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Abstract

Proper protection coordination is one of the inherent requirements to run a distribution system
with highest reliability. It is known that most of the faults of power system occur in distribution
system. Therefore, if the protection schemes are not coordinated properly then many consumers
have to suffer unnecessary outages. For reliable operation of the distribution system, its primary
protection scheme must react to a fault as quickly as possible to isolate the faulty parts from the
healthy parts, but if primary protection fails only then its backup protection scheme should operate.
This condition is the most desired feature of any protection system as primary protection removes
only faulted part whereas the operation of the backup protection isolates a larger portion of the
system.

Commonly, directional overcurrent relays (DOCRs) are used for issuing the trip signal for
circuit breakers (CBs) to isolate the faulted section in distribution or sub-transmission networks.
In ring or multiple source power distribution networks, DOCRs are necessary. The operation of
DOCRs depends on its two parameters, namely time multiplier setting (TMS) and plug setting
(PS). The time gap between operations of primary protection and its corresponding backup pro-
tection, known as coordination time interval (CTI), can be achieved by optimum settings of TMS
and PS of all the DOCRs used and thus a proper protection coordination can be obtained. In gen-
eral, optimum settings of the relays are obtained by solving protection coordination problem as an
optimization problem where the objective is to minimize the sum of the operating times of all the
relays in their primary mode of operation while maintaining coordination constraints among all
relays.

In radial distribution systems, the feeders are protected by reclosers and fuses. Fuses are placed
at feeders which are at more remote position from substation. Whenever a transient fault occurs
in any feeder, the corresponding fuse does not melt because the recloser’s fast operation allows
the transient fault to self-clear. But, whenever a permanent fault occurs, the concerned fuse must
melt just before the last delay trip of the recloser in order to prevent the loads between the recloser
and the fuse from being interrupted. Therefore, there must be a proper coordination between the
operation of recloser and fuses. Moreover, the increasing penetration of distributed generation

(DG) in distribution systems has added more complexity to the protection coordination problems



(as presence of DG changes the magnitudes and directions of the short circuit currents in the
distribution system). Thus, an appropriately coordinated protection scheme (in absence of DG)

may not be able to perform its coordination function correctly, in the presence of DGs.

The protection coordination problem of DOCRs is formulated as either linear programming
(LP), nonlinear programming (NLP) or mixed-integer nonlinear programming (MINLP) problems
and various optimization techniques are applied to solve these problems. In LP formulation, the PS
of the relays are assumed to be known and the sum of operating times of the relays are expressed
as a linear function of the TMS of the relays. When both PS and TMS are to be determined si-
multaneously, the coordination problem becomes an NLP problem. Further, when it is necessary
to find discrete optimum values of PSs then this problem is termed as an MINLP one. Normally,
electromechanical/static relays need discrete values whereas numerical/digital relays need contin-
uous values of variables. Both analytical as well as meta-heuristic optimization algorithms have
been used for solving this problem. As this problem is very complex, meta-heuristic algorithms
have been preferred as they are independent of the nature of problem formulation and the types of
variables. Now, because of the availability of several meta-heuristic optimization methods for co-
ordination of DOCREs, it is a natural curiosity to find the most effective meta-heuristic optimization
method for practical implementation. Further, in the medium and large interconnected distribution
systems, it is necessary to minimize the operating times of primary and the corresponding backup
relays without any mis-coordination in reasonable time. To achieve these requirements, it is nec-
essary to develop a new formulation which also minimizes the operating times of backup relays
along with the operating times of primary relays without any constraint violation. Also, protection
coordination of DOCRs needs to be obtained which should be robust enough to protect the systems

under various system operating conditions such as (N-1) contingency.

Initially, a comparative study of different meta-heuristic optimization approaches, which had
been proposed in the literature for DOCRs, is presented. Towards this goal, five most effective
meta-heuristic optimization approaches such as genetic algorithm (GA), particle swarm optimiza-
tion (PSO), differential evolution (DE), harmony search (HS) and seeker optimization algorithm
(SOA) have been considered. The performances of these optimization methods have been inves-
tigated on several power system networks of different sizes. The comparative performances of

these methods have been studied by executing each method 100 times with the same initial con-

i



ditions and based on the obtained results, the best meta-heuristic optimization method for solving

the coordination problem of DOCRs is identified.

Subsequently, for minimizing the operating times of primary and backup relays simultaneously,
a new objective function (NOF) has been developed. In the proposed formulation, different types
of relays (electromechanical, static and numerical) with different characteristic curves (IDMT, VI
and EI) have been considered. As a result this problem becomes a MINLP one because of discrete
nature of PS values of electromechanical and static relays. Further, to solve this MINLP problem,
two interior point method (IPM) based algorithms have been developed. Both these algorithms are
two phase optimization techniques and are named as [IPM-BBM and IPM-IPM, respectively. In the
first phase of both the methodologies, IPM is used to obtain continuous values of TMSs and PSs of
DOCREs. In the second phase of IPM-BBM technique, branch and bound method (BBM) and in the
second phase of IPM-IPM technique, IPM is used to obtain final settings (continuous TMS values
and discrete PS values) of DOCRs. The effectiveness of the proposed solution methods and the
developed objective function has been investigated on three power system networks of different
sizes. The suitability of the proposed method for coordination of DOCRs in meshed networks
has been established by comparing its performance with that obtained by GA, DE and two hybrid
algorithms (IPM with GA and DE) for the developed objective function. Also, the superiority of
the developed objective function has been established by comparing the protection coordination
results obtained by using NOF with those obtained by the other objective functions reported in the

literature.

Further, a contingency constrained robust protection coordination scheme of DOCRs is dis-
cussed. The robust protection coordination scheme provides single settings of DOCRs which will
be valid for the credible (N-1) topologies created after outage of any element. For selecting the
feasible contingencies, a composite security index (CSI) has been used. The robust protection
coordination scheme has been posed as an optimization problem and solved using an IPM based
algorithm. The feasibility of the proposed formulation and solution algorithm has been demon-

strated on three power system networks of different sizes.

For the protection of radial distribution networks, an optimum recloser-fuse coordination scheme
is proposed in the presence of DGs. The proposed approach formulates optimum recloser-fuse co-

ordination problem as an optimization problem and applies IPM based algorithm to solve this
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optimization problem for obtaining the optimum recloser and fuse settings. The proposed scheme
gives a single set of settings of the reclosers and fuses which is robust enough to coordinate the op-
erations of the reclosers and fuses properly with and without the presence of single/multiple DGs
in the system. The proposed approach has been tested on two radial distribution systems for three
different scenarios: i) no DG in the system, ii) a single DG in the system and ii1) multiple DGs in
the system. The test results prove the robustness and effectiveness of the presented scheme.
Finally, an optimum recloser-fuse coordination in reconfigurable radial distribution systems in
the presence of DGs is proposed. In the proposed scheme, the problem of recloser-fuse coordina-
tion in reconfigurable radial distribution networks has been formulated as an optimization problem.
The formulated recloser-fuse coordination problem has been solved using IPM based algorithm. In
order to obtain all possible reconfigurable radial networks, a new graph theory based approach has
been developed. The proposed approach has been applied to obtain optimum recloser-fuse settings
for two radial distribution systems in the presence of DG. Further, to test the effectiveness of the
proposed approach, cases of mis-coordination have been analyzed in all feasible configurations of
the radial systems in the presence of DGs at single and multiple locations. The test results prove

the effectiveness of the presented scheme.
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Chapter 1

Introduction

Abstract

In this chapter, detailed introduction of the thesis is presented. Proper coordination is one of the
most inherent requirements to run any distribution system with highest reliability. An economic
and effective protection scheme for meshed or multi-sourced power systems requires directional
overcurrent relays (DOCRs). In radial distribution systems, the feeders are protected by means of

reclosers and fuses.

1.1 Overview

properly coordinated protection scheme is one of the inherent requirements to operate a
A power system with highest reliability. A good protection scheme removes only the smallest
possible portion of the system whenever a fault occurs, so as to maintain supply to the rest of the
healthy system unaffected by the fault. Each equipment of a power system is protected with two
lines of defence, which are known as primary protection and backup protection. For reliable op-
eration of the system, primary protection must react to a fault as quickly as possible to isolate the
faulty parts from the healthy parts, but if primary protection fails to operate, the backup protection
should operate. This condition is the most desired feature of any protection scheme as primary pro-
tection removes only faulted part whereas, whenever backup protection operates, a larger portion
of the system has to suffer from outage unnecessarily. For ensuring that only the faulted portion
of the network is disconnected thereby reducing the possibility of unwanted power outage, proper
co-ordination among the protective devices is necessary [|1-6]].

For designing an economic protection system, directional overcurrent relays (DOCRs) are used
for primary protection of meshed or multi-sourced sub-transmission and distribution systems as
well as for secondary protection of transmission systems [7-10]. A proper coordination among
DOCRs is necessary to reduce the possibility of unwanted outages and thus improve the system

reliability by ensuring that only a faulted portion of the network is disconnected from the healthy



system. Essentially, through coordination, the proper time multiplier setting (TMS) and plug set-
ting (PS) of the relays are determined such that any fault is cleared by the corresponding primary
relay as soon as possible. Further, both these settings of any relay should also be properly coordi-
nated with the relays protecting the adjacent equipments which, in turn, makes the co-ordination
problem quite complex [[11}/12]. In addition, the complexity of the problem is dependent on the
type of the DOCRs (electromechanical, static or numerical/digital). In numerical relays, both TMS
and PS can take continuous values whereas in other relays (electromechanical and static) TMS can
take continuous values and PS can take only discrete values. This further increases the complexity
of the problem. Moreover, these relays may follow different characteristic curves such as inverse
definite minimum time (IDMT), very inverse (VIN) or extremely inverse (EIN) making the selec-
tion of TMS and PS very difficult. It is to be noted that the directions of the DOCRs are always

fixed and are considered to be towards the line being protected.

In radial distribution systems, the feeders are protected by means of reclosers and fuses. Fuses
are placed at laterals which are at a more remote position from the substation. Whenever a tem-
porary fault occurs in any feeder, the corresponding fuse does not melt because the fast operation
of recloser allows the temporary fault to self-clear. But, whenever a permanent fault occurs, the
concerned fuse must melt just before the final trip operation of the recloser in order to prevent the
loads between the recloser and the fuse from being interrupted. So, a recloser must have at least
two operating times and characteristic curves. The proper operating times of recloser are obtained
by fixing the proper values of its time dial settings (TDSs). The required operating times of fuses

are obtained by selecting the fuses with suitable values of fuse constants.

Through coordination of recloser-fuse, the proper values of TDSs for the recloser and the
proper values of fuse constants are obtained. Poor coordination causes momentary voltage in-
terruption and voltage sag which ultimately determine the overall power quality of the system.
Therefore, there must be a proper coordination between the recloser and fuses [13-15]]. More-
over, integration of distributed generators (DGs) makes the protection coordination more complex.
Now, in radial distribution systems, the flow of currents is unidirectional whereas in the presence
of DGs into the system, the flow of currents no longer remains unidirectional. Further, integration
of DGs at multiple locations can completely alter the flow of currents in the feeder sections during

the fault. As a result, there are always chances of miscoordination in the operation of recloser and

2



fuses in the presence of DGs [16}/17].
Any protective device is required to satisfy four basic functional characteristics which are as

follows:
e reliability
e selectivity
e speed
e sensitivity

The reliability of a protective device implies that the device should operate when it is required
otherwise it should remain idle. The selectivity of a protective device is its ability to isolate the
faulty part of the system from the healthy part of the system. Selectivity is achieved in two ways:
(a) unit system of protection (section selectivity is achieved on the basis of comparison of electrical
quantities at each end of the protected section) and (b) non-unit system of protection (selectivity
is obtained on the basis of measurement of electrical quantities at one end of the protected section
by the measuring relays and, in some cases, on the exchange of logic signals between the ends).
A protective device should neither be too slow (which may result in damage to the equipment),
nor it should be too fast (which may result in undesirable operation during transient conditions).
A protective device should be sufficiently sensitive so that it can operate reliably to detect smallest
values of fault current or system abnormalities and operate correctly at its pre-set settings. It is

normally expressed in terms of minimum volt-amperes required for the operation of the relay [18].
1.2 Literature review

To achieve the most effective protection scheme with DOCRs in medium and large interconnected
system, the protection coordination problem should be formulated such that the operating times of
primary as well as the backup relays are minimized. Further, an appropriate solution procedure
should also be developed such that the formulated protection coordination problem is solved in a
reasonably short time without any constraint violation. Moreover, in radial distribution system, to
achieve the most effective protection scheme with recloser and fuses, the protection coordination
should follow the proper operating sequences of recloser and fuses. Next two subsections discuss

the prior works available in the literature for addressing the above mentioned issues.



1.2.1 Coordination of directional overcurrent relays coordination

The most important objective in the selection of the settings of relay is to obtain the minimum
possible operating times while maintaining coordination among all relays. In the last few decades,
several methods have been proposed to achieve the above objective. Commonly, these methods are

classified as 1) topological approach and 2) optimization approach.

Topology based approach includes application of linear graph theory and loop breaking ap-
proach in multiple loop networks [[19-25]]. In [20], a study of minimum break point set (MBPS)
for all primary and backup relay pairs has been conducted for all simple loops in both directions
considering linear graph theory. In [22], a study of optimum break point set (OBPS) for relay pairs
has been conducted using integer linear programming. In [24], a graphical procedure has been
discussed for selecting the settings of relays whereas in [25] an effort has been made to reduce

miscoordination by identifying MBPS by applying expert system.

On the other hand, the optimization based approach formulates the protection coordination
problem as 1) linear/nonlinear programming (LP/NLP) and i1) Mixed-Integer linear/nonlinear pro-
gramming (MILP/MINLP) problem which in turn, are solved using suitable optimization ap-
proaches. The operating time of a relay depends on two adjustable variables which are TMS
and PS as discussed above. It is to be noted that the operating time of a relay is linearly dependent
on TMS whereas nonlinearly dependent on PS. As PS is dependent on the maximum load current
and minimum fault current so sometimes PS values are fixed to make the optimization problem
simple. As a result, the operating time of the relay in such situation only depends on the value of
TMS. Therefore, the optimum coordination problem of DOCRs in such cases can be formulated as
an LP problem [26], whereas when PS is also considered as a variable then the coordination prob-
lem can be formulated as an NLP problem. Now, depending on the type of variables (continuous
or discrete) these problems are termed as MILP or MINLP problem [27]. If TMS is considered
as a discrete variable in LP problem then it is termed as MILP problem whereas if TMS or PS is
considered as a discrete variable in NLP problem then it is termed as MINLP problem. The nature
of TMS or PS (discrete or continuous) depends on the type of the relay. Normally, electromechan-
ical/static relays need discrete values whereas numerical/digital relays need continuous values of

variables.



In [28,29], Simplex and Dual-Simplex methods have been adopted to solve relay coordination
problems formulated as LP problems. Sequential quadratic programming based algorithms have
been used in [30-33] for solving coordination problem of DOCRs formulated as an NLP problem.
In [34], the relay coordination problem has been formulated as an MINLP problem which is solved
using General Algebraic Modeling System (GAMS) software. Apart from classical optimization
techniques, various metaheuristic optimization techniques have also emerged as promising tools
for finding the optimal settings of the DOCRs [35H52]], in which the problem was formulated as an
NLP/MINLP problem. The application of these algorithms has been demonstrated on several small
to medium sized systems in all these works. However, it is well known that, these evolutionary
algorithms too suffer from getting trapped into local minima and as a result, these algorithms need
to be run repeatedly by varying the parameters before selecting the statistically most important
result. Consequently, some significant amount of time is required before the final settings of the

relays are obtained by the heuristic optimization based approaches.

Moreover, in medium and large interconnected networks it is very difficult to satisfy all the
DOCR coordination constraints as observed in [53-55]. Consequently, the protection coordination
problems have been reformulated as unconstrained optimization problem by using penalty function
approach for handling constraint violations. Such formulations have been solved using genetic
algorithm [53,/54] and MBPS [55]. However, several violations of coordination constraints have

been observed in these works.

In all the above works, a fixed topology of the network has been assumed. In practice, the
system may be operated in different topologies due to outages of the transmission lines, transform-
ers, and generating units. Under such situations the changes in the network topology may lead
to miscoordination of DOCRs [56-58]. In [57], the coordination problem considering multiple
network topologies has been formulated as an MILP problem and solved using a hybrid method
based on LP and genetic algorithm (GA). However, the involvement of GA increases the compu-
tational time. In [58], interval linear programming (ILP) has been used to solve the coordination
problem considering multiple network topologies where the problem has been formulated as an LP
problem. However, as the actual coordination problem of DOCRs is an NLP/MINLP one, both the

above methods involve a significant level of approximations.
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1.2.2 Recloser-fuse coordination

Proper protection coordination is one of the inherent requirements to operate a distribution system
with the highest reliability. Since most of the faults in a power system occur in the distribution
system, a sizeable number of consumers will have to suffer unnecessary outages if the protection

schemes are not coordinated properly.

Recloser-fuse coordination in radial distribution networks has been widely studied in the lit-
erature without considering the presence of any DG [59-63]]. In such radial distribution systems,
proper coordination can be guaranteed without any miscoordination as the flow of currents remain
unidirectional even during the fault. However, the recloser-fuse coordination in the presence of
DGs is not a simple task to achieve without any miscoordination. Several studies have been re-
ported in the literature to address the coordination problem of recloser and fuses in the presence of

DGs.

In [64], an adaptive protection coordination scheme for recloser and fuses has been studied
for radial distribution systems in the presence of high penetration of DGs. In this scheme, the
whole network in divided into few zones separated by the remotely controlled circuit breaker.
In [65], an adaptive relaying strategy for recloser-fuse coordination by changing recloser settings
has been proposed. The adaptive scheme modifies both time delay and instantaneous overcurrent
(51 and 50) elements of the recloser dynamically as and when the location and output power of the
DG change. However, in these studies, remotely controlled and communication enabled breakers
and reclosers are required. In [[66], a method to obtain maximum DG injection without affecting
recloser-fuse coordination in radial distribution system has been developed. In [67], two comple-
mentary solutions have been presented which aim to maintain the recloser-fuse coordination by a)
changing DG location and injection level and b) changing fuse and recloser characteristic curves.
This approach provides improved coordination by reducing the number of cases of recloser-fuse
miscoordination. In [68], a new control strategy for preventing recloser-fuse miscoordination in
distribution systems with inverter based DG (IBDG) has been proposed. It is to be noted that to
obtain recloser and fuses coordination in all these studies, initially, time dial settings (TDS) for
recloser fast and slow modes of operations have been selected and subsequently, with the help of

recloser time-current characteristics of the recloser, the characteristics of the fuses have been ob-
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tained. Further, in all these studies, it is not possible to achieve absolute coordination with a fixed

characteristics of recloser and fuses under various operating conditions of DGs. [69]]

In modern radial distribution systems, reconfiguration of the network is an effective method for
reducing losses, mitigating operational constraint violations, and improving system performance.
By changing the status of tie and sectionalizing switches, a radial configuration can be attained
to satisfy the operational requirements [[70]. However, the change in network topology adversely
affects recloser-fuse coordination and may compromise the system. In [[71]], feeder reconfiguration
considering protective device (recloser and fuses) coordination has been discussed. In order to
ensure that the protective devices remain properly coordinated during feeder reconfiguration, the
locations of the fuses in the distribution system under study are determined by using a heuristic
algorithm. A set of switchable regions within which switch operations are allowed for feeder
reconfiguration has been identified. Once the locations of the switches and the switchable regions
are determined, the feeders can be reconfigured in real-time distribution system operation with
all protective devices properly coordinated by changing the open/closed states of the switches in
the switchable regions. However, this study is limited to small or medium size reconfigurable
distribution systems. In [[72]], similar studies have been performed to obtain reconfiguration of
radial distribution systems without affecting recloser-fuse coordination. In this study, GA has
been used to obtain the new configuration of the system (for achieving minimum active power
loss and voltage deviation) while maintaining proper coordination among the protective devices.
The proposed method has been validated on IEEE 33-bus, 69-bus and 119-bus distribution test
systems. In both the above two studies, main focus was to obtain optimum configuration of the
system without affecting recloser-fuse coordination adversely. Also, the impact of DG penetrations

has not been considered in these works.

In [73]], a new protection scheme involving recloser and fuses has been discussed by utilizing
modern available technologies such as smart hardware sensors, redundant communication infras-
tructure, standard communication protocols and flexible multi-functional software algorithms. The
proposed approach has also considered change in network topologies including varying DG pene-
tration. However, because of the presence of several hardware and software elements, this scheme

is complex and costly.



1.3 Motivation

Optimization based approach has shown great potential to solve protection coordination problem
of DOCRs using various optimization algorithms. Both analytical as well as meta-heuristic opti-
mization algorithms have been used for solving this problem. The actual protection coordination
problem of DOCRs is an MINLP one, so meta-heuristic algorithms have been preferred as they are
independent of the types of variables. Now, because of the availability of several meta-heuristic
optimization methods for co-ordination of DOCRs, it is a natural curiosity to find the most effec-
tive meta-heuristic optimization method for practical implementation. However, in the literature,
no such comprehensive comparative study is available. Further, in medium and large distribution
systems, it is necessary to compute the settings of the DOCRs efficiently in order to minimize the
operating times of primary and the corresponding backup relays without any miscoordination. To
achieve these requirements, it is necessary to developed a new and effective formulation which also
minimizes the operating times of backup relays along with the operating times of primary relays
without any constraints violation. Also, protection coordination of DOCRs needs to be obtained
which should be robust enough to protect the systems under various system operating conditions
such as (N-1) contingency.

In radial distribution system, recloser-fuse coordination studies have been performed mostly
using trial and error procedures. However, in the modern network, it is very difficult ot obtain an
effective coordination with such procedures when integration of DGs is considered. Further, mod-
ern radial distribution systems are equipped to change the configuration to achieve the minimum
loss and better voltage profile from time to time. So, it is necessary to obtain a robust settings
which can protect the entire systems under such conditions. Recloser-fuse coordination can be
formulated as an optimization problem subject to the satisfaction of all required conditions and be

solved using a suitable algorithm.

1.4 Contribution of the author

Following the discussion in the above subsection, the studies carried out in this thesis for the

coordination of DOCRs are as follows:

e A comparative assessment of meta-heuristic methods for finding out the most effective one.
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e Formulation of DOCR coordination problem as an optimization problem to minimize the op-
erating times of primary and backup relays simultaneously without any constraint violation

for large interconnected systems.

e Development of a new analytical optimization algorithm to solve the formulated problem

effectively and efficiently.

e Calculation of robust settings of DOCRs which can ensure proper coordination under feasi-

ble (N-1) contingencies.

Similarly, the following studies are conducted for the coordination of recloser and fuses for

radial distribution system:
e Formulation of the recloser-fuse coordination problem as an optimization problem.

e Calculation of settings for recloser-fuse coordination in radial distribution systems in the

presence of DGs.

e Calculation of settings for recloser-fuse coordination for reconfigurable radial distribution

systems in the presence of DGs.

1.5 Thesis organization

Apart from this chapter, there are six more chapters in this thesis. In Chapter [2, a comparative
study of various meta-heuristic optimization algorithms has been carried out. In this chapter, five
popular meta-heuristic algorithms have been used to solve the coordination problem of DOCRs on
six different systems. On the basis of the comparative study, one of the algorithms has been found
to be the best in solving protection coordination problem of DOCRs. In Chapter 3| initially, the
existing problem formulations available in the literature have been studied and subsequently, a new
problem formulation is proposed to minimize the operating time of primary and backup relays si-
multaneously while satisfying coordination requirements. Also, two distinct two-phase analytical
optimization algorithms have been developed for solving the formulated problem. The effective-
ness of the proposed formulation and the algorithms have been validated by solving the protection
coordination problem of three power system networks of various sizes. In Chapter 4} robust pro-

tection coordination of DOCRs is discussed which has the ability to coordinate properly under
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allowable (N-1) contingencies. The proposed approach has been validated on three interconnected
test systems of medium and large size. Chapters [5] and [6] discuss the optimum recloser-fuse coor-
dination problem. In Chapter [5] recloser-fuse coordination problem of radial distribution system
is formulated as an optimization problem and subsequently is solved using the developed analyt-
ical algorithm. The proposed approach has been validated by solving recloser-fuse coordination
problem on two radial distribution systems of various sizes in the presence of DGs. In Chapter [6]
the developed formulation and algorithm of Chapter [5| have been extended to solve the recloser-
fuse coordination problem of reconfigurable radial distribution systems in the presence of DGs.
The proposed approach has been validated on two reconfigurable radial distribution systems in the
presence of DGs. Finally, the conclusions of the thesis are presented in Chapter 7]

In this thesis all simulation studies have been carried out in MATLAB 12a [74] and AMPL
environment [75]].

In the next chapter, review of protection coordination using metaheuristic optimization tech-

niques is discussed.
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Chapter 2

Comparison of Metaheuristic Algorithms for Protection

Coordination of Directional Overcurrent Relays

Abstract

In this chapter, a comparative study of different meta-heuristic optimization approaches, which
had been proposed in the literature for directional overcurrent relay coordination (DOCRs), is
presented. Towards this goal, five most effective meta-heuristic optimization approaches such as
genetic algorithm (GA), particle swarm optimization (PSO), differential evolution (DE), harmony
search (HS) and seeker optimization algorithm (SOA) have been considered. The performances
of these optimization methods have been investigated on several power system networks of differ-
ent sizes. The comparative performances of these methods have been studied by executing each
method 100 times with the same initial conditions and based on the obtained results, the best
meta-heuristic optimization method for solving the coordination problem of directional overcur-

rent relays is identified.

2.1 Introduction

ECENTLY, meta-heuristic optimization approaches have shown great potential to solve
Rprotection coordination problems of directional overcurrent relays (DOCRs) [52]. Ap-
plication of various meta-heuristic optimization approaches such as particle swarm optimization
(PSO) [39,/76-78], genetic algorithm (GA) [31,53,(79-82]], differential evolution (DE) [83-87],
harmony search (HS) [36]], seeker optimization algorithm (SOA) [40] etc. have been proposed in
the literature for solving the protection co-ordination problem. The applications of these algorithms
have been demonstrated on several small to medium sized systems in all these works. Although
these approaches are somewhat time consuming but they provide quite high quality solutions.

Now, because of the availability of several meta-heuristic optimization methods for co-ordination

of DOCREs, it is a natural curiosity to find the most effective meta-heuristic optimization method
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for practical implementation. However, in the literature, no such comprehensive comparative study
is available. Motivated by this fact, in this chapter, a comparative study is carried out for finding

out the most effective method.
2.2 Problem formulation of protection coordination

The protection coordination problem can be formulated as an optimization problem where the
objective is to minimize the sum of the operating times of all DOCRs for the near-end three phase

fault current [28,88]]. Therefore, the objective function (OF) is expressed as,

min Y top (2.1)
=1

In eqn. (2.1), n is the number of relays in the system and t,,; is the operating time of the
relay R;. The operating times of the relays are obtained from their characteristic curves which are
defined by IEC/IEEE [60] as,

A X TMS

top = W +L (22)

In eqn. A, n and L are the characteristic constants of the relays while I is the fault
current through the relay operating coil. For standard inverse definite minimum time (IDMT) relays
A = 0.14,n = 0.02, and L = 0 [60]. On the other hand, for very inverse (VI) relays A = 13.5,
n =1, and L = 0 and for extremely inverse (EI) relays A = 80, n = 2, and L = 0 [60,[89].

The objective function defined above is subjected to the following sets of constraints [28,29]:

1) Limitations on TMS, PS and t,, of Relays: The limits on TMS, PS and t,, of relays are

expressed as,

TMSl,min S TMSl S TMSl,ma:r (23)
PSl,min S PSZ S PSl,max (24)
tl,mm S top,l S tl,maw (25)

In eqn. (2.3), TMS; ynin, and TMS; oz, in eqn. (2.4), PSj i and PS e, and in eqn. (2.5)

1 min and 1) pq, are the minimum and maximum limits of TMS, PS and operating time (Z,,) of

relay R, respectively. Now, from eqns. (2.2)-(2.5), it may appear that if eqns. (2.3) and (2.4)
are satisfied, then eqn. (2.5) is redundant. However, this is not so, as the operating time of the

relay depends not only on TMS and PS but also on the fault current (/r) according to eqn. (2.2)).
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Even if TMS and PS are in the correct range, the operating time of the relay may not be in the
correct range. For example, let us suppose that TMS and PS of a relay is 0.6 and 2.0, respectively,
which are well within their respective ranges (these ranges are given in Section [2.4). Now, let us
suppose that a fault occurs near the relay and causes 1600 A current to flow to the fault point. If
current transformer (CT) ratio is 500:1, then 3.2 A current will flow through the secondary of the
transformer and hence through the relay. Now, operating time of the relay (according to eqn. (2.2))
for IDMT type) in this situation will be 8.8942 seconds (0.14 x 0.6/((3.2/2)%%2 — 1)) which is

very large and not in the range of [0.1, 4.0] seconds (as mentioned in Section [2.4).

2) Protection Coordination Criteria: If primary relay R; has a backup relay R, for a fault

at any point k, then the corresponding coordination constraint can be expressed as

tob,m - top,l Z CTI (26)

In eqn. (2.6), t,p,; and ¢, are the operating time of primary relay R; and its backup relay
R,,, respectively, for the same fault and C71 is the coordination time interval required for proper

operation of primary/backup relays.

2.3 Metaheuristic optimization algorithms to solve protection coordination problems

Five highly efficient metaheuristic algorithms suitable for solving the protection coordination prob-
lems are investigated in this chapter. These five algorithms are GA, PSO, DE, HS and SOA. All
these methods start from an initial solution to attain the optimum point in the search space. The
size of the population is considered as /N and the dimension of each element of the population is
considered as D, where D represents the total number of variables. Thus, the initial solution is
denoted as X = [X,Xs,...,.Xx]7, where "T" denotes the transpose operator. Each individual X;
(i =1,2,...,N)is given as X; = [X;1, X, 2, ..., X; p]. A protection scheme with n DOCRs will
have 2 X n number of variables (i.e., D = 2n). The first n variables represent TMS values whereas
the next n variables represent PS values of the relays in the system. The detailed algorithms of
various methods are described below for completeness. In all these algorithms, the index ¢ varies
from 1 to N whereas the index j varies from 1 to D. Further, in all these algorithms, the superscript

’k’ denotes the iteration number.
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2.3.1 Genetic Algorithm

Genetic algorithm (GA) is a nature inspired meta-heuristic optimization approach suitable to solve
any optimization problem irrespective of the type of objective function. The algorithm starts with
a randomly generated solution called chromosomes and endeavors to reach the optimum point
by reproduction, crossover and mutation operations. The crossover factor (CF) is expressed as
the probability of pairs of chromosomes to produce offsprings (crossover) whereas mutation fac-
tor (MF) represents the probability of changing the status of a randomly selected binary bit of a

chromosome from 0 to 1 and vice versa (mutation). The different steps of GA are as follows [31]:

1. Set parameter CF and MF of GA
2. Initialize population of chromosomes i.e., the solution X
3. Setiteration k = 1

4. Calculate fitness of chromosomes F'* = f(X¥),Vi and find the index of the best chromo-

someb € {1,2,...., N}

5. Perform selection of chromosomes, crossover of parents and mutation of offsprings to form

a new set of chromosomes X! i
6. Evaluate fitness F¥*! = f(X**1) Vj and identify the best chromosome b1
7. If FiY < F% then b = bl
8. If k < Maxite then k = k 4 1 and goto step 5 else goto step 9

9. Print optimum solution as X

2.3.2 Particle Swarm Optimization

Particle swarm optimization (PSO) is inspired by social and cooperative behavior displayed by var-
ious species to fill their needs in the search space. The algorithm is guided by personal experience
(Pbest), overall experience (Gbest) and the present movement of the particles to decide their next
positions in the search space. Further, the experiences are accelerated by two factors c; and cs, and

two random numbers generated between [0, 1] whereas the present movement is multiplied by an
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inertia factor w varying between [wW,in, Wma:]. The initial velocity of the population is denoted

as V = [V,V,,...,.V 1T, where 'T” denotes the transpose operator. Thus, the velocity of each
particle X; (i = 1,2,...,N) is given as V;=[V; 1, V; o, ..., Vi p]. The different steps of PSO are as
follows [90]:

1.

10.

11.

12.

Set parameter Wiy, Wiz, ¢1 and co of PSO

Initialize population of particles having positions X and velocities V

Set iteration £ = 1

. Calculate fitness of particles F¥ = f(X¥), Vi and find the index of the best particle b

. Select Pbest? = X¥ Vi and Gbest® = X

W = Winaz — k X (Winaz — Winin ) /Maxite

. Update velocity and position of particles

ijl =w x Vi, +c xrand x (Pbest} ; — X7 )+ ca x rand x (Gbesty — X[;); Vj and Vi

k+1 __ k k+1, . .
Xi7 =X+ Ve, Vjand Vi

Evaluate fitness F}*"' = f(X¥*!) Vi and find the index of the best particle b1

. Update Pbest of population V4

If FF*! < F} then Pbest!*! = X!*! else Pbest!*! = Pbest

Update Gbest of population

If it < FF then Gbest"™ = Pbest,;"! and set b = bl else Gbest"*! = Gbest*
If £ < Maxite then k = k + 1 and goto step 6 else goto step 12

Print optimum solution as Gbest”
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2.3.3 Differential Evolution

Differential evolution (DE) is a parallel direct search method guided by crossover, mutation and
selection operations on a population. For each element of the population a mutant element is
generated by adding the difference between two mutually independent elements multiplied by a
mutation factor F'. Subsequently, crossover is performed to make trial elements of the same size as
the population with a crossover rate (CR). After that, selection is performed to pickup better trial

elements. The different steps of DE used in this study are as follows [91]]:

1. Set parameter F' and CR of DE

2. Initialize population of elements X

3. Setiteration k = 1

4. Calculate fitness of elements F¥ = f(X¥), Vi and find the index of the best particle b

5. Perform mutation with three mutually different random indices ay, as, a3 € {1,2,..., N} to

generate trial solution

— Xk

as,j

TX,; = X!+ F x (X£

ai,j az,j

) ; Vj and Vi

6. Perform crossover on trial solution with the help of the CR and a randomly generated index

randb where randb = randi(D) € {1,2,...,D}

TX; ; 1f rand < CRor j = randb
k . .
Xi; if rand > CR and j # randb

,J

7. Evaluate trial fitness TF; = f(U, ;,U; 5, ...,U; p), Vi

?,

8. Perform selection of trial solution V7

Ui Viif TF; < F]

Xhkt+l —
,L7'] k P k
Xi,j Vjif TF, > F;

9. Evaluate fitness F'*! = f(X**1), Vi and find the index of the best element b
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10.

