3).

AR P | Pt | | PR | PR

[ch 1] k If[cpl 1] o ] [cpl 1] [0 a3

Oncelsy is calculated, Iy I Iy and I p are obtained using network parameters.
Considering positive sequence parameters, the prefault voltage at the fault point F is

obtained as,
Vae=Em — IsmZswmr — ItmZiwms — Iic(=jXo) — ILsZim (4.4)
For ag-type fault, fault current is calculated by
Var

Ip=Ipo=Ilpp=——— 4.5
F =l lr= 7 = (4.5)

VAVIVA >+( ZmoZpo )

h Zsum=2 (
WheTe SMTE\ZuitZe) T \Zno+Zro

Zw1, Zp1andZy, Zpoare equivalent positive and zero sequence impedances from F to M

and F to P side source respectively.
The sequence currents from O to F will be,

Tor1=Tor2=WiIr1 , Ioro=Wo Ik (4.6)
The distribution factors in (4.6) are defined as:

Z Z
__Zm | W, = PO
ZyvatZes Zpo +Zo

The sequence currents through Zy g4, Zroand Zygowill be,

Iir1 = — C1aVie+Duilor | (4.7)
I ro= — C1oVortDazlors | (4.8)
I'iro= — C1oVortDioloro (4.9)
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whereV 1¢,Vorand Vorare sequence voltages at the fault point. Corresponding ABCD

parameters can be expressed as:

Fole P | PR (@4.10)

Similarly Cjy,, D1y,Ci0and Digcan be obtained from the negative and zero sequence

networks. The sequence currents through capacitor using ABCD parameter approach are

given by,
Ia=— CaVietDalop 411
I = — CoV op+ Dol o2 (4.12)
Ieo = — CooVoet+ Dyoloro (4.13)
IV||M1 ILM1 Ic1 ||_|:1 TF " i\l P
— = — —
, » | Zm Z, | Zia Ziny Zipy .
sm1 sp1
[l 00y 0 Uy
Yo [] Yo Yent i Yep1
Iv2 2 e Ig TFIFZ i\l iJ
— — — 3R
> Ziz | Zn | Zir2 AT Zip; I I:I F
Wl 00 0,00 040, 00
Yem2 Yer2 Yenz L cP2
" IMO ILMO IcO ||_|:o T IFO N P
A 3 L
—— 11— I  —
» | Zimo | Z, | Ziro Zino Zipo I
Z Zspo[]
W00 000, 00,0 0l
t

Fig. 4. 2. Sequence diagram for ag -type fault after the series capacitor
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whereC,;, andD,;1can be expressed as,

221 giﬂ= [Y:H (1)] [(1) Zfl] [Yim (1)] (4.14)

Similarly from negative and zero sequence networks C,,D22,Cz0and Dy can be obtained.

The capacitor current will be,
I_C=I_LC+I_C1+I_CO+I_C2 (4-15)

I ¢ is the prefault current through the capacitor. If the ratio of fault current through

capacitor and protective level current I, =|II—°|, is more than the set value 0.98 the
pr

equivalent impedance of the MOV protected series capacitor is given by [65],

Zeq = Req—JXeq (4.16)

where
Req = Xc (0.0745 + 0.49e~0-2431m — 35 0 =50l — 0,6~ 141m) (4.17)
Xeq=Xc(0.1010 — 0.0057491, + 2.088¢~0-8566/m) (4.18)

The impedance matrix due to the MOV in the three phases is represented as:

Zeqa O 0
Zeqarc= | 0 Zegy O (4.19)
0 0 Zege

Due to the unsymmetrical nature of the impedance in three phases couplings between the
sequence networks are present. The symmetrical transformation of the equivalent

impedance becomes [132],

1 Zh Zml Zm2
Zeg 012= 3 Zm2  Zn ZIm (4.20)
Zml Zm2 Zh

where thé (Zeqa"' Zeqb"’ Zeqc); 1= g (Zeqa+ 0LZeqb"'OLZZeqc),

Zm2=§ (Zega+ aZZequr 0Zeqc) and a= e i2m/3)
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The sequence impedances considering the coupling between the series compensation
portion are obtained as Z,, Z,and Z, [130]. Where subscript p, n and z refer to positive,

negative and zero respectively.

I Ieo
Z = <Zh+ Zm1+ = Zm2> (4‘.2 1)
Icl Icl
Ie1 Ieo
Z Zh+ = Zm2 Zml (4‘.22)
IcZ IcZ
I Ic1
7= <Zh+ Zmot — zm) (4.23)
IcO IcO

Since the capacitor current and the equivalent impedance offered by MOV protected
capacitor are dependent; the current through the capacitor is solved iteratively using the
sequence impedances. The change in capacitor current AI¥ = 1¥— I1¥~1is checked for
the k™ iteration. If AI¥ in two consecutive iteration becomes negligible then the
equivalent impedance offered by the combination for sequence networks Z,, Z,and Z, are
obtained. If I,y is less than the predefined value 0.98 the MOV will not operate and the

equivalent impedance offered by the combination will be
Zp =Zn=1Z,=—-jXc

The sequence currents throughZy yq, Zpmzand Z; v can be now calculated as:

Itmi = — Ca1iVip + D31 lor (4.24)
Iimz = — C32Vor + D3z Ior2 (4.25)
Iimo=— Vor+ Do Loro (4.26)

whereCs; andDg;are provided in (4.27).

Az B31] 1 Zpwg [ 1 0] [1 H 0] 1 Zir1 [ 0]
= 4.27
[C31 C31 [0 1 ] Yem: 1110 Yer1 ] Yer1 ( )

Similarly Cs;,D35,C30and D3g are calculated by using negative and zero sequence line
parameters respectively. The sequence current through source impedance at bus Min Fig.
4.2 can be calculated as:
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Inm1=— Ca1V 1+ Dag Ioma (4.28)
Inz=— Ca2Var+ Dap IRz 4.29)
Ino=— CaoVor + Dag Ioro (4.30)

where C4; and Dgjare obtained from ABCD parameter in (4.31).

G S s SO e [ R S
Cs1 Cyy Yem1 Yem1 Yer1 0 YcFl

(4.31)
The current through relay during ag- type fault for A-phase can be obtained as
I = Ism + T + Iz + Inmo (4.32)

wherelsy is the prefault current mentioned in (4.2). The voltage at bus M with MOV

operation is obtained as

Vam=(InZiry + e (=X )HmZimn) H(2 Ly ZipH LroZLro +
TaZp+lZat 0Z; 21 m1 Zimat ivoZimo + 3Rel)  (4.33)

The seen impedance for line-to-ground fault can be calculated from relation,

VaM

yA =
PP Lm+Kolmo

(4.34)

where K,, is the zero sequence compensating factor [26], K, = ~% 2

, With Zyand Z4;, be

the zero and positive sequence impedances of the line respectlvely. The Ky value is
different for the fault beyond the capacitor and depends on the MOV operation. However
in the study we have used fixed value of K, for both setting and decision processes which

provides correct results and is addressed in [64].

Since shunt currents sequence network are negligible, apparent impedance can be

expressed as in (4.34).

+ 3R

Wherefl = leLKD+2B41W1 + B40W0 + ((Pz — P3YCM1)(—jXC) + PZZLMl)KT
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f2=P1K1 — 2C41ZmiW1 + 2W1Dyg1 + (1 + Ko) (—Ca0ZmoWo + WoDyg)

Zsum + 3R D he ¢
KT:[M]; PF[—— l,
Py

B B

P=P1 — [1 — PiZsmi]Yem1, Ps=P1 — PiZsmi — PaZiwi,

Py=P1 — P1Zsm1 — PoZiwva — P2 — PsYema, Ko=P2 - P3Yem1 — PaYema,

Ps=1 — P1Zsmi—PyZim1 — (P2 — P3Yem1) — jXc — (P2 — PaYemn — PaYemn )dZyy,

4.3 Problems with Distance Relay in the presence of Series

Compensation

Distance relay face overreach problem for a fault beyond the series compensation. To

demonstrate this, trip characteristic is obtained for variation in distance of fault from relay

location and up to 50% of the next line and fault resistance from 0 to 200 Q. The line is

60% compensated at the middle. The quadrilateral trip boundary plotted in Fig. 4.3is

shown for two different series compensation levels either with full operation of (60%) or

capacitor is bypassed (no compensation). It is to be noted that boundaries for the

compensated line for fault distance variation ‘d” at fixed R ( 0 or 200 Q), has an

excursion due to the presence of series compensation.

200

Capacitor bypassed
150t = — = 60% compensation
100

50 Fault impedance trajectory 1

-
——

X (Q)

0 50 100 150 200 250 30'0 350
R (©)

Fig. 4.3. Comparison of zone 2 trip boundaries with 60 % compensation at middle and
capacitor bypassed.
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Consider an example of a line-to-ground fault at F, in the system of Fig. 4.1 when
capacitor is bypassed. The fault impedance trajectory is shown in Fig. 4.3. It is evident
from the figure that fault trajectory finally settles inside the boundary which is set
considering capacitor is bypassed. Thus zone 2/zone 3 setting should be adapted in
accordance with status of the capacitor. This is accomplished by using synchronized data
obtained from both end relays with GPS facility.

4.4 Proposed Adaptive Backup Scheme

A 400 kV, 50 Hz series compensated power system as shown in Fig. 4.1 is considered.
For this case measurement units (distance relays with GPS facility) are considered to be
available at the two buses M and N. The buses are connected with a communication
system which may be available for any other purpose in the system. Adaptive zone 2 and
zone 3 setting of relay at bus M in the system is to be accomplished using power system
condition and the level of series compensation. The positive sequence phasor data at a rate
of 50 frames per second from the ends are processed at the relay end to obtain the
compensation level. The impedance between two buses M and N can be calculated as in
[115]:
_ ()’ -

Z NS = N7 436
MNTG T + Pl (4-36)

whereVy, Iyand Vy, Iy are positive sequence phasors at bus M and N for MN section
respectively. The series compensation X¢ present in the line is obtained from the imaginary
parts of the calculated impedance between bus M and N (Z;mn) and positive sequence
impedance of the line (Z1,).

Xc =Im(ZyL) - IM(Z1mn) (4.37)
Using bus N synchronized data, source Ep can be written as:

Ep:ApVN- BPI_Np (438)

whereAp and Bpare the ABCD parameters for the section between bus N and Pbus source.

Similarly E\is obtained from the measurements at bus M.

Em=Vm- Zsm1 Im (4.39)
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whereZgw; is the source impedance at bus M.