11.

If k < Maxite then k = k + 1 and goto step 5 else goto step 11

Print optimum solution as X}

2.3.4 Harmony Search

Harmony search (HS) algorithm is inspired by the creative process of music composition where

music players improvise the pitches of their instruments to obtain better harmony. The algorithm

is guided by harmony memory consideration rate (HMCR), pitch adjustment rate (PAR) and band-

width (BW) to obtain improved harmony memory (HM) i.e., solution vectors after each iteration.

The different steps of HS are as follows [92]:

1

10.

11.

Set parameter BW,,;,,, BW 025 PAR i, PAR 0 and HMCR of HS
Initialize population of harmonies X

Calculate fitness of harmony F* = f(X¥),Vi and find the index of the best harmony b and

the index of the worst harmony ¢

. Set iteration k = 1

. PAR = PAR,;s, + k X (PARypaz — PAR,iy) /Maxite

BW = BW,00 — k X (BWy00 — BWin ) /Maxite

. Generate a new harmony with randomly generated numbers r; € [0, 1] and r; € [0, 1],V

Xyandi(n),j + rand X BW, if 1y < HMCR and r; < PAR
NHV; = S X,anai(nyj» if 11 < HMCR and r; > PAR

Xmin,j + rand X (Xmaa:,j - Xmin,j), otherwise

. Evaluate trial fitness TF = f(NHV,,NHV,, ..., NHVp)

If TF < Fy then X}, = NHV;,Vj elseif TF < F? then X}, = NHV;,V;j and find the index

of the worst harmony c else goto step 7
If £ < Maxite then k = k 4 1 and goto step 5 else goto step 11

Print optimum solution as X}
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2.3.5 Seeker Optimization Algorithm

The seeker optimization algorithm (SOA) is a computational search algorithm inspired by the
behaviour of human memory consideration, experience gained, uncertainty reasoning, and social
learning. A simple fuzzy rule is used to evaluate seekers step length. The different steps of SOA

are as follows [93]]:

1. Set parameter Wy in, Winazs Mmin a0 L, of SOA
2. Initialize the solution i.e., population of seekers X
3. Setiteration k = 1

4. Calculate fitness of seeker F¥ = f(XF),Vi and find the index of the best seeker b and
the indices of locally best seekers bcy, bca and beg among first, second and third 1/3rd of

population, respectively.

5. Select Pbest® = X¥ Vi, Gbest’ = X}, Lbest’ = X} and Xbesty, = X£ , Vbc where
be € {bey, bea, bes}t

6. Calculate search direction Vj and Vi

d = sign(Pbest}; — X;)

1,5,€90

d = sign(Gbestt — XF)

i j,altl
o k k
i j aia = sign(Lbest; — X;')

o k k
d = sign(X;} — Xi3)

Z7]7pr0

where ki, ky € {k,k — 1,k — 2} such that f(X/) < f(X)

Sd@j = {di,j,egoa di,j,altla di,j,alt27 di,j,pro}

0, if rand; < (no.of zerosin sd, ;)/4
it =¢ 41, elseif rand; < (no. of zeros +no. of ones in sd, ;)/4

—1, else
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10.

11.

12.

. Calculate step size Vj and V7

W = Winaz — k X (Winaz — Winin )/ Maxite

:uiﬁ_l = HMmaz — (S - Iik+1) X (,Umax - ,umm),VZ

6;“*1 =w X abs(XbestlgillJ — Xfczl,j)avj

aftt = 681\ /—1og(RAND(pi;,1)); Vj and Vi
where s = {1,2,..., N}, ;= index of sorted fitness function, bc; and bcy are two mutu-
ally different indices of locally best seekers bc € {bcy, beg, bes} and RAND(p;, 1) generates

random number uniformly in [x;, 1]

. Update seeker position

k1 _ yk k1 o, gkl s :
Xi =X +ai] xd7;Vyand Vi

]

. Evaluate fitness F}"™' = f(X%*!) Vi and find the index of the best seeker b1 and the indices

of locally best seekers bcy, beo, and bes of the first, second and third 1/3rd of the newly
generated solution X*+!

Update Pbest, Gbest, Lbest and Xbest

If FF' < FF then Pbest! ™" = X! Vi else Pbest!™ = Pbest?, Vi

If it < FF then Gbest"™! = Pbest},"! and b = b1 else Gbest**! = Gbest*
Lbest"*! = Pbest};™

Xbest) ! = Pbest}:™
If k < Maxite then k = k 4 1 and goto step 6 else goto step 12

Print optimum solution as Gbest*

In this work, for evaluating the reproducibility of results obtained by different methods, each

method has been executed 100 times. Subsequently, with these results obtained from 100 runs,

various statistical parameters such as mean, standard deviation etc. have been calculated for the

purpose of overall comparison. Figure shows the comprehensive flowchart for the overall

procedure adopted in this work.
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Read total number of variables of relays (TMS and PS)
and their lower and upper limits

RUN=1

‘ Call a metaheuristic optimization algorithm ‘

v

‘ Store the result ‘

RUN = RUN+1

Evaluate the best, mean, worst, standard deviation of objective
function and average cpu time elapsed for 100 runs

v

Save the result for the best RUN

Figure 2.1: Flowchart of the basic procedure.

The following parameters have been considered for executing various methods. The population
size of all the methods has been taken as 60 except DE and HS for which it is taken as 30 and 10,
respectively, which gives better result. The crossover factor (CF) and the mutation factor (MF)
for GA have been considered as 0.8 and 0.01, respectively, [31]]. For PSO, the two acceleration
coefficients (¢; and c;) and the minimum and maximum value of inertial factor (w,,;, and w,,..)
have been taken as 2.025, 2.025 and 0.4, 0.9, respectively, [90]. For DE, the crossover rate (CR)
and the mutation factor (/") have been considered as 0.4 and 0.5, respectively, [91]. For HS, the
harmony memory consideration rate (HMCR) and minimum and maximum values of bandwidth
(BW,in, and BW,,,,,) and pitch adjustment rate (PAR,,;, and PAR,,,.) are considered as 0.9 and
0.0001, 1.0 and 0.4, 0.7, respectively, [92]. Finally, for SOA, the minimum and maximum values
of inertia factor (w,,;, and wy,,,) and membership degree (ii,,in and fi,,,q.) have been considered
as 0.1, 0.9 and 0.0111, 0.95, respectively, [93].

For further reference, all these above values of the parameters are termed as “standard values”.
Initially, the performances of all the algorithms have been investigated with these standard values.

However, for further investigations of the performances of the algorithms, these parameters have
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been varied from their ’standard values” as follows: a) the values of CF, MF, CR, F and HMCR
have been varied randomly by +20% (vis-a-vis their standard values), b) the values of interval fac-
tor (for PSO and SOA), bandwidth and pitch adjustment rate (for HS) have been chosen randomly
within their respective specified limits (instead of following the equations given in Section

2.3.4land 2.3.5)) and c) following the recommendation of [93]], the values of (fyn and fi,q,) are

kept unchanged. For further reference these modified values are termed as “perturbed values”.
2.4 Results and discussion

The algorithms described in Section have been applied to solve the protection coordination
problem of six power distribution systems of different sizes. In all these systems, numerical relays
with standard IDMT characteristics have been considered. However, in the third test system, two
cases have been considered. In the first case IDMT characteristics of all the relays have been
assumed whereas the second case considers other characteristic curves of the relays in addition
to IDMT characteristics. The minimum and the maximum limits on TMS have been considered
as 0.1 and 1.1, respectively, whereas the minimum and the maximum limits on PS are taken as:
PSpin = maz{0.5, min{1.25X I 1maz, 1/3X Lpmin}; and PS,,0. = min{2.5,2/3 X Ipymin }, where
I maz and Iy, are the maximum load current and minimum fault current, respectively, [31,40].
Further, the minimum CTI considered for all the six system is 0.2 seconds [31]]. Also, the minimum
and the maximum limits on ¢,, has been considered as 0.1 and 4.0 seconds, respectively. All
these meta-heuristic optimization techniques have been implemented in MATLAB environment
[74]. To investigate the performances of the algorithms comprehensively, all the algorithms have
been executed using two sets of parameter values: ’standard values” and “perturbed values” (as
described in the previous section). In the following subsections, the results obtained on these six

systems are presented in detail.
2.4.1 System I: 9-bus test system

Figure shows the single line diagram of the 9-bus single source ring main distribution system.
This system is fed at bus 1. The detailed information about the system is available in [31]]. In this
system, there are 12 lines (L1,L2,..., L12) and 24 relays (R1,R2,...,R24) having 32 combinations
of primary-backup relationship among them. Table [2.1| shows these 32 combinations of primary-

backup relationship among all the 24 relays. The fault currents passing through the primary and
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Figure 2.2: Single-line diagram of the 9-bus system.

the corresponding backup relays for various near-end three phase faults and the maximum as well
as minimum fault current through the relays are given in [31] and hence are not repeated here. The

current transformer (CT) ratio required for each relay is also given in [31].

Table 2.1: Primary/backup relay pairs of the 9-bus system

Fault Zone | Primary Relay | Backup Relay || Fault Zone | Primary Relay | Backup Relay
T 15,17 13 11, 21
L1 2 4 L7 14 16, 19
3 1 15 13,19
L2 3 6 L8 16 2,17
5 3 17 Z
L3 6 8.3 L9 18 2,15
7 5,23 19 Z
L4 g 10 L10 20 13,16
9 7 21 -
L5 10 2 L bp) 11, 14
1l 9 23 -
. 2 14,21 L12 2% 5.8

The optimum settings i.e., TMS and PS of the relays obtained by different methods using
standard parameter values are given in Table whereas the coordination time interval (CT1)
between the time of operations of the primary relay (¢,,) and that of the corresponding backup
relays (t,) are plotted in Figure[2.3] It is to be noted that the best results (for the minimum value of
objective function) obtained after 100 runs of each method corresponding to the standard parameter
values are given in Table [2.2] and Figure The last row in Table [2.2| gives the values of the sum

of the operating times of all the relays i.e., objective function value (OFV) corresponding to the set
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of TMSs and PSs obtained by each method. Table shows the summary of the results obtained
after 100 runs by different methods with standard parameter values whereas Table [2.4] shows the
corresponding values obtained with the perturbed parameter values. These tables summarise the
best, mean and the worst values of the objective function along with its standard deviation and the

average elapsed time (sec) for executing each algorithm.

Table 2.2: Optimum settings of relays for the 9-bus system obtained with standard parameter

values
GA PSO DE HS SOA
Relays "TMs [ PS | TMS | PS | TMS | PS_| TMS | PS_| T™MS | PS
1 [04395] 0.5 [0.2806 [ 1.2478 | 0.1241 [ 2.5 | 0.1447 [ 2.1741 | 0.2662 | 1.2732
2 [030860.5001 [ 0.1636 [ 1.8196 | 0.1 [2.0899 | 0.1 [ 2294 [0.2076 | 152
3 [ 0317 [1.3484 03878 | 05 [ 037 | 2.5 [0.1684 | 1.8739 [ 0.2928 [ 1.1975
4 [02194]1.5477[0.2015 [ 2.4998 [ 0.1089 [ 2.5 | 0.1138 [ 2.4472 [ 0.3192 | 0.6701
5 [04358]0.5111 [ 02126 | 1.8823 [0.1237 | 2.5 | 0.1309 | 2.4175 | 0.2879 [ 1.0785
6 [0.2289 [ 1.6634 | 0.4266 | 0.5 [0.1277 | 2.5 [0.1384 [ 2.2897 [ 0.3677 | 0.6311
7 104339 05 [02045[ 25 [0.0277] 25 [0.1388 ] 2.3249 | 0.3006 | 0.9637
8 [0.2093[1.7504 | 0.193 | 2.5 [0.237[ 25 [ 0.13 [24176 [0.2905 | 1.1393
9 [03897] 05 [03401 | 0.5 [0.1089 [ 25 [0.1212]2.2509 | 0.2476 | 1.1994
10 10374 ] 05 [04048[ 05 [ 0137 [ 25 [0.1598]2.0335 | 0.248 | 1.7451
11103491 0.5 [0.2246 [ 1.0882 [ 0.1 [2.0899 [ 0.1 [2.32880.2578 | 0.8454
12 (02015 | 1.909 [04084 | 0.5 [0.1241 [ 2.5 |0.1393 [ 2259 | 0.3665 | 0.6461
13102756 | 1.1158 [ 0.3046 | 0.5537 | 0.1 [2.2969 | 0.1021 [ 2.3465 | 0.2581 | 0.9784
1401965 | 1.607 [ 0.1661 | 2.4561 | 0.109 | 2.5 |0.1141 [ 24932 | 0.3117 | 0.886
15 03812 0.6744 [ 0.1832 [ 2.0707 | 0.109 | 2.5 | 0.1165 [ 2.4666 | 0.2921 | 0.8993
16 [03034]0.5002 [ 03109 | 0.5 | 0.1 [22969 | 0.1183 [ 1.936 | 0.3633 | 0.5004
17 [ 0298 | 0.8949 [ 0.1555 [ 1.9859 | 0.1 [2.1606 | 0.1 [23568 | 0.256 [ 0.9197
18 0.1 [05193] 0.1 [05041] 0.1 05 [ 0.1002 | 0.6198 [ 0.1038 | 0.5003
19 [0.1686 | 1.6592[0.2265 [ 0.75 | 0.1 [ 1.6462 | 0.1292 [ 1.2409 | 0.2589 | 0.7629
20 0.1 05 [0.1001 | 0.5031 | 0.1 0.5 [0.1001 [ 0.7395 | 0.1002 | 0.5041
21 [0.2587 [ 0.7805 | 0.1286 | 2.5 [ 0.1 [2.1606 [ 0.1 [2.4717 | 0.2758 | 0.8902
22 0.1 05 [0.1001 | 0.504 | 0.1 0.5 [0.1002 | 0.7203 | 0.101 | 0.5008
23 [0.2607 [ 0.9776 [ 0.2967 | 0.7501 | 0.1 | 1.9435 [ 0.1334 | 1.4234 [ 0.1757 | 1.5724
24 0.1 [0.5001 ][ 0.1 05041 0.1 0.5 [0.1002 | 0.5572 | 0.1014 | 0.5017
[ OFV | 145426 139472 | 86822 [ 92339 14.2338

Table 2.3: Summary of results obtained after 100 independent runs for the 9-bus system with

standard parameter values

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 14.5426 | 15.6592 | 16.8083 | 0.4110 360.70
PSO 13.7150 | 20.6491 | 31.0790 | 3.6823 22.22
DE 8.6822 | 8.7162 | 9.4859 | 0.1233 7.29
HS 9.2339 | 9.6180 | 10.1411 | 0.2152 122.15
SOA 14.2338 | 16.5710 | 19.9820 | 1.2133 30.20
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Figure 2.3: CTI otained by various methods for the 9-bus system obtained with standard

parameter values.

Table 2.4: Summary of results obtained after 100 independent runs for the 9-bus system with

perturbed parameter values

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 14.5888 | 15.888 | 18.0465 | 0.6271 314.44
PSO 13.6084 | 22.7949 | 31.8319 | 4.8349 3.97
DE 8.6822 | 8.7060 | 9.5716 | 0.1212 15.06
HS 9.2098 | 9.2205 | 9.4667 | 0.0368 155.56
SOA 14.2501 | 16.3973 | 21.6199 | 1.1969 33.74

From Table it is observed that among all these five methods, the DE method gives the
least value of the objective function (8.6822 seconds) and the standard deviation (0.1233). As the
standard deviation is quite low for DE as compared to the other methods, it can be inferred that
DE gives the most predictable results when it is executed repeatedly as compared to the other four
methods. Further, the results obtained by DE are of high quality as the mean and the worst values
of the objective function are close to the best value. Also, from Figure [2;5], it is observed that

among these five methods, the DE gives the lowest values of CTI.

Again, from Table[2.4]it is observed that DE gives the best result (the least value of the objective
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function) among all these five methods. It is also observed from Tables and that with DE,
the best value of the objective function remains the same with standard parameter values as well
as with perturbed parameter values. Therefore, the best value (of the objective function) obtained
by DE can be considered to be immune to variation in the parameter values. However, for the
other four methods, the best values (and also the other values) of the objective functions change
with variation in the parameter values. Also, DE is reasonably time efficient (fastest with standard

parameters and second fastest with perturbed parameters) as compared to the other algorithms.

2.4.2 System II: 15-bus test system

Ja

B2 B
R 0 R5 L3 R6 R7 R9 L5 R10 o R13
L1 L4 L7
L2 RS L6
R2 0 R3 R4 R11 R12 0 R14
B4 B5 B6 R23
N =
L8 L10 L12
L9 R20 L11
R16 E E R17 R18 R21 R22 E E R24
B7 B8 B9
R25 R29 R33
L13 L15 L17
L14 L16
R30
R26 R27 R28 R31 R32 R34
R35 B10 B11 B12 R41
L18 L21
L19 L20
R36 1 R37 R38 R39 R40 00 R42
B13 B14 Bl

of
e

Figure 2.4: Single-line diagram of the 15-bus system.

Figure [2.4] shows single line diagram of the 15-bus network fed by an external grid (EG) at
bus 8 and six distributed generators (DGs) connected at buses 1, 3, 4, 6, 13 and 15. The detailed

information about the system is available in [40]. In this system, there are 21 lines (L1,L2,...,L.21)
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and 42 relays (R1,R2,...,R42) having 82 combinations of primary-backup relationship among them.
Table [2.5] shows these 82 combinations of primary-backup relationship among all the 42 relays.
The fault currents passing through the primary and the corresponding backup relays for various
near-end three phase faults and the maximum as well as minimum fault current through the relays
are given in [40] and hence are not repeated here. The CT ratio required for each relay is also given

in [40].

Table 2.5: Primary/backup relay pairs of the 15-bus system

Fault Zone | Primary Relay | Backup Relay || Fault Zone | Primary Relay | Backup Relay
1 6 23 11, 13
Ll 2 416 Li2 24 21, 34
3 116 25 15, 18
L2 3 7,12, 20 L13 %6 78,36
5 2 27 75,36
L3 6 8,10 L4 8 29, 32
7 5,10 29 17,19, 22
L4 8 312,20 L15 30 27,32
9 5.8 31 27,29
L5 10 12 Lié Ep) 33,42
1 3,7,20 33 21,23
L6 2 13,24 L7 34 31,42
13 9 35 25,28
L7 14 11,24 L18 36 38
s 1.4 37 35
L8 16 18,26 L19 33 30
7 15,26 39 37
L9 18 19,22, 30 L20 40 Y|
19 3,712 41 31,33
L10 20 17,22, 30 L2l 75) 39
20 17,19, 30 . -
L bp) 23,34 - - -

The optimum settings of the relays obtained by different methods obtained with standard pa-
rameter values are given in Table[2.6{whereas the CT1 between the time of operations of the primary
relay (Z,,) and that of the corresponding backup relays (.,) are plotted in Figure [2.5] Again, in
this case, the best results obtained after 100 runs of each method corresponding to the standard
parameter values are given in Table [2.6/and Figure Table[2.7|shows the summary of the results
obtained after 100 runs by the different methods with standard parameter values whereas Table
[2.8] shows the corresponding values obtained with the perturbed parameter values. As in previous
case, these summaries include the best, mean and the worst values of the objective function along

with its standard deviation and the average elapsed time (sec) for executing each algorithm.

From Table[2.7)it is again observed that for this system also the DE based technique is the best
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Table 2.6: Optimum settings of relays for the 15-bus system obtained with standard param-

eter values

avs GA PSO DE HS SOA
Relays —rNis T Ps [ T™S | PS | TMS PS | TMS | PS T™S PS

1 0.2217 | 0.5001 0.1 2.5 0.1 1.2464 | 0.1 1.5933 | 0.1555 | 1.2031
2 0.2199 | 0.5001 | 0.1001 | 1.4853 | 0.1 0.9762 | 0.1001 | 1.2598 | 0.2241 | 0.6255
3 0.2134 | 0.9256 | 0.2134 | 2.436 0.1 2.0644 | 0.1001 | 2.299 | 0.289 | 0.5859
4 0.2169 | 0.5372 | 0.1541 | 1.3103 | 0.1 1.2439 | 0.1001 | 1.4479 | 0.1642 | 1.0809
5 0.2956 | 0.5 0.1636 | 2.5 0.1 2.1758 | 0.1114 | 1.9875 | 0.3541 0.5

6 0.1814 | 1.2591 | 0.2949 | 0.5 0.1 2.1084 | 0.1057 | 2.09 | 0.2449 | 0.6088
7 0.2777 | 0.5001 | 0.3441 | 0.7587 | 0.1 2.0689 | 0.1112 | 1.9172 | 0.2026 | 1.3521
8 0.1503 | 1.3329 | 0.3677 | 1.2353 | 0.1 1.5847 | 0.1001 | 1.7086 | 0.2693 | 0.5414
9 0.2361 | 0.7428 | 0.3529 | 0.6833 | 0.1 2.1181 | 0.1001 | 2.3959 | 0.3097 | 0.5182
10 0.2701 | 0.5001 | 0.1581 | 2.0514 | 0.1 1.7132 | 0.1001 | 2.3148 | 0.1793 | 1.1962
11 0.2358 0.5 0.1 2.5 0.1 1.2818 0.1 1.5747 | 0.1772 | 0.6782
12 0.1692 | 0.9745 | 0.4058 | 0.5 0.1 1.4139 | 0.1125 | 1.259 | 0.268 | 0.5052
13 0.2566 | 0.5109 | 0.4223 0.5 0.1 2.1779 | 0.1001 | 2.3661 | 0.241 | 0.9259
14 0.1435 | 1.1425 0.1 25 0.1 1.1156 | 0.114 | 1.0666 | 0.1642 | 0.7968
15 0.2047 | 0.5004 | 0.2635 | 0.5001 0.1 1.0275 | 0.1001 | 1.2831 | 0.1974 | 0.583
16 0.2355 | 0.5017 | 0.3067 | 0.5 0.1 1.4475 0.1 1.7563 | 0.2421 | 0.6353
17 0.2459 | 0.5194 | 0.3741 | 0.5239 | 0.1 1.5796 | 0.1001 | 1.7009 | 0.2359 | 0.6312
18 0.1775 | 0.6713 | 0.1284 | 1.4146 | 0.1 1.0498 | 0.1002 | 1.3617 | 0.1698 | 0.7761
19 0.2276 | 0.7222 | 0.2671 | 1.2694 | 0.1 1.809 | 0.1133 | 1.5598 | 0.2842 | 0.6357
20 0.2037 | 0.6488 | 0.1445 | 2.2975 0.1 1.3105 | 0.1001 | 1.5965 | 0.2564 | 0.5014
21 0.245 | 0.5002 | 0.1 23325 | 0.1 1.1437 | 0.1028 | 1.2364 | 0.2022 | 0.8159
22 0.2556 | 0.5029 | 0.391 | 0.5216 | 0.1 1.6929 | 0.1001 | 2.2202 | 0.214 | 1.1688

23 0.2422 | 0.5042 | 0.1243 2.5 0.1 1.1259 | 0.1 1.6651 | 0.1224 | 1.5117
24 0.2221 | 0.5001 | 0.1409 | 2.2981 0.1 1.4548 | 0.1043 | 1.4555 | 0.2704 | 0.5298
25 0.19 | 1.2263 | 0.1867 2.5 0.1 2.0088 | 0.1086 | 1.9376 | 0.1819 | 1.5846
26 0.1858 | 1.0327 | 0.1378 | 2.4997 | 0.1 1.7277 | 0.1001 | 2.2356 | 0.2921 | 0.5003
27 0.2698 | 0.5009 | 0.3496 | 1.2764 | 0.1 2.0028 0.1 2.3822 | 0.2058 | 1.197
28 0.2826 | 0.5035 | 1.0999 | 0.5 | 0.1043 2.5 0.1069 | 2.4603 | 0.3516 | 0.5066
29 0.2476 | 0.5285 | 0.26 2.5 0.1 1.5738 | 0.1001 | 1.8345 | 0.2023 | 1.0813
30 0.1931 | 0.9965 | 0.2592 | 0.5 0.1 1.7436 | 0.1 1.9207 | 0.259 | 0.5573
31 0.2118 | 0.9393 | 0.3694 | 1.8484 | 0.1 1.8766 | 0.1001 | 2.4235 | 0.2158 | 1.1079
32 0.2553 | 0.5001 | 0.4379 | 1.4562 | 0.1 1.6002 | 0.1001 | 1.8187 | 0.1352 | 1.9317
33 0.3207 | 0.5001 | 0.3022 | 2.3931 0.1 2.4993 | 0.1397 | 1.635 | 0.3247 | 0.6672
34 0.2809 | 0.6255 | 0.4165 0.5 0.1066 | 2.5 0.1222 | 2.1549 | 0.3283 | 0.5265
35 0.1449 | 1.8638 | 0.3862 | 0.5 0.1 2.0723 | 0.1009 | 2.1173 | 0.3162 | 0.5019
36 0.193 | 1.0986 | 0.1763 | 2.3456 | 0.1 1.8503 | 0.1004 | 1.974 | 0.1966 | 1.1711
37 0.2321 | 0.9507 | 0.423 0.5 | 0.1023 2.5 0.108 | 2.428 | 0.3008 | 0.5912
38 0.1644 | 1.9288 | 0.1634 | 2.5 | 0.1042| 2.5 0.1198 | 2.0702 | 0.2967 | 0.5405
39 0.2657 | 0.5221 | 0.2078 25 01014 | 25 0.115 | 2.1461 | 0.2776 | 0.5006
40 0.2318 | 0.9407 | 0.2483 | 0.9811 | 0.1031 2.5 0.1361 | 1.7633 | 0.2201 | 1.2674
41 0.3092 | 0.5001 | 0.2052 | 1.4688 | 0.1035 2.5 0.1164 | 2.3633 | 0.3534 | 0.5323
42 0.1571 | 1.3041 | 0.2322 | 2.4999 | 0.1 1.578 0.1 1.7788 | 0.1491 | 1.5585

[ OFV | 189033 [ 268093 | 117591 [ 126225 | 204068 |

among the five meta-heuristic methods in terms of the values of the objective function (11.7591
seconds) and standard deviation (0.0004). Therefore, for this system also, out of the five methods,
DE gives the best and most predictable results. Moreover, it is to be noted that the best objective
function value obtained for this system so far reported in the literature is 12.2325 seconds as

reported in [40], which is higher than the value of the objective function obtained by DE. Further,
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Figure 2.5: CTI otained by various methods for the 15-bus system obtained with standard

parameter values.

Table 2.7: Summary of results obtained after 100 independent runs for the 15-bus system

with standard parameter values

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 18.9033 | 19.9538 | 21.2223 | 0.6395 694.35
PSO 26.8093 | 35.0252 | 44.8147 | 5.3496 20.95
DE 11.7591 | 11.7594 | 11.7615 | 0.0004 167.46
HS 12.6225 | 12.9014 | 13.2637 | 0.1983 291.76
SOA 20.4068 | 24.9451 | 32.5519 | 1.8947 72.59

with perturbed parameter values

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 24.6598 | 31.9816 | 41.3916 | 4.5996 421.42
PSO 28.1412 | 46.9385 | 66.9602 | 9.1491 9.71
DE 11.7591 | 11.7610 | 11.8045 | 0.0073 98.39
HS 12.4895 | 12.5288 | 13.0173 | 0.0901 311.20
SOA 20.1276 | 23.6208 | 31.4109 | 2.3619 80.98

Table 2.8: Summary of results obtained after 100 independent runs for the 15-bus system

from Figure [2.5] it is observed that among these five methods, DE gives the lowest values of CTL

Again, from Table[2.§]it is observed that DE gives the best result (the least value of the objective
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function) among all these five methods. It is also observed from Tables and that with DE,
the best value of the objective function remains the same with standard parameter values as well
as with the perturbed parameter values, thereby again establishing the fact that the best value
obtained by DE is immune to the variation of the parameter values. However, again for the other
four methods, the best values (and also the other values) of the objective functions change with
variation in the parameter values. Also, DE is reasonably time efficient (third fastest) as compared

to the other algorithms.
2.4.3 System III: 33 kV section of the IEEE 30-bus test system
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e
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Figure 2.6: Single-line diagram of 33 kV section of the IEEE 30-bus system.

Figure[2.6]shows the 33 kV section of the IEEE 30-bus system. The system is fed through three
50 MVA, 132/33 kV transformers connected at buses 1, 6, and 13. In addition to the above three
supply points, two DGs connected at bus no. 10 and 15 are also supplying the system. The detailed
information about the system is available in [55,94]. The system has 20 lines (L1,L2,...,L.20) and
is protected with 39 directional OCRs (R1,R2,...,R39) having 64 primary-backup combinations
among them. Table[2.9]shows all the possible 64 combinations of the primary-backup relationships
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among the 39 relays. The fault currents passing through the primary and the backup relays for
various near-end three phase faults are given in [S5] and hence are not repeated here. The CT ratio

for each relay is considered to be 500:1.

It is to be noted that for this system some of the primary-backup relationships have been ig-
nored while solving the coordination problem. These primary-backup relationships are 1-4, 17-4,
19-4, 28-34, 30-33, 31-34, 32-33 and 37-33. The reason behind this is the fact that for these combi-
nations, the fault current passing through the corresponding backup relays are small (less than two
times of the maximum load current of the relay) causing larger operating time of the backup relays

and therefore, the minimum CTI requirements are always maintained for these combinations.

For this test system two cases have been considered. In the first case, all the relays are assumed
to have standard IDMT characteristics whereas in the second case different characteristics curves

of the relays have been considered.

Table 2.9: Primary/backup relay pairs of the 30-bus system

Fault Zone | Primary Relay | Backup Relay || Fault Zone | Primary Relay | Backup Relay
1 418,20 20 19
L1 2 6 Lh 2 26
3 2,18, 20 23 17
L2 3 5.8 L12 24 bE;
5 1 25 21
L3 6 3.8 L13 26 30
7 3.5 27 3
L4 8 10,36 L4 78 32,34
9 7,36 29 25
L5 10 2 L15 30 31,33, 38
1 9 31 27,34
L6 2 - L16 Ep) 29,33, 38
13 1 33 27,32
L7 14 15 L7 34 29,31, 38
15 il 35 7,10
L8 16 13 L18 36 37
17 24,20 37 29,31,33
L9 18 24 L19 33 35
19 2,418 39 9,12
L10 - = 120 = -

2.4.3.1 Case A: Relays with standard IDMT characteristics

For this case, the optimum settings of the relays obtained (corresponding to the best run out of 100
independent runs) by the various methods corresponding to the standard parameter values are given

in Table whereas the CTI between the time of operations of the primary relay (¢,,) and that of
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the corresponding backup relays (¢,;) are plotted in Figure Table shows the summary of
the results obtained after 100 runs by the different methods with standard parameter values whereas
Table [2.12] shows the corresponding values obtained with the perturbed parameter values. As in
the previous cases, these tables show the best, mean and the worst values of the objective function

along with its standard deviation and the average elapsed time (sec) for executing each algorithm.

Table 2.10: Optimum settings of relays for the 30-bus system obtained with IDMT charac-

teristics and standard parameter values

GA PSO DE HS SOA
Relays —FNe T ps [ T™MS | PS | T™MS | PS | TMS | PS | TMS | PS
T [ 0348 | 05416 | 04339 | 0.7311 | 0.1 | 1.9683 | 0.1001 | 2.2823 | 0.2456 | 1.419
2 [0.1001 [ 0.5001 | 0.1 ]0.7793| 0.1 | 05 |0.1001 ] 0.5006 | 0.1006 | 0.51
3 (03798 | 1.1261 | 0.4759 | 1.5442 | 0.1709 | 2.5 | 0.2008 | 2.0845 | 0.4053 | 1.2032
4 03554 [ 0.7318 | 0.2506 | 22529 | 0.137 | 2.5 | 0.1534 | 2.1177 | 0.3748 | 1.6489
5 03299 | 1.1605 | 0.6753 | 05 |0.1372 | 25 |0.1568 | 2.2603 | 0.4308 | 0.7438
6 04352105002 | 0.771 | 05 |0.1455 | 25 |0.1618 | 2.1949 | 0.4538 | 0.964
7 [0.1809 | 0.941 | 02404 | 0.6273 | 0.1 | 2.163 | 0.1093 | 1.9959 | 0.1838 | 0.9266
8 04880 | 05 | 03494 24872 |0.1514 | 25 |0.1678 | 2.3441 | 04547 | 0.894
9 [0.1936 | 0.5473 | 0.1219 | 2.4353 | 0.1 | 2.154 | 0.1001 | 2.1813 | 0.1816 | 0.6927
10 05572 | 0.5001 | 04973 | 1.6339 | 0.1825 | 2.5 | 02191 | 1.9803 | 0.6056 | 0.5109
11 [0.1215] 05388 | 0.1 |24992| 0.1 |0.7809 | 0.104 | 0.73 |0.1156 | 0.6022
12 | 01 [05581 01001 1.7099| 0.1 | 05 |0.1001 05614 0.1 | 0.795
13 [0.1001 | 0.5801 | 0.1001 | 0.8006 | 0.1 | 0.5544 | 0.1052 | 0.5235 | 0.1289 | 0.5031
14 10.1001 | 0.5025 | 0.1003 | 05 | 0.1 | 05 [0.1001]0.5003 | 0.1008 | 0.5007
15 103973 | 0.6834 | 0.5204 | 0.5002 | 0.1654 | 2.5 |0.1832 | 2.361 | 0.4841 | 1.0237
16 04765 | 0.7692 | 09705 | 05 | 0.181 | 25 |02513 | 1.5888 | 0.7017 | 0.5098
17 103487 | 1.2317 | 0.696 | 05 |0.1571| 25 |0.1935 | 20471 | 0.4025 | 1.4966
18 [ 0.4408 | 0.6306 | 0.3678 | 2.451 | 0.1387 | 25 | 0.168 | 2.089 | 03972 | 1.1425
19 | 0476 | 0.7478 | 04302 | 2.291 | 0.1901 | 2.5 | 0.2282 | 2.0034 | 0.5379 | 1.2087
20 [ 05129 | 0.7213 | 0.5525 | 1.4055 | 0.1924 | 2.5 | 0.226 | 2.128 | 04411 | 1.4649
21 | 02186 | 1.9997 | 0.2516 | 2.1498 | 0.135 | 25 | 0.1631 | 2.0815 | 0.5264 | 0.6436
22 [ 03895 | 1.1956 | 0.7658 | 0.8065 | 0.1720 | 2.5 | 0.2064 | 2.189 | 0.4336 | 1.4988
23 [ 03605 | 1.1951 | 0.6002 | 1.0292 | 0.1602 | 2.5 | 0.1889 | 2.1125 | 0.507 | 1.2602
24 [ 0.6013 | 05393 | 0.6159 | 1.0636 | 0.209 | 25 | 02606 | 1.89 | 04521 | 1.4362
25 | 02874 | 15387 | 05342 | 05 | 0.151 | 25 |0.1656 | 2.414 | 0.5957 | 0.5518
26 | 04992 | 0.5 | 06434 08444 | 0.1425 | 25 | 0.173 | 2.1852 | 0.2889 | 2.0495
27 04259 | 05 |02614] 25 |0.1267| 25 |0.1574 | 1.9668 | 04197 | 1.0216
28 | 03122 | 18681 | 0315 | 25 | 0.173 | 25 [0.1903 | 24121 | 0.5891 | 0.5366
20 03118 | 1494 | 02962 | 25 |0.1578 | 25 |0.1867 | 2.1393 | 0.4805 | 0.8305
30 | 0.2663 | 17012 | 0.2875 | 2.4979 | 0.1239 | 2.5 | 0.1395 | 2.4161 | 0.3784 | 0.8871
31 ] 0.1001 | 05001 | 0.1004 | 05 | 01 | 05 | 0.1 ]0.6023|0.1161 | 0.5024
3 | 01 [05024] 01 05000 01 | 05 | 0.1 ]0.7242[0.1075 | 0.5000
33 [ 04798 [ 05001 | 0.7428 | 05 | 0.1553 | 25 | 0.1783 | 2.2162 | 0.3787 | 1.3351
34 04032 | 0.6577 | 04862 | 12949 | 0.1389 | 2.5 | 0.1659 | 2.0189 | 0.4874 | 0.6885
35 | 0.2961 | 1.2358 | 0.5306 | 0.7374 | 0.1264 | 2.5 | 0.1417 | 2.3048 | 0.5641 | 0.5061
36 | 03305 | 1.6162 | 0.6806 | 0.5001 | 0.18 | 25 | 0.1983 | 2.3581 | 0.5417 | 0.7404
37 02389 | 1.1937 | 02153 | 2.0325 | 0.1 | 2.2539 | 0.1 | 2.4106 | 0.5053 | 0.5226
38 | 01 |05062]0.1001] 05 | 01 | 05 |0.1001 | 0.6104 | 0.1074 | 0.5069
39 [ 05123 | 05001 | 0.8827 | 0.717 | 0.1657 | 2.5 | 0.1898 | 2.2205 | 0.4268 | 0.9769

[ OFV [  28.0195 39.1836 [ 178122 | 192133 33.7734
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Figure 2.7: CTI otained by various methods for the 30-bus system considering IDMT char-

acteristic curves of relays and standard parameter values.

Table 2.11: Summary of results obtained after 100 independent runs for the 30-bus system

with standard parameter values and IDMT characteristics

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 28.0195 | 29.2239 | 30.3700 | 0.6717 655.66
PSO 39.1836 | 46.0857 | 58.5692 | 6.1688 13.37
DE 17.8122 | 18.4427 | 21.4340 | 0.7226 123.22
HS 19.2133 | 19.7119 | 20.2305 | 0.3626 341.41
SOA 33.7734 | 35.8641 | 40.7814 | 2.0771 60.37

with perturbed parameter values and IDMT characteristics

Table 2.12: Summary of results obtained after 100 independent runs for the 30-bus system

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 33.2164 | 38.3621 | 45.4163 | 2.8409 396.45
PSO 34.7322 | 52.0418 | 76.1520 | 10.1870 7.92
DE 17.8122 | 18.0856 | 21.4402 | 0.6362 73.76
HS 19.0463 | 19.5602 | 20.5018 | 0.2779 313.10
SOA 31.3752 | 35.4262 | 60.1147 | 3.8634 68.85

From Table 2.T1] again it is observed that among all these five methods, the DE gives the

least value of the objective function (17.8122 seconds). Further, the standard deviation (0.7226) is
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also quite low, establishing the high predictability of the results obtained in different runs of DE.
Further, the results obtained by the DE are of high quality as the mean and the worst values of
the objective function is close to that of the best value. From Figure it is again observed that

among these five methods, DE gives the lowest values of CTI.

Again, from Table 2.12] it is observed that DE gives the best result (the least value of the
objective function) among all these five methods. It is also observed from Tables [2.11] and 2.12]
that with DE, the best value of the objective function remains the same with standard parameter
values as well as with the perturbed parameter values, thereby again establishing the fact that the
best value obtained by DE is immune to the variation of the parameter values. However, again for
the other four methods, the best values (and also the other values) of the objective functions change
with variation in the parameter values. Also, DE is reasonably time efficient (third fastest in this

case) as compared to the other algorithms.

2.4.3.2 Case B: Relays with different characteristics

In this case relays with different characteristic curves have been considered. For this case, the
relays which are connected to the external supply buses are considered to have very inverse (VI)
characteristics, the relays which are connected to the DG buses are considered to have extremely
inverse (EI) characteristics and the rest are considered to be of standard IDMT type relays. Table
[2.13] shows the details of various relays along with the coefficients of their characteristic curves
[60].

For this case, the optimum settings of the relays obtained (corresponding to the best run out
of 100 independent runs) by the various methods corresponding to the standard parameter values
are given in Table 2.14] whereas the CTI between the time of operations of the primary relay (t,,)
and that of the corresponding backup relays (¢,) are plotted in Figure [2.8] Table [2.15| shows the
summary of the results obtained after 100 runs by the different methods with standard parameter
values whereas Table shows the corresponding values obtained with the perturbed parameter
values. As in the previous cases, these tables show the best, mean and the worst values of the
objective function along with its standard deviation and the average elapsed time (sec) for executing

each algorithm.

From Table [2.15] again it is observed that among all these five methods, the DE gives the
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Table 2.13: Types of relays and their characteristics coefficients for the 30-bus system

. Characteristic coefficients
Relays types Various relays
A n L
EI 22,25, 36,37 80 2 0
VI 1,3,12,13,15,17, 19, 28, 31, 33 13.5 1 0
IDMT 2-11, 14, 16, 18, 20, 21, 23, 24, 26-30, 32, 34, 35, 38,39 | 0.14 0.02 0

Table 2.14: Optimum settings of relays obtained for the 30-bus system considering different

characteristics curves and standard parameter values

GA PSO DE HS SOA
Relays —pNs T Pps [ T™MS | PS | TMS | PS | TMS | PS | TMS | PS
0647 | 1.4683 | 02793 | 2.4998 | 0.1694 | 2.3635 | 0.18 | 2.348 | 0.5029 | 1.5987
0.1824 | 05008 | 0.186 | 05 | 0.1 | 12324 0.1 |1.4679 | 0.2059 | 0.5063
03398 | 1.2115 | 0.1001 | 2.497 | 0.7994 | 0.7886 | 0.972 | 0.7154 | 0.4044 | 1.1081
0.1006 | 0.5016 | 0.1098 | 0.5001 | 0.1 | 05 | 0.1001 | 0.6203 | 0.1041 | 0.5176
0.4587 | 0.5064 | 0.6303 | 0.5215 | 0.1581 | 2.5 | 0.1707 | 2.4009 | 0.3336 | 1.03
02236 | 0.9054 | 02761 | 0.5 | 0.1171 | 2.4999 | 0.1605 | 145 |0.2345 | 0.9836
03806 | 05132 | 0.4464 | 05028 | 0.1227 | 25 | 0.1461 | 2.0543 | 03544 | 05
02104 | 1445 | 0.1767 | 2.0551 | 0.1306 | 2.5 | 0.1396 | 2.4224 | 0.2742 | 0.922
9 [0.1477 [ 08937 | 02112 05 | 0.1 | 1.7143 | 0.1001 | 1.9709 | 0.1453 | 1.2266
10 [ 0381105365 | 025 | 20413 [ 0.1374 | 2.5 |0.1661 | 1.9697 | 0.3785 | 0.5018
11 (0135505276 | 0.1 | 1.8406 | 0.1 | 1.1477 | 0.1368 | 0.5098 | 0.1755 | 0.5
12 105993 | 1.9032 | 1.0998 | 25 | 0417 | 1.9251 | 1.0044 | 13181 | 053 | 1.9725
13 02001 | 1.3997 | 0.1001 | 2.4887 | 0.758 | 0.7184 | 02195 | 1.3337 | 0.4676 | 0.9143
14 101001 | 0.5005| 0.1 | 05 | 01 | 05 [0.1001 ] 1.0169 | 0.1047 | 0.5001
15 105759 | 0.8173 | 1.0345 | 0.6088 | 0.39 | 0.9903 | 0.3849 | 1.0011 | 0.2319 | 1.2838
16 | 01 |05043] 01 | 05 | 0.1 ]05001|0.1001 | 05831 | 0.1299 | 0.5021
17 104405 | 1.7051 | 0.7189 | 1.2503 | 0.1655 | 2.4998 | 0.256 | 2.0345 | 0.4782 | 1.6091
18 0251405041 | 0282 | 05 | 0.1 | 24118 |0.1081 | 2.2048 | 0.2291 | 0.6349
19 101929 1.83 | 09854 | 0.8031 | 0.1 | 23236 ] 0.5019 | 1.104 | 0.4061 | 1.3043
20 | 02166 | 0.5048 | 02281 | 0.6114 | 0.1 | 1.9251 | 0.1025 | 1.8833 | 0.2068 | 0.5503
21 02637 | 0.5005 | 0.1369 | 25 | 0.1191 | 2.4994 | 0.1479 | 1.7292 | 0.2771 | 0.5264
22 [ 04443 | 2.0787 | 1.0999 | 1.3749 | 0.2546 | 2.4995 | 0.7544 | 1.4803 | 0.6251 | 1.7435
23 (02203 | 05626 | 0.1 | 24877 | 0.1 |2.1324]0.1003 | 2.1811 | 0.1984 | 0.6357
24 02663 | 074 | 0.1913 | 1.7264 | 0.1124 | 2.4999 | 0.1166 | 2.4503 | 0.2584 | 0.7423
25 | 03915 | 1.9055 | 05152 | 1.6743 | 0.4745 | 1.5596 | 0.3654 | 1.8084 | 0.6648 | 1.5422
26 | 02757 | 0.7377 | 0.2643 | 0.9374 | 0.1301 | 2.5 | 0.1654 | 1.8923 | 0.2522 | 0.9963
27 [ 0.1759 [ 05397 | 0.1011 [ 2.2132 | 0.1 | 1.5244 | 0.1097 | 1.3109 | 0.1117 | 1.5258
28 | 0.7854 | 0.9435 | 0.8668 | 0.8643 | 0.1 | 2.1752 | 0.6654 | 0.9027 | 0.4642 | 1.1711
29 [ 02145 [ 0.6507 | 0.2398 | 0.5015 | 0.1 | 2.0647 | 0.1 |2.3372 | 02658 | 05
30 | 0.2286 | 12619 | 04149 | 0.5 | 0.1277 | 25 | 0.136 | 2.3901 | 0.2304 | 1.2368
31 [ 0.6503 | 1.1948 | 0.3959 | 1.692 | 0.1274 | 2.3779 | 0.1568 | 2.1845 | 0.5575 | 1.2866
32 | 0171 [ 05108 0.1 [24999 | 0.1 | 11364 0.1 |1.2598 |0.1818 | 05
33| 0.6897 | 0.7988 | 0.6425 | 0.8308 | 0.5672 | 0.8782 | 0.1871 | 1.5258 | 0.2935 | 1.2248
34 [ 0.1001 | 05258 | 01 [05112| 01 | 05 | 0.1 ]0.7002 |0.1001 | 0.5074
35 | 02758 | 1.0407 | 04552 | 0.5 | 0.1325 | 25 | 0.1451 | 2.2941 | 02338 | 1.4744
36 | 054 | 14168 |0.1365| 25 |0.1176 | 2.4999 [ 0.9760 | 0.9235 | 0.6707 | 1.21
37 105759 | 09354 | 0.1 | 2.4948 | 0.1001 | 1.9243 | 0.5773 | 0.862 | 0.3389 | 1.1365
38 | 0.1966 | 2.1341 | 0.4588 | 0.5087 | 0.1447 | 25 | 0.1556 | 2.3332 | 029 | 0.984
39 [ 0.1001 | 05038 | 0.1 05000 | 01 | 05 | 0.1 [07078 | 0.109 | 05

[ OFV | 145616 [ 17127 | 112444 [ 11883 | 147367 |
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least value of the objective function (11.2444 seconds). Further, the standard deviation (0.0134) is

also quite low, establishing the high predictability of the results obtained in different runs of DE.
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Figure 2.8: CTI otained by various methods for the 30-bus system considering different

characteristics curves of the relays and standard parameter values.

Table 2.15: Summary of results obtained after 100 independent runs for the 30-bus system

with different characteristics curves and standard parameter values

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 14.5616 | 15.4757 | 16.5568 | 0.4148 394.74
PSO 17.1270 | 23.1064 | 33.2713 | 3.6491 101.77
DE 11.2444 | 11.2778 | 11.3076 | 0.0134 716.32
HS 11.8830 | 12.1572 | 12.5398 | 0.1467 624.96
SOA 14.7367 | 16.1104 | 18.6680 | 0.7146 124.54

Table 2.16: Summary of results obtained after 100 independent runs for the 30-bus system

with different characteristics curves and perturbed parameter values

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 14.5503 | 16.8485 | 21.9571 | 1.4913 261.7567
PSO 14.4910 | 23.8191 | 36.8190 | 4.8560 125.1248
DE 11.2499 | 11.3053 | 11.6960 | 0.0709 751.7813
HS 11.8067 | 12.1687 | 12.6070 | 0.1620 650.1724
SOA 14.1985 | 15.6728 | 18.3079 | 0.8336 181.7318

35



Further, the results obtained by the DE are of high quality as the mean and the worst values of
the objective function is close to that of the best value. From Figure [2.8] it is again observed that

among these five methods, DE gives the lowest values of CTI.

In this case of IEEE 30-bus system, it is observed that the sum of the operating times of all the
relays is very low (11.2444 seconds) as compared to case A (17.8122 seconds, Table[2.11)) in which
all the relays are considered to be of IDMT characteristics. This is because of the fact that VI and
EI types of relays operate much faster than the corresponding IDMT types of relays. Further, it is
observed that the average execution time of various algorithms are higher than that in the previous
case. The reason behind this lies in the increased complexity of the modelling because of different

relay curves.

Again, from Table [2.16]it is observed that DE gives the best result (the least value of the ob-
jective function) among all these five methods. Also, from Tables and it is observed that
with DE, the best value of the objective function obtained with the standard parameter values and
the perturbed parameter values are very close to each other. Thus, the best value obtained by DE is
virtually immune to the variation of the parameter values for all practical purposes. However, again
for the other four methods, the best values (and also the other values) of the objective functions
change with variation in the parameter values. In this particular case, although DE has produced
the best solution like previous cases but has taken relatively longer time as compared to the other

algorithms.

For the next three test systems, maximum load currents and fault currents are not readily avail-
able in the literature. For these three system, various currents have been calculated using the
following procedures. The maximum load current (/;,,,,) has been calculated using Newton-
Raphson load flow (NRLF) analysis. The fault current calculations have been carried out using bus
impedance matrix (Zp,s) approach [95]]. Three-phase-to-ground solid faults and line-to-line faults
with a fault impedance of 0.1 p.u. [31] have been considered for calculating the maximum fault
current (£ y,q,) and the minimum fault current (/y,,;,,) passing through each relay, respectively. In

this study, the faults have been applied at the middle of each line.
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Figure 2.9: IEEE 14-bus system.

2.4.4 System IV: IEEE 14-bus test system

Figure 2.9 shows the IEEE 14-bus system supplied by five generating sources connected at buses
1,2, 3, 6 and 8. More information about the system is available in [94]]. In this system, there are
40 IDMT DOCRs (numerical/digital type) having 93 combinations of primary-backup relationship
among them. Table[A.T|of the appendix shows the maximum load current, minimum fault current
and maximum fault current passing through all the relays. Table gives the CTRs of the vari-
ous relays used in the system whereas, Table shows the 93 combinations of primary-backup

relationship among all the 40 relays with the corresponding fault currents.

It is to be noted that some of the primary-backup relay combinations have not been considered
during the optimization process as the current passing through the backup relays are less than the
corresponding maximum load currents. There are 23 such combinations, which are: 1, 5, 8-11, 13,
14, 18, 20-22, 26, 30, 32, 35, 37, 40, 45, 47, 50, 54 and 61 (as given in Table[A.3)). The coordination
constraints corresponding to these primary-backup combinations have been ignored as the MCT
would be maintained for these combinations. Thus, only 70 primary-backup combinations have

been considered during optimization process.

The optimum settings i.e., TMS and PS of the relays obtained by different methods using
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standard parameter values are given in Table whereas the CT1 between the time of operations
of the primary relay (Z,,) and that of the corresponding backup relays (%) are plotted in Figure
[2.10] It is to be noted that the best results (for the minimum value of objective function) obtained
after 100 runs of each method corresponding to the standard parameter values are given in Table
and Figure[2.10] The last row in Table gives the values of the sum of the operating times
of all the relays i.e., objective function value (OFV) corresponding to the set of TMSs and PSs
obtained by each method. Table[2.18|shows the summary of the results obtained after 100 runs by
the different methods with standard parameter values whereas Table [2.19)shows the corresponding
values obtained with the perturbed parameter values. These tables summarize the best, mean and
the worst values of the objective function along with its standard deviation and the average elapsed

time (sec) for executing each algorithm.

Table 2.17: Optimum settings of relays for the IEEE 14-bus system obtained with standard

parameter values

GA PSO DE HS SOA
Relays —Ne T ps [ T™MS | PS | T™MS | PS | TMS | PS | TMS | PS
I |0.1002 | 0.7505 | 0.1 0.75 0.1 0.75 0. |0.8496 | 0.1043 | 0.7503

2 | 0.1001 | 0.5098 | 0.1001 | 0.6048 | 0.1 0.5 | 0.1002 | 0.5892 | 0.1004 | 0.5091

3 0.1 |1.3455]0.1013 | 1.25 0.1 1.25 0.1 | 12724 0.102 | 1.2826

4 0.1 |05002] 0.1 0.5 0.1 0.5 | 0.1001 | 0.5416 | 0.1019 | 0.5149

5 0.1 |14685] 0.1 1.25 0.1 1.25 0. | 13114 |0.1046 | 1.2724

6 | 0.1283]05035| 0.1 |08587| 0.1 |O0.81840.1167 | 0.6431 | 0.1238 | 0.5483

7 | 0.1361 | 1.0618 | 0.1 | 1.0916] 0.1 1 0.1017 | 1.0276 | 0.1324 | 1

8 | 0.1318 | 0.5503 | 0.1008 | 0.7116 | 0.1 | 0.6953 | 0.1001 | 0.7799 | 0.1453 | 0.5014

9 0.138 | 1.0231 | 0.1112 | 1.246 | 0.1 | 1.4397 | 0.1001 | 1.5159 | 0.1264 | 1.3105

10 | 0.1193 | 0.7269 | 0.1453 | 0.5005 | 0.1 | 0.618 | 0.1001 | 0.6734 | 0.1122 | 0.6705

11 | 0.2837 | 0.5032 | 0.1204 | 1.9999 | 0.1083 | 2 | 0.1362 | 1.4326 | 0.2501 | 0.5163

12 | 0.1257 | 12727 | 0.1 | 1.4348 | 0.1 | 1.2889 | 0.1059 | 1.2554 | 0.1025 | 1.3467

13 | 02379 | 05201 | 0.1 |1.8988 | 0.1 | 14978 0.1 | 1.7317 | 0.1213 | 1.4801

14 | 0.1063 | 1.1009 | 0.1001 1 0.1 1 | 0.1001 | 1.1305 | 0.1289 | 1.0004

15 |0.1816 | 1.05 | 0.105 2 0.1 | 1.3052 | 0.1002 | 1.6148 | 0.1732 | 1.1279

16 | 0.1007 | 0.5305 | 0.1 0.5 0.1 0.5 0.1 |0.5597 | 0.1043 | 0.5001

17 | 02312 | 1.0008 | 0232 | 1.3435 | 0.1 | 1.7099 | 0.1 | 1.868 | 0.2329 | 1.0138

18 |0.1499 | 0962 | 0.1 2 0.1 |1.0293 | 0.1001 | 1.2288 | 0.2109 | 0.5051

19 | 0.1134 | 1.3636 | 0.104 2 0.1 1.25 0.1 |1.3429 | 0.1249 | 1.384

20 0.1 |05425| 0.1 |0.5015] 0.1 0.5 |0.1001 | 0.513 | 0.1016 | 0.5088
21 0.41 | 0.5008 | 0.4018 | 0.7591 | 0.1539 | 2 | 0.1798 | 1.6679 | 0.4252 | 0.5989
22 | 0.2677 | 1.0886 | 0.668 | 0.5007 | 0.1291 2 | 0.1389 | 1.9604 | 0.3865 | 0.5952
23 | 0.2748 | 0.9681 | 0.6793 | 0.7502 | 0.1056 | 2 | 0.1304 | 1.6112 | 0.2968 | 0.75
24 | 0.2918 | 0.6187 | 0.3394 | 0.5162 | 0.1 | 1.9172 | 0.1116 | 1.807 | 0.2816 | 0.829
25 | 0.2604 | 1.2751 | 0.2902 | 1.25 | 0.1277 | 2 | 0.1474 | 1.7628 | 0.3012 | 1.2519
26 | 0.3387 | 0518 | 0.2092 | 2 0.1 |1.7642 | 0.103 | 1.8026 | 0.2784 | 0.7944
27 | 0.1003 | 1.3168 | 0.1 1.25 0.1 1.25 0.1 | 14571 ]0.1123 | 1.2544
28 | 0.3289 | 0.9525 | 0.5626 | 0.5 | 0.1569 | 2 | 0.1906 | 1.5837 | 04714 | 0.5
29 | 0.1001 | 1.1366 | 0.1 | 1.9999 | 0.1 1 | 0.1001 | 1.157 | 0.1004 | 1.0014
30 | 0.2827 | 0.6618 | 0.2585 | 0.9608 | 0.1 | 1.905 | 0.1 | 1.9855 | 0.3118 | 0.5224
31 | 04214 | 0.5042 | 0.3847 | 1.7823 | 0.166 2 0.195 | 1.6211 | 0.4621 | 0.5047
Continued on next page
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Table 2.17 — continued from previous page

GA PSO DE HS SOA
Relays —ye T ps [ T™MS | PS | TMS | PS | TMS | PS | TMS | PS
32 [ 02003 | 2.1823 | 03826 | 05 | 0.1354 | 2 | 02065 | 0.8136 | 0.4059 | 0.5244
33 | 0.2955 | 1.0908 | 0.2287 | 1.7588 | 0.1192 | 2 | 0.1325 | 1.7502 | 0.3476 | 0.8118
34 | 02446 | 15937 | 02816 | 2 | 0.1514 | 2 | 0.1639 | 1.9168 | 03297 | 1.044
35 | 0.2038 | 2.0998 | 0.614 | 0.6141 | 0.1478 | 2 | 0.1694 | 1.7019 | 0.3846 | 0.7192
36 | 03695 | 0.6666 | 04862 | 05 | 0.165 | 2 | 0.1797 | 1.859 | 0.4587 | 0.5203
37 103336 | 05146 | 0.3894 | 05002 | 0.1 | 1.8573 [ 0.1173 | 1.6529 | 0.2765 | 0.774
38 102919 | 05797 | 02928 | 0.655 | 0.1 | 1.7752 | 0.1055 | 1.7716 | 0.2416 | 0.9221
39 [ 03651 | 0.6226 | 02211 | 1.982 | 0.1368 | 2 | 0.1587 | 1.7156 | 0.3704 | 0.6379
40 | 02516 | 1.6182 | 0.3284 | 0.7019 | 0.1159 | 2 | 0.1201 | 1.9589 | 0.4262 | 0.5037
OFV 198211 22,6105 13.2398 140412 20,8203
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Figure 2.10: CTI obtained by various methods for the IEEE 14-bus system obtained with

standard parameter values.

From Table [2.T§]it is observed that among all these five methods, the DE gives the least value
of the objective function (13.2398 seconds) and the standard deviation (0.0009). As the standard

deviation is quite low for DE as compared to the other methods, it can be inferred that DE gives
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system with standard parameter values

Table 2.18: Summary of results obtained after 100 independent runs for the IEEE 14-bus

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 19.8211 | 20.9276 | 22.1845 | 0.7915 96.1153
PSO 22.6105 | 28.4865 | 36.5781 | 5.3291 21.0991
DE 13.2398 | 13.2401 | 13.2426 | 0.0009 18.9104
HS 14.0412 | 14.2828 | 14.6179 | 0.2052 368.0828
SOA 20.8203 | 22.4179 | 24.2028 | 1.3141 53.4584

system with perturbed parameter values

Table 2.19: Summary of results obtained after 100 independent runs for the IEEE 14-bus

Objective function value Standard | Average elapsed
Methods Best Mean Worst | deviation time (sec)
GA 20.3602 | 229151 | 30.4782 | 3.2094 102.0449
PSO 19.2156 | 26.7031 | 34.962 | 5.4544 24.9508
DE 13.2398 | 13.2399 | 13.2402 | 0.0001 27.5279
HS 13.9514 | 23.1869 | 45.074 | 13.4726 420.1575
SOA 19.8291 | 20.668 | 21.7699 | 0.641 65.3597

the most predictable results when it is executed repeatedly as compared to the other four methods.
Further, the results obtained by DE are of high quality as the mean and the worst values of the
objective function are close to the best value. Also, from Figure [2.10] it is observed that among

these five methods, the DE gives the lowest values of CTI.

Again, from Table 2.19] it is observed that DE gives the best result (the least value of the
objective function) among all these five methods. It is also observed from Tables and
that with DE, the best value of the objective function remains the same with standard parameter
values as well as with perturbed parameter values. Therefore, the best value (of the objective
function) obtained by DE can be considered to be immune to variation in the parameter values.
However, for the other four methods, the best values (and also the other values) of the objective

functions change with variation in the parameter values.

2.4.5 System V: IEEE 30-bus test system

Figure[2.11|shows the IEEE 30-bus system supplied by six generating sources connected at buses 1,
2,5, 8,9 and 13. More information about the system is available in [94]. In this system, there are 82
IDMT DOCRs (numerical/digital type) having 195 combinations of primary-backup relationship

among them. Table shows the maximum load current, minimum fault current and maximum
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Figure 2.11: IEEE 30-bus system.

fault current passing through all the relays. Table [A.5] gives the CTRs of the various relays used in
the system whereas, Table[A.6|shows the 195 combinations of primary-backup relationship among

all the 82 relays with the corresponding fault currents.

It is to be noted that some of the primary-backup relay combinations have not been considered
during the optimization process as the current passing through the backup relays are less than the
corresponding maximum load currents. There are 36 such combinations, which are: 1, 5, 7-10,
12-15, 17-19, 23, 25, 33, 37, 39, 42, 53, 55, 61, 63, 66, 71-73, 76, 79, 84, 89-90, 114, 137, and
189 (as given in Table[A.6). The coordination constraints corresponding to these primary-backup
combinations have been ignored as the MCT would be maintained for these combinations. Thus,

only 159 primary-backup combinations have been considered during optimization process.
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The optimum settings i.e., TMS and PS of the relays obtained by different methods using
standard parameter values are given in Table [2.20| whereas the CTI between the time of operations
of the primary relay (Z,,) and that of the corresponding backup relays (¢,,) are plotted in Figure
@ It is to be noted that the best results (for the minimum value of objective function) obtained
after 100 runs of each method corresponding to the standard parameter values are given in Table
[2.20]and Figure[2.12] The last row in Table [2.20| gives the values of the sum of the operating times
of all the relays i.e., objective function value (OFV) corresponding to the set of TMSs and PSs
obtained by each method. Table[2.21|shows the summary of the results obtained after 100 runs by
the different methods with standard parameter values whereas Table [2.22]shows the corresponding
values obtained with the perturbed parameter values. These tables summarise the best, mean and
the worst values of the objective function along with its standard deviation and the average elapsed

time (sec) for executing each algorithm.