Once compensation level is known using (4.37), zone 2/zone3 setting are obtained
at bus M. Zone 2, being the primary protection for the line beyond zone 1, cannot detect
faults with a reduced reach when compensation is bypassed. Similarly zone-3 which
provides backup for the next line will also face problem. Such problems will be severe
when circuit breaker fails in the next line and fault is not detected by backup relay for
capacitor bypassed condition. As the delay in data transfer is less than the time setting of

zone-2 and zone-3, this method is feasible for zone-2 and zone-3.

The conduction of MOV is adjudged from the capacitor current level and
corresponding equivalent impedance of the combination is computed from the relations
(4.17)-(4.18). The equivalent impedance offered by MOV and capacitor combination is
calculated by iterative way which converges in maximum seven iterations and the extra
computation time is not an issue for setting zone 2/zone 3. On the other hand for a MOV-
capacitor combination bypassed condition, mutual coupling is not present and the

adaptive setting is obtained accordingly.

The series compensation present in the line is computed and the system operating
condition is calculated by using the voltage and current phasors obtained from the both
end busses. The flow diagram of the proposed algorithm for setting the relay characteristic

is shown in Fig. 4.4. The steps of this algorithm are as follows:
Step 1 : Synchronized data from both ends of the line are collected.
Step 2 : hand ¢ of the equivalent source are computed (4.1), (4.38) and (4.39).

Step 3 : Compensation level is computed in next step and the trip boundary
considering MOV operation is generated using (4.35).

Step 4 : During fault compensation level is checked and the characteristic is
adapted for compensation bypassed condition.
The MOV operation is adjudged by the fault current through the capacitor. There
are two different ways to implement the proposed scheme. One approach, being a
protection decision, adaptive distance relay should take the synchronized data as input and
the setting calculation are done in the relay. Otherwise, the system condition and level of
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compensation can be calculated outside the relay and the setting can be computed which
should be transferred to the distance relay for proper decision. The proposed scheme
requires a dedicated communication channel. If the data from other ends of the line is not

available the proposed scheme will revert back to the conventional scheme.

Acquiring bus voltages and current phasors from relays

¥
Estimation of h and ¢ using (4.1), (4.38) and (4.39)

v

Computation of compensation level using (4.37)

)

Trip boundary generation using (4.34) considering MOV
operation in impedance calculation

¥

Check the compensation level during fault using (4.35)
and reset the trip boundary if capacitor is bypassed

Relay decision

Fig. 4.4. Flow diagram for the proposed adaptive technique.

4.5 Results

The method proposed for adaptive setting of zone 2 is tested with a 3 bus system having
series capacitor at (i) middle of line RS as in Fig. 4.1 (ii) at the end of the line. The
compensation level is calculated by synchronized voltage and current from both ends of
line and the adaptive trip characteristic is obtained by using (4.34). One-cycle discrete
Fourier transform is used to compute the phasors from sampled data. At first the influence
of MOV operation in the trip boundary is studied. Numerous situations including
operation of MOV and series compensation at two different locations are considered for
adaptive setting during line-to-ground fault. Besides adaptive setting using prefault data,
results are also provided for zone 3 setting during fault by estimating capacitor status. In
all cases the source bus P in Fig. 4.1 is considered to be the reference and at 400 kV with

phase angle of 0°.
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45.1. Significance of MOV Operation in the Trip Boundary and
Corresponding Modeling

MOV operation depends on fault current. To observe the effects of MOV operation on
seen impedance, line-to-ground fault beyond the capacitor is simulated on system of Fig.
4. 1 by varying the fault distance d from the capacitor with negligible fault resistance.
Second and third columns of Table 4.1 provide actual impedance with and without MOV
operation. It is observed that MOV operation modulates seen impedance significantly and
therefore, to calculate trip boundary setting, operation of MOV should be taken into
account. In the proposed method MOV modeling is considered in the adaptive setting
calculation for the relay.

Table 4.1
Comeparison of Calculated Impedance with and Without MOV Operation
Actual Calculated
Fault Apparent Apparent Apparent Proposed apparent
distance impedance(Q) impedance(Q) impedance(Q) impedance(€2) with
(d) in without MOV with MOV without MOV MOV operation
p.u. operation operation operation
06 | 5.39+13.17 | 11+j26 5.3+13.07 9.9+j28.89
0.7 6.19+j18.11 10.6+j33.3 6.13+j18.01 11.03+j35.15
08 | 6.89+j22.58 | 10.9+j37.4 6.79+j22.51 11.52 +j40.93
0.9 7.56+j27.53 12.78+j42.66 7.52+j27.51 11.98 +j44.81
1 8.23+j33.05 14.02+j51.01 8.21+j33.01 13.1 +j53.77
1.1 8.76+j37.83 14.73+j59.57 8.71+j37.79 13.83+j62.14

Table 4.1 provides a comparative assessment of the proposed method to calculate the
apparent impedance during MOV operation. The fourth and fifth columns are for the
corresponding values calculated using the boundary settings with and without MOV
consideration. It is clearly understood from the results that proposed method has high
accuracy advantage over the earlier method. In the next section trip boundary setting is
accomplished by the proposed method for different operating conditions.

4.5.2. Inaccuracies in MOV Modeling

MOV modeling considered in the relay setting may be inaccurate as the characteristic
may be changing with time. To observe the inaccuracies in MOV modeling the
characteristic of the MOV are varied considering a 5% change in its different parameters.
The variation in calculated and actual apparent impedances is observed for a line-to-
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ground fault at 0.9 pu. fault distance from relay. From the Table 4.2, it is observed that the
percentage variations in reactance and resistance with the modified parameters are not

significant. Thus variation MOV parameters will not create any problem to the proposed

method.
Table 4.2
Variation in Resistance and Reactance Due to Inaccuracies in MOV Modeling
% variatio
n parameten Actual | Calculated % Actual |Calculated| %
R (Q) R (Q) change X (Q)| X (Q) |change
2 12.65 -1.09 44.7 2.4
-2 1225 | -4.22 43.4 17
5 12.79 13.01 1.72 42.66 44,95 55
-5 12.05 -5.7 41.21 -3.4

453. Boundary Setting for Line-to-ground Fault with 60 %
Compensation at the Middle

The technique is evaluated with a prefault system condition of h =1 and 6= 10° and the
trip boundary is generated for line- to-ground fault. The prefault synchronized data are
applied to calculate the compensation level and to estimate the system condition. It is
found that at this situation the compensation has Zc= -j47.86 Q (Table. 4.3), which
confirms the presence of full compensation (60%). Using this information in (4.34) the
trip boundary is generated and plotted in Fig. 4.5 (calculated curve). The accuracy of such
generated boundary is checked with trip boundary obtained through time-domain
simulation using EMTDC/PSCAD for line-to-ground faults with fault resistance varying
from 0 Q to 200 Q at different locations on the line. For each case, sampled voltage and
current data obtained from the simulation, are used to calculate the relay apparent
impedance and plotted in Fig. 4.5 (actual curve). From the plot, it is observed that the
actual curve closely matches with the boundary generated using (4.34). It confirms that
the trip characteristic is accurate for zone 2 setting at this operating condition.
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To see the advantage of the MOV modeling in boundary setting, a line-to-ground
fault at 0.9 pu. distance from the M bus in line MN is created and the fault impedance

trajectory is plotted in Fig. 4.5 which settles inside proposed boundary. This indicates trip

Synchronized data based adaptive backup protection for Series Compensated Line

Table. 4.3
Synchronized data with 60 % Compensation at middle with
h=1,0=10°
Bus Voltage Line Current Calculated
Relay (kV) (kA) Zo Q) h [o0)

Bus-M [ 229.06- j32.37 I [0.711+j0.125

- j47.86 | 1.0 | 9.83
Bus-N | 223.95-j54.63| 's | 0:67-10078 |

lsr| 0.458- j0.026

150 e Calculated (without MOV operation)
Calculated (with MOV operation)
+ Actual
LOO |

Fault impedance

— Lo trajecto
S 507 . / Jectory
>
ottt etk
501 . . . . .
0 50 100 150 200 250 300

R(Q)

Fig. 4.5 Trip boundary with 60% compensation at middle with h = 1, §=10°.

boundary setting is beneficial for proper protection decision.

45.4. Trip Boundary with Series Compensation Bypassed at the Middle
for a Different System Condition

Sometimes the capacitor may be bypassed due to the unbalance in capacitor banks or for
maintenance purpose. When the capacitor bank protective devices operate, it cannot be
reinserted to the system immediately. In each case it will lead to an uncompensated line

condition. A different example is simulated without series compensation in the line

the system in Fig. 4.1.
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Synchronized phasor data collected from the two ends are provided in Table. 4.4. The
calculated compensation level Zc=-j0.61Q (a low value) shows that the capacitor is
bypassed. Using this information the trip boundary is generated by (4.34) and plotted in
Fig. 4.6. The generated boundary is compared with the seen impedance obtained from the
simulation using EMTDC/PSCAD for line-to-ground faults at different locations varying
the fault resistance 0-200 Q. The results also show the strength of the method in providing

trip boundary correctly.

Table . 4.4
Synchronized data for Capacitor Bypassed with h =0.99, 6 = -5°
Bus Voltage Line Current Calculated
Relay (kV) (kA) Ze(@) | h | ()
Bus-M 210.11-j 90.9 Iw| 0.045+j0.179
- . 0.98
In | -0.126+j 0.011 | -jO. -5.
Bus-N 217.60-84.68 N ) 1061 17771 -5.06
Inp -0332+J0068

150
"""""" 60% compensation
Calculated (capacitor bypassed)
100 + Actual

X(Q)

50

-50
0

50 100 150 200
R(Q)

Fig. 4.6. Trip boundary with capacitor bypassed at middle with h = 0.99, 5 = -5°.

To see the advantage of the method a line-to-ground fault at 0.9 pu. from M bus in
line MN is simulated. The fault impedance trajectory is shown in Fig. 4.6. The fault
impedance trajectory remains outside the set boundary before the fault and inside the
adaptive boundary, this clearly shows that by adapting the trip boundary setting the

decision can be correct.
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455. Boundary Setting for line-to-ground fault with Compensation
bypassed during fault.
During a fault, the capacitor and MOV combination may be bypassed at times by the air-
gap arrangement when the fault persists for elongated period. The setting for zone-2 needs
to be changed during this condition. Synchrophasor data from both the ends of
transmission line are used to obtain the capacitor status correctly and setting can be
changed accordingly. To verify this, a system is simulated with the combination bypassed
during line-to ground fault. Synchronized phasor data collected from the two ends are
provided in Table. 4.5. The estimated compensation level Z.=-j0.98Q shows that the
capacitor is bypassed with the trip boundary generated by using (4.35) and plotted in Fig.
4.7. The generated boundary compared with the seen impedance obtained from the
simulation for line-to-ground faults at different locations varying the fault resistance

varying 0-200 Q. The figure shows the accuracy of the proposed method.