Table 2.20: Optimum settings of relays for the IEEE 30-bus system obtained with standard

parameter values

GA PSO DE HS SOA

Relays = ye T ps [ T™MS | PS | TMS | PS | TMS | PS | TMS | PS
T [0.1395 | 1.0583 | 0.1 | 1.0011 | 0.1013 | 1.0338 | 0.1001 | 1.0379 | 0.1009 | 1.0011
2 [ 02147 | 05995 | 0.1 05 | 0.1002 | 05034 | 0.1 | 0.5497 | 0.1051 | 0.5007
3 [ 0.1812 | 2.2627 | 0.7061 | 1.25 | 0.1002 | 15305 | 0.1001 | 1.5921 | 0.1656 | 1.2974
4 0218505473 | 0.1 | 19593 | 0.1001 | 05101 | 0.1 | 0583 | 0.1064 | 05128
5 [ 05327 | 1.4485 | 1.0899 | 1.251 | 0.1014 | 1.6669 | 0.1001 | 1.8712 | 0.2376 | 1.3048
6 | 0.1724 | 07609 | 0.1124 | 05 | 0.1006 | 0.5809 | 0.1053 | 0.5331 | 0.1759 | 0.7444
7 [ 02801 | 1.0017 | 0.1233 | 1.4891 | 0.1003 | 1.0712 | 0.1017 | 1.1261 | 0.2364 | 1.0005
8 (03136 | 05156 | 0.1408 | 05 | 0.1015 | 0.9915 | 0.1024 | 0.9948 | 0.1639 | 0.7442
9 | 0381 | 1.0931 | 0.2201 | 1.2989 | 0.1017 | 1.073 | 0.1001 | 1.2944 | 0.1723 | 1.2487
10 | 03738 | 05118 | 0.2138 | 1.3105 | 0.106 | 0.6134 | 0.1002 | 0.9261 | 0.1372 | 0.5002
1 | 028 | 1202 | 02613 | 0.75 |0.1056 | 0.8794 | 0.1004 | 0.9948 | 0.1837 | 0.7896
12 | 0.6663 | 0.7037 | 0.4286 | 1.9948 | 0.1023 | 1.5111 | 0.1013 | 1.5416 | 0.4576 | 0.5096
13 | 04828 | 1.2798 | 0.2648 | 1.2508 | 0.1001 | 1.2544 | 0.1002 | 1.44 | 0.1882 | 1.2793
14 07139 | 0.8374 | 0.6194 | 0.8035 | 0.1305 | 1.9663 | 0.209 | 0.6614 | 0.3795 | 1.1167
15 | 02287 | 1.4478 | 0.2384 | 1.2521 | 0.1003 | 1.5403 | 0.1044 | 1.5886 | 0.3302 | 1.3481
16| 0.2205 | 1.4398 | 0.4354 | 0.5001 | 0.1006 | 0.8142 | 0.1002 | 0.9569 | 0.1602 | 1.2829
17 | 05697 | 1.5211 | 03954 | 2 | 0.1752 | 1.9582 | 0.2477 | 1.0991 | 0.3179 | 1.6958
18 02332 | 12288 | 0.1 2 [ 0.1014 | 14987 | 0.1 | 16656 0.185 | 1.0195
19 | 04403 | 1.2332 | 0.1093 | 2 | 0.1034 | 1.9772 | 0.1083 | 1.8891 | 0.1988 | 1.0327
20 [ 0.8398 | 0.5651 | 04218 | 1.9399 | 0.1659 | 1.92 | 0.2229 | 1.1152 | 0.3733 | 1.3651
21 [ 04643 | 0.7776 | 02168 | 0.8087 | 0.1003 | 1.2566 | 0.1 | 1.2968 | 0.2938 | 0.7508
22 [ 04173 | 2309 | 04277 | 1.6386 | 0.1531 | 1.9059 | 0.1631 | 1.8429 | 0.6391 | 0.5008
23 (04384 | 1245 | 0.1537 | 2 | 0.1002 | 1.7485 | 0.1001 | 1.8944 | 0.2904 | 1.0266
24 | 0281 | 05173 | 0.1001 | 0.5485 | 0.1001 | 0.5016 | 0.1002 | 0.7385 | 0.1376 | 0.5404
25 05899 | 1.0295 | 0.3784 | 1.0011 | 0.1147 | 1.9907 | 0.1229 | 1.9247 | 0.7408 | 1.0128
26 [ 0.7454 | 05537 | 0.1 | 1.8188 | 0.1000 | 1.1487 | 0.1004 | 1.5581 | 0.1685 | 1.2535
27 [ 04582 | 0.6302 | 0.1723 | 2| 0.1007 | 1.4158 | 0.1057 | 1.3161 | 0.1265 | 1.7794
28 [ 03823 | 1.0037 | 0.2915 | 1.0307 | 0.101 | 1.1434 | 0.1002 | 1.2374 | 0.2129 | 0.9642
29 [ 03692 | 0.9042 | 0.2578 | 0.7761 | 0.1005 | 1.1506 | 0.1002 | 1.2383 | 0.2257 | 0.5888
Continued on next page
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Table 2.20 — continued from previous page

GA PSO DE S SOA

Relays —ye T ps [ T™MS | PS | TMS | PS | TMS | PS | TMS | PS
30 | 03416 | 0.7022 | 0.3095 | 0.6333 | 0.1001 | 1.0373 | 0.1 | 1.1974 | 0.1334 | 1.5307
31 | 0.1259 | 1.3837 | 0.1001 | 1.6592 | 0.1002 | 1.2546 | 0.1001 | 1.2604 | 0.2011 | 1.25
32 | 0253 | 1.8434 | 0.2271 | 1.3296 | 0.1021 | 1.6081 | 0.1001 | 1.9259 | 0.4679 | 1.1545
33 01168 | 1.1932 | 0.1 | 1.801 | 0.1004 | 1.0198 | 0.1002 | 1.1026 | 0.1163 | 1.0002
34 | 04129 [ 2.1525 | 1.1 | 05097 | 0.1771 | 1.9999 | 0.1916 | 1.913 | 0.4432 | 1.3313
35 | 04596 | 13519 | 0.3894 | 1.2762 | 0.1704 | 1.9787 | 0.2394 | 1215 | 0.4053 | 1.0515
36 | 0.8678 | 0.6136 | 0.4851 | 1.9591 | 0.2168 | 1.9981 | 0.2597 | 1.7369 | 0.607 | 0.7653
37 | 05497 | 0.8873 | 0.4876 | 0.978 | 0.2211 | 1.9317 | 0.2482 | 1.7921 | 0.5715 | 0.9323
38 | 05388 | 1.2741 | 0.3961 | 1.9763 | 0.199 | 1.9859 | 0.2665 | 1.3292 | 0.5787 | 0.729
39 05782 | 1.0311 | 0.5768 | 1.003 | 0.1984 | 1.9841 | 0.2207 | 1.8185 | 0.534 | 1.0083
40 [ 03303 | 2.464 | 0.6745 | 0.5003 | 0.1774 | 1.9683 | 0.1762 | 1.9656 | 0.5186 | 0.593
41 05085 | 0.762 | 0.3635 | 1.9918 | 0.1341 | 1.9856 | 0.1363 | 1.9193 | 03741 | 1.061
42 | 0.449 [ 0.9761 | 0.4101 | 0.8191 | 0.1069 | 1.9889 | 0.1151 | 1.9379 | 0.2744 | 1.3459
43 01436 | 06289 | 0.1 | 05 |0.1009 | 0.5016 | 0.1004 | 0.5685 | 0.1 | 05175
44 [ 0.7734 | 0.708 | 0.7473 | 0.6996 | 0.2041 | 1.9929 | 0.2352 | 1.8179 | 0.6166 | 0.5685
45 04512 | 07215 | 0.2254 | 1.6223 | 0.1183 | 1.95 | 0.151 | 1.6518 | 0.4401 | 0.5738
46 | 0.2998 | 1.1439 | 0.1451 | 1.9602 | 0.1003 | 1.6636 | 0.1001 | 1.8231 | 0.3308 | 0.811
47 | 0537 | 1015 [ 04676 | 1 | 0.1757 | 1.9608 | 0.212 | 17011 | 0.4687 | 1.0019
48 [ 04501 | 0.9283 | 0.2661 | 1.5096 | 0.1054 | 1.9819 | 0.1453 | 1.5527 | 0.7228 | 0.5069
49 | 0773 [ 07779 | 0.7473 | 05 | 02011 | 1.994 | 0.2257 | 1.9345 | 0.4095 | 1.4295
50 | 052 09058 |02952| 2 | 0.1679 | 1.9808 | 0.2042 | 1.6901 | 0.4326 | 1.0005
ST [ 0.5216 | 0.9035 | 0.2911 | 1.7294 | 0.1525 | 1.9953 | 0.1966 | 1.6294 | 0.4631 | 0.8595
52 [ 0.6499 | 0.5233 | 0.2251 | 0.8243 | 0.1023 | 1.9663 | 0.1096 | 1.799 | 0.3549 | 0.6174
53 [0.7743 | 0.8151 | 0.4183 | 1.9886 | 0.2443 | 1.9931 | 0.2744 | 1.9634 | 0.6198 | 0.9379
54 [ 03908 | 1.5523 | 0.3657 | 1.8242 | 0.1623 | 1.9704 | 0.196 | 1.7212 | 0.4898 | 1.3936
55 | 0387 | 2.2233 | 0.5605 | 1.1402 | 0.1838 | 1.9787 | 0.204 | 1.7262 | 0.4257 | 1.105
56 | 04925 | 1.6552 | 0.5015 | 0.8348 | 0.1975 | 1.9936 | 0.2263 | 1.8855 | 0.5622 | 1.0363
57 [ 0.8019 | 0.9676 | 0.8135 | 0.5037 | 0.2355 | 1.9537 | 0.2687 | 1.8981 | 0.521 | 1.2671
58 | 0.5474 | 0.8221 | 0.4165 | 1.2755 | 0.1624 | 1.9808 | 0.1903 | 1.7604 | 0.478 | 0.7298
50 05258 | 1.687 | 0.4584 | 1.9714 | 0.2421 | 1.9807 | 0.3464 | 1.184 | 0.6483 | 0.6148
60 | 0.4096 | 1.7155 | 0.3549 | 1.7073 | 0.1796 | 1.997 | 0.2083 | 1.77 | 0.576 | 0.8223
61 | 0.7196 | 0.6707 | 0.6617 | 05 | 0.2184 | 1.9949 | 0.2506 | 1.9531 | 0.5824 | 0.7537
62 | 0431 | 1.6691 | 0.4762 | 1.1247 | 0.2151 | 1.9786 | 0.2672 | 1.5011 | 0.5873 | 0.9668
63 | 055 | 1295 [0.5178 | 1.6651 | 0.1976 | 1.9995 | 0.223 | 1.8245 | 0.6026 | 0.5598
64 | 05423 | 0.6208 | 0457 | 11928 | 0.18 | 1.9352 | 0.1824 | 1.8458 | 04517 | 0.8001
65 05437 | 1.1819 | 0.761 | 0.7502 | 0.1842 | 1.9862 | 0.2155 | 1.7825 | 0.4496 | 1.3066
66 | 0.6347 | 0.6407 | 0.5182 | 0.9354 | 0.2076 | 1.9594 | 0.2084 | 1.9272 | 0.6409 | 0.5585
67 | 0.651 | 0.5951 | 0.7614 | 0.6018 | 0.1737 | 1.9615 | 0.1718 | 1.977 | 0.4781 | 0.8445
68 | 0401 | 1.9925 | 03329 | 2 | 0.2076 | 1.9326 | 0.2303 | 1.9848 | 0.4953 | 1.563
69 | 0.3774 | 2.3441 | 0.5371 | 0.9786 | 0.1300 | 1.9222 | 0.1474 | 1.581 | 0.2133 | 1.4881
70 | 04564 | 1.2559 | 0.3713 | 1.9998 | 0.1567 | 1.9846 | 0.1551 | 1.9796 | 0.3641 | 13178
71 [ 0.1356 | 0.7728 | 0.1 | 1.9292 | 0.1001 | 0.5064 | 0.1001 | 0.5865 | 0.1196 | 1.1563
72 [ 0.1648 | 0.5807 | 1.0168 | 05 | 0.101 | 0.5046 | 0.1001 | 0.509 | 0.1096 | 0.6063
73 [ 0.7442 | 0.5644 | 0.7101 | 0.5261 | 0.107 | 1.9829 | 0.1106 | 1.9323 | 0.2895 | 0.5224
74 05429 | 1.5087 | 1.0996 | 1.9713 | 0.2255 | 1.9822 | 0.2265 | 1.9205 | 0.64 | 13011
75 | 05254 | 0.6447 | 0.7546 | 05 | 0.1006 | 1.1802 | 0.1 | 1.2969 | 0.2106 | 0.738
76 | 0.4200 | 1.3758 | 0.6954 | 1.2502 | 0.1118 | 1.997 | 0.1203 | 1.8517 | 0.2929 | 1.5998
77 02986 | 1.7202 | 0.127 | 1.2597 | 0.1032 | 1.6086 | 0.116 | 1.2945 | 0.1149 | 1.5207
78 01313 | 0698 | 01 | 05 |0.1018 ] 0513 [0.1002 | 0579 | 0.1016 | 05
79 [0.1009 | 1.106 | 0.4154 | 1.0059 | 0.1004 | 1.0303 | 0.1 | 1.0028 | 0.1099 | 1.0178
80 | 0.1944 | 0.6438 | 0.126 | 05 | 0.1001 | 0.5053 | 0.1001 | 0.624 | 0.1021 | 0.6647
81 101261 | 12395 | 0. | 1.2685 | 0.1008 | 1.0175 | 0.1 | 1.0218 | 0.1038 | 1.1635
82 | 0.1183 | 05533 [ 0.1079 | 05 | 0.1012 | 0.5345 | 0.1001 | 0.5294 | 0.1091 | 0.622
OFV 83.7040 83.0638 34.4264 368141 67.9980

From Table 2.21]it is observed that among all these five methods, the DE gives the least value
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Figure 2.12: CTI otained by various methods for the IEEE 30-bus system obtained with

standard parameter values.

Table 2.21: Summary of results obtained after 100 independent runs for the IEEE 30-bus

system with standard parameter values

Objective function value Standard | Average elapsed
Methods Best Mean Worst deviation time (sec)
GA |88.7040| 95.1436 | 101.2659 3.8934 193.7439
PSO |83.0638(2825.0616|15850.5737 | 5606.6798 50.4117
DE [34.4264| 34.5681 | 34.8389 0.1262 210.0522
HS |36.8141| 37.8501 38.8100 0.8138 1251.4073
SOA [67.9980| 72.4438 80.6457 4.2576 146.4288

of the objective function (34.4264 seconds) and the standard deviation (0.1262). As the standard
deviation is quite low for DE as compared to the other methods, it can be inferred that DE gives
the most predictable results when it is executed repeatedly as compared to the other four methods.
Further, the results obtained by DE are of high quality as the mean and the worst values of the

objective function are close to the best value. Also, from Figure 2.12] it is observed that among
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Table 2.22: Summary of results obtained after 100 independent runs for the IEEE 30-bus

system with perturbed parameter values

Objective function value Standard | Average elapsed
Best Mean ‘Worst deviation time (sec)
GA |92.5227| 97.7974 | 106.8746 | 4.8196 203.2241
PSO |77.7860|3541.8958|20274.9203 | 6820.0786 55.2275
DE [33.5834| 33.8376 | 34.0847 0.1588 388.0306
HS |37.8966|7614.5027 | 17012.0565 | 6631.6364 386.7436
SOA [59.7455| 65.9494 | 69.3523 2.8772 177.1454

Methods

these five methods, the DE gives the lowest values of CTL.

Again, from Table it is observed that DE gives the best result (the least value of the
objective function) among all these five methods. It is also observed from Tables [2.21] and [2.22]
that with DE, the best value of the objective function remains the same with standard parameter
values as well as with perturbed parameter values. Therefore, the best value (of the objective
function) obtained by DE can be considered to be immune to variation in the parameter values.
However, for the other four methods, the best values (and also the other values) of the objective

functions change with variation in the parameter values.
2.4.6 System VI: IEEE 118-bus test system

Figure shows the IEEE 118-bus system supplied by 54 generating sources connected at vari-
ous buses. This system is having 186 lines. More information about the system is available in [94].
In this system, there are 372 IDMT DOCRs (numerical/digital type) having 1184 combinations
of primary-backup relationship among them. Table shows the maximum load current, mini-
mum fault current and maximum fault current passing through all the relays. Table gives the
CTRs of the various relays used in the system whereas, Table [A.9|shows the 1184 combinations of
primary-backup relationship among all the 372 relays with the corresponding fault currents.

It is to be noted that some of the primary-backup relay combinations have not been considered
during the optimization process as the current passing through the backup relays are less than the
corresponding maximum load currents. There are 355 such combinations, which are (serial No.):
7,17-18, 21, 33, 45, 51, 65, 67, 69, 100, 106-107, 111-112, 139,154, 159, 189, 209-213, 229, 233,
235, 239-240, 251, 260, 273, 310-311, 316, 318, 336-339, 341-343, 346, 348-360, 362-371, 383-
385, 387-389, 405-406, 411-413, 416-420, 424, 430-431, 439-443, 445-447, 450-455, 458-489,
499-510, 514-516, 520-535, 547-549, 555, 569-570, 572-579, 587, 589-594, 608-609, 611-617,
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Figure 2.13: IEEE 118-bus system.

619-620, 622-634, 637-644, 664, 676-688, 708, 726-727, 729-730, 735-736, 738-739, 745, 747-
749, 753, 762, 764, 767, 769-770, 784, 788-789, 791-792, 801, 803-804, 819, 821-822, 831-832,
834-835, 837-838, 846, 852-853, 855, 867-869, 872-873, 878-880, 882, 886-888, 890-892, §94-
900, 916-917, 939, 941-944, 947-948, 951-952, 956-958, 963-964, 968, 970-971, 977, 979-982,
992-993, 998-999, 1001, 1005-1006, 1008-1009, 1011, 1015-1027, 1047, 1051, 1057, 1075-1078,
1080-1081, 1083, 1090, 1095-1096, 1103, 1108, 1112-1115, 1117-1127, 1129, 1134, 1142, 1160
and 1168 (as given in Table [A.9). The coordination constraints corresponding to these primary-
backup combinations have been ignored as the MCT would be maintained for these combinations.

Thus, only 829 primary-backup combinations have been considered during optimization process.

For this test system two cases as considered in Section [2.4.3|have also been studied. In the first
case, all the relays are assumed to have standard IDMT characteristics whereas in the second case
different characteristics curves of the relays have been considered. As the standard parameters have
always produced better results in all the above cases so in this particular system, results obtained

corresponding to the standard parameters of the algorithms have been analysed only.
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2.4.6.1 Case A: Relays with standard IDMT characteristics

In this case, all the relays are considered to follow standard IDMT characteristic curves [60].
The optimum settings i.e., TMS and PS of the relays obtained by different methods using standard
parameter values are given in shown in Figure[2.14 whereas the CTI between the time of operations
of the primary relay (Z,,) and that of the corresponding backup relays (¢,,) are plotted in Figure
[2.15] Tt is to be noted that the best results (for the minimum value of objective function) obtained
after 100 runs of each method corresponding to the standard parameter values are given in Figures
[2.14 and [2.15] respectively. Table [2.23] shows the summary of the results obtained after 100 runs

by the different methods with standard parameter values.

Table 2.23: Summary of results obtained after 100 independent runs for the IEEE 118-bus

system with standard IDMT characteristic curve standard parameter values

Objective function value Standard | Average elapsed
Best Mean Worst | deviation time (sec)
GA |470.5792| 488.987 |511.8876| 11.4435 3502.0181
PSO |513.1012| 713.648 | 935.049 | 141.1578 472.6362
DE [307.9087|331.8657|350.7796 | 15.1562 511.0281
HS |317.2963|329.1893 | 341.6202 | 8.3652 2337.2553
SOA | 506.588 |519.0389|531.9626| 8.4885 813.3549

Methods

From Table 2.23] it is observed that among all these five methods, the DE gives the smallest
value of the objective function (307.9087 seconds). However, the value of standard deviation
obtained by HS is the least which is 8.3652 whereas that obtained by DE is 15.1562. As the
standard deviation is also reasonably low for DE, it can be inferred that DE gives quite predictable
results when it is executed repeatedly. Further, the results obtained by DE are of high quality as the
mean and the worst values of the objective function are close to the best value. Also, from Figure

it is observed that among these five methods, the DE gives the lowest values of CTI.

2.4.6.2 Case B: Relays with different characteristics

In this case, relays with different characteristic curves have been considered as have been discussed
in Section [2.4.3] (Case B). However, for simplicity, relays 1-200, 201-300 and 301-372 have been

considered to follow standard IDMT, VI and EI characteristic curves, respectively, [60].

The optimum settings i.e., TMS and PS of the relays obtained by different methods using
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Figure 2.14: Optimum settings of DOCRs considering standard IDMT characteristic curves

and standard parameters in the IEEE 118-bus system.

48



CTI
oON BN O ®
T

100 200 300 400 500 600

CTI
oON BN O ®
%

100 200 300 400 500 600 700 800

CTI
oON AN O ®
T
= |
[

100 200 300 400 500 600 700 800
8 T T T T T T T
6l HS
5 4 -
2 _
0 !
100 200 300 400 500 600 700 800
8 T
6 -
5 4t
2 -
0

100 200 300 400 500 600 700 800
Serial Number of Primary—Backup Relay Pairs

Figure 2.15: CTI obtained by various methods for the IEEE 118-bus system obtained with

standard IDMT characteristic curves and standard parameter values.

standard parameter values are given in Figure[2.16| whereas the CTT between the time of operations
of the primary relay (Z,,) and that of the corresponding backup relays (¢,,) are plotted in Figure
[2.17] It is to be noted that the best results (for the minimum value of objective function) obtained
after 100 runs of each method corresponding to the standard parameter values are given in Figures
[2.16)and[2.17] Table[2.24]shows the summary of the results obtained after 100 runs by the different

methods with standard parameter values.

From Table[2.24]it is observed that among all these five methods, the DE gives the least value of
the objective function (164.7287 seconds). However, the value of standard deviation obtained by
GA is the least which is 4.4868 whereas that obtained by DE is 27.9267. As compared to the other
methods DE gives the lowest values of the mean and the worst values of the objective function.

Further, from Figure it is observed that among these five methods, the DE gives the lowest
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Figure 2.16: Optimum settings of DOCRs with mixed characteristic curves considering stan-

dard parameters in the IEEE 118-bus system.
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Figure 2.17: CTI obtained by various methods for the IEEE 118-bus system obtained with

mixed characteristic curves and standard parameter values.

Table 2.24: Summary of results obtained after 100 independent runs for the IEEE 118-bus

system with mixed characteristic curves and standard parameter values

Objective function value Standard | Average elapsed
Best Mean Worst | deviation time (sec)
GA  |265.1947|274.7177| 278.8986 | 4.4868 3862.3274
PSO [503.7209|723.7715|2057.5816 |474.8644 496.013
DE [164.7287[190.3008 | 266.2406 | 27.9267 1563.598
HS |300.7774 | 451.522 | 1202.2637|299.0691 798.3414
SOA [301.0847[307.3838 | 314.4384 | 4.975 897.388

Methods

values of CTL

2.5 Conclusion

In this chapter, the performances of five different metaheuristic algorithms, namely, GA, PSO, DE,

HS and SOA have been investigated for solving the protection coordination problem of DOCRs.
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Each algorithm has been executed 100 times with same initial condition as well as with standard
and perturbed parameter values in six test systems of various sizes. Based on the studies carried
out in this work, DE algorithm has been found to be the best one among the five algorithms studied

in this chapter on following counts:

(i) The best value obtained by DE is always the lowest among the best values obtained by the

five algorithms considered.
(i1) The best value obtained by DE is virtually immune to the variations of the parameters of DE.

(iii)) Even with different characteristic curves of the relays, DE gives the lowest value of the

objective function.

(iv) Because of low value of standard deviation, the values obtained by DE are quite predictable

as compared to the other four methods.
(v) DE is relatively time efficient algorithm in solving DOCRs coordination problem.

As a result, DE can be considered to be the most suitable metaheuristic algorithm for the coordi-
nation of DOCRs among the five algorithms studied in this chapter.
In the next chapter, a new problem formulation for coordination of DOCRs and an analytical

optimization approach for solving the coordination problem are discussed.
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Chapter 3

Protection Coordination of Directional Overcurrent Relays

Using Interior Point Method

Abstract

In this chapter, interior point method based protection coordination schemes are presented for
coordinating directional overcurrent relays. Also, for minimizing the operating times of primary
and backup relays simultaneously, a new objective function (NOF) is developed. The effectiveness
of the proposed solution methods and the developed objective function has been investigated on
three test systems (one small, one medium and one large). The suitability of the proposed method
for coordination of directional overcurrent relays in meshed networks has been established by
comparing its performance with that obtained by genetic algorithm, differential evolution and
two hybrid algorithms for the developed objective function. Also, the superiority of the develop
objective function has been established by comparing the protection coordination results obtained

by using NOF with those obtained by the other objective functions reported in the literature.

3.1 Introduction

N this chapter, a new formulation for DOCR coordination problem is proposed with an ob-
I jective to minimize the operating times of both primary and backup relays for all possible
primary-backup combinations. In the proposed formulation, different types of relays (electrome-
chanical, static and numerical) with different characteristic curves (IDMT, VIN or EIN) are consid-
ered. As a result, both continuous and discrete variables are involved in the proposed formulation
which makes it an MINLP problem. Further, to solve the protection coordination problem, two
interior point [96] based algorithms are developed. Both these algorithms are two-phase optimiza-
tion techniques and are named as IPM-IPM and IPM-BBM, respectively. In the first phase of both
the methodologies, interior point method (IPM) is used to obtain continuous values of TMSs and

PSs of DOCRs. In the second phase of IPM-BBM technique, branch and bound method (BBM)
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and in the second phase of IPM-IPM technique, IPM is used to obtain final settings (continuous
TMS values and discrete PS values) of DOCRs.

The suitability of the newly proposed formulation and the solution procedures is demonstrated
on IEEE 14, 30 and 118-bus systems. Further, the results obtained by the proposed methods
have also been compared with those obtained by two metaheuristic and two hybrid optimization
approaches. The metaheuristic approaches used in this chapter are: 1) genetic algorithm (GA) and
ii) differential evolution (DE). The two hybrid approaches are: a) IPM-GA and b) IPM-DE. Both
these approaches are two phase optimization methods in which IPM is used in the first phase of
both these methods. Subsequently, GA and DE are used in the second phase of IPM-GA and
IPM-DE algorithms, respectively.

3.2 Problem formulation for overcurrent relay coordination

As discussed in the previous chapter, the objective of optimum protection coordination problem of
DOCRs is to minimize the sum of operating times of all the relays corresponding to the maximum

fault current [28,[31,39], i.e.,

OF1=min Yty (3.1)
=1
Subjected to:
top; — topi > MCT (3.2)
ti,min S Zfop,i S ti,mam (33)
TMSz,mm S TMSZ S TMSi,max (34)
PSi,min S PS@ S PSi,maac (35)

In eqn. (3.1)), £,p,; is the operating time of the relay R; and m is the total number of relays in
the system. In eqn. (3.2), t,,; and ¢, ; are the operating time of primary relay R; and its backup
relay R;, respectively, for the same fault and MCT is the minimum coordination time required. In
eqn. (13;3'[), timin and ¢; 4, are the minimum and maximum operating time of the relay R; for the
fault at any point in the zone of operation. In eqn. @), TMS; nin, and TMS; o, are the minimum
and the maximum limits of TMS while in eqn. , PS; min, and PS; .o, are the same quantities

for PS corresponding to relay R;. The operating time of relay R; is obtained from its characteristic
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curve as defined in IEC/IEEE [60,97],

A X TMS;
topi = d L: Vi 3.6

In eqn. (3.6), Ip; is the fault current passing through relay R; whereas, TMS; and PS; are the

settings of relay R;. In this equation, A\, n and L are the characteristic coefficients of DOCRs whose

values for various relays are given in Table [3.1][60,98,99].

Table 3.1: Characteristic curve coefficients of DOCRs

Characteristic curve of relay A n L

standard inverse definite minimum time IDMT) | 0.14 | 0.02 | 0
very inverse (VIN) 13.5 1 0

extremely inverse (EIN) 80.0 2 0

It is to be noted that the objective function defined in eqn. (3.1)) minimizes the operating times

of the primary relays only and there is no restriction on the operating times of the backup relays.
3.2.1 Other objective functions for coordination of DOCRs

To minimize the operating times of the backup relays along with those of the primary relays,
several alternative objective functions have been proposed in the literature. In [53|] a new objective
function is formulated as,
OF2 = min <a1 D (topa)” + 2> (At; — B(AL; — |Atj|))2> (3.7)
i=1 j=1

Ineqn. (3.7), At; = top; — topi — MCT, ay and o, are nonnegative weight factors, 3 is a factor
to penalize any miscoordination and 7 is number of combinations of primary-backup relays [100].

A simplified version of the objective function given in eqn. (3.7) is formulated in [54] as,
OF3 = min (al D (topa)® + a2 Yy (At; — |Atj|)2> (3.8)

i=1 j=1

In [55]], another modified objective function is proposed considering priority of the constraint as,

m

OF4 = min (m D (topa)’ + 8 BCj> (3.9)
j=1

i=1
In eqn. (3.9), BC} is known as broken constraint and is defined as either zero or 1 depending
on At; > e or At; < e for primary-backup combination j, respectively. The symbol € represents a

very small number of the order of 1075,
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It is to be noted that in the objective functions of eqns. (3.7)-(3.9), the constraint given in
eqn. (3.4) is incorporated indirectly with the help of penalty factors. As a result, the constraint
of eqn. (3.4) is not considered separately while solving the relay coordination problem. However,

in [[53H535], it is observed that in some cases, the constraint violation can take place.
3.2.2 Proposed objective function for coordination of DOCRs

To ensure that the constraint of eqn. (3.4) is always satisfied while the operating times of the
primary and backup relays are also minimized simultaneously, a new objective function (NOF) is

formulated in this work as follows,

NOF = min <a1 D (topi)® + 2> (tans — MCT)2> (3.10)

i=1 j=1

The significance of the weighting factors a;; and v lies in providing a compromise between
minimum operating times of primary and backup relays. If the first term is given full weightage
(i.e., a3 =1, ag = 0) then the NOF tries to minimize the operating times of the primary relays with-
out any restriction on the operating times of the backup relays. On the other hand, if the second
term is given full weightage (i.e., a; = 0, as = 1) then the NOF tries to minimize the operating
times of the backup relays without any restriction on the operating times of the primary relays. It is
to be noted that when the operating times of the backup relays are minimized, the effective coordi-
nation time intervals (CTIs) between the primary-backup relays are also minimized. Therefore, the
proposed NOF also minimizes the CTIs along with the operating times of the primary and backup
relays.

The proposed NOF is subjected to the same sets of constraints discussed earlier with some
modifications as discussed below:

1) Requirement of Protection Coordination Criteria: The same as defined by eqn. (3.2).

2) Limitations on Relay Operating Time: The same as defined by eqn. (3.3)).

3) Limitations on TMS and PS of the Relays: The same as defined by eqns. (3.4) and (3.5).

However, the values of PS; ,,;,, and PS; .., are calculated as [[60, 101],

PS; pin. = max (0.5, min (1.25 x st Lrms )) G.11)
PSimas = min (2, 2;;%) (3.12)
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In eqns. (3.11) and (3.12)), CTR;, I tnin; and I1,q.,; are the current transformer ratio (CTR),

minimum fault current and maximum load current corresponding to relay R;, respectively. The
first condition (eqn. (3.11))) ensures the blocking of mal-operation and the second condition (eqn.
(3.12)) ensures the sensitivity of the relay. It is to be noted that the values of PSs are considered to
be in the range of 0.5 to 2.0 (times the current transformer secondary rating) [53]].

The following weighting factors are considered for the various objective functions as shown in

Table [3.2] [53H53].

Table 3.2: Weighting factors for various objective functions

Weights | OF2 | OF3 | OF4 | NOF
a1 1 1 1 1
g 1 100 - 0.01

B 100 - 100 -

3.3 Details of the solution approach

The coordination problem of DOCRs formulated in the last section is a MINLP problem as the dif-
ferent types of relays (electromechanical, static or numerical) have been considered in this work.
To solve this MINLP problem, two different two-phase solution approaches (hereafter, named as
IPM-BBM and IPM-IPM) are proposed in this work. In Phase-I, the plug settings of the electrome-
chanical and static relays are considered as continuous variables, thereby converting the MINLP
problem to a NLP problem, which, in turn, is solved using IPM [102]. In Phase-II, the lower
bounds of the PS parameters are restricted to the nearest lower discrete values of the correspond-
ing results obtained in the first phase, whereas, the upper bounds of the same are restricted to
the nearest higher discrete values. Subsequently, the coordination problem is solved as a MINLP
problem using (a) BBM [[103] (in IPM-BBM method) and (b) IPM [[102]] (in IPM-IPM method)
to obtain the optimum settings of the relays, where the PS values of the relays are considered as
discrete variables and the TMS values of the relays are considered as continuous variables. The

detailed procedures for the proposed solution method are given below.
3.3.1 Fault analysis

For designing any protection scheme, initially the steady-state and fault analysis of the system

under study need to be carried out. For obtaining the settings the DOCRs, the following quantities
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need to be known for each relay of the system under study.

1) Maximum load current ({7,,4.)

2) Minimum fault current (£ fy:,)

3) Maximum fault current ( f,,,42)

4) Primary relay current ({ tpyimary) and backup relay current (/ fpqck.,) for each primary-backup
combination for the maximum fault current at the primary relay.

The Newton-Raphson load flow (NRLF) analysis has been carried out to calculate the maxi-
mum load current (/7,,,.,) passing through the relays whereas bus impedance (7, ) matrix based
fault analysis approach has been adopted to calculate the various fault currents passing through
the relays in the system under study. For calculating the maximum fault current ({,,,,), three-
phase-to-ground faults have been considered whereas for calculating the minimum fault current
({ fmin), line-to-line faults with a fault impedance of 0.1 p.u. [31,104] have been considered. With

the knowledge of the above mentioned currents, CTR for ith relay (CTR;) is calculated as [60],

[ max,?
CTR; = max (ILmam’i, ’”2—0) (3.13)

In eqn. 1i Itz and Ippq.; are the values of the [¢y,q, and I, for i relay, respec-
tively. If [fpqerup Of a primary-backup relay combination satisfies the condition of eqn. (3.14),
then such primary-backup relay combination is ignored because for such a combination the MCT

requirement will always be satisfied.
Ifbackup < max(2 X ILma:}c; Ifmm) (3.14)

3.3.2 Proposed optimization approach: Phase-I (IPM)

In Phase-I of the two-phase optimization approach, the following steps are adopted to obtain the

intermediate solution;

1. Set lower and upper bounds on TMS as TMS,,.;,, and TMSS,,, ...
2. Calculate CTR for all relays.

3. Set lower and upper bounds of PS using /7,44,  fmin, and CTR with the help of eqns. (3.11)
and (3.12).
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4. Solve the NLP problem using IPM to obtain the values of TMS and PS of all the relays.

It is to be noted that the solutions of TMS and PS for all the relays obtained after Phase-I are

all continuous values.
3.3.3 Proposed optimization approach: Phase-Ila (Second phase of IPM-BBM method)

In the second phase of IPM-BBM method, the final solution is obtained by employing BBM using

the intermediate results calculated in Phase-I. The detailed procedures are as follows;

1. Upper and lower bounds on PS are modified as,

PSi,min = flOOT’(4 X PSi,phaLsefl)/4 (315)

PSi,max = C€Zl(4 X PSi,phase—I)/4 (316)

where PS; phase—r1 18 the value of PS of relay I; obtained after Phase-I of the procedure
whereas, functions floor(z) and ceil(x) return lower and upper integer values of z, respec-
tively. It is to be noted that the multiplication and the division by 4 have been performed on

PS of Phase-I in order to obtain lower and upper discrete limits of the same for Phase-II.
2. Initial TMS values are set to be equal to the results obtained in Phase-I.
3. Initial PS values are set to be equal to PS; ;.

4. A new variable for handling the discrete values of PS is defined as [[105] (for electromechan-

ical and static relays only, as these relays consider PS as discrete quantities),

where ds; is the step size of PS and b; is a binary variable having values {0,1} for relay R;.
It is to be noted that for numerical/digital relays, PS values are continuous and therefore in

this phase, the final solution of these quantities will be calculated by BBM.
5. Apply BBM to solve the MINLP problem.

6. Print the final optimum settings of the relays.
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3.3.4 Proposed optimization approach: Phase-IIb (Second phase of IPM-IPM method)

In the second phase of IPM-IPM method, IPM is again employed to calculate the final settings.
This stage uses the intermediate results calculated in Phase-I. The detailed procedures are as fol-

lows;

1. Upper and lower bounds on PS are modified using eqns. (3.15]) and (3.16).

2. Initial TMS values are set to be equal to the results obtained in Phase-I.
3. Initial PS values are set to be equal to PS; ;.

4. Discrete values of PS are obtained with the help of one equality and two inequality con-
straints using two sets of continuous variables u;, v; € {0, 1} as [[105] (for electromechanical

and static relays only, as these relays consider PS as discrete quantities),

PS; = PS; pmin + db; x ds; (3.18)
Subjected to:
u; >0 (3.19)
v; >0 (3.20)
u; X v; =0 3.21)

where u; and v; are two continuous variables and are defined as u; = db; and v; = 1 — db;,
respectively, while db; being the required discrete variable for relay R;. It is to be noted that
for numerical/digital relays, PS values are continuous and therefore in this phase, the final

solution of these quantities will be calculated by IPM.

5. Apply IPM with three additional constraints described in eqns. (3.19)-(3.21) to solve the
MINLP problem.

6. Print the final optimum settings of the relays.

The solution obtained after Phase-II is optimum with continuous values of TMS and discrete
values of PS of the relays. A flowchart with detailed information of the two-phase optimization

approach is shown in Figure
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Figure 3.1: Comprehensive flowchart for the proposed optimization approach.

3.4 Results and discussion

The effectiveness of the proposed formulation along with that of both the two-phase solution tech-
niques has been investigated on three test systems. The first test system is the IEEE 14-bus system
having 5 generators and 20 lines [94]. To protect this system with DOCRs, a total of 40 (= 20x2)
DOCRs need to be installed and coordinated in this system. The second test system is the IEEE
30-bus system having 7 generators and 41 lines [94]. To protect this system, a total of 82 (= 41x2)
DOCRs need to be used and coordinated with each other. The third test system is a large power
system network (IEEE 118-bus system) having 54 generators and 186 lines [94]]. In this system, a
total of 372 (= 186x2) DOCRs need to be used and coordinated with each other. In this work, all

simulation studies have been carried out in MATLAB 12a [[74].

For comparison purpose, protection coordination problems of all these test systems have also
been solved using two heuristic optimization approaches, namely GA and DE. Additionally, these
problems have also been solved using two hybrid (two-phase) optimization approaches, namely,
IPM-GA and IPM-DE. In the first phase of both the hybrid optimization approaches, IPM has been

used to obtain the intermediate results (which are continuous in nature), whereas in the second
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phase GA and DE have been used to obtain the final (continuous and discrete) results. In these
methods population size has been considered as 100. The crossover factor (CF) and the muta-
tion factor (MF) for GA have been considered as 0.8 and 0.01, respectively, [31,/106], whereas
the crossover rate (CR) and the mutation factor (F) for DE have been considered as 0.4 and 0.5,

respectively [91,/106].

3.4.1 Case-1: IEEE 14-bus system

The detailed description of this system is given in Section [2.4.4] The optimal settings of the relays
obtained corresponding to the proposed objective function (NOF) using metaheuristic methods
(GA and DE), hybrid methods (IPM-GA and IPM-DE) and the proposed methods (IPM-BBM
and IPM-IPM) are given in Table It is to be noted that the results in Table |3.3| are the best
results (corresponding to the minimum value of objective function) obtained after 100 runs of each
method. From Table[3.3]it is observed that both the proposed methods (IPM-BBM and IPM-IPM)

give lower values of the sum of operating times of all the relays (for the maximum fault current).

Further, Table shows the statistical summary of the results obtained by all the six methods.
For generating the results of Table following procedure has been adopted. Initially, a set of
100 initial solutions have been generated randomly. Subsequently, with each initial solution, the
proposed two-phase solution approaches (IPM-BBM and IPM-1PM) and two-phase hybrid solution
approaches (IPM-GA and IPM-DE) have been followed to compute the relay settings. Also, with
the same 100 initial solutions, GA and DE have been executed 100 times independently guided
by uniformly generated different seeds of random numbers. Thus, both the proposed approaches
(IPM-BBM and IPM-IPM), metaheuristic methods (GA and DE) and hybrid (IPM-GA and IPM-
DE) optimization approaches have been executed 100 times. From Table it is observed that
the sum of operating times of the relays obtained by the proposed two-phase optimization methods
(IPM-BBM and IPM-IPM) are less than those obtained by the metaheuristic methods (GA and
DE) and hybrid optimization approaches (IPM-GA and IPM-DE). Further, the standard deviations
for the two hybrid methods and the two proposed methods are quite low indicating that for each of
these four methods, the results produced in each run are quite close to each other (i.e., the results
are nearly reproducible) even when each run starts from different initial conditions. This is not the

case for the two metaheuristic methods. However, among all the six methods, IPM-IPM is fastest
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Table 3.3: Settings of the relays obtained for NOF using metaheuristic methods, hybrid

methods and proposed methods for the IEEE 14-bus system

Metaheuristic methods Hybrid methods Proposed methods
Relays GA DE IPM-GA IPM-DE IPM-BBM IPM-IPM
TS | PS | TMS | PS | TMS | PS | TMS | PS | TMS | PS | TMS | PS
1 0.1726 | 0.75 | 0.1001 | 0.75 | 0.1 0.75 | 0.1 1 0.1 075 | 0.1 0.5
2 0.2651 | 0.5 | 0.1001 | 0.5 | 0.1004 | 0.5 | 0.1001 | 0.75 | 0.1 0.5 0.1 0.5
3 0.1744 | 1.25 | 0.1001 | 1.5 | 0.1001 | 1.25 | 0.1001 | 1.5 0.1 1.5 0.1 1.25
4 0.3301 | 0.5 | 0.1001 | 2 | 0.1001 | 0.75 | 0.1001 | 0.75 | 0.1 0.75 | 0.1 0.5
5 0.2148 | 1.25 | 0.1001 | 2 | 0.1001 | 1.25 | 0.1001 | 1.5 0.1 1.25| 0.1 1.25
6 0.2522 | 0.5 [ 0.1051 | 0.75| 0.1 1 0.1 1 0.105 | 0.75| 0.1 1
7 0.2217 | 1 |0.1001 | 1.25|0.1045 | 1 |0.1001 | 1.25 | 0.1 1 0.1 1
8 0.4493 | 0.5 | 0.1111 | 0.75 | 0.1317 | 0.5 | 0.1012 | 0.75 | 0.1 075 | 0.1 0.75
9 02969 | 1 |0.1267 | 1.5 | 0.1059 | 1.5 | 0.1192 | 1.25 | 0.1109 | 1.25 | 0.1 1.5
10 0.2647 | 0.5 | 0.1228 | 0.5 | 0.1001 | 0.75 | 0.1001 | 0.75 | 0.1153 | 0.5 0.1 0.75
11 0.6507 | 0.5 | 0222 | 0.5 | 0.1225 | 1.75 | 0.1835 | 0.75 | 0.1083 | 2 | 0.1176 | 1.75
12 0.338 | 1.25| 0.1001 | 2 | 0.1002 | 1.5 0.1 1.5 0.1 1.5 0.1 1.5
13 0.4198 | 0.5 | 0.1068 | 1.75 | 0.1073 | 1.5 | 0.1065 | 1.5 0.1 1.5 0.1 1.5
14 02116 | 1 |0.1001 | 2 0.1 125 0.1 1.25 | 0.1 1 0.1 1
15 02354 1 [0.1287 | 1 |0.1012| 1.5 |0.1048 | 1.25| 0.1 1.5 0.1 1.5
16 0219 | 0.5 0.1 0.5 0.1 0.5 | 0.1001 | 0.75 | 0.1 0.5 0.1 0.5
17 0.1414 | 2 |[0.1001 | 1.75| 0.1 1.75 | 0.1137 | 1.5 0.1 1.75 | 0.1 1.75
18 0.4079 | 0.5 | 0.1001 | 2 | 0.1071 1 ]0.1001 | 1.25 | 0.1063 | 1 0.1 1.25
19 0.2461 | 1.25 | 0.1001 | 2 | 0.1013 | 1.5 | 0.1001 | 1.5 0.1 1.25 | 0.1 1.25
20 0.2174 | 05 0.1 1.75 | 0.1001 | 0.5 | 0.1001 | 0.75 | 0.1 0.5 0.1 0.5
21 0.5382 | 0.5 [0.1554 | 2 |0.1698 | 1.75 | 0.1596 | 2 | 0.1558 | 2 0.155 2
22 03614 | 0.5 [ 0.1323 | 2 | 0.1427 | 1.75 | 0.1295| 2 |0.1291| 2 |0.1291 | 2
23 0.225 2 [0.1097 | 2 |0.1182 | 1.75| 0.108 2 |0.1181 | 1.75 ] 0.1079 | 2
24 0.3598 | 0.5 | 0.1106 | 1.75 | 0.123 | 1.5 | 0.1828 | 0.75 | 0.1214 | 1.5 | 0.1373 | 1.25
25 02526 | 1.250.1323 | 2 [0.1302 | 2 |0.1281| 2 |0.1277 | 2 |0.1277 | 2
26 0.1901 [ 2 | 0.1001 | 2 |0.1062 | 2 0.1 2 01017 | 1.75 | 0.1 2
27 0.174 | 1.25 | 0.1001 | 2 0.1 1.5 | 0.1001 | 1.5 0.1 125 0.1 1
28 0.5898 | 0.5 [ 0.1585 | 2 0.159 2 026 |0.75]0.1569 | 2 |0.1569 | 2
29 0.126 1 |0.1001 | 1.75| 0.1 1 |0.1001 1 0.1 1 0.1 0.75
30 0.3309 | 0.5 0.1 2 [0.1076 | 1.75 | 0.1003 | 2 0.1 2 0.1 2
31 0.4085 | 0.5 | 0.168 2 (01692 | 2 |[0.1664 | 2 0.166 2 0.166 2
32 04235 05 [ 01378 | 2 | 0.1383 | 2 |0.2137 | 0.75 | 0.1475 | 1.75 | 0.1373 | 2
33 0.3101 | 0.75 | 0.1219 | 2 0.138 | 1.75 | 0.1219 | 2 |0.1199| 2 |0.1218 | 2
34 0.4047 | 0.5 | 0.1829 | 1.5 | 0.1675 | 1.75 | 0.1518 | 2 | 0.1514 | 2 |0.1514| 2
35 02237 2 |0.1502| 2 |0.1518 | 2 |0.1482| 2 |0.1478 | 2 |0.1478 | 2
36 0.5307 | 0.5 | 0.1671 | 2 |0.1674 | 2 |0.1733| 2 |0.1678 | 2 |0.1666 | 2
37 0.4261 | 0.5 [ 0.1091 | 1.75| 0.1002 | 2 | 0.1001 | 2 0.1 2 0.1 2
38 0.1756 | 2 0.1 2 [0.1075 | 1.75 | 0.1065 | 2 0.1 2 0.1 2
39 03365 0.75 | 0.1431 | 2 [0.1407 | 2 |0.1371| 2 [0.1368 | 2 | 0.1368 | 2
40 0352 | 05 | 0.1199 | 2 |0.1345|1.75]0.1198 | 2 |O0.1168 | 2 |0.1198| 2
ngl top,i 27.8972 14.8033 13.8917 14.1399 13.5101 13.3623

along with the least value of the sum of operating times of all the relays. This makes the IPM-IPM
approach superior to all the other approaches.

The time of operations of the primary relays and the corresponding backup relays along with the
coordination time interval (CTI) between the combination are shown in Figure [3.2|for all primary-
backup relay combinations obtained by the IPM-IPM optimization approach. As observed from

this figure, the actual values of CTI are always more than the minimum CTI considered in this
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Table 3.4: Comparative results obtained for NOF by using various methods after 100 inde-

pendent runs for the IEEE 14-bus system

Sum of operating times of all relays | Standard | Mean solution

Methods Best Mean Worst deviation time (sec)

GA 27.8972 | 56.8149 67.9266 11.3069 127.2859
DE 14.8033 | 15.2207 15.6963 0.2798 25.8915
IPM-GA 13.8917 | 14.3579 15.3133 0.5338 396.1411
IPM-DE 14.1399 | 14.1751 14.1872 0.0184 35.2562

IPM-BBM | 13.5101 | 13.5944 13.6333 0.0351 108.2678
IPM-IPM | 13.3623 | 13.6292 13.8239 0.1321 3.3103
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Figure 3.2: Operating times of primary relays, backup relays and CTI in the IEEE-14 bus

system.

Now, to test the effectiveness of the proposed objective function NOF, the results obtained
by IPM-IPM method corresponding to the different objective functions (OF1, OF2, OF3, OF4
and NOF) have also been compared. Table gives the summary of the coordination results
corresponding to the different objective functions (OF1, OF2, OF3, OF4 and NOF) in terms of
sum of operating times of all the relays for the maximum fault current (SOTR), sum of operating
times of all backup relays (SOTB), sum of the actual coordination time interval (SACTI) between

the primary-backup combination and number of coordination constraint violations (violation of

Serial Number of Primary—Backup Relay Pairs
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eqn. (3.4)).

Table 3.5: Comparative results obtained using IPM-IPM for various objective functions for

the IEEE 14-bus system

Various Terms OF1 OF2 OF3 OF4 NOF
SOTR 13.1676 | 15.2945 13.347 13.3491 13.3621
SOTB 50.7553 | 48.2785 | 51.7435 | 51.7501 | 49.8429
SACTI 28.484 20.9101 | 29.1298 | 29.1327 | 27.3943

Cases of Violation 0 0 0 0 0

From Table it is observed that the objective function OF1 gives the least value of SOTR
whereas the objective function OF2 gives the least value of SOTB and SACTI. Further, it can be
observed that objective functions OF3 and OF4 are not suitable as they give higher values of SOTB
and SACTI as compared to OF1, OF2 and NOF. However, higher value of SOTR corresponding
to OF2 makes it inferior to OF1 and NOF. Moreover, as observed from Table [3.5] the value of
SOTB and SACTI obtained by NOF are considerably reduced (1.80% and 3.82%, respectively)
at the cost of small increment in SOTR (0.15%) as compared to those values corresponding to
OFI1. Further, the sum of the values of SOTR and SOTB corresponding to NOF is 2.53% lower as
compared to sum of SOTB and SOTR corresponding to OF1. Therefore, the proposed objective
function minimizes the total operating times of primary and backup relays while always satisfying
the coordination constraints. This makes the proposed objective function NOF superior to the other

objective functions considered in the literature.

In all the above studies, no relay on the generator feeders has been considered. However, to
provide backup protection to the relays installed on the lines which are directly connected to the
generator buses, it may be necessary to install DOCRs on each of the generator feeders. Figure
[3.3] shows the IEEE 14-bus system equipped with DOCRs at each generator feeder. In this case,
these DOCRs also need to be coordinated with the DOCRs installed on the lines connected to the
generator buses. To consider this possibility, each of the generator feeder is now assumed to be
equipped with a DOCR of IDMT characteristic. These relays are numbered as 41, 42, 43, 44 and
45 (corresponding to generator feeders 1, 2, 3, 4 and 5, respectively). As there are a total of 13
line ends connected to these five generator buses (as shown in Figure [3.3)), a total of 13 additional

primary backup relay pairs also need to be considered. These additional primary-backup relay
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pairs are as follows: 1-41, 3-41, 2-42, 5-42, 7-42, 9-42, 6-43, 11-43, 28-44, 20-45, 21-45, 23-45,
and 25-45. Thus, after considering DOCRs on each of the generator feeders, total number of relays
and total number of primary-backup pairs become 45 and 83, respectively. For co-ordination of
these relays, maximum load currents and various fault currents have again been calculated using

the same procedure as discussed in Section 3.3.1

Figure 3.3: IEEE 14-bus system having a DOCR at each generator feeder.

Now, the results presented so far show that the combination of the proposed NOF and the
proposed IPM-IPM method gives the best co-ordination result. Therefore, the co-ordination of
the augmented protection system (comprising of 45 relays and 83 primary backup pairs) has been
carried out for this combination (NOF and IPM-IPM) only. The new settings (TMS and PS) of all
the 45 relays are shown in Table[3.6] Also, the operating times of all primary relays, backup relays

and CTI corresponding to all 83 pairs are shown in Figure [3.4]

Comparison of the results of Table[3.3|(last two columns) and Table shows that TMS values
of 9 relays (relay no. 7-10, 12, 15, 18, 37 and 38) have increased and that of one only relay (relay
no. 23) has decreased, while those of the remaining 30 relays remain unchanged. The maximum
change observed in TMS values is 0.0278 for relay no. 8. Further, PS value of 12 relays (relay
no. 3, 5-10, 12, 15, 18, 37 and 38) have decreased by 0.25, while the PS values of the other
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Table 3.6: Settings of the relays obtained with NOF and IPM-IPM method for the IEEE

14-bus augmented system

Relays | TMS | PS || Relays | TMS | PS || Relays | TMS | PS
1 01 |05 16 01 |05 31 [ 0166 | 2
2 01 |05 17 01 [175]] 32 [01373] 2
3 0.1 1 18 (01036 | 1 33 [01218] 2
4 01 |05 19 01 [125]] 34 [01514] 2
5 0.1 1 20 01 |05 35 01478 | 2
6 | 0105 075 21 | 0155 | 2 36 | 0.1666 | 2
7 01199 [ 075 || 22 [0.1291 | 2 37 | 0.1057 | 1.75
8 [0.1278] 05 23 [0.1075 | 2 38 | 0.1102 | 1.75
9 [01109]125]] 24 [0.1373][125[] 39 [0.1368] 2
10 [0.1198 | 0.5 25 01277 2 40 [0.1198 | 2
11 | 01176 | 1.75 || 26 0.1 2 41 [0.1015 | 1.25
12 0103 [ 125 27 0.1 1 42 [01017 | 1
13 01 |15 28 01569 2 43 01256 | 2
14 0.1 1 29 01 [075]] 44 [0.1564 | 175
15 01044 | 125 ] 30 0.1 2 45 ]0.1103 | 1.75
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S topi 15.5797 seconds
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Figure 3.4: Operating times of primary relays, backup relays and CTI in the IEEE 14-bus

augmented protection system.

relays remain the same. Thus, the operating times of only 13 relays have changed marginally.
Comparison of Figures [3.2] and [3.4] shows that the presence of DOCRs on the generator feeders

changes the operating times of the relays marginally.
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3.4.2 Case-1I: IEEE 30-bus system

The detailed description of this system is given in Section [2.4.5] The optimal settings of the relays
obtained corresponding to the proposed objective function (NOF) using metaheuristic methods
(GA and DE), hybrid methods (IPM-GA and IPM-DE) and the proposed methods (IPM-BBM and
IPM-IPM) are given in Table It is to be noted that the results in Table are the best results
(for the minimum value of objective function) obtained after 100 runs of each method. From, Table
[3.7)it is observed that both the proposed methods (IPM-BBM and IPM-IPM) give lower values of

the sum of operating times of all the relays (for the maximum fault current).

Table 3.7: Settings of the relays obtained for NOF using metaheuristic methods, hybrid

methods and proposed methods for the IEEE 30-bus system

Metaheuristic methods Hybrid methods Proposed methods
Relays GA DE IPM-GA IPM-DE IPM-BBM IPM-IPM
TMS PS T™S PS T™S PS T™S PS T™S PS TMS PS
1 0.1003 | 1.0016 | 0.1001 1 0.1018 | 1.0113 | 0.1083 | 1.108 0.1 1 0.1 1
2 0.109 | 0.6179 | 0.1001 0.5 | 0.1041 | 0.6661 | 0.1003 | 0.5453 | 0.1 0.5 0.1 0.5
3 0.1329 | 1.257 | 0.1001 | 1.4941 | 0.1387 | 1.2557 | 0.1118 | 1.4178 | 0.1 1.4948 | 0.1 1.4948
4 0.1933 | 0.5137 | 0.1001 0.5 ] 0.1091 | 0.6066 | 0.1046 | 0.5149 | 0.1 0.5 0.1 0.5
5 0.1427 | 1.3123 | 0.1001 | 1.6786 | 0.1334 | 1.5149 | 0.1121 | 1.5108 | 0.1 1.6793 | 0.1 1.6793
6 0.1061 | 0.5857 | 0.1001 | 0.5679 | 0.1024 | 0.6266 | 0.1059 | 0.6564 | 0.1 0.5682 | 0.1 0.5682
7 0.1311 | 1.0502 | 0.1001 | 1.0472 | 0.1056 | 1.0552 | 0.1078 | 1.023 0.1 1.0473 | 0.1 1.0473
8 0.1165 | 0.8776 | 0.1001 | 1.0065 | 0.1012 | 1.109 | 0.1037 | 1.1401 0.1 1.0072 | 0.1 1.0072
9 0.1363 | 1.0348 | 0.1001 | 1.076 | 0.1047 | 1.0589 | 0.1046 | 1.0576 | 0.1 1.0761 0.1 1.0761
10 0.1916 | 0.5019 | 0.1001 | 0.658 | 0.1182 | 0.5482 | 0.1261 | 0.5063 | 0.1 0.6586 | 0.1 0.6586
11 0.1293 | 0.8386 | 0.1001 | 0.9371 | 0.1291 | 0.7547 | 0.109 | 0.8867 | 0.1 09374 | 0.1 0.9374
12 0.2256 | 0.5958 | 0.1001 | 1.5143 | 0.1049 | 1.5854 | 0.1016 | 1.562 0.1 1.5153 | 0.1 1.5153
13 0.1287 | 1.2511 | 0.1001 | 1.25 | 0.115 | 1.253 | 0.104 | 1.2602 | 0.1 1.25 0.1 1.25
14 0.202 | 1.7084 | 0.1281 | 1.9813 | 0.1394 | 1.8216 | 0.1378 | 1.7917 | 0.1274 2 0.1274 2
15 0.1262 | 1.5128 | 0.1001 | 1.4924 | 0.1176 | 1.342 | 0.124 | 1.2612 | 0.1 1.4914 | 0.1 1.4914
16 0.1228 | 0.9211 | 0.1001 | 0.8004 | 0.1044 | 0.9204 | 0.1004 | 0.8309 | 0.1 0.801 0.1 0.801
17 0.3481 | 0.716 | 0.1703 | 1.9972 | 0.1835 | 1.8299 | 0.1818 | 1.8675 | 0.17 2 0.17 2
18 0.1196 | 1.2415 | 0.1001 | 1.513 | 0.1002 | 1.6115 | 0.1055 | 1.5614 | 0.1 1.5144 | 0.1 1.5144
19 0.129 | 1.5064 | 0.102 | 1.9882 | 0.1102 | 1.8154 | 0.1149 | 1.8297 | 0.1015 2 0.1015 2
20 0.287 | 1.0272 | 0.1599 | 1.9914 | 0.1678 | 1.9297 | 0.1745 | 1.7594 | 0.1594 2 0.1594 2
21 0.1357 | 1.302 | 0.1001 | 1.2175 | 0.1371 | 1.1698 | 0.1071 | 1.202 0.1 1.2185 | 0.1 1.2185
22 0.2869 | 0.8911 | 0.1787 | 1.3901 | 0.1905 | 1.299 | 0.1919 | 1.2511 | 0.1781 | 1.3978 | 0.1781 | 1.3978
23 0.1652 | 1.2572 | 0.1001 | 1.6746 | 0.1115 | 1.6372 | 0.1147 | 1.5243 | 0.1 1.6733 | 0.1 1.6733
24 0.1014 | 0.5109 | 0.1001 | 0.5003 | 0.1073 | 0.6977 | 0.1322 | 0.5346 | 0.1 0.5 0.1 0.5
25 0.2335 | 1.0271 | 0.1099 | 1.9976 | 0.1303 | 1.759 | 0.1241 | 1.827 | 0.1095 2 0.1095 2
26 0.1346 | 1.0784 | 0.1001 | 1.1256 | 0.1078 | 1.1089 | 0.1159 | 1.0933 | 0.1 1.1257 | 0.1 1.1257
27 0.1085 | 1.5286 | 0.1001 | 1.3671 | 0.1068 | 1.2935 | 0.1053 | 1.3136 | 0.1 1.368 0.1 1.368
28 0.1566 | 0.9553 | 0.1001 | 1.1157 | 0.1168 | 1.0166 | 0.1117 | 1.0077 | 0.1 1.1155 | 0.1 1.1155
29 0.137 | 1.0048 | 0.1001 | 1.1247 | 0.1121 | 1.0524 | 0.1082 | 1.1601 0.1 1.1253 | 0.1 1.1253
30 0.1324 | 0.9868 | 0.1001 | 1.0405 | 0.1046 | 1.0639 | 0.1021 | 1.0528 | 0.1 1.0404 | 0.1 1.0404
31 0.1021 | 1.2516 | 0.1001 | 1.25 | 0.1007 | 1.2572 | 0.1035 | 1.3303 | 0.1 1.25 0.1 1.25
32 0.188 | 1.0229 | 0.1001 | 1.5499 | 0.1099 | 1.5136 | 0.1057 | 1.6369 | 0.1 1.5486 | 0.1 1.5486
33 0.1003 | 1.0048 | 0.1001 1 0.1001 | 1.0061 | 0.1003 | 1.0164 | 0.1 1 0.1 1
34 0.3947 | 0.5899 | 0.1729 | 1.9968 | 0.1962 | 1.7526 | 0.19 1.817 | 0.1724 2 0.1724 2
35 0.273 | 1.3047 | 0.1654 | 1.9816 | 0.1758 | 1.9206 | 0.1755 | 1.9665 | 0.1642 2 0.1642 2
Continued on next page
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Table 3.7 — continued from previous page

Metaheuristic methods Hybrid methods Proposed methods
Relays GA DE IPM-GA IPM-DE IPM-BBM IPM-IPM
TMS PS T™S PS T™MS PS TMS PS T™S PS TMS PS
36 0.4046 | 0.7492 | 0.2098 | 1.9969 | 0.2314 | 1.7986 | 0.231 | 1.7701 | 0.2092 2 0.2092 2
37 0.368 | 1.058 | 0.2126 | 1.9989 | 0.2373 | 1.7941 | 0.2293 | 1.9167 | 0.2115 2 0.2115 2
38 0.3733 | 0.805 | 0.1933 | 1.9989 | 0.2158 | 1.7747 | 0.2149 | 1.771 | 0.1929 2 0.1929 2
39 0.3195 | 1.1179 | 0.1922 | 1.9946 | 0.2073 | 1.8891 | 0.1995 | 1.9915 | 0.1915 2 0.1915 2
40 0.324 | 0.7704 | 0.1988 | 1.5181 | 0.1998 | 1.7556 | 0.1865 | 1.7543 | 0.1702 2 0.1702 2
41 0.216 | 1.2577 | 0.1318 | 1.995 | 0.1549 | 1.7933 | 0.1323 | 1.9998 | 0.1288 2 0.1288 2
42 0.1839 | 1.3515 | 0.1099 | 1.8888 | 0.1192 | 1.8184 | 0.1228 | 1.7526 | 0.1095 | 1.8919 | 0.1095 | 1.8919
43 0.118 | 1.5179 | 0.1001 | 0.5014 | 0.101 | 0.6288 | 0.1044 | 0.5673 | 0.1 0.5 0.1 0.5
44 0.4016 | 0.883 | 0.1987 | 1.9953 | 0.2164 | 1.8681 | 0.2122 | 1.8983 | 0.1981 2 0.1981 2
45 0.2238 | 1.0555 | 0.1132 | 1.9977 | 0.131 | 1.7672 | 0.1244 | 1.9533 | 0.1129 2 0.1129 2
46 0.1348 | 1.5577 | 0.1001 | 1.6238 | 0.1158 | 1.5638 | 0.1125 | 1.5082 | 0.1 1.6229 | 0.1 1.6229
47 0.2881 | 1.2404 | 0.1684 | 1.9946 | 0.1877 | 1.8234 | 0.1764 | 1.9805 | 0.1678 2 0.1678 2
48 0.1975 | 1.3807 | 0.101 | 1.9962 | 0.1224 | 1.7512 | 0.1078 | 1.9709 | 0.1006 2 0.1006 2
49 0.4513 | 0.6212 | 0.1963 | 1.9987 | 0.2199 | 1.7839 | 0.2129 | 1.9005 | 0.1959 2 0.1959 2
50 0.2847 | 1.1871 | 0.1629 | 1.9928 | 0.1778 | 1.8814 | 0.1758 | 1.871 | 0.1622 2 0.1622 2
51 0.2301 | 1.5413 | 0.1488 | 1.9952 | 0.1628 | 1.8826 | 0.1732 | 1.7587 | 0.1483 2 0.1483 2
52 0.1522 | 1.3507 | 0.1001 | 1.9543 | 0.1085 | 1.9567 | 0.1106 | 1.8813 | 0.1 1.955 0.1 1.955
53 0.3603 | 1.3849 | 0.2385 | 1.9942 | 0.2587 | 1.8502 | 0.251 | 1.9875 | 0.2378 2 0.2378 2
54 0.3329 | 0.7748 | 0.158 2 0.1778 | 1.8008 | 0.1659 | 1.9404 | 0.1563 2 0.1563 2
55 0.3417 | 0.8425 | 0.1805 | 1.9896 | 0.2009 | 1.8124 | 0.1917 | 1.8804 | 0.1777 2 0.1777 2
56 0.3141 | 1.2719 | 0.1931 | 1.9915 | 0.2133 | 1.8219 | 0.2043 | 1.9531 | 0.1923 2 0.1923 2
57 0.5004 | 0.5151 | 0.2264 | 1.9987 | 0.2487 | 1.8113 | 0.2487 | 1.8143 | 0.2259 2 0.2259 2
58 0.3159 | 0.8581 | 0.1572 | 1.9972 | 0.1732 | 1.8373 | 0.1643 | 1.9825 | 0.1568 2 0.1568 2
59 0.3916 | 1.1102 | 0.235 | 1.9973 | 0.2608 | 1.7691 | 0.2535 | 1.9085 | 0.2345 2 0.2345 2
60 0.2847 | 1.3542 | 0.175 | 1.9906 | 0.1963 | 1.7763 | 0.1875 | 1.9045 | 0.1732 2 0.1732 2
61 0.4067 | 0.7995 | 0.2124 | 1.9967 | 0.2337 | 1.8095 | 0.2267 | 1.9493 | 0.2119 2 0.2119 2
62 0.3983 | 0.8041 | 0.2096 | 1.9982 | 0.2339 | 1.7762 | 0.2215 | 1.961 | 0.2082 2 0.2082 2
63 0.3101 | 1.1948 | 0.192 | 1.9904 | 0.2142 | 1.7663 | 0.2 1.9806 | 0.191 2 0.191 2
64 0.2552 | 1.4223 | 0.176 | 1.9858 | 0.1981 | 1.7638 | 0.1777 | 1.9648 | 0.1704 2 0.1704 2
65 0.2632 | 1.6161 | 0.18 | 1.9861 | 0.193 | 1.8983 | 0.1904 | 1.9587 | 0.1789 2 0.1789 2
66 0.254 | 1.8261 | 0.2042 | 1.99 | 0.2253 | 1.807 | 0.205 | 1.9943 | 0.1994 2 0.1994 2
67 0.3196 | 0.8146 | 0.1692 | 1.9931 | 0.1922 | 1.7597 | 0.1855 | 1.7649 | 0.1661 2 0.1661 2
68 0.3892 | 0.7933 | 0.1991 | 1.9958 | 0.2163 | 1.8695 | 0.2111 | 1.9482 | 0.1985 2 0.1985 2
69 0.2218 | 1.1136 | 0.1387 | 1.9911 | 0.1523 | 1.7793 | 0.1422 | 1.7708 | 0.127 2 0.127 2
70 0.2229 | 1.4301 | 0.1543 | 1.9809 | 0.1714 | 1.823 | 0.1563 | 1.9795 | 0.1507 2 0.1507 2
71 0.1003 | 0.5 | 0.1001 2 0.1 0.75 | 0.1095 | 0.75 0.1 0.5 0.1 0.5
72 0.1209 | 0.5 | 0.1001 0.5 | 0.1001 0.5 |0.1027 | 0.75 0.1 0.5 0.1 0.5
73 02557 | 0.5 ]0.1223 2 0.1351 | 1.75 | 0.1104 2 0.1071 2 0.1071 2
74 03231 | 1.25 | 0.221 2 0.2305 2 0.2254 2 0.2177 2 0.2177 2
75 0.1991 0.5 | 0.1001 2 0.1178 1 0.1028 | 1.25 0.1 1.25 0.1 1.25
76 0.1976 | 1.25 | 0.1097 2 0.1522 1.5 0.15 1.5 | 01256 | 1.75 |0.1256 | 1.75
77 0.1435 | 1.25 | 0.1056 2 0.1053 1.5 ]0.1023 | 1.75 0.1 1.75 | 0.1043 1.5
78 0.1383 | 0.5 | 0.1001 0.5 ]0.1067 | 0.5 |0.1207 | 0.75 0.1 0.5 0.1 0.5
79 0.1305 1 0.1001 2 0.1068 | 1.25 |0.1009 | 1.25 0.1 1 0.1 1
80 0.1252 | 0.5 |0.1001 2 0.1053 | 0.75 | 0.1089 | 0.75 0.1 0.5 0.1 0.5
81 0.1362 1 0.1001 2 0.1015 1 0.1039 | 1.25 0.1 1 0.1 1
82 0.1017 | 0.5 | 0.1001 2 0.1004 | 0.5 |0.1085 | 0.75 0.1 0.5 0.1 0.5
Z§i1 top,i 45.0978 34.669 36.3598 35.8858 33.6625 33.6528

Further, Table [3.8 shows the statistical summary of the results obtained by all the six methods.
For generating the results of Table [3.8] following procedure has been adopted. Initially, a set of
100 initial solutions have been generated randomly. Subsequently, with each initial solution, the

proposed two-phase solution approaches (IPM-BBM and IPM-IPM) and two-phase hybrid solution
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approaches (IPM-GA and IPM-DE) have been followed to compute the relay settings. Also, with
the same 100 initial solutions, GA and DE have been executed 100 times independently guided
by uniformly generated different seeds of random numbers. Thus, both the proposed approaches
(IPM-BBM and IPM-IPM), metaheuristic approaches (GA and DE) and hybrid (IPM-GA and IPM-
DE) optimization approaches have been executed 100 times. From Table it is observed that
the sum of operating times of the relays obtained by the proposed two-phase optimization methods
(IPM-BBM and IPM-IPM) are less than those obtained by the metaheuristic methods (GA and DE)
and hybrid optimization approaches (IPM-GA and IPM-DE). Further, the standard deviations for
the two proposed methods are quite low indicating that for the both methods, the results produced
in each run are quite close to each other (i.e., the results are nearly reproducible) even when each
run starts from different initial conditions. This is not the case for the two metaheuristic methods
and the two hybrid methods. However, among all the six methods, IPM-IPM is fastest along with
the least value of the sum of operating times of all the relays. This makes the IPM-IPM approach

superior to all the other approaches.