Table. 4.5
Synchronized data for Capacitor Bypassed withh =1, 6 = 10°
Bus Voltage Line Current Calculated
Relay (kV) (kA) Z:(Q)
Bus-M 227.94- j32.88 Iv| 0.387+j0.36 08
Bus-N 188.53-j58.19 In| 0.341-j0.54 Ehe
50t e Before fault
During Fault
+ Actual
100 7

50

X(©)

0

Fig. 4.7. Trip boundary with 60% series compensationbypassed during fault.
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A line-to-ground fault with 5Q fault resistance at d=1.05 is simulated at the same
system condition and seen impedance of the relay for this case is plotted on the Fig.
4.7.The inner curve corresponds to the characteristic 60% compensated situation. The
initial fault position point-1 is in the plot and then the seen impedance moves to point 2
finally. Thus the setting for zone 2 during different condition of system including series
compensation -MOV combination as shown in the figure is justified.

45.6. Zone 3 Boundary Setting for line-to-ground fault with series
compensation at the end of the line.

The capacitor in a system may be present at the end of section MN as shown in Fig. 4.8.
Zone 3 at M bus should be set considering the compensation level for accurate decision.
For fault closer to the capacitor, the combination may be bypassed for which zone 3
setting is to be modified. The method is evaluated for 60% compensation at the end of the

line.

Before fault, the zone 3 of M bus relay is set considering compensation level in the
section MN. The prefault synchronized data are applied to compute the compensation
level present in the line. Table 4.6 provides the prefault data for the system before the
fault from which compensation level and system condition is obtained. Using (4.37) level
of compensation estimated is found to be Zc=-j 46.17. The zone 3 trip boundary is
generated for line-to-ground type fault and plotted in Fig. 4.9(calculated). For this case
also apparent impedance boundary (actual) is obtained using PSCAD simulated data and
it is found that the two characteristic match closely. Similarly the synchronized data can be
applied for adaptive setting during fault.

MOV

b0
> ! I_l ﬂ |
Em v Ep
Load =

Fig. 4.8. Equivalent two-source system with series compensation at the end.
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Table . 4.6
Synchronized data for Capacitor at end of line with h =0.95, 6 = 20°
Bus Voltage Line Current | Calculated
Rela kv kA -

BusM | 219.74+)5.12| Iy |1.25+ j0.087
Iy | 1.21+j0.008 |-j46.17|0.949 20.0

Bus N |[226.22-j37.37

Calculated |
120 + Actual
100
g
>
0 50 100 150 200

R ()

Fig. 4.9. Trip boundary with 60% series compensation at the end.

45.7. Zone 3 Boundary Setting for Line-to-ground Fault with Series
Compensation Bypassed During Fault at the End of the Line.

The method is evaluated for 60% compensation bypassed during fault at the end of the
line. Before fault, the zone 3 of M bus relay is set considering compensation level in the
section MN.In the next case, a line-to-ground fault close to bus Nis simulated with a fault
resistance of 10 Q for a system condition of h=0.95 and 6= 20°. In the initial period of the
fault the capacitor was in the circuit and bypassed by the air-gap arrangement after 3
cycles of fault inception. Compensation level available in the line MN is monitored
continuously and obtained from positive sequence synchronized data. For this case it is,
Zc=-j0.97 Q (refer Table. 4.7) and trip boundary generated using this is plotted in Fig.
4.10.

To see the need of adaptive setting, the apparent impedance seen by the relay bus

M during this period iscomputed and plotted in Fig. 4.10. It is observed that fault
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impedance trajectory reaches to point 1 when series compensation was present in the line
and then settles at point 2 following bypassed condition when series compensation is
bypassed after 3 cycles(refer marked points in the figure). Out of the relay characteristic
plotted, the inside one is for 60% compensation level as set before the fault. The outer
relay characteristic corresponding to zero series compensation in the line. It is observed
that final fault impedance point at 2 in the trajectory is outside the prefault set
characteristic (with 60% compensation) but inside the adaptive setting which is obtained
by the scheme. This ensures the advantage of adaptive setting in relay decision.This

method can prevent overreaching of the relay and improve the dependability of the

system.
Table. 4.7.
Synchronized data series capacitor bypassed at end with
h =0.95, 0 = 20°
Relay Positive sequence | Positive sequence Calculated
Volt kv C t (KA
oltage (kV) urrent (kA) Ze(Q)

Bus M 214.35+j7.14 | ly| 0.342-j2.43 0.7

BusN | 12034072 | Iy| -0344-j254 | 1°
200 Before fault

During Fault
200 1
150 1
@ Fault impedance
=

100 teniantan ]

50 1

0 L
0 50 100 150 200 250
R (Q)

Fig. 4. 10. Trip boundary with compensation bypassed during fault at the end with h = 0.95, 6 =20°.
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4.5.8. Adaptive zone-2 setting for 60% series compensated line in modified
9-bus system.

1
Gen-1

Fig. 4. 11. PMUSs with the modified WSCC 9-bus system

Proposed adaptive setting for series compensated network is tested for the modified WSCC 9-bus
system as shown in Fig. 11. In the system, line segment between bus-7 and 8 possesses 60% series
compensation at the middle. Distance relay at bus-7 is to be adapted in accordance with system
condition. The system is first converted to equivalent two port network [130] by using network
information. The two equivalent voltage sources are converted to current sources and using delta-
star transformation the two port equivalent can be reduced to simple two source equivalent
network as in Fig. 4.1.The equivalent source impedances at bus 7 and 9 found to be 1.01+j1.991
Q and 1.02+j1.981 Q respectively. The synchronized measurements obtained from both ends of
the line connecting between busses are applied to compute the compensation level and the

equivalent source voltage.

Estimated compensation level is found to be Xc¢=-j48.2 Q (refer Table 4.8). This
reveals the presence of full compensation. Using this information and estimated voltage
magnitude ratio h , phase angle difference ¢ from two source equivalent network trip
boundary for line-to-ground fault is generated (estimated) and plotted in Fig. 4.12. The
characteristic is verified with the apparent impedance for ag-type fault simulated though
the EMTDC/PSCAD. The result shows the accuracy of the proposed approach for relay
setting.
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TABLE 4.8
Synchronized data for 60% Compensation in 9-Bus System
PMU| Bus Voltage Line Current Zigs Estimated
kV) (kA) Q) X (Q) HER

1 |232.57-j40.78 |lz | 0.528+j0.101
S 0.481-j0.110 |4.43j30.75 -j48.2 |1.02 |9.88

Ist | 0.265-j0.057

2 |230.16-j56.41

120

Estimated

100 + Actual

80

60

X (Q)

40

20%

'

I+

-20 : : : :
0 50 100 150 200 250

R (Q)
Fig. 12. Trip boundary with 60% compensation at middle of bus 7- 8 modified 9-bus system

4.6 Conclusion

Distance relays protecting series compensated line has limited performance if fault loop
includes the series capacitor. However series capacitor may be bypassed due to
maintenance purpose or by its protective devices during fault. Distance requires the
information on compensation present in the line for accurate operation. In this work
Synchronized data at both ends of the line are applied for adaptive zone 2/ zone 3 setting
for a series compensated line. Such an adaptive setting is obtained considering MOV
operation for apparent impedance derivation using prefault data. The status of capacitor
bypassed or not by the air-gap arrangement is confirmed using fault data and the settings
are adapted according to the presence of compensation level. The proposed method is
evaluated for 400 kV two source equivalent systems for series compensation at various
locations of the line and found to be accurate. As evident from the results for numerous
cases, the method provides accurate zone 2/zone 3 trip boundary setting for any position
of series compensation, level of compensation and operation of MOV protecting the series

capacitor.
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Chapter 5

Secured Zone 3 Protection during Load

Encroachment

Three phase fault and load encroachment are balanced phenomena.A load encroachment
function is incorporated in distance relay to improve security of protection scheme,
confuses with three phase fault during high reactive loading condition.Zone 3 malfunction
during such situation often causes cascade line tripping leading to wide area disturbance.
In this chapter, voltage phasors of selected buses from a wide area measurement system
(WAMs) are used to prevent zone 3 maloperationof a distance relaying scheme during
load encroachment. The change in magnitude and phase of bus voltages are used to
discriminate three phase fault from load encroachment. Performance of proposed method
is tested with New England 39 busand IEEE 118 bus system simulated in
EMTDC/PSCAD.

5.1 Introduction

Zone 3 of a stepped distance relay provides remote backup protection for adjacent lines.
Due its large reach risk of maloperation increases during heavy system loading condition.
At times, load impedance enters into zone 3 and the relay confuses with three phase fault
as both are balanced phenomenon and causes undesirable tripping. Investigations on
several large area disturbances reveals such maloperation is one of the major cause of

cascade tripping in power system [1]-[3].

Zone 3 maloperations can be prevented with certain modifations in the zone 3
characteristic. Modified characteristic like offset mho and lenticular are applied which

reduces the dependality of the relay. Load encroachment functions are applied to distance
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relay and are set with fixed power factor angle[25] and has limited performance during
severe reactive loading condition when the power factor angle varies more than the preset
value [86]. As the rate of change of impedance is different for three phase fault and load
enchrchment, blinders utilizes this criteria to discriminate heavy loading condition from
fault [84]. In literure several methods are proposed to support the zone 3 decision which
uses local volatge and current data to derive additional features during disturbance [86]-
[88].

Available methods using local information have limited capability in
discriminating load to three phase fault. Synchronized phasors, obtained from phasor
measurement units (PMUs) placed at specific locations provides wide area visibility. This
information can be applied to prevent zone 3 maloperation [101]-[105]. Numerous
methods using wide area measurement data are available in the literature to support the
zone 3 decisions [106]-[113]. In [112], sequences components at both ends of the line are
applied for series compensated to prevent the zone3 maloperation. However, it

requiresdata from all the busses of the system.

In this work, to assist zone 3 operation during load encroachment wide area
measurement based voltage data areused. During a disturbance, the ratio of change in
voltage magnitude and phase angle of selected buses iscomputed to discriminate load
encroachment from 3-phase fault thus supplementing zone 3 protection. New England 39
bus and IEEE 118 bus system are used to test the algorithm and results show high

accuracy.