Table 3.8: Comparative results obtained for NOF by using various methods after 100 inde-

pendent runs for the IEEE 30-bus system

Sum of operating times of all relays | Standard | Mean solution

Methods Best Mean ‘Worst deviation time (sec)
GA 45.0978 | 46.8762 48.1154 0.9237 1054.3125
DE 34.669 | 34.8339 35.0697 0.1438 1063.32

IPM-GA | 36.3598 | 37.2739 38.4904 0.6355 1043.9306

IPM-DE | 35.8858 | 37.4693 42.8917 2.0856 1240.6635
IPM-BBM | 33.6625 | 33.6898 33.7153 0.0141 248.7264
IPM-IPM | 33.6528 | 33.7392 33.7998 0.0572 13.6314

The time of operations of the primary relays and the corresponding backup relays along with the
coordination time interval (CTI) between the combination are shown in Figure [3.5|for all primary-
backup relay combinations obtained by the IPM-IPM optimization approach. As observed from
this figure, the actual values of CTI are always more than the minimum CTI considered in this

work (0.2 sec).

Now, to test the effectiveness of the proposed objective function NOF, the results obtained
by IPM-IPM method corresponding to the different objective functions (OF1, OF2, OF3, OF4

and NOF) have also been compared. Table gives the summary of the coordination results
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Figure 3.5: Operating times of primary relays, backup relays and CTI in the IEEE 30-bus

system.

corresponding to the different objective functions (OF1, OF2, OF3, OF4 and NOF) in terms of
SOTR, SOTB, SACTTI and number of coordination constraint violations (violation of eqn. (3.4))).

Table 3.9: Comparative results obtained using IPM-IPM for various objective functions for

the IEEE 30-bus system

Various Terms OF1 OF2 OF3 OF4 NOF
SOTR 33.586 39.7784 33.586 33.5922 | 33.6528
SOTB 135.0722 | 129.1089 | 135.0722 | 135.0872 | 132.3868
SACTI 70.8254 48.855 70.8254 | 70.8273 | 68.0548

Cases of Violation 0 0 0 0 0

From Table [3.9]it is observed that the objective function OF1 gives the least value of SOTR
whereas the objective function OF2 gives the least value of SOTB and SACTI. Further, it can be
observed that OF4 gives the higher values of SOTR, SOTB and SACTTI as compared to OF3 and
the results of F3 is the same as those of OF1. However, higher value of SOTR corresponding
to OF2 makes it inferior to OF1 and NOF. Moreover, as observed from Table 3.9 the value of
SOTB and SACTI obtained by NOF are considerably reduced (1.99% and 3.91%, respectively)

at the cost of small increment in SOTR (0.2%) as compared to those values corresponding to
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OF]1. Further, the sum of the values of SOTR and SOTB corresponding to NOF is 2.65% lower as
compared to sum of SOTB and SOTR corresponding to OF1. Therefore, the proposed objective
function minimizes the total operating times of primary and backup relays while always satisfying
the coordination constraints. This makes the proposed objective function NOF superior to the other

objective functions considered in the literature.
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Figure 3.6: IEEE 30-bus system having a DOCR at each generator feeder.

In all the above studies, no relay on the generator feeders has been considered. However, to
provide backup protection to the relays installed on the lines which are directly connected to the
generator buses, it may be necessary to install DOCRs on each of the generator feeders. Figure
shows the IEEE 30-bus system equipped with DOCRs at each generator feeder. In that case,
these DOCRs also need to be coordinated with the DOCRs installed on the lines connected to the

generator buses. To consider this possibility, each of the generator feeder is now assumed to be
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equipped with a DOCR of IDMT characteristic. These relays are numbered as 83, 84, 85, 86, 87
and 88 (corresponding to generator feeders 1, 2, 5, 8, 11 and 13, respectively). As there are a
total of 12 line ends connected to these six generator buses (as shown in Figure [3.6)), a total of 12
additional primary backup relay pairs also need to be considered. These additional primary-backup
relays pairs are as follows: 1-83, 3-83, 2-84, 5-84, 7-84, 9-84, 8-85, 17-85, 22-86, 29-86, 34-87
and 34-88. Thus, after considering DOCRs on each of the generator feeders, total number of relays
and total number of primary-backup pairs become 88 and 171, respectively. For co-ordination of
these relays, maximum load currents and various fault currents have again been calculated using

the same procedure as discussed in Section [3.3.1]

Table 3.10: Settings of the relays obtained with NOF and IPM-IPM method for the IEEE

30-bus augmented system

Relays | TMS PS Relays | TMS PS Relays | TMS PS Relays | TMS PS
1 0.1 1 23 01 [1.6733]] 45 [0.1129]1.9998 || 67 [0.1661 | 2
2 0.1 [o05001 |[ 24 0.1 [05002 [ 46 0.1 [1.6229][ 68 [0.1985] 2
3 0.1 [1.4948 | 25 [0.1096 [ 1.9999 || 47 [o0.1678| 2 69 | 0.127 | 1.9997
4 0.1 0.5 26 01 [ 11258 ] 48 [0.1007 [ 1.9999 || 70 [0.1507 [ 2
5 01 [16792] 27 0.1 [1.3604 || 49 [0.1959 [ 1.9999 || 71 0.1 0.5
6 0.1 [05682( 28 01 [ L1155 50 [0.1622]1.9999 [ 72 0.1 0.5
7 01 |1.0473 [ 29 01 | L1253 (] 51 |0.1483[1.9999 [ 73 [0.1071| 2
8 0.1 | 1.0072 | 30 01 | 10218 52 01 | 1.955 7402177 2
9 0.1 | 1.076 31 01 | 12501 53 [02378| 2 75 01 | 125
10 0.1 0658 || 32 01 | 1548 || 54 [0.1563| 2 76 | 0.1257 | 1.75
11 01 09374 33 01 | 10002 55 [01777| 2 7701043 | 1.5
12 0.1 [15153|] 34 [01724[1.9999 | 56 [0.1923] 2 78 0.1 0.5
13 0.1 1.25 35 [0.1642]1.9998 || 57 [0.2259[1.9999 || 79 0.1 1
14 [01274 19999 [ 36 [0.2092[1.9999 [[ 58 [0.1568 | 1.9999 || 80 0.1 0.5
15 0.1 [14914 [ 37 [02115[1.9999 | 59 [02345] 2 81 0.1 1
16 0.1 [ 0.801 38 [01929] 2 60 [0.1732]1.9999 |[ 82 0.1 0.5
17 [ 017 [19999 ] 39 [o1915] 2 61 02119 2 83 [0.1818] 05
18 01 [15144 [ 40 [01702]1.9999 || 62 [0.2082[1.9998 || 84 [0.1022] 1
19 01016 [ 19996 || 41 [o0.1288| 2 63 01911 2 85 [03873] 05

20 [ 0.1594 | 1.9999 || 42 [0.1095 | 1.8915 |[[ 64 [0.1704 | 2 86 | 0.1666 | 2
21 0.1 12186 | 43 01 [05002]] 65 [0.1789| 2 87 | 0313 1
22 | 0.1585 | 1.7491 || 44 [ 0.1981 [ 1.9999 || 66 | 0.1994 | 1.9999 || 88 | 0.319 | 1.25
S5 top,i 33.6315 seconds
S8 top,i 37.5075 seconds

Now, the results presented so far show that the combination of the proposed NOF and the
proposed IPM-IPM method gives the best co-ordination result. Therefore, the co-ordination of the
augmented protection system (comprising of 88 relays and 171 primary backup pairs) has been
carried out for this combination (NOF and IPM-IPM) only. The new settings (TMS and PS) of all
the 88 relays are given in Table Also, the operating times of all primary relays, backup relays
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Figure 3.7: Operating times of primary relays, backup relays and CTI in the IEEE 30-bus

augmented protection system.

and CTI corresponding to all 171 pairs are shown in Figure

Comparison of the results of Table (last two columns) and Table [3.10| shows that TMS
values of 23 relays (out of the original 82 relays) have changed, while those of the remaining
59 relays remain unchanged. Out of the 23 changes in TMS values, values of TMS for 3 relays
have increased while TMS values for 20 relays have reduced. Similarly, the PS values of 51
relays have increased, 18 relays have reduced and those of the remaining 13 relays remained same.
Also, for 11 relays, both TMS and PS values did not change at all. From Tables [3.7|and [3.10], it
can be observed that the maximum change in TMS and PS are 0.0196 and 0.3509, respectively.
Comparison of Figures and shows that the presence of DOCRs on the generator feeders

changes the operating times of the relays marginally.

3.4.3 Case-111: IEEE 118-bus system

The detailed description of this system is given in Section[2.4.6] For this system, different types of

DOCRs with various characteristics have been considered. These are;
1) 1-200: IDMT (numerical/digital type)
2) 201-260: VIN (numerical/digital type)
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3) 261-300: EIN (numerical/digital type)
4) 301-372: IDMT (electromechanical type)

The same minimum and maximum limits on TMS and PS of the relays as mentioned in Case-I
have also been considered in this case. The TMSs have been considered to be continuous variables
for all the relays whereas the PSs have been considered to be a) continuous for numerical relays
and b) discrete for electromechanical relays. The possible discrete values are from 0.5 to 2.0 times
of current transformer secondary rating in equal steps of 0.25. The MCT considered for this system
is 0.2 seconds. In this case also, the minimum and the maximum limits on ¢,, has been considered

as 0.1 and 4.0 seconds, respectively, [[106]].

As in the previous case, to test the effectiveness of the proposed optimization approach, the
results obtained corresponding to NOF have been compared with that obtained by two metaheuris-
tic optimization approaches (GA and DE) and two hybrid optimization approaches (IPM-GA and
IPM-DE). Table shows the summary of the results obtained by all these six methods. For

obtaining the results of Table[3.11] the procedure described for case-I has also been followed here.

Table 3.11: Comparative results obtained using NOF by various methods after 100 indepen-

dent runs for the IEEE 118-bus system

Sum of operating times of all the relays | Standard | Mean solution
Best Mean Worst deviation time (sec)

GA 491.1625 | 513.4992 530.0956 12.7324 479.2117

DE 254.7816 | 414.114 563.2866 146.8028 1223.7982

Methods

IPM-GA | 124.4382 | 130.6693 150.5527 7.5844 6756.6623
IPM-DE | 106.5501 | 113.6577 119.3666 4.9577 2813.3477
IPM-BBM | 99.5477 | 99.6600 99.7820 0.0954 15195.1994
IPM-IPM | 99.0291 | 99.6846 100.1619 0.2932 7663.3385

From Table [3.11] it is observed that the sum of operating times of the relays obtained by the
proposed two-phase optimization methods (IPM-BBM and IPM-IPM) are appreciably less than
those obtained by the metaheuristic methods (GA and DE) and are also less than those obtained
by the hybrid optimization approaches (IPM-GA and IPM-DE). Also, the standard deviation of the
results obtained by the proposed methods (IPM-BBM and IPM-IPM) are quite small indicating
that the results obtained at different runs are quite close to each other (i.e., the results are nearly
reproducible) even when different runs start from different initial conditions. This is not the case

with metaheuristic methods and hybrid optimization approaches. From Table it is also ob-
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served that IPM-IPM is relatively faster than IPM-BBM along with the least value of the sum of
operating times of all the relays. This makes IPM-IPM optimization approach superior to all the

other five approaches considered in this work.

Similarly, as in the previous case, to test the effectiveness of the proposed objective function
NOF, the result obtained by IPM-IPM method corresponding to the different objective functions
(OF1, OF2, OF3, OF4 and NOF) have also been compared. Table [3.12] gives the summary of
coordination results obtained with different objective functions. From Table[3.12]it is observed that
out of the five objective functions, only OF1 and NOF are able to satisfy all constraints. However,
the values of SOTR, SOTB and SACTI obtained by NOF are less than the corresponding values
obtained by OF1 by 1.22%, 6.91% and 9.81%, respectively. Further, the sum of the values of
SOTR and SOTB corresponding to NOF is 6.07% lower as compared to the corresponding value
obtained with OF1. Therefore, for this system also, the proposed objective function minimizes
the operating times of primary and backup relays along with the coordination time interval while
always satisfying the coordination constraints. This makes the proposed objective function NOF

superior to the other objective functions considered in the literature for this system also.

Table 3.12: Comparative results obtained using IPM-IPM for various objective functions for

the IEEE 118-bus system

Various Terms OF1 OF2 OF3 OF4 NOF
SOTR 100.2499 | 92.7036 80.849 | 202.6345 | 99.0291
SOTB 580.2369 | 573.9753 | 526.9968 | 1194.356 | 540.1593
SACTI 379.2258 | 381.21 | 348.2403 | 784.5178 | 342.0130

Cases of Violation 0 329 513 157 0

The optimum values of TMS and PS of all the relays obtained by the IPM-IPM approach
and corresponding to NOF are shown in Figure [3.8] Also, the time of operations of the primary
relays and the corresponding backup relays along with the actual CTI between the combinations
are shown in Figure for all primary-backup relay combinations. It is to be noted that the
results in Figures[3.8]and[3.9]are the best results (corresponding to the minimum value of objective
function NOF) obtained by the IPM-IPM method. In this case also, the final values of CTI for all

combinations are more than the minimum CTI considered (0.2 sec).
So far, in this system, no DOCR has been considered on any of the generator feeders. For
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Figure 3.9: Operating times of primary relays, backup relays and CTI in the IEEE 118-bus

system.

further study, as considered in the 14 and 30-bus systems, a case has also been considered in
this system in which all generator feeders are equipped with DOCRs. As there are 54 generator
buses in this system, a total of 54 extra DOCRs have now been considered. Each of these DOCRs
has been assumed to be a numerical relay of type EIN. Further, as there are a total of 206 lines

connected to the generator buses (as shown in Figure [3.10), 206 extra primary-backup pairs also
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Notation

Figure 3.10: IEEE 118-bus system having a DOCR at each generator feeder.

need to be considered. Therefore, the augmented protection scheme of this system comprises of
426 DOCRs having 1036 primary-backup pairs among them. Again, for co-ordination of these
relays, the maximum load currents and various fault currents have been calculated using the same

procedure as discussed in Section [3.3.1]

The co-ordination problem of this augmented protection scheme has again been solved for the
combination of NOF and IPM-IPM method (as this combination gives the best co-ordination result
as shown in Tables and[3.12). The optimum relay settings for all these 426 relays are shown
in Figure [3.11] Comparison of the numerical values of Figures [3.8] and [3.11] shows that the TMS
values of 124 relays (out of the original 372 relays) have changed while those of the remaining 248
relays remain the same. Out of the 124 changes in TMS values, values of TMS for 28 relays have
increased while TMS values for 96 relays have reduced. Similarly, the PS values of 95 relays have
increased, 100 relays have reduced and those of the remaining 177 relays remained same. Also, for
149 relays, both TMS and PS values did not change (i.e. for 99 relays, PS values changed but TMS

values did not change while for 28 relays, TMS values changed but PS values did not change).
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These changes in TMS and PS settings of the original 372 relays are shown in Figure [3.12] From
Figure [3.12]it is observed that the maximum change in TMS and PS values is limited below 0.4
and 1, respectively, which shows that the presence of DOCRs on generator feeders does not change
the relays settings appreciably. Lastly, the operating times of all primary relays, backup relays and
CTI corresponding to all 1036 pairs are shown in Figure 3.13] Comparison of Figures [3.9) and
[3.13|shows that for this system also, the presence of DOCRs on the generator feeders changes the

operating times of the relays marginally.
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Figure 3.11: Optimum relays settings for the IEEE 118-bus augmented protection system.
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augmented protection system.

3.5 Conclusion

In this chapter, two distinct two-stage optimization based methods are proposed for the coordi-
nation of directional overcurrent relays for meshed networks. Further, to minimize the operating
times of the primary and backup relays simultaneously, a new objective function has been devel-

oped. Based on detailed investigation on two test systems, following conclusions can be drawn:

(1) Between the two proposed approaches, IPM-IPM method is better than the IPM-BBM method.

(i1) IPM-IPM approach is also better than the two metaheuristic methods and two hybrid ap-

proaches considered in this work.

(i1i1)) The proposed IPM-IPM solution method always gives acceptable solution to the coordina-

tion problem of DOCRs efficiently without any constraint violation.
(iv) The proposed objective function ensures that the operating times of both primary and backup
relays are minimized.

In the next chapter, protection coordination of DOCRs considering multiple network topologies

is discussed.
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Chapter 4

Robust Protection Coordination of Directional Overcurrent

Relays Under Multiple Network Topologies

Abstract

This chapter proposes a contingency constrained robust protection coordination scheme of direc-
tional overcurrent relays (DOCRs). The robust protection coordination scheme provides single
settings of DOCRs which will be valid for the credible (N-1) topologies created after outage of
any element. For selecting the feasible contingencies, a composite security index has been used.
The robust protection coordination scheme has been posed as an optimization problem and solved
using an interior point method based algorithm. The feasibility of the proposed formulation and

solution algorithm has been demonstrated on IEEE 14, 30 and 118-bus power system networks.

4.1 Introduction

N the previous two chapters, the protection coordination problem has been solved for a fixed
I topology of the network. However, as discussed in Chapter [I| a power system may operate
in different topologies due to outages of transmission lines, transformers and generating units.
Under such circumstances, the changes in the network topology may lead to mis-coordination of
DOCRs [56,88,/107-116]]. To address this issue, this chapter poses the coordination problem of
DOCRs, under variation of topology, as a robust MINLP problem and the formulated problem has
been solved by an interior point method (IPM) based algorithm. The variation in topology is incor-
porated in the formulated problem by considering the credible (N-1) contingencies of the system
under study. The solution of the formulated problem gives the settings of the DOCRs which will be
valid for the credible (N-1) topologies created after outage of any single line, transformer or a gen-
erator. The feasibility of the proposed formulation and solution algorithm has been demonstrated

on IEEE 14, 30 and 118-bus power system networks.
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4.2 Problem formulation for the system under contingency

In this case, the formulated problem considers all network configurations when the system is run-
ning successfully under (N-1) contingency. Here, the protection coordination problem can be for-
mulated as the minimization of the sum of the operating times of all the DOCRs for the maximum
fault current (passing through the primary relays) while maintaining CTI between all possible
primary-backup relay pairs under the contingency. The corresponding objective function under

contingency (OFC) can be expressed as,

OFC = min nz i topat (4.1)

=1 i=1

where

to il —
P (Tpg /PS:)" — 1

+ L: ViVl 4.2)

subjected to:

topit — topa > CTE Vi Vj VI 4.3)
timin < top,it < timaz; V1 VI 4.4)
TMS; i < TMS; < TMS; pas 4.5)
PSi min < PS; < PS; iz (4.6)

In eqns. @.I)-@.4), nc is the total number of (N-1) contingencies under which the system
under study is running successfully and m is the number of relays in the system. Further, /p;

denotes the fault current through relay R; in [t

configuration and ¢, ;; is the operating time of
relay R; in ['" configuration.

Further, as discussed earlier, if PS; in eqn. (#.2)) of relay R, is considered to be previously
known, then ?,,; will be a linear function in TMS;. Thus, actual NLP protection coordination
problem given in eqn. can be converted into an approximate LP problem [57,58].

Similar to NOF discussed in the previous chapter, for simultaneously minimizing the operating

times of primary and backup relays, a new objective function under contingency (NOFC) has been

developed in this work which can be expressed as,

NOFC = min » _ (041 > (topi)® + 02 Y (tobji — MCT)Q) (4.7)

=1 i=1 j=1
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This NOFC is minimized subjected to the constraints given in eqns. #.3)-(@.6). It can be
observed that the problem formulated in this section is twice continuously differentiable for con-
tinuous values of TMS and PS within their respective ranges. It is to be noted that eqn. #.3))
ensures that all the coordination constraints are satisfied in the obtained solution.

Now, in any system, the number of possible (N-1) contingencies can be quite high. However,
for protection coordination, only the credible contingencies (out of the all possible contingencies)
need to be considered. For selecting the credible contingencies, the composite security index, as

discussed in the next section, has been followed in this work.
4.3 An overview of composite security index

The composite security index (CSI) provides an efficient method for contingency selection and
ranking. It is defined in terms of the limit violations of bus voltages and line power flows. Two
types of limits are defined for both bus voltages and line power flows, namely “alarm limit” and
’security limit”. The alarm limit gives an indication of closeness to limit violations. The security
limit is the maximum limit specified for the bus voltages and line power flows. In this study,
alarm and security limits on the bus voltages have been taken as £5% and +7% variation from
the desired value (1.0 p.u.), respectively, whereas 80% of the specified thermal limit of line power
flow has been taken as the alarm limit of the line power flow [117,/118]].

The CSI selects only credible cases and ranks them in the order of severity. The CSI has two
components: a) bus voltage security index and b) line power flow security index. These compo-
nents and the CSI as suggested in [[118-120], have been adopted in this work and are discussed
below.

The normalized lower and upper voltage limit violations beyond the alarm limits are expressed

as,
la
[ [V;b - ‘/lb] L la
P = ey Ve <V
rhy =0 if Vip > Via ws)
Vi = V] '
u. — L . ‘/; > Vua
Poir = Ty gy Ve = Vi
Toip =0 sif Vip <V

In eqn. (4.8)), Vi, V:ue, Vs and V;** represent the lower and the upper alarm and security limits
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of voltages of bus ib, respectively. By using eqn. (4.8)), bus voltage security index (BVSI) can be

defined as,
1/2

BYSI= [ 3 ()" + > ()] 4.9)
ib

ib

For line power flow, only the maximum power flow limit of each line needs to be specified.
The normalized upper line power flow limit violations beyond the alarm limits are expressed as,
" Hpjkl - P%a] . ua
Tpjk = —[Pus — P]“a} sif P> Py
Jk Jk (4.10)
=0 if By < P
In eqgn. @, Pi® and Py* represent the alarm and the security limits of each line jk. By using
eqn. (4.10) line power flow security index (LPFSI) can be defined as,
L (2112
LPFSI= 3" ()] (4.11)
jk

Using eqns. (#.9) and (.T1) the composite security index (CSI) is defined as,
1/2
CSI = [BVSF + LPFSP] 4.12)

Depending on the value of CSI from eqn. (4.12), the following conclusions can be drawn about
the state of the system,

a) insecure state if CST > 1

b) alarm state if 0 < CSI < 1

¢) secure if CSI = 0.

In this work, the composite security index defined by eqn. (4.12) has been considered for
contingency ranking.

It is well known that on-load tap changers (OLTC) in transmission and distribution systems try
to maintain bus voltages within the specified limits. In this work, the contingency screening has
been performed considering the presence of OLTC in the system and for this purpose, the effect of
OLTC has been included in the NRLF method as discussed below [[121,{122].

Let us assume that in a nb bus, ng generator power system, an OLTC is connected between bus
u and bus v, having a tap ratio of 1 : ¢ and total admittance yy, as shown in Figure {.1 The OLTC
controls the bus voltage magnitude at bus v. Further, assume that the generators are connected at

the first ng buses with bus 1 being the slack bus.
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Figure 4.1: Representation of OLTC

The power flow equations for nodes u and v can be expressed as [[123]]

P, = V2G yu + Vi Vi (—tyo)cos(0y — 0, — )
nb
+ Z ‘/u‘/lyu,lcos(eu - 0[ - aul)

1=1,7#u,v

P, = Vvav + Vo, Viu(—=tyo)cos(0, — O, — )
nb

+ Z VoViYycos(6, — 0 — au)

I=1,#u,v

Qu = Vuz(Buu - t2y0) + Vqu(—tyo)Sm(@u - 91} - auv)
nb

+ Z VuVlYu,lsm(Qu — 01 — Oéul)

1=1,7#u,v
Qv = ‘/;;2va + VvVu(—t?Jo)SW(QU - eu - avu)
nb

+ Z VoViYy sin(0, — 0; — ay)

I=1,#u,v

(4.13)

(4.14)

(4.15)

(4.16)

In eqns. (4.13)-(4.16)), P,, Q.. P, and @, represent the real and reactive power flow into bus

the system.

u and bus v, respectively, V,,, 0,,, V,, and 6, are the magnitude and angle of voltage at buses u and v,
respectively, Y,,, and «,, are the magnitude and angle of (u, v)th element of bus admittance matrix
(Yous)s Guus Buus Guw and B, are the real and imaginary parts of Y}, corresponding to bus u and

v, respectively, without considering the presence of OLTC and nb is the total number of buses in

Partially differentiating eqns. (4.13))-(4.16))) with respect to ¢, the following four equations are

obtained

P,

aat = —V,Vuyocos(0, — 0, — )
P

88; - _V;)VuyOCOS(QU - Qu - avu)

85

4.17)

(4.18)



IQu

5 = —2tV:2yo — Vi Voyosin(0y, — 0, — ) (4.19)

0Qy
ot

= _%VuyOSin(ev - Qu - avu) (420)

In the NRLF formulation, the specified vector remains the same, while in the solution vector,
quantity V,, is replaced by the quantity ¢. Also, the size of the Jacobian matrix remains unaltered.
However, the column corresponding to V), is replaced by a now column, in which only 4 elements
are non-zero and rest of the elements are zero. These non-zero elements are given by eqns. (4.17)-

(4.20). For incorporating multiple OLTCs, similar changes in Jacobian matrix can be made.
4.4 Fault current calculations for the system under contingency

In this chapter, various currents under contingency have been calculated using the following pro-
cedures. The maximum load current (/,,,,) has been calculated using Newton-Raphson load
flow (NRLF) analysis. The fault current calculations have been carried out using bus impedance
matrix (Zp,s) approach [95]]. Three-phase-to-ground solid faults and line-to-line faults with a fault
impedance of 0.1 p.u. [31] have been considered for calculating the maximum fault current (1 f,,,45)
and the minimum fault current ({y,,,,) passing through each relay, respectively. In this study, the
faults have been applied at the middle of each line. It is to be noted that the same procedure as
discussed in the previous chapter has been adopted for calculating various load and fault currents
under each credible contingency. Thus, the maximum load current is the maximum value of the
load current passing through various relays under all the credible contingencies. Similarly, the
minimum and the maximum fault current is the minimum and the maximum values of the fault

currents passing through various relays, respectively, under all credible contingencies.
4.5 Calculation of current transformer ratio for the system under contingency

For calculating the CT ratio of i‘" relay, following procedure has been adopted. Let there be
a total of N credible configurations in a system. Corresponding to any k" configuration (1 <
kE < N), the load current passing through the relay (i.4;) and the fault current passing through
the relay (if4,;) is calculated. Subsequently, ¢7,,424,; and @¢paea are calculated as; ipmapa; =

max(z'Ll’i, 'L.L2,i7 ceey iLN,i) and ifmaz’A,i = mam(ifu, Z.f2,i7 ceey Z.fNﬂ‘). Finally, the prlmary side rating
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of the CT corresponding to relay R?; is calculated as [[60]],

[fma:pA,i )

CTRz - (1 mazxA,iy
max L A, 20

4.21)

Once CTR is calculated it remains fixed in all configurations of the system. With this calculated
CTR;, the ratio of the current transformer used in this work is CTR;:1. These current transformer

ratios are kept fixed for all configurations of the system.
4.6 Proposed optimization algorithm

In this work, an interior point method (IPM) [[124] based algorithm has been developed to solve
the optimization problem described in Section 4.2
The protection coordination problem of DOCRs, formulated in Section4.2] can be categorized

into two classes as,
1) NLP problem: only numerical/digital relays
2) MINLP problem: static or electromechanical relays in addition to numerical/digital relays

It is to be noted that both TMS and PS can have any continuous values within their ranges
for numerical/digital type relays whereas, TMS can have any continuous value and PS can only
have certain fixed discrete values for static or electromechanical type relays within their respective
ranges [40]. Consequently, the optimum coordination problem of DOCRs can be termed as an
NLP problem if all the relays considered in the system are of numerical/digital type. If static or
electromechanical relays are also considered in addition to the numerical/digital relays, then the
optimum relay coordination problem can be termed as MINLP problem.

The NLP problem can directly be solved using IPM whereas MINLP problem needs special
approach to solve it. In this chapter, [IPM-IPM algorithm developed in Chapter (3|1s used to solve
MINLP problem of DOCRs. A flowchart with detailed information of the proposed overall ap-

proach used in this chapter is shown in Figure 4.2
4.7 Simulation results and discussion

The proposed IPM based algorithm has been tested successfully for determining optimum settings
of DOCRs of IEEE 14, 30 and 118-bus systems [94]. The IEEE 14-bus system has 20 lines, 3
transformers (out of which 2 have OLTC installed), and 5 generators. The IEEE 30-bus system
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Perform load flow and short circuit
analysis under all conditions

v

‘ Calculate CT ratio for all relays ‘

‘ Set TMS and PS bounds ‘

Normal Contingency

Normal or Contingency?
(network condition)

NNC CNC-OLTC
A

Read ILmaxx |fmim Ifmaxx CTR: prrimary and |fbackup
(calculated under NNC condition)

CNC

Read ILmaxx |fmim Ifmaxx CTR: prrimary and |fbackup
(calculated under CNC condition)

A
Read |Lma><v Ifmin: Ilmax: CTR: IYprimary and Ifbackup
(calculated under CNC-OLTC condition)

Apply IPM to solve the problem
(solution to NLP)

Modify PS bounds and include new
variable for discrete PS values

Apply IPM to solve the problem
(solution to MINLP)

Optimum values of TMS and PS for
all the relays are obtained

Figure 4.2: Flowchart of the overall approach for robust protection coordination.

has 41 lines, 4 transformers (out of which 3 have OLTC installed), and 6 generators. The IEEE
118-bus system has 186 lines, 9 transformers (out of which 5 are having OLTC facility), and 54
generators. To protect the IEEE 14-bus system using DOCRs, a total of 40 DOCRs (two DOCRs
for each line) need to be used and coordinated with each other, whereas to protect the IEEE 30-
bus system, a total of 82 DOCRs need to be used and coordinated with each other. In these two
systems, static and electromechanical types of relays with standard IDMT characteristic curve
have been considered. To protect the IEEE 118-bus system, a total of 372 DOCRs need to be
installed and coordinated with each other in the system. In this system, numerical/digital, static
and electromechanical types of relays with three different characteristic curves (standard IDMT,
VIN and EIN) have been considered. For each test system, the following three scenarios have been

considered. It is to be noted that the characteristics of relays are pre-specified.
1) Normal network configuration (NNC)
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2) (N-1) contingency network configuration (CNC)

3) CNC in the presence of OLTC (CNC-OLTC)

In NNC scenario, all the DOCRs are expected to coordinate properly for that particular network
configuration. In CNC scenarios (CNC and CNC-OLTC), the DOCRs are expected to coordinate
properly for all credible (N-1) contingency network configurations (i.e. with CSI/<1). In this
case, initially, the ranking of all (N-1) contingencies is carried out on the basis of the values of CSI
(discussed in Section[4.3). Subsequently, all the network configurations with CSI<1 are considered
to be feasible, which are to be protected using DOCRs. After that, the steady state currents and
various fault currents are calculated for all these feasible configurations.

For both cases, following quantities have been considered. The minimum and the maximum
limits on TMS, PS and ¢,, of each relay has been considered as discussed in Chapter@ However,
the value of CTI considered for numerical/digital relays is 0.1 seconds whereas for electromechan-
ical and static relays, it is 0.3 seconds [31,40].

The proposed algorithm has been simulated in AMPL environment [75]. It is to be noted that
under NNC, the objective function is given by eqn. whereas for CNC cases, the objective
function is given by eqn. (#.7)). It is to be noted that while simulating outage of a generator, the
generation levels of the remaining generators are increased in proportion to their MVA ratings to

compensate for the lost generation.
4.7.1 A motivating example

Figure shows a typical example of a 4-bus system supplied by an external system (equivalent
system) at bus 1 and a generating source at bus 2. To provide complete protection of the system, a
total of 8 DOCRs are needed. In this example, all the relays are assumed to be of numerical/digital
type with standard IDMT characteristic. For a fault on line L2, Table gives the information
regarding the primary-backup relay pair along with the corresponding fault currents considering
power supplied by the equivalent system with (a) G in-service and (b) G out-of-service. It is to
be noted that the selected relay pair 3-1 has completely different fault current patterns in network
configurations (a) and (b). This situation is critical for protection coordination problem of the

system.

89



Equivalent

System Bl B2 B3
y R3 L2/ R4

.-.,-r R1
21

Figure 4.3: Example of a 4-bus system.

Table 4.1: Fault currents through primary relay R3 and backup relay R1 for fault on line L2

in two different situation

Fault | Primary | Backup G in-service G out-of-service
Zone Relay Relay Ip’rim Tpack Ip'rim Tpack
L2 3 1 7778 5240 5549 6775

The optimum settings (TMS and PS) with corresponding operating times () of relay R1 and
R3, including actual CTI of the pair in three different situations, are given in Table In Table
4.2 column (1) and column (2) give the values of TMS, PS and ¢ of relays R1 and R3 for network
configurations (a) and (b), respectively, (as in NNC case) whereas, column (3) gives the values of
TMS and PS of relay R1 and R3 for network configurations (a) and (b) simultaneously (as in CNC

case) and the operating times of relays R1 and R3.

Table 4.2: Optimum settings with corresponding operating times of relays R1 and R3 as well

as CTI of the pair
G in-service G out-of-service Both (1) and (2)
Relays (1) (2) (3)
TMS | PS tr T™™S | PS th TMS | PS | trin(a) | trin(b)
1 0.1731 2 1.0093 | 0.1750 2 0.8366 | 0.2906 | 1.5 1.3598 1.1550
3 0.2063 2 0.6897 | 0.1335 2 0.5360 | 0.2128 2 0.7114 0.8545
CTI 0.3196 0.3006 0.6484 0.3005

From columns (1) and (2) of Table it is to be noted that the optimum settings obtained
for situations (a) and (b) are quite different for relay R3. Therefore, for maintaining selectivity,

the TMS setting of relay R3 needs to be changed depending on the network configuration. On
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the other hand, the optimum TMS settings of the relays shown in column (3) have been obtained
considering both the situations discussed in (a) and (b) simultaneously. Further, from column (3)
it is observed that, even when the settings are kept same (irrespective of the system configuration),
the selectivity of the relays is always maintained in any of the configurations. As a result, the relay
settings obtained in this case are able to coordinate properly in any of the above two configurations
as CTI is maintained for both the situations.

Further, to study the effect of OLTC on the settings of DOCRs, an OLTC transformer has been
placed between bus 2 and bus 4 of the 4-bus system as shown in Figure[d.4] The presence of OLTC

regulates the voltage of bus 4. Now, a fault on line L2 is applied with G-in-service.

Equivalent
System Bl

l-_.-r R1
-1

Figure 4.4: Example of a 4-bus system with OLTC.

Table [4.3] gives the information regarding the primary-backup relay pair along with the corre-
sponding fault currents for two cases; (c) without OLTC and (d) with OLTC. It is to be noted that
the presence of OLTC significantly changes the fault current value seen by the relay pair 4-8. This

situation may affect the protection coordination of the system.

Table 4.3: Fault currents through primary relay R4 and backup relay R8 for fault on line L2

without and with OLTC
Fault | Primary | Backup without OLTC with OLTC
Zone Relay Relay Iprim Iback Iprim Iback
L2 4 8 2208 1190 2179 1786

The optimum settings (TMS and PS) with corresponding operating times (¢z) of relay R4 and
R8 including actual CTI of the pair in two different situations are given in Table[d.4]
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Table 4.4: Optimum settings with corresponding operating times of relays R4 and R8 as well

as CTI of the pair without and with OLTC

without OLTC with OLTC
Relays | TMS | PS tr T™™S | PS tr
4 0.4084 | 0.5 1.0653 | 0.3964 | 0.5 1.0457
8 0.2315 | 2.0 | 0.7647 | 0.1549 | 2.0 | 0.7450
CTI 0.3006 0.3007

From Table it is observed that the optimum settings of relays R4 and R8 are different in
these two cases (with and without OLTC). This difference is because of the change in fault currents

passing through the relay pair in these two cases (Table d.3).

4.7.2 Selection of ov; and a» for NOF/NOFC

For the selection of a; and a» the following procedure has been adopted. Corresponding to the
various values of o and o, the optimized value of the sum of the operating times of the primary
and backup relays (SOTPBR) has been calculated in NNC of IEEE 14-bus system. The values of
SOTPBR for different values of «; and s are given in Table@ From this table, it can be observed
that o; = 0.6 and ay, = 0.4 give the lowest value of the SOTPBR. However, for CNC case of the
IEEE 14-bus system, the lowest value of SOTPBR is obtained for «; = 0.9 and oy, = 0.1. Further,
for the IEEE 30 and 118-bus systems, the values of «; and v are identical to those found for NNC
and CNC cases of the IEEE 14-bus system. Hence, these values of a; and oy have been used for
calculating NOF (eq. [3.10)) and NOFC (eq. (4.7)). Also, the values of ; and ay for CNC-OLTC

case are the same as obtained for CNC case in both the systems.

Table 4.5: Selection of optimum values of «; and ais for NOF

a1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
g 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
SOTPBR | 97.858 | 96.729 | 96.729 | 96.729 | 96.729 | 96.812 | 96.428 | 96.429 | 96.575 | 97.727 | 102.578

4.7.3 Results on the IEEE 14-bus system

Figure 4.5 shows the single-line diagram of IEEE 14-bus system with 40 DOCRs placed on 20
lines (two on each line). This system has 93 primary-backup relay pairs. All these pairs are given

in Table It is to be noted that L9 and L10 in this figure are equipped with OLTC. However,
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only the first OLTC at L9 is used to control bus voltage at bus 9 (B9) and second OLTC is not used

to control bus voltage at bus 6 (B6) as G5 controls the voltage at B6.

Figure 4.5: IEEE 14-bus system with OLTC.

4.7.3.1 Normal network configuration (NNC)

In this scenario, there are total 93 primary-backup relay pairs among all the 40 relays. It is to be
noted that only 70 relay pairs have been considered in the optimization problem as the other 23

relay pairs are satisfying eqn. (3.14) in which coordination constraints always remain satisfied.
4.7.3.2 (N-1) contingency network configuration (CNC)

In this system, there are 20 lines and 5 generators, 1.e., a total of 25 elements which can experience
contingency. Therefore, under CNC scenario, there are a total of 25 configurations generated by
(N-1) contingencies. Out of these 25 contingencies, 23 contingencies have CSI < 1 and hence,
these configurations are considered as feasible system topologies. Therefore, for deciding the pa-

rameters of the relays, a total of 24 configurations (23 contingency configurations and one normal
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configuration) are considered. As each configuration has 93 primary-backup relay pairs, total num-
ber of primary-backup relay pairs considered under contingency is 2232 (= 24x93). It is to be
noted that, out of these 2232 relay pairs, only 1167 relay pairs have been considered in the op-
timization problem, as remaining 1065 relay pairs satisfy eqn. thereby, ensuring that the

coordination constraints are always satisfied for these relay pairs.

4.7.3.3 CNC in the presence of OLTC (CNC-OLTC)

In this scenario, out of the 25 contingencies, 20 contingencies have CSI < 1 and hence, these
configurations are considered as feasible system topologies. Therefore, for deciding the parameters
of the relays, a total of 21 configurations are considered. The total number of primary-backup relay
pairs considered under contingency is 1953. It is to be noted that only 1069 relay pairs have been
considered in the optimization problem in this scenario, as remaining 884 relay pairs satisfy eqn.

(3.14) and therefore, the coordination constraints are always satisfied for these relay pairs.

The optimum settings of the relays obtained in all the three cases (NNC, CNC and CNC-
OLTC) using the proposed IPM based algorithm are given in Table 4.6] Further, for these three
cases, the optimized CTI between the operating times of primary and backup relay pairs are shown
in Figures 4.6 4.7]and 48] respectively. From these figures, it is observed that the minimum CTI is
always maintained for any primary-backup relay pair, thereby ensuring the selectivity of the relays.
Further, to test the effectiveness of the proposed NLP model (NOF), the optimum settings of the
relays obtained in all the three cases considering approximate LP model proposed in [57,58]] and

using the proposed IPM algorithm are given in Table 4.6

From Table .6} it is observed that the sum of the operating times of all the relays in NNC
scenario is 17.9778 seconds whereas the sum of the operating times of all the relays in CNC
scenario is 26.5592 seconds. Further, the sum of the operating times of all the relays in CNC-OLTC
scenario is 29.6404 seconds. It is also observed that 316 (i.e., 27.08%) coordination constraints
of CNC and 276 (i.e., 25.82%) coordination constraints of CNC-OLTC are violated with the relay
settings as obtained using NNC. Subsequently, from Table 4.6] it is observed that the sum of the
operating times of all the 40 relays are more for CNC and CNC-OLTC cases than those for NNC.
The reason for this is the fact that the relay settings obtained for CNC and CNC-OLTC are robust

as these can maintain protection coordination under all the credible (N-1) contingencies of the
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Table 4.6: Optimum settings of the relays obtained using the proposed algorithm for the
IEEE 14-bus system

Approximate LP model Proposed NLP model (NOF)
Relays NNC CNC CNC-OLTC NNC CNC CNC-OLTC
TMS [PS| TMS [PS| TMS [PS[[ TMS [ PS | TMS | PS | TMS | PS
1 01 [15] o1 [15] o1 [15][ 01 [075]0.1139| 1 [ 0.1 [125
2 0.1 [ 1 [o4011 | 1 [04016| 1 [[ 01 [0.5 02059 2 [0.2059 [ 2
3 01 [2[0128 [1.5[ 0128 [1.5[[01017 [1.25] 01 [ 15| 01 [ IS5
4 01 [t [ o1t [t [ o1 [ 1] o1 [05] 01 [05] 01 [05
5 01 [2] o1 [ 2] o1 [2 ] o1 [125]01162[125] 01 [ L5
6 01219 | 1 [04599 | 1 04618 1 [[ 0.1 |1.25]0.5365 | 0.5 [ 0.5404 | 0.5
7 01 [2] o1 [ 2] o1 [ 201287 1 [015 | 1 [0.1689 [ 1
8 0.1014 | 1 [03569 | 1 [ 0354 [ 1 [[0.1034| 1 [0.2999 [ 1 [04484] 0.5
9 01121 [ 2 [ 01 | 2 [01017] 2 [[0.1596 | 1 [0.1296 [ 125[0.1724 | 1
10 01 [ 1 [03535] 1 [03508 | 1 [[ 01 [ 1 [02109]| 1.5 [0.2085[ 15
1 02415 1 04462 [ 1 [04844 | 1 [[0.2648 | 0.5 [ 04616 | 0.5 [0.5111 | 0.5
12 01013 2 [ 01 [15] o1 [15[[ o1 | 2 [ o1 [075] 01 [075
13 0.1833[ 1 02987 [ 1 [03324| 1 [| 01 | 2 [0.1785[ 1.5 02276 | 1.25
14 01 [ 2] o1 [15] 01 [15][0.1089 ] 1 [0.1068 | 1 [0.1068 | 1
15 01022 2 | 01 [ 2 [01238] 2 [[ 0105 | 1.75[ 0.135 [ 1.25 [ 0.1099 | 2
16 o1 [ 1] o1t [T ] o1 [t ][ o1 [05] 01 [05] 01 [05
17 0152 [ 2 [ 01 [ 2 [01237] 2 [[0.1258 | 2 | 0.2 [1.75]0.1726 | 1.5
18 01388 | 1 102276 | 1 [0.2462[ 1 [[ 01 | 15 [0.1917 [ 1 [0.1483| 1.5
19 01 [2] o1 [ 2] o1 |2 [ 0104 L5 [0.1377 | 1.25 | 0.1409 | 125
20 01 [ 1 [02826] 1 [0281 [ 1 [[ 01 |05 [03208] 05 |03183] 0.5
21 03885 | 1 [02793 | 2 [0.3208 ] 2 [[0.2334| 2 [0.2805[ 2 [03118 | 2
22 03367 | 1 [0.1488 | 2 [05122] 1 [[0.1935] 2 [0.1416[ 2 [03312] 2
23 02571 | 1.5]02746 | 2 [03131 [ 2 [[0.1547 | 2 [02763 [ 2 [02864 | 2
24 02778 | 1 [ 03268 | 1 [0.3643 [ 1 [[03274 | 05 | 0.366 [ 0.75 [ 0.4679 | 0.5
25 02437 2 102024 | 2 [0.2347 [ 2 [[01914 | 2 [0.2121 [1.75[02013 | 2
26 02814 1 [0.1916 [ 2 04826 | 1 [[0.1316 | 2 [0.2873 [1.25 ] 0597 | 0.5
27 01 [2] o1 [2] o1 [ 2] o1 [125] 01 1 | o1 [125
28 04148 [ 1 04705 1 [0.6263 | 1 [[0.4535] 0.5 [0.5977 [ 0.5 [ 0.7062 | 0.5
29 o1 [2] o1 [T ] o1 [2] ol 1 [ o1 [05] o1 1
30 02414 [ 1 [0.1795[1.5[0.2076 | 1.5 [[ 0.1361 | 2 [ 0.149 [ 2 [0.2548 | 1.25
31 04225 1 [0.1868 [ 2 [0.4121 | 1.5][0.2489 | 2 [0.2509 [ 1.25 | 0.4749 | 0.75
32 03229 | 1 02358 | 2 [0.3004 | 2 [[0.3466 | 0.5 [0.3427 [ 1 [0.3062 | 1.75
33 02702 | 1.5 [ 0.1421 | 2 [0.2843[ 2 [[0.1795| 2 [0.1395[ 2 [02557 | 2
34 04048 | 1 [ 05371 | 1 [0.6758 | 1 [[ 0227 | 2 [0.3849 [ 1.75 [ 04047 | 2
35 038 | 1 [01537 ] 2 [04878 | 1 [[02215] 2 [ 0.148 | 2 [0.2962 | 2
36 03912 1 [02451| 2 [0.2942] 2 [[02513] 2 [02571[ 2 [02835]| 2
37 03037 | 1 [03214| 2 [03771 [ 2 [[0.1393 | 2 [04136[125[03958 | 1.5
38 02692 | 1 [02729 | 1 [0.2953] 1 [[0.1654| 2 [0.1662 [ 2 [0.1817 | 2
39 03839 | 1 [02262| 2 [0.2732] 2 [[02051 | 2 [ 0206 [ 2 [02246] 2
40 03232 1 [02084 | 2 [04937[ 1 [[0175 | 2 [02033[ 2 [03194] 2
[0 topi | 227031 [ 290352 [ 338155 [ 179778 | 26.5592 29.6404 |

system. Therefore, it can be concluded that the price of robustness is an increase in total operating
time of the relays. Further, it is to be noted that in case of CNC-OLTC, the change in voltage
profile of the system is causing a change in the fault currents which ultimately decides the different
operating times of all the relays. As a results, the sum of operating times of all the relays in

CNC-OLTC are different than those obtained in CNC. Further, from Figures it is observed
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Figure 4.6: Optimized CTI in NNC of the IEEE 14-bus system.
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Figure 4.7: Optimized CTI in CNC of the IEEE 14-bus system.

that the minimum CTI requirement is always maintained in all the three scenarios of the system.

Therefore, the settings obtained under the CNC and CNC-OLTC scenario are able to maintain the
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Figure 4.8: Optimized CTI in CNC-OLTC of the IEEE 14-bus system.

relay coordination properly under all the credible configurations of the system.

Further, the protection coordination problem has also been solved by considering a fixed PS for
each relay in which case the coordination problem becomes an approximate linear programming
(LP) problem [57,/58]. The results are shown in Table 4.6] from which, it is observed that the
sum of operating times of all the relays in all the three cases (NNC, CNC and CNC-OLTC) are
significantly lower in the proposed MINLP model (NOF) than those in the approximate LP model
which has also been solved using the proposed IPM based algorithm. This shows the superiority

of the proposed MINLP model over the approximate LP model.

4.7.4 Results on the IEEE 30-bus system

Figure 4.9] shows the single-line diagram of IEEE 30-bus system having 82 DOCRs placed on 41
lines (two on each line). This system has 195 primary-backup relay pairs. All these pairs are given
in Table [A.T1] It is to be noted that L8, L13 and L38 of this system are equipped with OLTC.
However, only the second and the third OLTCs at L13 and L38 are used to control bus voltages at
bus 10 (B9) and at bus 27 (B27), respectively, whereas, the first OLTC is not used to control bus

voltage at bus 12 (B12) as the generator at bus 13 controls the voltage.
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Figure 4.9: IEEE 30-bus system with OLTC.

4.7.4.1 Normal network configuration (NNC)

In this scenario, there are total 195 primary-backup relay pairs among all the 82 relays. It is to be
noted that only 159 relay pairs have been considered in the optimization problem as the other 36

relay pairs are satisfying eqn. (3.14) in which coordination constraints always remain satisfied.

4.7.4.2 (N-1) contingency network configuration (CNC)

In this system, there are 41 lines and 6 generators, i.e., a total of 47 elements which can experience

contingency. Therefore, under CNC scenario, there are a total of 47 configurations generated by
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(N-1) contingencies. Out of these 47 contingencies, 33 contingencies have CSI < 1 and hence,
these configurations are considered as feasible system topologies. Therefore, for deciding the pa-
rameters of the relays, a total of 34 configurations (33 contingency configurations and one normal
configuration) are considered. As each configuration has 195 primary-backup relay pairs, total
number of primary-backup relay pairs considered under contingency is 6630 (= 34 x 195). It is
to be noted that, out of these 6630 relay pairs, only 4076 relay pairs have been considered in the
optimization problem in this scenario, as remaining 2554 relay pairs satisfy eqn. (3.14)) thereby,

ensuring that the coordination constraints are always satisfied for these relay pairs.
4.7.4.3 CNC in the presence of OLTC (CNC-OLTC)

In this scenario, out of the 47 contingencies, 38 contingencies have CSI < 1 and hence, these
configurations are considered as feasible system topologies. Therefore, for deciding the parameters
of the relays, a total of 39 configurations are considered. The total number of primary-backup relay
pairs considered under contingency is 7605. However, only 4741 relay pairs have been considered
in the optimization problem in this scenario, as remaining 2864 relay pairs satisfy eqn. (3.14).
The optimum settings of the relays obtained in all the three cases (NNC, CNC and CNC-
OLTC) using the proposed IPM based algorithm are given in Table Further, for these three
cases, the optimized CTI between the operating times of primary and backup relay pairs are shown

in Figures 4.10] 4.11] and [4.12] respectively. From these figures, it is observed that the minimum

CTI is always maintained for any primary-backup relay pair, thereby ensuring the selectivity of the
relays. Further, to test effectiveness of the proposed NLP model (NOF), the optimum settings of
the relays obtained in all the three cases considering approximate LP model proposed in [57,58]

and using the proposed IPM algorithm are given in Table

Table 4.7: Optimum settings of the relays obtained using the proposed algorithm for the
IEEE 30-bus system

Approximate LP model Proposed NLP model (NOF)

Relays NNC CNC CNC-OLTC NNC CNC CNC-OLTC
T™™S | PS | TMS | PS | TMS | PS TS | PS | TMS | PS | TMS | PS
0.1 1.5 0.1 1.25 0.1 1.25 0.1 1 0.1 0.75 0.1 0.75

0.1 1.25 0.1 1251 0.5929 | 1.25 0.1 0.5 0.1 0.5 | 03167 | 2
0.1401 | 1.5 | 0.2393 | 1.5 | 0.2905 | 1.25 || 0.1007 | 2 |0.1222 | 2 | 0.3169 | 0.75
0.1 1.25 0.1 1.25 0.1 1.25 0.1 0.5 | 0.1032 | 0.75 | 0.1032 | 0.75
0.1573 | 1.5 | 0.2066 | 1.5 | 0.2076 | 1.5 || 0.1756 | 1.25 | 0.2081 | 1.25 | 0.2081 | 1.25
0.1 1.25 | 0.1044 | 1.25 | 0.3448 | 1.25 || 0.1055 | 0.75 0.1 1.2510.2099 | 1.5
Continued on next page
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Table 4.7 — continued from previous page

Approximate LP model Proposed NLP model (NOF)
Relays NNC CNC CNC-OLTC NNC CNC CNC-OLTC
TS | PS | TMS | PS | TMS | PS T™S | PS | TMS | PS | TMS | PS
7 0.1 1.5 0.1 1.5 0.1 1.25 0.1 1.5 0.1 1 0.1 0.75
8 0.1253 | 1.25 | 0.1612 | 1.25 | 0.458 | 1.25 0.1 1.5 | 0.1012 | 1.75 | 0.5068 | 0.5
9 0.1093 | 1.5 | 0.1441 | 1.5 | 0.1856 | 1.25 || 0.1205 | 1.25 | 0.1744 | 1 | 0.2223 | 0.75
10 0.1 125 0.1105 | 1.25 | 0.365 | 1.25 0.1 1 ]0.1636 | 0.5 | 0.3594 | 0.75
11 0.1105 | 1.25 | 0.243 | 1.25 | 0.2444 | 1.25 || 0.1086 | 1.25 | 0.1436 | 1.5 | 0.1104 | 1.75
12 0.159 | 1.25] 0.1591 | 1.25 | 0.1591 | 1.25 || 0.1056 | 2 | 0.1127 | 2 | 0.1127 | 2
13 0.1273 | 1.5 | 0.2144 | 1.25 | 0.2158 | 1.25 || 0.1369 | 1.25 | 0.2407 | 0.75 | 0.2407 | 0.75
14 0.2384 | 1.25 | 0.2455 | 1.25 | 0.2734 | 1.25 || 0.1683 | 2 | 0.3287 | 0.5 | 0.3343 | 0.5
15 0.1786 | 1.5 | 0.1608 | 1.5 | 0.1608 | 1.5 || 0.1799 | 1.25 | 0.1272 | 1.5 | 0.1304 | 1.5
16 0.1023 | 1.25 | 0.1962 | 1.25 | 0.2427 | 1.25 0.1 1.25| 0.242 | 0.75 | 0.3129 | 0.5
17 03389 | 1.25 | 0446 | 1.5 | 04484 | 1.5 || 02553 | 2 |03051| 2 |[0.3051| 2
18 0.1431 | 1.5 0.1 125 0.1 1.25 || 0.1082 | 2 0.1 075 | 0.1 0.75
19 0.1774 | 1.5 | 0.1209 | 1.25 | 0.1209 | 1.25 || 0.136 2 [0.1188| 1 |0.1492 | 0.75
20 0.3061 | 1.25 | 0.4885 | 1.25 | 0.4918 | 1.25 || 0.3893 | 0.5 | 0.4513 | 0.75 | 0.4513 | 0.75
21 0.143 | 1.25 103739 | 1.5 | 0377 | 1.5 || 0.1008 | 1.75 | 0.2197 | 2 | 02197 | 2
22 0.2868 | 1.25 | 0.3897 | 1.25 | 0.3897 | 1.25 || 0.3716 | 0.5 | 03765 | 1 | 0.3765| 1
23 0.2015 | 1.5 | 03328 | 1.5 [ 0.3328 | 1.5 || 0.2021 | 1.25 | 0.2728 | 1.5 | 0.2728 | 1.5
24 0.1 125 0.1 125 0.1 1.25 0.1 0.5 0.1 0.5 0.1 0.5
25 0.2566 | 1.5 | 03289 | 1.5 | 0.3289 | 1.5 || 0.1881 | 1.75 | 0.3288 | 1.25 | 0.3288 | 1.25
26 0.1614 | 1.25 | 0.2893 | 1.25 | 0.2893 | 1.25 0.1 2 04145 05 | 04145 | 0.5
27 0.1657 | 1.25 | 0.2705 | 1.5 | 0.2705 | 1.5 || 0.1272 | 1.5 | 0.23 1.5 | 0.2819 | 1.25
28 0.1378 | 1.25 | 0.3517 | 1.25 | 0.3762 | 1.25 || 0.1032 | 1.5 | 0.4735 | 0.5 | 0479 | 0.5
29 0.1363 | 1.25 | 0.5502 | 1.25 | 0.5502 | 1.25 || 0.1059 | 1.5 | 0.3025 | 2 |0.3025| 2
30 0.1259 | 1.25 | 0.1 1.5 0.1 1.5 0.1 1.5 0.1 1 0.1 1
31 0.1 1.5 0.1 1.75 | 0.1 1.75 0.1 1.25| 0.1 1.5 0.1 1.5
32 02192 | 1.25 | 03411 | 1.5 | 0.3411 | 1.5 || 0.1226 | 2 | 04068 | 1 |0.4068 | 1
33 0.1 1.5 0.1 1.5 0.1 1.5 0.1 1 0.1 1.25| 0.1 1.25
34 0.4088 | 1.25 | 0.863 | 1.25| 0.863 | 1.25 || 0.5125 | 0.5 | 1.0084 | 0.5 | 1.0084 | 0.5
35 0.3893 | 1.25 | 0.5544 | 1.25 | 0.5544 | 1.25 || 0.2461 | 2 | 0.5479 | 0.75 | 0.5525 | 0.75
36 0475 | 1.25]0.8229 | 1.5 | 0.8229 | 1.5 || 0.3995 | 1.25 | 0.8089 | 1 | 0.8089 | 1
37 0.4792 | 1.25 | 0.8008 | 1.5 | 0.8008 | 1.5 || 03192 | 2 [0.7929 | 1 | 0.8027 | 1
38 0.4456 | 1.25 | 0.8755 | 1.25 | 0.8755 | 1.25 || 0.2891 | 2 | 05417 | 2 | 0.5417 | 2
39 0.4088 | 1.5 [ 0.6733 | 1.5 | 0.6733 | 1.5 0.287 2 |0.5856 | 1.25 | 0.5856 | 1.25
40 03978 | 1.25 | 0.7783 | 1.25 | 0.7783 | 1.25 || 0.3624 | 1 | 0.8688 | 0.5 | 0.8688 | 0.5
41 03219 | 1.25 | 0.5485 | 1.5 | 0.5485 | 1.5 || 02012 | 2 | 03555| 2 |0.3555| 2
42 0.2837 | 1.25 | 0.6112 | 1.25 | 0.6112 | 1.25 || 0.4054 | 0.5 | 0.7757 | 0.5 | 0.7757 | 0.5
43 0.1 125 0.1 1.5 0.1 1.5 0.1 0.5 0.1 1 0.1 1
44 0.4563 | 1.25 | 0.7523 | 1.25 | 0.7523 | 1.25 || 0.2972 | 2 | 0.6012 | 1.25 | 0.4804 | 2
45 0.3027 | 1.25 | 0.6534 | 1.5 | 0.6534 | 1.5 0.183 2 [04775| 2 | 04775 | 2
46 0.2332 | 1.25 | 0.5236 | 1.25 | 0.5236 | 1.25 || 0.2326 | 1 | 0.7027 | 0.5 | 0.7027 | 0.5
47 0.3663 | 1.5 | 05643 | 1.5 | 0.5643 | 1.5 || 02515 | 2 |0.3644 | 2 0.406 | 1.75
48 0.2847 | 1.25 | 0.5818 | 1.25 | 0.5818 | 1.25 || 0.1535 | 2 0.735 | 0.5 | 0.735 | 0.5
49 0.4573 | 1.25 [ 0.7124 | 1.5 | 0.7124 | 1.5 || 03005 | 2 |0.5044 | 2 |0.5044 | 2
50 0.389 | 1.25] 0.5767 | 1.25 | 0.5767 | 1.25 || 0.2431 | 2 | 04127 | 1.5 | 04182 | 1.5
51 0.3763 | 1.25 | 0.6861 | 1.5 | 0.6861 | 1.5 || 0.2818 | 1.5 | 0.7196 | 1 | 0.7196 | 1
52 0.2457 | 1.25 | 0.4066 | 1.25 | 0.4066 | 1.25 || 0.1717 | 2 | 02854 | 2 |0.2854 | 2
53 0.5327 | 1.25 | 0.6782 | 1.5 | 0.6782 | 1.5 || 0.3564 | 2 | 0.6671 1 | 0.6671 1
54 0.3769 | 1.25] 0.9529 | 1.25 | 0.9529 | 1.25 || 0.2382 | 2 | 0.7149 | 1.5 | 0.7847 | 1.25
55 0.4163 | 1.25 | 0.7427 | 1.5 | 0.7427 | 1.5 || 02725 | 2 0.501 2 0.501 2
56 0.4546 | 1.25 | 0.9501 | 1.25 | 0.9501 | 1.25 || 0.2882 | 2 | 0.6101 | 2 |0.6101 | 2
57 0.5081 | 1.25 | 0.7223 | 1.5 | 0.7223 | 1.5 || 0.3488 | 2 | 0.5081 | 2 |0.5081 | 2
58 0.3762 | 1.25 | 0.5695 | 1.25 | 0.5695 | 1.25 || 0.235 2 103555 2 |03594| 2
59 0.5223 | 1.25 | 0.6934 | 1.5 | 0.6934 | 1.5 || 0.3515| 2 | 04606 | 2 |0.4606 | 2
60 0.4059 | 1.25 | 0.8471 | 1.25 | 0.8471 | 1.25 || 02627 | 2 |0.5404 | 2 |0.5493| 2
61 0.4798 | 1.25 | 0.8052 | 1.25 | 0.8052 | 1.25 || 03176 | 2 |0.4915| 2 |04915| 2
62 0.4703 | 1.25 [ 0.8092 | 1.5 | 0.8092 | 1.5 || 0.3148 | 2 0.567 2 (05749 | 2
63 0.4476 | 1.25 | 0.7816 | 1.25 | 0.7816 | 1.25 || 02863 | 2 |0.4923 | 2 |04923 | 2

Continued on next page
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Table 4.7 — continued from previous page

Approximate LP model Proposed NLP model (NOF)
Relays NNC CNC CNC-OLTC NNC CNC CNC-OLTC
TS | PS | TMS | PS | TMS | PS T™S | PS | TMS | PS | TMS | PS
64 03977 | 1.25 1 0.4483 | 1.5 | 0.4483 | 1.5 || 0.2705 | 2 | 0.4272 | 1.25|0.4272 | 1.25
65 04275 | 1.25]0.6252 | 1.5 [ 0.6252 | 1.5 || 02681 | 2 |04116| 2 | 04116 | 2
66 04505 | 1.25] 0928 | 1.5 | 0928 | 1.5 || 03116 | 2 |0.8424 | 1.25| 0.8424 | 1.25
67 0.3931 | 1.25 | 0.8569 | 1.5 | 0.8569 | 1.5 || 0.2569 | 2 | 05871 | 2 |0.5871| 2
68 0.4649 | 1.25 | 0.7871 | 1.25 | 0.7871 | 1.25 || 0.2975 | 2 | 0.4838 | 2 | 04838 | 2
69 0.2496 | 1.25 | 0.5222 | 1.25 | 0.5441 | 1.25 || 0.1746 | 2 | 0.5164 | 0.75 | 0.5195 | 0.75
70 03272 | 1.5 [ 0.7853 | 1.5 | 0.7853 | 1.5 0.233 2 04883 | 2 |04883| 2
71 0.1 125 0.1 125 0.1 1.25 0.1 0.5 0.1 0.75 | 0.1 0.75
72 0.1 125 0.1 125 0.1 1.25 0.1 0.5 0.1 0.5 0.1 0.5
73 0.2 1.25 | 0.5435 | 1.25 | 0.5712 | 1.25 || 0.1395 | 2 | 0.4411 1 (04445 | 1
74 0.4452 | 1.5 [ 08314 | 1.5 | 0.8314 | 1.5 || 03341 | 2 |0.5263| 2 |0.5263| 2
75 0.1389 | 1.25 | 0.5698 | 1.25 | 0.6047 | 1.25 0.1 1.75 | 0.3357 | 1.75 | 0.339 | 1.75
76 02522 | 1.5 | 04858 | 1.5 | 0.4858 | 1.5 || 0.2584 | 1.25 | 0.4468 | 1.25 | 0.4468 | 1.25
77 0.139 | 1.5 | 0.139 | 1.5 | 0.139 | 1.5 0.1 2 0.1 2 0.1 2
78 0.1 125 0.1 125 0.1 1.25 0.1 0.5 0.1 0.5 0.1 0.5
79 0.1 1.5 0.1 1.5 0.1 1.5 0.1 1 0.1 1 0.1 1
80 0.1 125 0.1 125 0.1 1.25 0.1 0.5 0.1 0.5 0.1 0.5
81 0.1 1.5 0.1 1.5 0.1 1.5 0.1 1 0.1 1 0.1 1
82 0.1 125 | 0.1 125 0.1 1.25 0.1 0.5 0.1 0.5 0.1 0.5
?il top,i 58.5682 107.5829 111.5326 48.4711 86.8552 89.7729
)
e |
8
l l l l
20 40 60 80 100 120 140
T T T T T T T
o
e
8
I I I I I I I
20 40 60 80 100 120 140
T T T T T T T
S Actual CTI
g 2 — Specified MCT ||
A N i\
0 T I I I I I T
20 40 60 80

100
Serial Number of Primary-Backup Relay Pairs

120 140

Figure 4.10: Optimized CTI in NNC of the IEEE 30-bus system.

From Table it is observed that the sum of the operating times of all the relays in NNC

scenario is 48.4711 seconds whereas the sum of the operating times of all the relays in CNC
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Figure 4.12: Optimized CTI in CNC-OLTC of the IEEE 30-bus system.

scenario is 86.8552 seconds. Further, the sum of the operating times of all the relays in CNC-OLTC

scenario is 89.7729 seconds. It is also observed that 404 (i.e., 9.91%) coordination constraints of
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CNC and 465 (i.e., 9.81%) coordination constraints of CNC-OLTC are violated with the relay
settings as obtained using NNC. Subsequently, from Table it is observed that the sum of the
operating times of all the 82 relays are more for CNC and CNC-OLTC cases than those for NNC.
This is because the relay settings obtained in these two cases are robust and thus can maintain
protection coordination under all the credible (N-1) contingencies of the system thereby again
demonstrating that the price of robustness is an increase in total operating time of the relays.
Further, it is to be noted that in case of CNC-OLTC, the change in voltage profile of the system
causes a change in the fault currents which ultimately decides the different operating times of all
the relays. As a result, the sum of operating times of all the relays in CNC-OLTC are different
than those obtained in CNC. Further, from Figures 4.10H4.12] it is observed that the minimum CTI
requirement is always maintained in all the three scenarios of the system. Therefore, the settings
obtained under the CNC and CNC-OLTC scenario are able to maintain the relay coordination
properly under all credible configurations of the system.

Further, the protection coordination problem has also been solved by considering a fixed PS for
each relay in which case the coordination problem becomes an approximate linear programming
(LP) problem [57,58]. The results are shown in Table from which, it is observed that the
sum of operating times of all the relays in all the three cases (NNC, CNC and CNC-OLTC) are
significantly lower in the proposed MINLP model (NOF) than those in the approximate LP model
which has also been solved using the proposed IPM based algorithm. This shows the superiority

of the proposed MINLP model over the approximate LP model.

4.7.5 Results on the IEEE 118-bus system

Figure 4.13] shows the single-line diagram of the IEEE 118-bus system having 372 DOCRs placed
on 186 lines (two on each line). It is to be noted that L28, L.60, L102, L106 and L136 in this
system are equipped with OLTC. This system has 1184 primary-backup relay pairs which are given
in Table [A.12] The various types of DOCRs with different characteristic curves as considered in

Chapter [3| have again been considered which are as follows;
1) R1-R200: numerical/digital type (IDMT characteristics)
2) R201-R260: numerical/digital type (VIN characteristics)
3) R261-R300: numerical/digital type (EIN characteristics)
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Figure 4.13: IEEE 118-bus system with OLTC.