5.2 ImpedanceTrajectory during Load Encroachment

The impedance seen by distance relay during a balanced condition can be expressed as,

VI2(P+j
op = VI*(P +jQ) 1)

P2 4+ Q?
Where V the bus voltage and P, Q are active and reactive powerflowing in the line
respectively. From the above relation it is noticed that the apparent impedance decreases
with increase in P or Q or both. During this, the apparent impedance locus may enter into

zone 3 area and cause maloperation.To prevent this, load encroachment function,
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incorporated in distance relay algorithmis based on power factor angleat maximum
loading of the line. NERC guidelines define extreme loading conditions as 150% of the
emergency current rating of the line with 85% of voltage and a load power factor angle of
30° [25]. However under stressed system condition and with high reactive loading, the
power factor angle may go beyond 30° [82] and the apparent impedance may enter zone 3
outside the set load encroachment area. During this period load encroachment function

will fail to prevent zone 3 maloperation [98]-[99].
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Fig. 5.1. New England 39 bus System.

To demonstrate such a case in New England 39 bus 50 Hz system shown in Fig.
5.1, the relay at bus 29 is selected to observe the effect of increased reactive loading. It is
tested for two load encroachment cases (i) normal and (ii) increased reactive loading
conditions where the voltage at buses falls to 0.85 pu. The first case, outage of line
connecting buses 29 and 28 due to an internal fault, results in the increased loading of line
connecting buses 29 and 26. During this period the impedance trajectory seen by the relay
at bus 29 for line connecting buses 29 and 26 is shown in curve-1 of Fig. 5.2. This
trajectory enters into the set zone 3 characteristic and also falls in load encroachment area.
With increased reactive loading at buses 28, 27 and 26 initially and for the same line
outage condition, the apparent impedance trajectory at bus 29 enters zone 3 but outside

the load encroachment area as observed from curve-2 in Fig. 5.2. Thus during severe

92



Chapter 5 Secured Zone 3 Protection during Load Encroachment using Synchrophasor Data

reactive loading condition the conventional load encroachment function applied to
supplementing zone 3 will be unable to prevent zone 3 maloperation. In this work,

synchronized voltage data obtained from PMUs are used to solve such an issue.

250
Zone-3
200
2
150
PEETN
100 ',.“._”.'.‘\\
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Fig. 5.2. Impedance trajectory at bus-29 for different loading conditions.

5.3 Proposed Sueprvised Scheme

The variation of voltage phasor at different buses of 39 bus New England system is
observed for load encroachment and three phase fault for different relays. From this it is
observed that voltage magnitude and phase angle variations are different for the two
situations. Proposed method utilizes variation of voltages at different buses available from
a wide area measurement systemto distinguish heavy loading from three phase fault.

5.3.1 Variation in Voltage Magnitude and Phase Angle during
Disturbances

In an interconnected network for a three phase fault, voltage drops at differentbuses

become significant whereasfor load increment the drop is within a limit. On the other

hand, to meet the power demand, voltage angle change is relatively high. To adjudge this

situation an equivalent source and load is considered with a line connecting them as

shown in Fig. 5.3.

S

R
=) Zl e
L
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Fig. 5.3. Single line diagram of two bus system.
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The voltage at relay bus S during normal loading condition can be expressed as,

_ _ 7
Vspre = Bs (1 - ) 5.2

where Zs = source impedance, Z, = impedance of the line, Z oap = load impedance and

Es= internal voltage of source. The phasor diagram for such a loading condition is

provided in Fig. 5.4(a).

Ie (b)
Fig. 5. 4 (a). Phasor diagram for change in voltage at bus S during load increment at bus R.(b)
Phasor diagram during three phase fault when voltage equal to 0.85 pu.

With increase in load, current increases from I, to I, and S-bus voltage drops toVs;, as
shown in Fig. 5.4(a). For such a situation with decreased Z, oap, from (5.2) Vspre will

have an angle deviation from S- bus voltage Vg;, and is denoted as ;.. It is noticed that
change in voltage magnitude is small as compared to phase change. On the other hand for

a three phase fault at the end of the line, voltage at bus S becomes

(5.3)

¥

Fig. 5.5. Phasor diagram for change in voltage at bus S for three phase fault.

As phase angles of Zs and Z_ are of similar order,from (5.3) it can be noticed that during

three phase fault the angle of Vgg is nearly equal to that of Es. Further the second term in
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right hand side of (5.3) is much smaller and angle of Vspre is also close to that of Eg. This
implies angle of both Vs,eand Vsg will be close to Es as observed from the Fig. 5.5.
However during fault the current lags nearly 90° and to satisfy the phasor relation in (5.3)
the change in voltage magnitude is significant from prefault voltage Vspre. From both the

cases it is observed that phase change of voltage for three phase fault is less compared to
load change and change in voltage magnitude during three phase fault is significant.

These two features change in magnitude of voltage and phase angle together can

be applied to discriminate three phase fault from load encroachment. A ratio, change in
magnitude to change in phase angle of voltage % is selected for this purpose. As

discussed, three phase fault results in a sudden change in voltage magnitude compared to
phase change, whereas it is being gradual for load change, the ratio will be high for three
phase fault and low for load change. To apply such a feature for this purpose, whenever
the apparent impedance enters into zone 3, the changes are computed with respect to
corresponding values 10 cycles earlier. Such a window length is considered for the

discrimination aszone 3 waits 50 cycles to take the decision.

During three phase fault at end of a line which is within the zone 3 reach of a

relay, the voltage magnitude deviate significantly at the adjacent buses than the zone 3
relay bus. In some cases, % computed using relay bus voltage will not be enough to

confirm athree phase fault. As zone 3 has highest reach, it covers all the lines connected to
adjacent bus. Therefore data from nearby buses would fetch more information. With the
introduction of wide area measurement system, synchronized data are available from

different buses of a power system and are being be utilized for the purpose.

5.3.2 Selection of PMU buses

Synchronized measurements from all buses of a system and associatedcommunication
system to collect data are not a cost effective proposition. To address this, PMUs are
placed strategically for the application. 39 bus New England system is considered to
explain the selection of PMU buses. In literature there are several approaches available to

minimize the placement of PMUs for a specific objective [118]-[121]. In order to apply
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proposed method PMUs are placed at buses which satisfy following criteria:

1) A PMU must be available to at least one end of a line, remote backup of which
needs to be assisted.

2) A non PMU bus must be connected by line to at least one PMU bus.
PMUs in a system are selected using following steps:

1) As the starting point, any generator bus can be selected.

2) Considering a zone 3 relay atthe selected bus,all lines within its reach are listed.

3) Remote ends of all the enlisted lines should be selected for PMU buses.

4) Considering zone 3 relays at those selected buses,new PMU buses are selected
considering above two steps and this continues until the placement criteria to assist
the backup protection for all lines is fulfilled.

for the 39 bus

The locations

(1,3,5,7,9,10,14,16,18,20,22,23,25,27,29,31).

measurement system are

5.3.3 PMU Group Selection for a Relay

For the purpose to assist the zone 3 decision the measurements from all the buses are not
required. Only information from nearby substations or from selected measurements is
sufficient. A PMU group is formed for a zone 3 relay considering the criterion; all PMUs
available within the zone 3 reach of relay including local PMU (if any) constitute the
required group for the relay. The number of PMUs in a group may vary and it depends on
the number of lines connected to that bus. PMU groups for 39 bus New England system is
provided in Table 5.1.

Table 5.1
PMU groups for 39 bus system
Group |Relays atbuses | PMUs inthe |Group Relays PMUs in the
No. to be assisted group No. at buses group
to be assisted
1 1,2,39 25,3,9,1 6 16,17,18 18,27,14,21,19,
3,16
2 3,4 25,18,14,5,3 7 18,17 3,18,27,16,5
3 5,6,11,10 7,511,39,14 8 19,21,22,23 23,19,14,21,16
4 78,9 5,9,10,7,1,3,14 9 25,26,27 3,1,27,29
5 14,15 16,21,19,18,5,1 10 28,29 25,27,29,18
4
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5.3.4 The Discrimination Function

During a disturbance to discriminate three phase fault and load encroachment an indexD
derived from a set of PMU data,

b (AV1t AVy, AVnt)
= max YR Ay

where, n= numberof phasor measurement unitsin a group from which measurement is

(5.4)

available and A6, = 0nt—0Ont1-02) »  AVat = Var—Va(ti-0.2)- Where t; is the time (s)
when the apparent impedance enters the zone 3 of arelay. Data 10 cycles before (50 Hz

system)are useful incase ofslow load increment and used in the calculation of AV and A#.

5.3.5 Threshold selection

The feature % is high for three phase fault compared to load change. A threshold is set

considering following points. A voltage drop for a three phase fault equivalent to the
maximum drop during load increase, let the voltage change at S bus has changed from
Vspre t0 Ve as in Fig. 5.4(b). With the angle of Zg being 90° (for lossless line), A6 can be

written as,

1z
A6 = tan~! (—S) (5.5)
Vsk

From the above relation, the lower limit of the feature for three phase fault is obtained.
Considering the prefault voltage as 1 pu. and voltage drop 0.15 pu. (maximum for load
change) the voltage phase angle is obtained as 0.204 (rad) and corresponding feature

value becomes 0.73 (pu./rad).

To study the feature, 39 bus New England system is simulated in
EMTDC/PSCAD with different system conditions for three phase fault and load change.
The change in voltage magnitude and angle during disturbance are obtained at relay bus

(whose zone 3 protection is to be assisted) and buses connected to the adjacent lines. The
values of ratio % for 300 cases each for three phase fault and load encroachment are

plotted in Fig. 5.6. While simulation of load encroachment cases maximum loading is
considered using NERC guide line [25]. Few cases are generated with high reactive

loading condition where the power factor angle is greater than 30°. From the figure it is
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observed that the maximumvalue of the ratio for the load encroachment case is 0.51
pu./rad and for three phase fault the minimum index value is 1.17 pu./rad. This provides a
way to discriminate three phase fault from load encroachment and a threshold of £&=0.7 is

selected (refer the approximate value obtained above).

N

AVIAQ (pu./rad)
N

o
o

50 100 150 200 250 300

(a) Three phase fault Case number

1

o
o

AV/AQ (pu./rad)

o
o

50 100 150 200 250 300

(b) Load encroachment Case number

Fig. 5.6. Ratio of change in voltage magnitude and voltage angle for three phase fault and
load encroachment.

5.3.6 Steps for Supervised Scheme
The algorithm for the proposed scheme is provided in Fig. 5. 7. The didfferent steps of the

algorithm are provided below
Step 1: First, apparent impedance is calculated by using relay voltage and current data.

Step 2:When apparent impedance enters inside the relay zone 3 characteristic,
sycnhrophasor volatge data from selected buses are collected and is used to

calculate the index D as in (5.4).

Step 3: If D remains greater than the threshold for 0.2 s(10 cycles), a three phase fault is
identified. In case of a fault, when local backup fails the supervisory decision is
helpful to accelerate the protection decision which can improve the system

reliability.

98



Chapter 5 Secured Zone 3 Protection during Load Encroachment using Synchrophasor Data

5.3.7 Communication Requirements and Latency Issues

The proposed method takes time in deriving the decision as it uses WAMS data. Delays in
availing synchrophasor data are due to phasor computation, communication delay,
computation time at PDC and decision transfer delay. The phasor computation delay is
around 75 ms [124]. Communication delay depends on the channel available and with
fiber optics the latency is 100ms [125]. With high speed processor the computation time is
of the order of 1 msec [126]. The derived decision has to be transmitted to a specific relay
and is within the range of 3-5 ms [127]. The total time required to derive the decision in

within 180 ms which is reasonable to for zone 3 [126].

¥
Acquire relay voltage and current

¥

Zapp Calculation

Is Zapp
inside
zone 3 ?

Acquire Synchronized voltage of selected buses

Calculate index D using (5.4)

¢ Yes l

Fault Load Enchroachment

Fig. 5.7. Flow diagram for proposed algorithm.

5.4 Results

To test the proposed method 39 bus New England and IEEE 118 bus systems are
simulated in EMTDC/PSCAD. Positive sequence voltage phasors are obtained by using
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one cycle DFT. The PMU data are collected at a rate of 50 frames per second for the 50
Hz systems.

5.4.1. Test for Load Encroachment Case with High Reactive Loading

In a system the variation of load is random. For reactive loading two cases arise (i) sudden
and (ii) slow increase in reactive loadings. Tests are carried out for the 39 bus system.
5.4.1.1 Sudden reactive load change

The line connecting buses 29 and 26 was heavily loaded. Zone 3 relay at bus 29 is
observed for this case. Reactive loading at buses 27, 26 and 28 are increased and the line
connecting buses 28 and 29 is tripped simultaneously due to an internal fault. This causes
increased loading on the line connecting buses 29 and 26. During this period voltage at
selected buses are provided in Fig. 5.8 (a) and (b) .The seen impedance at bus 29 enters
into zone 3 at 2.01s but remains outside the applied load encroachment function as

observed from Fig. 5.8 (c). The load encroachment function will fail to identify this

condition.
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Fig. 5.8. (a) Change in voltage magnitude at PMU buses(pu.) (b) Change in Voltage angle (rad)
(c) Impedance trajectory for the high reactive loading condition at bus 29. (d) Index D for zone 3
at bus 29 under high reactive loading in 39 bus system.
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For these cases measurements from buses 25,27, 29 and 18 are considered to compute the
index D as in (5.4). The index is plotted in Fig. 5.8 (d) which remains below the threshold
value for 0.2s and confirms a load encroachment. A block signal can be issued to the relay
at bus 29. This reveals that the index can prevent zone 3 maloperation even during high
reactive loading condition.

5.4.1.2 Slow Reactive Load Change

Sometimes the growth in load is slow. To simulate such a case the line connecting 29 and
28 trips due to a fault and then loads at buses 28, 26 and 27 are increased in 5 steps and
simultaneously the generation at bus 25 is decreased. Due to this the line connecting buses
29 and 26 gets overloaded and during this period voltage from buses are provided in Fig.
5.9 (a) and (b). The apparent impedance enters zone 3 relay at bus 29, at 2.02 s as seen
from Fig. 5.9 (c) which falls outside the load encroachment function. Thus, conventional

load encroachment function is not accurate to distinguish load from fault.
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Fig. 5. 9. (a) Change in voltage magnitude at PMU buses (pu.) (b) Change in Voltage angle (rad)
(c) Impedance trajectory for the relay at bus 29 during high reactive loading. (d) Index D under
slow load increment during high reactive loading in New England 39 bus system.

For the case the changes in voltage magnitude and voltage angle of buses 25,27,

29 and 18 are used to calculate the index D. The index is plotted in Fig. 5.9 (d) and
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observed that it is less than the threshold confirming the case as a load encroachment. A
signal can be sent to the relay at bus 29 to block the zone 3.

54.2 Test for Three Phase Fault during High Reactive Loading
Condition

To check the performance of the proposed method for a fault during high reactive loading
condition, at buses 27, 26 and 28 reactive loading is increased. Prefault power flow
direction remains same as in earlier case. Zone 3 relay at bus 29 is evaluated for a three
phase fault in line connecting buses 25 and 26. Change in voltage magnitude and phase
angle are plotted in Fig. 5.10 (a) and (b) respectively. Apparent impedance trajectory at
bus 29 is plotted in Fig. 5.10 (c) which enters zone 3 characteristic at 2.06s but outside the

load encroachment area. Thus available method will be able to correctly identify the fault.
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Fig. 5.10. (a) Change in voltage magnitude at PMU busses(pu.) (b) Change in Voltage angle (rad)
(c) Impedance trajectory for relay at bus 29. (d) Index D for three phase fault in New England 39
bus system during high reactive condition.

Data from buses 25,27, 29 and 18 are used to calculate the change in voltage

magnitude and voltage angle. For index D which is plotted in Fig. 5.10 (d). Trip signal is
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sent to the relay at bus 29. From the result it is evident proposed method also identifies
three phase fault correctly.

5.4.3 Test with IEEE 118 bus with Series Compensation

IEEE 118 bus system is used to test proposed method. PMUs are placed in the network
and enlisted in Appendix E. Zone 3 relay at bus 49 is considered to verify the algorithm
during load encroachment and three phase fault. To support the zone 3 relay at bus 49,

corresponding group comprises of PMUs at 49, 45, 54, 68, 75, 70 and 77.

Protection of series compensated line is challenging due to the series capacitor and
operation of metal oxide varistor and air-gap. The ratings and characteristic of MOV is
selected as provided in [117]. The accuracy of the proposed method is also tested for a
series compensated line. 60 percentage series compensation is provided in the line

connecting buses 69 and 75. The location of capacitor is at bus 69.
5.4.3.1 Load Encroachment Case:

In the presence of series compensation loads are increased at buses 75 and 72. The outage
of line connecting buses 49 and 66, when generation is decreased to 100 MW, the voltage
is collected from the selected busses and corresponding magnitude and phase angles are
plotted in Fig. 5.11 (a) and (b). The apparent impedance enters inside the zone 3 at 3.11 s
as shown in the Fig. 5.11 (c). The index D is calculated using the synchronized voltage
obtained from busses 49, 45, 54, 68, 75, 70 and 77 and plotted in the Fig. 5.11 (d). From
the figure it is observed that the index is below the threshold for 0.2s which ensures a load
encroachment case. A blocking signal can be issued to the zone 3 relay at bus 49

preventing relay maloperation.

5.4.3.2 Three phase fault case:

In the presence of series compensation during fault the voltage and current and voltage
waveforms are modified. The phasor based techniques will sffer from such modification.
Directional relay based scheme will suffer from current inversion cases. In such cases
backup protection provided by distance relay is better solution. To see the performance of
the proposed method for fault, a three phase fault is simulated in the series compensated
line connecting buses 69 and 75 at a distance of 5 km from bus 69. Magnitude of selected
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bus voltage and phase angle during this period is given in Fig. 5.12 (a) and (b). The
apparent impedance trajectory plotted in the Fig. 5.12 (a) which enters zone 3 at 3.02 s
shows that a correct decision will be derived by conventional method. The index D is
calculated during the fault and plotted in Fig. 5.12. (d). High values of the index confirms
a three phase fault. This implies the proposed has effect of presence of series
compensation in the line. However communication based directional comparison based
has limited performance during this period.
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Fig. 5.11. (a) Change in voltage magnitude at PMU buses(pu.) (b) Change in Voltage angle (rad)

(c) Impedance trajectory for relay at bus 49 during load increment. (d) Index D during load
increment in the presence series compensation in IEEE 118 bus system.

5.4.4 Comparative Assessment

The performance of the proposed method is compeared with other exting method besed
on wide area measurement data. Among which two cases are demonstrated below for
comparison with the method in [108].

5.4.4.1 Current Inversion case

As proposed method uses magnitude and angle of voltage only, it is not affected by
voltage or current inversion in the presence of the series compensation. The voltage at bus

69 and current through line 69-75 of 118 bus system during a three phase fault case in is
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provided in Table II. It is observed from the table that the change in current angle is not
significant at bus 69. The phase angle change to determine an internal fault must be 3.14
radian. The method in [108], which uses current phase angle of both ends of lines, will
maloperate due to current inversion. However the proposed method will operate correctly

as it depends only on voltage to derive the decision.
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Fig. 5.12. (a) Impedance trajectory for relay at bus 49 during three phase fault. (b) Index D for
three phase fault in the presence of series compensated in IEEE 118 bus system.

Table 5.2
Data for three phase fault in the line 69-75

. Change in current
BUS Bus Voltage | Line Current Angle(rad)
69 (pu) (pu)
Pre fault 0.920.263 0.420.52 0.07
During | 45,0.250 | 22,045 '
fault

5.4.4.2 Voltage and Line Parameters requirement

The three phase fault discussed in Case C for 118 bus system is considered with outage of

the line connecting 69-70. During this period the voltage measurements obtained from
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PMU buses reveal a fault situation as voltage deviation at bus 77 is significant. This
depicts that proposed method is not affected by changes in system condition. In [108]-
[113] data from both ends of the line are required in the decision process. In [114], the
method requires line parameters and system data, will face problem due to MOV
operation in the series compensated line. Load encroachment problem may not occur in
all lines. For lines of importance and where such issue may arise, synchronized voltage of
nearby selected buses will supplement protection decision and thus the method does not
require data from all busses of the system as in [115]-[118]. Thus realization of the

method is feasible.

5.5 Conclusions

Load encroachment during stressed system condition leads to maloperation of zone 3 at
times.Whenever zone 3 finds apparent impedance inside its characteristic, the ratios of
change in voltage magnitude to change in phase angle of different buses are used to derive
an index which can discriminate load encroachment from three phase fault. Proposed
method is tested for several system conditions like load increment and three phase fault
during high recative loading and low reactive loading. The scheme using WAMS volatge
performs correctly for all condition even during high reactive loading condition. The
scheme dose require current any branches of the system. Which helps in accurate
operation of the scheme even for series compensated line during current inversion. The
scheme adavantageous with resect to other schemes as it dosenot depend on information

regarding status of the circuit breakers.
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Chapter 6

Conclusions

6.1 Summary of the Work

Series compensated and multiterminal lines are being increasingly used in power systems
in order to meet the power demand and to exploit technical and economic benefits.
Available line protection schemes have limited performance for series compensated lines
as the compensation level changes with time and the MOV operation modulates the
current during the transient process. Infeed in three terminal line varies and imposes
problem to distance relay protecting such lines. Alpha plane method using ratio of both
end currents is a better scheme than differential relay. Such a scheme has limitation for

outfeed condition.

At times, local data based zone 3 relay fails to distinguish fault from load
encroachment during heavy loading conditions. This may lead to unwanted line tripping.
This thesis investigates on protection schemes for different power networks and proposes
adaptive schemes to derive improved performance. This chapter summarizes the salient
contributions of the thesis. For extending the work, some feasible future directions are

mentioned in subsequent section.

Using both end currents, alpha plane based approach is a powerful technique for
line protection. Such relaying principle using phase currents has limitation for high
resistance fault. An adaptive alpha plane method is proposed to overcome this. When the
ratio of fault currents lies in the conflicting region in the plane, two features; the phase
angle between the voltage and current and magnitude of change in current at both ends of

the line, are used to confirm an internal fault. The adaptive technique is tested for
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numerous situations including fault in series compensated line, high resistance fault,
single-pole operation and for communication channel delay. The results show the method
work correctly for numerous system conditions. It requires both end voltages data in
addition to current. In case the voltage data are not available for any reason at any instant
the method uses the conventional alpha plane method.

The performance of DUTT scheme for application to three terminal line depends
on the overlapping between the zone 1 elements. For such lines with asymmetrical
configuration maintaining overlapping is a challenge. At times a portion of the line
remains unprotected when the overlapping vanishes with increase in infeed. An adaptive
DUTT scheme is proposed for three-terminal line protection. Prefault synchronized data
at the three terminals are applied to estimate the overlappings of the zone 1 elements.
When any overlapping vanishes, zone 1 settings are adapted in accordance with the infeed
condition to ensure reliable operation of DUTT scheme. To ensure that the adaptive
setting does not overreach, all the three relay settings are adapted simultaneously. The
schemes requires synchronized voltage and current phasors from all three sides of the
system and settings are calculated in each cycle. The source impedance computed using
system condition information has adverse effect on the calculated overlapping. In case
other end data are not available the scheme will work similar to conventional one.

Series compensation present in the transmission line causes overreaching problem
to the distance relay. Nonlinear operation of MOV complicates the problem further.
Distance relay requires the information on compensation present in the line at an instant
for correct protection decision. Synchronized data are used for adaptive zone 2/ zone 3
setting for a series compensated line. The adaptive setting considers MOV operation by
calculating the corresponding current level, using prefault data. To estimate the status of
capacitor bypassed or not by the air-gap arrangement at an instant, fault data are used and
the relay setting is updated accordingly. As evident from the results for numerous cases,
the method provides accurate zone-2/zone-3 trip boundary settings for different levels of
compensation or operation of MOV protecting the series capacitor.

To meet the power demand with existing resources system are being operated
close to stability limit. At times the apparent impedance enters into the zone 3

characteristic and it is difficult to discriminate it from fault using local data. This causes
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maloperation of distance relay and may lead to cascaded tripping. Whenever apparent
impedance enters zone 3 in impedance plane the ratios of change in voltage magnitude to
change in phase angle from a group of busses are collected through WAMS and are used
to derive an index for protection decision. Distance relay algorithm with this index can
discriminate load encroachment from three phase fault and thereby improved protection
decision can be obtained. The method is tested on 10 machine New England and IEEE
118 bus systems with and without series compensation. The results depict proposed
method performs correctly for both slow and sudden changes in loading even under heavy
reactive demand condition. The method works accurately for series compensated line
even for current inversion and thereby the method is found to be advantageous over

existing wide area backup protection schemes.

6.2 Scope of Future Work

The thesis has proposed innovative algorithms to support network protection schemes and
to prevent zone 3 maloperation during load encroachment. Performances of remote end
data based techniques are studied for several conditions and methods are proposed to
improve the protection decision by alpha plane scheme and an adaptive setting for three
terminal line is proposed which is immune to stressed power system condition. The
performances of proposed algorithms are evaluated for different systems. The findings in
the thesis clearly indicate further research direction in the following interesting areas.

Wide area backup protection scheme needs volume of data for processing to
derive the decision. Handling lot of information is another area of research. Proposed
method can be investigated for data redundancy, noise and other uncertainties. The wide
area measurements can also be applied to develop system integrated protection scheme
(SIPS) for prevention of blackout or large scale disturbance.

The source impedance used in computation of overlapping in adaptive DUTT
scheme for three terminal line is considered as constant. Changes network configuration
may cause in change the source impedance. Wide area measurement data which records
the online changes can be applied to calculate impedance of equivalent sources.

The proposed adaptive method for series compensated line can also be tested for

flexible AC transmission system with devices like thyristor controlled series
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compensation (TCSC) and static synchronous compensator (STATCOM). The change in
the compensation level paves many challenges to the protection scheme. Reliable relay
operation requires accurate value of compensation level present in the line. However
system which includes FACTs devices face changes in line parameters and requires
computational techniques to estimate the accurate line parameter for correct protection
decision.

Power swing is a concern for grid protection. Zone-3 maloperation during power
swing is wide discussed problem. Conventional techniques which rely on rate of change
of any parameter have limitation in detecting stable and unstable power swing. WAMS
data can be applied to develop some technique to identify stable power swing and
improved the protection decision. Adaptive out of step protection scheme may be

developed using WAMS data which can improve the system stability.
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Appendix A

System Data for WSCC 3-Machine 9-Bus Power System
(Chapter 2)

Generators:

Gen-1: 600MVA, 22 kV, 50 Hz.

Gen-2: 465MVA, 22 kV, 50 Hz.

Gen-3: 310 MVA, 22 kV, 50 Hz.

X4=1.81p.u, Xq=03p.u, Xg =0.23p.u., Tgo =85, Tgo =0.03s, Xq=1.76 p.u., Xq =
0.25 p.u., Tg =0.03s., Ry = 0.003 p.u., X, (Potier reactance) = 0.15 p.u.

Transformers:

T1: 600MVA, 22/400 kV, 50 Hz, A/Y.

T2: 465MVA, 22/400 kV, 50 Hz, A/Y.

T3: 310MVA, 22/400 kV, 50 Hz, A/Y.

X =0.163 p.u., Xcore = 0.33 p.u., Reore = 0.0 p.u., Pcopper = 0.00177 p.u.

Transmission lines:

Length of line 7-8 = 320 km., line 8-9 = 400 km., line 7-5 = 310 km., line 5-4 = 350 km.,
line 6-4 = 350 km., line 6-9 = 300 km.

Positive-sequence impedance = 0.03293 + j 0.327 Q/km.

Zero-sequence impedance = 0.309 +j 1.297 Q/km.

Positive-sequence capacitive reactance = 280.1X10° Q.km.

Zero-sequence capacitive reactance = 461.2546X10° Q. km.

Loads:
Load A =300 +j 100 MVA, Load B =200 +j 75 MVA, Load C = 150 + j 75 MVA.



Appendix B

System Data for 400-kV Three Terminal Line
(Chapter 3)

400 kV, 50 Hz system data are provided below.

Source parameters: Z,3=0.55+j 7.98 Q , Zys=1.5+j 23.94 Q
Line parameters:

Line lengths between bus Sto T is 70 km, bus P and T is 50 km
Rand T is 300 km

7.1.=0.032+j 0.03184Q/km,

Z0.=0.2586+j 1.174Q/km

Shunt capacitance:

C;=0.01163 pF/ km,

C,=0.0076764 uF/ km

CT ratio=800:5,

PT ratio = 400 kV: 110 V

(1 and 0 refers to positive and zero sequence respectively)

Positive and negative sequence impedances are equal for all cases.
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Appendix C

System Data for Series Compensated Line
(Chapter 4)

400 kV, 50 Hz system data are provided below.

Source parameters:

Zsr1 = Zst1 =0.06979+j 1.99 Q

Zsro = Zs719=0.2093+j 5.99 Q

Line parameters:

Line length: R-S = 250 km, S-T=100 km,

7.1.,.=0.032+j 0.3184Q/km, Zo;, =0.2586+j 1.174Q/km

Shunt capacitance: C;=0.01163 uF/ km,C,=0.0076764 uF/ km
Load =50 MW, CT ratio=800:5, PT ratio = 400 kV: 110 V

1 and 0 refers to positive and zero sequence respectively.

Positive and negative sequence impedances are equal.
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Appendix D

System Data for Ten Machine 39-bus
New England Power System
(Chapter 5)

Generator:

Parameters for the two-axis model of the synchronous machines are shown in Table as

follows:
UnitNo.| H Ra| xd X'q xd xq | T'do| T'go| xI
1 500.0| O | 0.006 | 0.008 | 0.02 |0.019| 7.0 | 0.7 | 0.003
2 30.3 | 0 {0.0697 | 0.170 | 0.295 [0.282| 6.56| 1.5 | 0.035
3 35.8 | 0 |0.0531 {0.0876 |0.2495 [0.237| 5.7 | 1.5 | 0.0304
4 286 | 0 [0.0436 | 0.166 | 0.262 [0.258| 5.69| 1.5 | 0.0295
5 260 | 0 ]0.132 | 0.166 | 0.67 | 0.62 | 54 | 0.44| 0.054
6 348 | 0| 005 |0.0814 | 0.254 [0.241| 7.3 | 0.4 | 0.0224
7 26.4 | 0 | 0.049 | 0.186 | 0.295 [0.292| 5.66| 1.5 | 0.0322
8 243 | 0 | 0.057 |[0.0911 | 0.290 [0.280| 6.7 | 0.41| 0.028
9 345 | 0 | 0.057 |0.0587 |0.2106 [0.205| 4.79| 1.96| 0.0298
10 420 | 0 | 0.031 | 0.008 0.1 ]0.069| 10.2| 0.0 | 0.0125
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Generator and load data:

Bus Type Vfgﬁ?e MWLoadMVar MW Gi;f/r;torumt No.
1| PQ - 0.0 0.0 0.0 0.0
2 | PQ - 0.0 0.0 0.0 0.0
3| PQ - 3220 | 24 0.0 0.0
4| PQ - 500.0 | 184.0 | 0.0 0.0
5 PQ - 0.0 0.0 0.0 0.0
6 PQ - 0.0 0.0 0.0 0.0
7 PQ - 2338 | 840 | 00 0.0
8 | PQ - 5220 | 176.0 | 0.0 0.0
9  PQ - 0.0 0.0 0.0 0.0
10 PQ - 0.0 0.0 0.0 0.0
11| PQ - 0.0 0.0 0.0 0.0
12| PQ - 75 | 80 | 00 0.0
13| PQ - 0.0 0.0 0.0 0.0
14 PQ - 0.0 0.0 0.0 0.0
15 PQ - 3200 | 1530 | 0.0 0.0
16 | PQ - 3290 | 323 | 00 0.0
17 PQ - 0.0 0.0 0.0 0.0
18 PQ - 158.0 | 30.0 | 0.0 0.0
19| PQ - 0.0 0.0 0.0 0.0
20| PQ - 628.0 | 1030 | 0.0 0.0
21| PQ - 2740 | 1150 | 0.0 0.0
22| PQ - 0.0 0.0 0.0 0.0
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23| PQ - 247.5 84.6 0.0 0.0
24 | PQ - 308.6 | -92.0 0.0 0.0
25| PQ - 2240 | 472 0.0 0.0
26 | PQ - 139.0 17.0 0.0 0.0
27 | PQ - 281.0 75.5 0.0 0.0
28 | PQ - 206.0 27.6 0.0 0.0
29 | PQ - 283.5 26.9 0.0 0.0
30| PV | 1.0475 0.0 0.0 250.0 - Genl10
31| PV | 0.9820 9.2 4.6 - - Gen2
32| PV | 0.9831 0.0 0.0 650.0 - Gen3
33| PV | 0.9972 0.0 0.0 632.0 - Gen4
34| PV | 1.0123 0.0 0.0 508.0 - Gen5
35| PV | 1.0493 0.0 0.0 650.0 - Gen6
36| PV | 1.0635 0.0 0.0 560.0 - Gen7
37| PV | 1.0278 0.0 0.0 540.0 - Gen8
38| PV | 1.0265 0.0 0.0 830.0 - Gen9
39| PV | 1.0300 | 1104.0 | 250.0 | 1000.0 - Genl
Transmission lines and transformer tap:
All values shown are in per unit at 60Hz on a 100MVA base.
Line Data Transformer Tap
From | To .
Bus | Bus R X B Magnitude | Angle
1 2 0.0035 0.0411 0.6987 0.000 0.00
1 39 0.0010 0.0250 0.7500 0.000 0.00
2 3 0.0013 0.0151 0.2572 0.000 0.00
2 25 0.0070 0.0086 0.1460 0.000 0.00
3 4 0.0013 0.0213 0.2214 0.000 0.00
3 18 0.0011 0.0133 0.2138 0.000 0.00
4 5 0.0008 0.0128 0.1342 0.000 0.00
4 14 0.0008 0.0129 0.1382 0.000 0.00
5 6 0.0002 0.0026 0.0434 0.000 0.00
5 8 0.0008 0.0112 0.1476 0.000 0.00
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6 7 0.0006 0.0092 0.1130 0.000 0.00

6 11 0.0007 0.0082 0.1389 0.000 0.00

7 8 0.0004 0.0046 0.0780 0.000 0.00

8 9 0.0023 0.0363 0.3804 0.000 0.00

9 39 0.0010 0.0250 1.2000 0.000 0.00
10 11 0.0004 0.0043 0.0729 0.000 0.00
10 13 0.0004 0.0043 0.0729 0.000 0.00
13 14 0.0009 0.0101 0.1723 0.000 0.00
14 15 0.0018 0.0217 0.3660 0.000 0.00
15 16 0.0009 0.0094 0.1710 0.000 0.00
16 17 0.0007 0.0089 0.1342 0.000 0.00
16 19 0.0016 0.0195 0.3040 0.000 0.00
16 21 0.0008 0.0135 0.2548 0.000 0.00
16 24 0.0003 0.0059 0.0680 0.000 0.00
17 18 0.0007 0.0082 0.1319 0.000 0.00
17 27 0.0013 0.0173 0.3216 0.000 0.00
21 22 0.0008 0.0140 0.2565 0.000 0.00
22 23 0.0006 0.0096 0.1846 0.000 0.00
23 24 0.0022 0.0350 0.3610 0.000 0.00
25 26 0.0032 0.0323 0.5130 0.000 0.00
26 27 0.0014 0.0147 0.2396 0.000 0.00
26 28 0.0043 0.0474 0.7802 0.000 0.00
26 29 0.0057 0.0625 1.0290 0.000 0.00
28 29 0.0014 0.0151 0.2490 0.000 0.00
12 11 0.0016 0.0435 0.0000 1.006 0.00
12 13 0.0016 0.0435 0.0000 1.006 0.00

6 31 0.0000 0.0250 0.0000 1.070 0.00
10 32 0.0000 0.0200 0.0000 1.070 0.00
19 33 0.0007 0.0142 0.0000 1.070 0.00
20 34 0.0009 0.0180 0.0000 1.009 0.00
22 35 0.0000 0.0143 0.0000 1.025 0.00
23 36 0.0005 0.0272 0.0000 1.000 0.00
25 37 0.0006 0.0232 0.0000 1.025 0.00

2 30 0.0000 0.0181 0.0000 1.025 0.00
29 38 0.0008 0.0156 0.0000 1.025 0.00
19 20 0.0007 0.0138 0.0000 1.060 0.00
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Appendix E

IEEE 118-bus Single Line Diagram
(Chapter 5)

|

|
® =
- U

One—line Diagram of IEEE 118-bus Test System

IIT Power Group, 2003

Measurement buses for IEEE 118 bus System

1,5,7,9,12,11,15,17,19,21,23,26,27,29,30,32,36,37,41,

PMUs | 43,45,46,49,52,54,55,57,58,59,61,64,65,66,68,70,72,73,75,77

79,80,83,85,87,89,91,92,94,96,100,102,103,105,109,111,
112,114,
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Appendix F

IEEE 118-bus Power System Data

Generator and load data:

(Chapter 5)

Unit | Bus No. Unit Cost Coefficients Pmax Pmin
a b c (MW) (MW)
(MBt | (MBtu/ | (MBtu/MW?)
u) MW)
1 4 31.67 | 26.2438 0.069663 30 5
2 6 31.67 | 26.2438 0.069663 30 5
3 8 31.67 | 26.2438 0.069663 30 5
4 10 6.78 | 12.8875 0.010875 300 150
5 12 6.78 | 12.8875 0.010875 300 100
6 15 31.67 | 26.2438 0.069663 30 10
7 18 10.15 | 17.8200 0.012800 100 25
8 19 31.67 | 26.2438 0.069663 30 5
9 24 31.67 | 26.2438 0.069663 30 5
10 25 6.78 | 12.8875 0.010875 300 100
11 26 32.96 | 10.7600 0.003000 350 100
12 27 31.67 | 26.2438 0.069663 30 8
13 31 31.67 | 26.2438 0.069663 30 8
14 32 10.15 | 17.8200 0.012800 100 25
15 34 31.67 | 26.2438 0.069663 30 8
16 36 10.15 | 17.8200 0.012800 100 25
17 40 31.67 | 26.2438 0.069663 30 8
18 42 31.67 | 26.2438 0.069663 30 8
19 46 10.15 | 17.8200 0.012800 100 25
20 49 28 12.3299 0.002401 250 50
21 54 28 12.3299 0.002401 250 50
22 55 10.15 | 17.8200 0.012800 100 25
23 56 10.15 | 17.8200 0.012800 100 25
24 59 39 13.2900 0.004400 200 50
25 61 39 13.2900 0.004400 200 50
26 62 10.15 | 17.8200 0.012800 100 25
27 65 64.16 | 8.3391 0.010590 420 100
28 66 64.16 | 8.3391 0.010590 420 100
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29 69 6.78 | 12.8875 0.010875 300 80
30 70 74.33 | 15.4708 0.045923 80 30
31 72 31.67 | 26.2438 0.069663 30 10
32 73 31.67 | 26.2438 0.069663 30 5
33 74 17.95 | 37.6968 0.028302 20 5
34 76 10.15 | 17.8200 0.012800 100 25
35 77 10.15 | 17.8200 0.012800 100 25
36 80 6.78 | 12.8875 0.010875 300 150
37 82 10.15 | 17.8200 0.012800 100 25
38 85 31.67 | 26.2438 0.069663 30 10
39 87 32.96 | 10.7600 0.003000 300 100
40 89 6.78 | 12.8875 0.010875 200 50
41 90 17.95 | 37.6968 0.028302 20 8
42 91 58.81 | 22.9423 0.009774 50 20
43 92 6.78 | 12.8875 0.010875 300 100
44 99 6.78 | 12.8875 0.010875 300 100
45 100 6.78 | 12.8875 0.010875 300 100
46 103 17.95 | 37.6968 0.028302 20 8
47 104 10.15 | 17.8200 0.012800 100 25
48 105 10.15 | 17.8200 0.012800 100 25
49 107 17.95 | 37.6968 0.028302 20 8
50 110 58.81 | 22.9423 0.009774 50 25
51 111 10.15 | 17.8200 0.012800 100 25
52 112 10.15 | 17.8200 0.012800 100 25
53 113 10.15 | 17.8200 0.012800 100 25
54 116 58.81 | 22.9423 0.009774 50 25

Transmission lines and transformer tap:

All values shown are in per unit at 60Hz on a 100MVA base

Line | From | ToBus | Circu R (pu) X (pu) B (pu) Flow

No. Bus itID Limit

(MW)
1 1 2 1 0.0303 0.0999 0.0254 175
2 1 3 1 0.0129 0.0424 0.01082 175
3 4 5 1 0.00176 0.00798 0.0021 500
4 3 5 1 0.0241 0.108 0.0284 175
5 5 6 1 0.0119 0.054 0.01426 175
6 6 7 1 0.00459 0.0208 0.0055 175
7 8 9 1 0.00244 0.0305 1.162 500
8 8 5 1 0 0.0267 0 500
9 9 10 1 0.00258 0.0322 1.23 500
10 4 11 1 0.0209 0.0688 0.01748 175
11 5 11 1 0.0203 0.0682 0.01738 175
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12 11 12 1 0.00595 0.0196 0.00502 175
13 2 12 1 0.0187 0.0616 0.01572 175
14 3 12 1 0.0484 0.16 0.0406 175
15 7 12 1 0.00862 0.034 0.00874 175
16 11 13 1 0.02225 0.0731 0.01876 175
17 12 14 1 0.0215 0.0707 0.01816 175
18 13 15 1 0.0744 0.2444 0.06268 175
19 14 15 1 0.0595 0.195 0.0502 175
20 12 16 1 0.0212 0.0834 0.0214 175
21 15 17 1 0.0132 0.0437 0.0444 500
22 16 17 1 0.0454 0.1801 0.0466 175
23 17 18 1 0.0123 0.0505 0.01298 175
24 18 19 1 0.01119 0.0493 0.01142 175
25 19 20 1 0.0252 0.117 0.0298 175
26 15 19 1 0.012 0.0394 0.0101 175
27 20 21 1 0.0183 0.0849 0.0216 175
28 21 22 1 0.0209 0.097 0.0246 175
29 22 23 1 0.0342 0.159 0.0404 175
30 23 24 1 0.0135 0.0492 0.0498 175
31 23 25 1 0.0156 0.08 0.0864 500
32 26 25 1 0 0.0382 0 500
33 25 27 1 0.0318 0.163 0.1764 500
34 27 28 1 0.01913 0.0855 0.0216 175
35 28 29 1 0.0237 0.0943 0.0238 175
36 30 17 1 0 0.0388 0 500
37 8 30 1 0.00431 0.0504 0.514 175
38 26 30 1 0.00799 0.086 0.908 500
39 17 31 1 0.0474 0.1563 0.0399 175
40 29 31 1 0.0108 0.0331 0.0083 175
41 23 32 1 0.0317 0.1153 0.1173 140
42 31 32 1 0.0298 0.0985 0.0251 175
43 27 32 1 0.0229 0.0755 0.01926 175
44 15 33 1 0.038 0.1244 0.03194 175
45 19 34 1 0.0752 0.247 0.0632 175
46 35 36 1 0.00224 0.0102 0.00268 175
47 35 37 1 0.011 0.0497 0.01318 175
48 33 37 1 0.0415 0.142 0.0366 175
49 34 36 1 0.00871 0.0268 0.00568 175
50 34 37 1 0.00256 0.0094 0.00984 500
51 38 37 1 0 0.0375 0 500
52 37 39 1 0.0321 0.106 0.027 175
53 37 40 1 0.0593 0.168 0.042 175
54 30 38 1 0.00464 0.054 0.422 175
55 39 40 1 0.0184 0.0605 0.01552 175
56 40 41 1 0.0145 0.0487 0.01222 175

133




57 40 42 1 0.0555 0.183 0.0466 175
58 41 42 1 0.041 0.135 0.0344 175
59 43 44 1 0.0608 0.2454 0.06068 175
60 34 43 1 0.0413 0.1681 0.04226 175
61 44 45 1 0.0224 0.0901 0.0224 175
62 45 46 1 0.04 0.1356 0.0332 175
63 46 47 1 0.038 0.127 0.0316 175
64 46 48 1 0.0601 0.189 0.0472 175
65 47 49 1 0.0191 0.0625 0.01604 175
66 42 49 1 0.0715 0.323 0.086 175
67 42 49 2 0.0715 0.323 0.086 175
68 45 49 1 0.0684 0.186 0.0444 175
69 48 49 1 0.0179 0.0505 0.01258 175
70 49 50 1 0.0267 0.0752 0.01874 175
71 49 51 1 0.0486 0.137 0.0342 175
72 51 52 1 0.0203 0.0588 0.01396 175
73 52 53 1 0.0405 0.1635 0.04058 175
74 53 54 1 0.0263 0.122 0.031 175
75 49 54 1 0.073 0.289 0.0738 175
76 49 54 2 0.0869 0.291 0.073 175
77 54 55 1 0.0169 0.0707 0.0202 175
78 54 56 1 0.00275 0.00955 | 0.00732 175
79 55 56 1 0.00488 0.0151 0.00374 175
80 56 57 1 0.0343 0.0966 0.0242 175
81 50 57 1 0.0474 0.134 0.0332 175
82 56 58 1 0.0343 0.0966 0.0242 175
83 51 58 1 0.0255 0.0719 0.01788 175
84 54 59 1 0.0503 0.2293 0.0598 175
85 56 59 1 0.0825 0.251 0.0569 175
86 56 59 2 0.0803 0.239 0.0536 175
87 55 59 1 0.04739 0.2158 0.05646 175
88 59 60 1 0.0317 0.145 0.0376 175
89 59 61 1 0.0328 0.15 0.0388 175
90 60 61 1 0.00264 0.0135 0.01456 500
91 60 62 1 0.0123 0.0561 0.01468 175
92 61 62 1 0.00824 0.0376 0.0098 175
93 63 59 1 0 0.0386 0 500
94 63 64 1 0.00172 0.02 0.216 500
95 64 61 1 0 0.0268 0 500
96 38 65 1 0.00901 0.0986 1.046 500
97 64 65 1 0.00269 0.0302 0.38 500
98 49 66 1 0.018 0.0919 0.0248 500
99 49 66 2 0.018 0.0919 0.0248 500
100 62 66 1 0.0482 0.218 0.0578 175
101 62 67 1 0.0258 0.117 0.031 175
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102 65 66 1 0 0.037 0 500
103 66 67 1 0.0224 0.1015 0.02682 175
104 65 68 1 0.00138 0.016 0.638 500
105 47 69 1 0.0844 0.2778 0.07092 175
106 49 69 1 0.0985 0.324 0.0828 175
107 68 69 1 0 0.037 0 500
108 69 70 1 0.03 0.127 0.122 500
109 24 70 1 0.00221 0.4115 0.10198 175
110 70 71 1 0.00882 0.0355 0.00878 175
111 24 72 1 0.0488 0.196 0.0488 175
112 71 72 1 0.0446 0.18 0.04444 175
113 71 73 1 0.00866 0.0454 0.01178 175
114 70 74 1 0.0401 0.1323 0.03368 175
115 70 75 1 0.0428 0.141 0.036 175
116 69 75 1 0.0405 0.122 0.124 500
117 74 75 1 0.0123 0.0406 0.01034 175
118 76 77 1 0.0444 0.148 0.0368 175
119 69 77 1 0.0309 0.101 0.1038 175
120 75 77 1 0.0601 0.1999 0.04978 175
121 77 78 1 0.00376 0.0124 0.01264 175
122 78 79 1 0.00546 0.0244 0.00648 175
123 77 80 1 0.017 0.0485 0.0472 500
124 77 80 2 0.0294 0.105 0.0228 500
125 79 80 1 0.0156 0.0704 0.0187 175
126 68 81 1 0.00175 0.0202 0.808 500
127 81 80 1 0 0.037 0 500
128 77 82 1 0.0298 0.0853 0.08174 200
129 82 83 1 0.0112 0.03665 | 0.03796 200
130 83 84 1 0.0625 0.132 0.0258 175
131 83 85 1 0.043 0.148 0.0348 175
132 84 85 1 0.0302 0.0641 0.01234 175
133 85 86 1 0.035 0.123 0.0276 500
134 86 87 1 0.02828 0.2074 0.0445 500
135 85 88 1 0.02 0.102 0.0276 175
136 85 89 1 0.0239 0.173 0.047 175
137 88 89 1 0.0139 0.0712 0.01934 500
138 89 90 1 0.0518 0.188 0.0528 500
139 89 90 2 0.0238 0.0997 0.106 500
140 90 91 1 0.0254 0.0836 0.0214 175
141 89 92 1 0.0099 0.0505 0.0548 500
142 89 92 2 0.0393 0.1581 0.0414 500
143 91 92 1 0.0387 0.1272 0.03268 175
144 92 93 1 0.0258 0.0848 0.0218 175
145 92 94 1 0.0481 0.158 0.0406 175
146 93 94 1 0.0223 0.0732 0.01876 175
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147 94 95 1 0.0132 0.0434 0.0111 175
148 80 96 1 0.0356 0.182 0.0494 175
149 82 96 1 0.0162 0.053 0.0544 175
150 94 96 1 0.0269 0.0869 0.023 175
151 80 97 1 0.0183 0.0934 0.0254 175
152 80 98 1 0.0238 0.108 0.0286 175
153 80 99 1 0.0454 0.206 0.0546 200
154 92 100 1 0.0648 0.295 0.0472 175
155 94 100 1 0.0178 0.058 0.0604 175
156 95 96 1 0.0171 0.0547 0.01474 175
157 96 97 1 0.0173 0.0885 0.024 175
158 98 100 1 0.0397 0.179 0.0476 175
159 99 100 1 0.018 0.0813 0.0216 175
160 100 101 1 0.0277 0.1262 0.0328 175
161 92 102 1 0.0123 0.0559 0.01464 175
162 101 102 1 0.0246 0.112 0.0294 175
163 100 103 1 0.016 0.0525 0.0536 500
164 100 104 1 0.0451 0.204 0.0541 175
165 103 104 1 0.0466 0.1584 0.0407 175
166 103 105 1 0.0535 0.1625 0.0408 175
167 100 106 1 0.0605 0.229 0.062 175
168 104 105 1 0.00994 0.0378 0.00986 175
169 105 106 1 0.014 0.0547 0.01434 175
170 105 107 1 0.053 0.183 0.0472 175
171 105 108 1 0.0261 0.0703 0.01844 175
172 106 107 1 0.053 0.183 0.0472 175
173 108 109 1 0.0105 0.0288 0.0076 175
174 103 110 1 0.03906 0.1813 0.0461 175
175 109 110 1 0.0278 0.0762 0.0202 175
176 110 111 1 0.022 0.0755 0.02 175
177 110 112 1 0.0247 0.064 0.062 175
178 17 113 1 0.00913 0.0301 0.00768 175
179 32 113 1 0.0615 0.203 0.0518 500
180 32 114 1 0.0135 0.0612 0.01628 175
181 27 115 1 0.0164 0.0741 0.01972 175
182 114 115 1 0.0023 0.0104 0.00276 175
183 68 116 1 0.00034 0.00405 0.164 500
184 12 117 1 0.0329 0.14 0.0358 175
185 75 118 1 0.0145 0.0481 0.01198 175
186 76 118 1 0.0164 0.0544 0.01356 175
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