4) R301-R372: static or electromechanical type (IDMT characteristics)

Now, the optimum settings of the relays obtained for NNC, CNC and CNC-OLTC are discussed

below for this case.

4.7.5.1 Normal network configuration (NNC)

In this scenario, there are a total of 1184 primary-backup relay pairs among all the 372 relays. It is
to be noted that only 829 relay pairs have been considered in the optimization problem as the other

relay pairs are satisfying eqn. (3.14) in which the coordination constraints always remain satisfied.
4.7.5.2 (N-1) contingency network configuration (CNC)

In this system, there are a total of 240 network elements (186 lines and 54 generators) which can
undergo contingency. Out of the total 240 configurations created by (N-1) contingencies, 220 con-
figurations are considered feasible as they have CSI < 1. Thus, a total of 221 configurations are
considered for robust relay settings (220 contingency configurations and one normal configura-

tion), resulting into a total of 261664 (= 221x1184) primary-backup relay pairs to be taken into
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account. It is to be noted that only 32940 relay pairs (out of 261664 pairs) have been considered
in this case, as the remaining relay pairs are satisfying eqn. (3.14) implying that the coordination

constraints always remain satisfied for these relay pairs.

4.7.5.3 CNC in the presence of OLTC (CNC-OLTC)

In this scenario, out of the total 240 configurations created by (N-1) contingencies, 218 config-
urations are considered feasible as they have CSI < 1. Thus a total of 219 configurations are
considered for robust relay settings, resulting into a total of 259296 primary-backup relay pairs to
be taken into account. However, only 35593 relay pairs (out of 259296 pairs) have been considered

in this case, as the remaining relay pairs are satisfying eqn. (3.14).

The optimum settings of the relays obtained in all the three cases (NNC, CNC and CNC-OLTC)
using the proposed IPM based algorithm are shown in Figures [4.14] [4.15] and [4.16] respectively.

Also, for these three cases, the optimized CTI between the operating times of primary and backup

relay pairs are displayed in Figures 4.17, .18 and 4.19)] respectively.
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Figure 4.14: Optimum relays settings in NNC for the IEEE 118-bus system.

Further, the sum of the operating times of all the 372 relays in NNC is 88.4653 seconds whereas
the sum of the operating times of all the 372 relays in CNC is 119.9244 seconds. Also, the sum
of the operating times of all the 372 relays in CNC-OLTC is 119.6043 seconds. It is also found
that 20628 (i.e., 62.62%) coordination constraints of CNC and 21954 (i.e., 61.68%) coordination

constraints of CNC-OLTC are violated with the relay settings obtained using NNC. Further, the
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Figure 4.15: Optimum relays settings in CNC for the IEEE 118-bus system.
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Figure 4.16: Optimum relays settings in CNC-OLTC for the IEEE 118-bus system.

sum of the operating times of all the 372 relays are more for CNC and CNC-OLTC cases than
those for NNC as in the case for IEEE 14 and 30-bus systems. The reason for this is the fact
that the relay settings obtained for CNC and CNC-OLTC cases are robust as these can maintain
protection coordination under all the credible (N-1) contingencies of the system. Thus, it again
corroborates the fact that the price of robustness is an increase in the total operating time of the
relays. Also, the difference in the sum of operating times of all the relays in CNC and CNC-
OLTC is because of change in the fault currents caused by change in the voltage profile in these
two configurations. Also, from Figures 4. 17H4.19] it is observed that the CTI requirements of 0.1
seconds (for numerical/digital relays) and 0.3 seconds (electromechanical and static relays) are

always maintained in NNC, CNC and CNC-OLTC scenarios of the system. Thus, the selectivity
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Figure 4.17: Optimized CTI in NNC of the IEEE 118-bus system.
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Figure 4.19: Optimized CTI in CNC-OLTC of the IEEE 118-bus system.

of the relays is always maintained under all credible configurations of the system.

Further, in this case also, the protection coordination problem has been solved as an approxi-
mate LP problem by considering PS of each relay to be known [57,58]. It was found that the sum
of the operating times of all the relays obtained with the approximate LP model (solved using the
proposed IPM based algorithm) in all the three cases NNC, CNC and CNC-OLTC are 108.8214,
144.4899 and 144.2273 seconds, respectively. So, as in the previous two test systems, the sum of
operating times of all the relays in all the three cases are significantly lower in the proposed MINLP

model (NOF) than those in the approximate LP model. Thus, the MINLP model is superior to the

approximate LP model.

4.8 Comparative studies of IPM based algorithm in AMPL and MATLAB environments

In this section, comparative summary of the results obtained after 100 independent runs of the
proposed IPM based algorithm implemented in AMPL and MATLAB environments using NOF
on all the three test systems is presented. Table 48| gives the detailed summary of the results which
includes the best, mean and worst values of objective function along with standard deviation and

average run time taken by the both environments under the three cases (NNC, CNC, CNC-OLTC)
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of the IEEE 14, 30 and 118-bus systems discussed earlier in this chapter.

Table 4.8: Summary of the results obtained after 100 independent runs by the proposed IPM
based algorithm implemented in AMPL and MATLAB environments

. . Objective function values Standard | Average
Test systems | Various cases | Environments Best Mean Worst deviation | run time
NNC AMPL 17.9778 17.9778 17.9778 0 0.2505
NNC MATLAB 17.9781 17.9782 17.9783 0.0001 17.0447
CNC AMPL 26.5592 | 26.5592 | 26.5592 0 0.6295
14-bus CNC MATLAB | 265586 | 26.5586 | 26.5586 0 243.58
CNC-OLTC AMPL 29.6404 | 29.6404 | 29.6404 0 0.5118
CNC-OLTC MATLAB 29.5849 | 29.5849 29.585 0 231.1638
NNC AMPL 484711 | 48.4711 | 48.4711 0 0.5013
NNC MATLAB 48.4697 | 48.4697 | 48.4698 0 95.0155
CNC AMPL 86.8552 | 86.8552 | 86.8552 0 3.4315
30-bus CNC MATLAB | 86.8554 | 86.8554 | 86.8554 0 [2791.0045
CNC-OLTC AMPL 89.7729 | 89.7729 | 89.7729 0 4.2575
CNC-OLTC MATLAB 89.7731 89.7731 89.7732 0.0001 | 3013.5119
NNC AMPL 88.4653 | 88.4653 | 88.4653 0 1.5424
NNC MATLAB 88.4464 | 88.5178 | 88.7282 0.1181 | 4522.6375
CNC AMPL 119.9244 | 119.9244 | 119.9244 0 135.5387
118-bus CNC MATLAB 119.9244 | 119.9244 | 119.9244 0 4781.3246
CNC-OLTC AMPL 119.6043 | 119.6043 | 119.6043 0 145.4078
CNC-OLTC MATLAB 119.6043 | 119.6043 | 119.6043 0 4937.7628

From Table 4.8] it can be observed that the optimum values of the sum of operating times of
all the relays obtained in AMPL and MATLAB environments under various cases in the three test
systems are very close to each other. However, the average run time taken by AMPL is much lower
than that obtained by MATLAB. This is the reason behind adopting AMPL based IPM algorithm

in this chapter.

4.9 Conclusion

In this chapter, a method for robust protection coordination settings of directional overcurrent
relays, considering (N-1) contingencies, is proposed. An algorithm suitable for solving mixed-
integer non-linear programming problems based on interior point method has been suggested for
solving this optimization problem. The feasible system configurations under (N-1) contingencies
have been selected using a composite security index. Based on the detailed investigation on three

IEEE test systems, following conclusions can be drawn:

(1) Robust settings obtained are suitable for coordinating DOCRs properly under all credible

(N-1) contingencies.
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(i1) The developed objective function ensures that the operating times of both primary and

backup relays are minimized.

(ii1)) Proposed IPM based technique is efficient and robust in solving large scale MINLP prob-

lems.

(iv) For practical application it is desirable to implement the relay settings as obtained using

CNC and CNC-OLTC based approach.

(v) AMPL environment based IPM algorithm is superior to MATLAB environment based IPM

algorithm.

In the next chapter, optimum protection coordination of recloser and fuses in the presence of

multiple DGs is discussed.
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Chapter 5

Optimum Recloser-fuse Coordination in Radial Distribution

Systems in the Presence of Multiple Distributed Generations

Abstract

In this chapter, optimum recloser-fuse coordination scheme is proposed in the presence of multiple
distributed generators (DGs) in a radial distribution network. The proposed approach formulates
optimum recloser-fuse coordination problem as an optimization problem and applies interior point
method (IPM) to solve this optimization problem for obtaining the optimum recloser and fuse
settings. The proposed scheme gives a single set of settings of the recloser and fuses which is
robust enough to be able to coordinate the operations of the recloser and fuses properly without
and in the presence of single/multiple DGs in the system. The proposed approach has been tested
on the IEEE 33 and 69-bus systems for three different scenarios: i) no DG in the system, ii) a
single DG in the system and iii) multiple DGs in the system. The test results prove the robustness

and effectiveness of the presented scheme.

5.1 Introduction

S discussed in Chapter [T} in radial distribution systems, the feeders are protected by means
A of reclosers and fuses. Fuses are placed at laterals which are at a more remote position from
the substation. Whenever a temporary fault occurs in any feeder, the corresponding fuse does not
melt because the fast operation of recloser allows the temporary fault to self-clear. But, whenever
a permanent fault occurs, the concerned fuse must melt just before the final trip operation of the
recloser in order to prevent the loads between the recloser and the fuse from being interrupted
[125-127]]. In radial distribution systems, the flow of currents are unidirectional whereas in the
presence of distributed generators (DGs) in the system, the flow of currents no longer remains
unidirectional [[128-130]. Further, integration of DGs at multiple locations can completely alter

the flow of currents in the feeder sections during the fault. As a result, there are always chances of
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miscoordination in the operation of recloser and fuses in the presence of DGs [[131H134].

To address the issues discussed above, in this chapter an optimum protection coordination
scheme for recloser and fuses is proposed. Towards this goal, the coordination problem has been
posed as an optimization problem and subsequently, interior point method (IPM) has been used to
solve the formulated optimization problem in order to achieve a fixed characteristics of recloser
and fuses which can coordinate properly under various operating conditions and locations of DGs
in radial distribution systems. The proposed approach has been tested on the IEEE 33 and 69-bus
systems for three different scenarios: i) no DG in the system, ii) a single DG in the system and iii)

multiple DGs in the system.
5.2 Recloser-fuse coordination philosophy

For coordination of recloser and fuses in a radial distribution system, fuse saving and fuse blowing
approaches are employed. During recloser fast mode of operation, fuse saving approach is adopted
in order to avoid permanent disconnection of supply to the customers for temporary faults. How-
ever, for a permanent fault, before the last slow mode of operation of the recloser, the nearest fuse
must blow in order to avoid unnecessary operation of recloser (and thereby disconnection of supply
to a large set of customers). These features are most desirable in coordination of recloser and fuses

to avoid unnecessary outages in the system.
5.3 Time-current characteristics of reclosers and fuses

Normally, reclosers are made to follow extremely inverse characteristic curves whereas character-
istics of downstream fuses are represented as straight lines on log-log graph paper [67,[135-137].

Mathematically these characteristics can be expressed as given below;
5.3.1 Recloser characteristics

The characteristics of recloser is expressed as following [|67]];

A

B
(Trn/PCSYP —1

5.1

topR = TDS X

In eqn. (5.1)), to,r is the operating time of the recloser, Iz is the fault current passing through
the recloser, PCS is the pickup current setting for the recloser whereas, A, B and p are the coeffi-

cients of the recloser characteristics.
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5.3.2 Fuse characteristics

The characteristics of fuse is expressed using log-log function as follows [[67]];
log(topr) = a x log(Ipr) + b (5.2)

In eqn. (5.2)), to,r is the operating time of the fuse, I is the fault current passing through the

fuse whereas, a and b are the fuse characteristic coefficients, i.e., fuse constants.
5.4 Conventional recloser-fuse coordination approach

In conventional method of coordination of recloser and fuses, initially, recloser settings are fixed
and subsequently, the operating times of all the downstream fuses are calculated using the concept
of time grading between two consecutive fuses. After computing the operating times of all the
fuses, their characteristic constants (a and b) are calculated. The overall conventional approach is

discussed below.
5.4.1 Calculation of recloser settings

Recloser settings are obtained by fixing the values of time dial setting (7DS) and pickup current
setting (PCS). It is to be noted that two 7DSs (one for fast mode and one for slow mode of
operation of recloser) and only one PCS are required. The following equation is used to fix PCS
of the recloser [67]].

PCS = OLF X Ipna (5.3)

In eqn. (5.3)), OLF is the overload factor and Iy, is the maximum value of the load current
passing through the recloser. For fixing TDSs of the recloser, a certain minimum time gap is
maintained between the operation of the recloser in the fast and slow modes of operation. Typically
the minimum gap should be sufficient enough to allow all the downstream fuses to operate in order
to clear any permanent fault in the protective zone before the recloser slow mode of operation.
Further, if more than one fuse is placed in any lateral to the downstream of the recloser then
some additional gap needs to be considered in order to allow the fuse-fuse coordination before
the recloser slow mode of operation. The minimum time gap required between the operating
times (fast and slow modes) of recloser is known as minimum recloser coordination time interval
(MRCTI) whereas the minimum time gap required between the operating times of two fuses is

known as minimum fuse coordination time interval (MFCTI). Two fuses placed consecutively in
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any lateral must have a time gap at least equal to MFCTT of the first fuse responsible for clearing
a permanent fault. It is to be noted that MFCTI compensates for effects such as load current and
ambient temperature, or fatigue in the fuse element caused by the heating effect of fault currents
which have passed through the fuse to a fault downstream but which were not sufficiently large
enough to melt the fuse [[138]]. Further, recloser in its slow mode of operation must allow the fuse
nearest to the recloser to completely operate for a permanent fault in order to maintain fuse-recloser

coordination.

In conventional recloser and fuse coordination approach, TDS for the fast mode of operation of
the recloser is selected in such a way that it should react as fast as possible for any fault. However,
TDS for the slow mode of operation of the recloser is selected in such a way that it should allow
all the downstream fuses to clear any permanent fault while maintaining the coordination between
them. A trial and error procedure is adopted to select the two TDSs and after that the time grading

for the operation of the fuses is carried out [[67,135].

5.4.2 Calculation of settings of the fuses

The following procedure is followed to obtain the graded operating times of all the fuses down-

stream of the recloser [67]].

1 X (topR,sm - topR,fm)
n+1

(5.4)

topF,i = ZfopR,fm +

In eqn. (5.4), topr,fm and t,pp sm are the operating times of the recloser in its fast and slow
mode of operation, respectively, ¢,,r; is the operating time of fuse ¢ in the faulted path where 1 = 1
represents the fuse closest to the faulted point and n is the total number of fuses in the fault path to
the sub-station. After computing the operating times of all the fuses and the recloser, performance
testing of the coordinated operation is carried out by checking correct sequence of operation of the
protective devices [67] for maintaining the minimum time requirement (i.e., MFCTI/MRCTI) for
proper coordination between them. If any coordination failure is observed, the TDSs of the recloser
are changed and the time grading of the fuses needs to be recalculated to check the coordination
requirement. Once the correct time grading which maintains the coordination properly is obtained

then the fuse constants are calculated for all the fuses using eqn. (5.2)).
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5.5 Miscoordination in the presence of distributed generations

In radial distribution systems, current flow is unidirectional from the sub-station to the load points.
Further, during any fault in the system, the direction of flow of the fault current remains the same
from sub-station to the fault point. Also, in the absence of DGs, the fault current passing through
various protective devices in the faulted path (from fault point to the sub-station) either increases
gradually or remains the same (depending on loading level during the fault). In such radial net-
works, coordination of recloser and fuses obtained by the conventional approach works well [67]].

However, the presence of a DG anywhere in the system (except substation) completely changes
the pattern of fault currents flowing through different protective devices in the system. In some
cases, the fault currents passing through a recloser becomes much smaller than that flowing through
its downstream fuses because of the presence of DG in the fault path. In some other cases, in the
presence of DGs, the direction of fault current through some fuses reverses (vis-a-vis the direction
of fault current in the absence of any DG). More details of these cases can be found in [15] 64,66~
638]. Further, increased penetration of variable renewable distributed generation (RDG) makes this
coordination problem more complex [139]]. Under these circumstances, it is quite difficult to obtain
a common settings of recloser and fuses which will be able to coordinate properly irrespective of
the presence of DG in the radial distribution system [64,65]. Further, the presence of multiple DGs
in the system makes the coordination of recloser and fuses very complex.

A new optimization based approach is proposed in this thesis to solve this complex problem
and to obtain a proper coordination of recloser and fuses in the presence of DGs in a distribution

system.

5.6 Proposed optimum recloser-fuse coordination approach

With a properly coordinated reclosers and fuses in a radial distribution system, the operating times
of all the fuses are selected in such a way that they should operate as fast as possible for any
permanent fault in their respective protective zones. Further, if the nearest fuse to the fault point
fails to clear the fault, the next responsible protective device (fuse or recloser in its slow mode)
should operate just after MFCTI of the nearest fuse. Similarly, recloser in its fast mode must
operate as fast as possible for any fault (temporary/permanent) in the protective zone and reclose

the contacts after its pre-defined sequence of operation. If fault persists (i.e., a permanent fault),
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then the nearest fuse to the fault point should operate just after the contacts of the reclosers are
closed.

From the above observations, it can be concluded that the problem of protection coordination
of recloser and fuses can be formulated as an optimization problem whose objective is to minimize
the sum of operating times of all the fuses and the recloser (in its both modes of operations), while
simultaneously maintaining the correct operating sequence with certain minimum time gap be-
tween them. Mathematically, this problem can be expressed with the following objective function

(OF) as given below;

m Nj
OF = min Y (topr, fm.j + topomj + D toprjk) (5-5)

j=1 k=1

Subjected to:

topF.jk — topr,fm,j > MRCTI/2; ¥j=1,2,...m; Vk=1,2,...,N; (5.6)
topFj(kt1) — toprgk > MFCTL, Vi =1,2,...m; Vk=1,2,..,N; (5.7)
topRsmj — toprgk > MRCTI/2; Vj=1,2,...,m; Vk=1,2,..N; (5.8)
topR,sm,j — topr.fm,j > MRCTI, Vi=1,2,...m (5.9)
IDS,in, < TDSfy, < TDSpax (5.10)
TDSpin < TDSsn < TDSpmus (5.11)

In eqn. @, topR,fm,; and topr sm, ; are the operating times of the recloser in its fast and slow
mode of operation, respectively, for fault at node j; t,,r ;i is the operating time of fuse £ for fault
at node j; m is the total number of nodes; NN; is the total number of fuses in the faulted path from
node j to the recloser. In eqns. and (5.11), 7DS,,;, and TDS,,,, are the minimum and
maximum limits, respectively, on TDS of recloser whereas TDSy,, and TDS,,, are the values of
TDS for recloser fast and slow mode of operation, respectively. It is to be noted that half of the
MRCTI has been considered as the time gap between the operating times of the recloser (either
fast and slow mode of operation) and any fuse.

The operating times of recloser in fast and slow mode of operation are defined as follows
[60.67];

A

to m,j — DS m B 5.12
PR, fm,j f X (IFR’J/PCS)p -1 + ( )
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A
tovr.sm.i = IDSgm B 5.13
pR.sm,j % ([FRJ/PCS)p -1 + ( )

In eqns. (5.12) and (5.13)), Ix; is the fault current passing through the recloser for fault at

node j and PCS is the pick-up current setting for the recloser defined in eqn. (5.3)).

The operating times of fuses are defined as follows [|67]];

topF,jk = ea:p(ak X lOg(IFEjk) + bk) (514)

In eqn. , Ipgji 1s the fault current passing through fuse £ when fault occurs at node j and
coefficients a;, and b, are the characteristic constants of fuse k.

It is to be noted that the solution of this problem gives the optimum values of TDSs (TDS,
and TDS,,) for the recloser and the optimum values of fuse constants a and b for the fuses (a; and

by for k = 1,2,..., N where N is the total number of fuses).
5.7 Steady-state and short-circuit current calculations

In this work, the maximum fault current passing through all the protective devices have been
calculated using bus incidence matrix (Zbus) approach [15]. Under this, bolted three-phase to
ground faults at each bus has been applied and the currents passing through each protective devices
have been calculated. The pre-fault voltages required in each reconfigurable configuration have
been calculated using backward-forward sweep method (BFSM) [[140]. Further, the maximum

load current passing through each protective device has been calculated using BESM.
5.8 Proposed approach for solving the optimum recloser-fuse coordination problem

It can easily be observed that the above formulated recloser and fuse coordination problem has
twice continuously differentiable objective function and constraints in term of its control variables
(TDS t1,, TDSp, ay and by, for all k € 1,2,...,N). This property allows the application of any
mathematical optimization approach to solve this problem to obtain the optimum settings. So,
in this work, interior point method (IPM) has been utilized to obtain the optimum coordination
results, which has been implemented using MATLAB Optimization Toolbox [74].

Overall, the following procedure has been adopted. Initially, steady state load flow analysis
using BFSM has been performed to calculate various load currents passing through each protec-

tive device [140]. Subsequently, bolted three-phase-to-ground short circuit analysis using bus-
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incidence matrix (Zbus) approach has been carried out to calculate the maximum fault currents
passing through each protective device of the system [15] and PCS of the recloser is calculated
using eqn. (5.3)). After that, IPM is applied to solve the formulated optimization problem to obtain
the optimum values of TDSs of the recloser and fuse constants for all the fuses. The steps of the

solution procedure are as follows:

1. Perform steady-state and short-circuit analysis.

2. Calculate the fault currents to be interrupted by the recloser and the fuses caused by faults

on various nodes.
3. Set PCS of recloser using eqn. (5.3).

4. Apply IPM to solve the formulated problem to obtain the optimum values of recloser settings

(TDSs) and fuse constants (a and b for all the fuses).

A flowchart with detailed information of the proposed overall approach used in this chapter is
shown in Figure

5.9 Results and discussion

The effectiveness of the proposed methodology has been investigated on two radial distribution
systems. These two systems are IEEE 33 and 69-bus radial distribution systems. The detailed
information about these two systems can be obtained in [72}/141-145].

The following points have been considered while solving the protection coordination problem

of recloser and fuses [138]]:
1. Two fast and two slow modes of operation of the recloser have been considered.

2. The optimum settings of TDSs have been obtained for the second fast mode and the first
slow mode of operation of the recloser while maintaining the requirement of MECTI/MRCTI

between the operation of the recloser in these two modes.

3. The operating times of all the fuses have been considered within these two operating times

of the recloser separated by MFCTI from each other.
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Figure 5.1: Flowchart of the overall approach for recloser-fuse coordination.

4. TDSs for the first fast mode and the second slow mode of operation of the recloser have been
obtained depending on the optimum settings of TDSs for the second fast mode and the first

slow mode of operation of the recloser.

5. For the first fast mode of operation of recloser, TDS has been considered as one step less
than the optimum value of TDS obtained for the fast mode of operation whereas, for the
second slow mode of operation of recloser, TDS has been considered as one step higher than

the optimum value of TDS obtained for the slow mode of operation.

The values of A, B and p for recloser have been considered as 28.2, 0.1217 and 2, respec-
tively, [[67]. The minimum and the maximum value of TDS for optimum coordination have been
considered as 0.5 and 10, respectively, [60]. The MFCTI for the fuses has been taken as 0.2

seconds and MRCTI between the second fast mode and the first slow mode of operation of the re-
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closer has been taken as 0.5 seconds whereas, overloading factor for recloser has been considered
as 1.25 [60]. The value of fuse constant a for all the fuses has been considered to be the same in
any particular network condition. This condition is practically acceptable because all fuses in the

system should be of the same type [67]].

5.9.1 Results on the IEEE 33-bus system
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Figure 5.2: IEEE 33-bus radial distribution system network.

Figure [5.2] shows the single-line diagram of the IEEE 33-bus radial distribution system. This
system has 32 branches and is energised at bus 1 by a substation with a short-circuit capacity of
100 MVA. The detailed information about the system is available in [[146]. For providing complete
protection using recloser and fuses, one recloser and six fuses are required, which are shown in
Figure [5.2] The recloser is placed close to the substation which provides protection to the entire
network from any temporary fault in the system and also provides overall backup protection for
any permanent fault in the system. Fuses have been placed, downstream to the recloser, on each
branch after any node, to provide primary protection against any permanent fault in that particular
branch. It is to be noted that placement of fuse at each branch rather than at each lateral provides

complete protection against any permanent fault in the main feeder (B1, B2, ..., B18).

120



With six fuses and two modes of operation of the recloser (fast and slow), there are a total of
seven correct operating sequences of the protecting devices for a fault occurring anywhere in the
system. These operating sequences are given in Table 5.1} The correct sequence of operation of
protective devices will be decided by the location of the fault in the network. As an example, for
fault at node 10, the correct operating sequence of the protective devices is given by the serial no.
7 in Table [5.1] where recloser in its fast mode (Rpy,) will operate first. If the fault is a permanent
fault, then fuse no. 6 (F6) should operate to isolate the fault. In case F6 fails to operate, fuse no. 4
(F4), which acts as the backup protection for F6, should operate. If F4 also fails, then its backup
protection device (F2) should operate. Finally, if all these devices fail to clear the fault then the
recloser in its slow mode of operation (Rsy,) will operate to isolate the whole network. From Table
it is observed that F2 provides backup protection for F3 and F4 whereas F4 provides backup
protection for F5 and F6. Further, it is also observed that F1, F3, F5 and F6 work only as a primary

protection device for any permanent fault in their respective protection zones.

Table 5.1: Correct operating sequences of the various protective devices for a fault anywhere

in the IEEE 33-bus system

SI. No. Correct operating sequences

Rpyv — Rsur
Rpyv — F1— Rsy
Rpy — F2 — Rsyy
Rpy — F3—F2— Rgy
Rpy — FA4—F2— Rgy
Rpy — F5— FA—F2 — Rgpy
Rev — F6 — FA—F2— Rgay

[N | B W —

5.9.1.1 Optimum recloser settings and fuse constants without considering the presence of DG

in the IEEE 33-bus system

Table [5.2] gives the values of the maximum fault current passing through each protective device
for faults on various nodes of the system shown in Figure It is to be noted that the recloser
has to operate for the maximum fault currents in both fast and slow mode of operation. It also has
to maintain a certain MRCTI between its two operating modes as well as some additional margin
1.e., MFCTI with downstream fuses responsible for clearing any permanent fault. Thus, for the

same fault current recloser has to work either as the primary protection or the backup protection
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(in case the fuses fail to operate) while maintaining sufficient coordination time interval. Further,
there are total 32 operating sequences (due to 32 possible fault location for 32 feeder system) of the
protective devices under which recloser-fuse and fuse-fuse coordinations need to be maintained.
It is to be noted that the number of the actual operating sequence is only 7, however, because of
different values of fault currents, there is a total of 32 cases of operation for faults on all the nodes.
Further, it is to be noted that symbol *—’ in various tables represent that the value of fault current

for that particular fuse is of no interest (because the current does not pass through them).

Table 5.2: Maximum fault currents passing through various protective devices for faults on

different nodes without a DG in the IEEE 33-bus system

Fault currents passing through various protective devices (A)
Faulted node | Recloser | Fuse 1 | Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6

2 4410 - - - - - -

3 3613 - 3612 - - - -

4 3111 - 3109 - 3108 - -

5 2683 - 2681 - 2679 - -

6 1894 - 1891 - 1889 - -

7 1620 - 1616 - 1614 - 1609
8 1417 - 1413 - 1410 - 1405
9 1134 - 1130 - 1127 - 1120
10 944 - 939 - 936 - 928
11 921 - 917 - 914 - 905
12 882 - 877 - 874 - 865
13 720 - 715 - 712 - 703
14 663 - 658 - 655 - 645
15 621 - 616 - 613 - 603
16 579 - 575 - 571 - 561
17 504 - 499 - 496 - 486
18 478 - 473 - 469 - 459
19 3994 3993 - - - - -
20 2012 2009 - - - - -
21 1718 1714 - - - - -
22 1350 1346 - - - - -
23 2937 - 2935 | 2934 - - -
24 2038 - 2035 | 2033 - - -
25 1556 - 1553 1550 - - -
26 1793 - 1790 - 1787 | 1783 -
27 1665 - 1662 - 1659 | 1654 -
28 1240 - 1236 - 1233 | 1227 -
29 1038 - 1034 - 1030 | 1023 -
30 959 - 955 - 952 944 -
31 813 - 809 - 805 797 -
32 773 - 768 - 765 756 -
33 728 - 724 - 721 712 -

ILmas 210 [ 18 [ 187 [ 48 [ 135 [ 65 [ 58 |

The optimum settings of TDSs for recloser and constants for all the fuses obtained using the

proposed approach for the network without considering DG are given in Table [5.3] The corre-
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sponding time-current characteristic (TCC) curves of the recloser and the fuses are shown in Figure

53

Table 5.3: Optimum values of TDSs of the recloser and constants of all fuses without a DG

in the IEEE 33-bus system

Recloser settings Fuse settings
Modes | PCS (A) | TDS Constants F1 F2 F3 F4 F5 Fo6
Fast 275 0.5000 a -1.5941 | -1.5941 | -1.5941 | -1.5941 | -1.5941 | -1.5941
Slow 275 3.4455 b 12.2461 | 12.1565 | 11.8965 | 11.9565 | 11.5037 | 11.7565

Recloser Fast
Fuse 6
Fuse 5
Fuse 4
Fuse 3
Fuse 2
Fuse 1
— —  Recloser Slow

M

Operating times (sec)

I L ! L L 1 ! 1 I I I I I I h

Fault currents (A)

Figure 5.3: TCC curves of the protective devices for the optimum coordination without a

DG in the IEEE 33-bus system.

From Table[5.3] it is observed that the value of constant b for F4 is higher than that for F5 and
F6, while that for F2 is higher than those for F3 and F4. From eqn. higher value of constant b

results into higher operating time and therefore, F2 provides backup protection to F3 and F4 while

F4 provides backup protection to F5 and F6. From Figure [5.3] it is observed that the optimum
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coordinated characteristic curves of fuses lie well inside the operating times of recloser fast and
slow modes of operation. Further, the operating sequences and MFCTI are correctly maintained

among the fuses.

5.9.1.2 Optimum recloser settings and fuse constants in the presence of a single DG in the

IEEE 33-bus system

In this case, a single DG at bus 6 has been considered. The DG has a short circuit capacity of
25 MVA while its real power output and operating power factor have been taken as 2.48 MW and

unity, respectively, [[147-149].

Table[5.4] gives the values of the maximum fault current passing through each protective device
for faults on various nodes in this case. From Tables|5.2|and it is observed that in the presence
of DG, the fault currents passing through F1, F3, F5 and F6 increase for faults anywhere in the
system. However, depending on the location of the fault, the fault current through recloser, F2 and
F4 either increases or decreases (as compared to the results of Table[5.2)). If the settings of recloser
and fuses obtained in the previous subsection are adopted, then such variation in the fault currents
due to the presence of DG in the network causes incorrect sequence of operation of the protective
devices (recloser and fuses) resulting in their miscoordination. It can also be observed from Table
Table [5.4] and Figure [5.2] that the current through F2 reverses for fault at bus 2, 19, 20, 21 and
22 and that through F4 reverses for faults at bus 2, 3, 19, 20, 21, 22, 23, 24 and 25. These reversals

of current directions take place because of the presence of DG at bus 6.

Through application of the proposed methodologies, the optimum values of TDSs of the re-
closer and constants for all the fuses have been calculated and are given in Table[5.5] The resulting

time-current characteristic curves of the recloser and the fuses are shown in Figure [5.4]

From Table it is observed that the fuse constant b for F4 is higher than that for F5 and
F6, while the constant b for F2 is higher than those for F3 and F4. Thus, F2 provides backup
protection to F3 and F4 while F4 provides backup protection to F5 and F6. Further, from Figure
[5.4] it is observed that the optimum coordinated characteristic curves of the fuses lie well inside the
operating times of recloser fast and slow modes of operation and also all the operating sequences

given in Table[S.1|are correctly maintained.
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Table 5.4: Maximum fault currents passing through various protective devices for faults on

different nodes in the presence of single DG at bus 6 in the IEEE 33-bus system

Fault currents passing through various protective devices (A)
Faulted node | Recloser | Fuse 1 | Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6
4417 - 932 - 932 - -
3 3648 - 3647 - 971 - -
4 3161 - 3159 - 3158 - -
5 2743 - 2741 - 2739 - -
6 1964 - 1961 - 1959 - -
7 1551 - 1547 - 1544 - 2340
8 1322 - 1320 - 1317 - 1993
9 993 - 996 - 992 - 1499
10 789 - 795 - 792 - 1195
11 767 - 773 - 769 - 1161
12 727 - 734 - 731 - 1102
13 568 - 579 - 576 - 867
14 514 - 527 - 523 - 789
15 475 - 490 - 486 - 733
16 436 - 454 - 450 - 678
17 369 - 390 - 386 - 582
18 346 - 369 - 365 - 551
19 3907 4715 824 - 824 - -
20 1783 2148 375 - 375 - -
21 1507 1814 316 - 316 - -
22 1170 1406 245 - 245 - -
23 2828 - 2825 | 3573 752 - -
24 1842 - 1838 | 2323 488 - -
25 1363 - 1359 | 1713 359 - -
26 1829 - 1825 - 1822 | 2764 -
27 1660 - 1656 - 1654 | 2507 -
28 1119 - 1117 - 1114 | 1683 -
29 895 - 894 - 890 1342 -
30 813 - 813 - 810 1219 -
31 659 - 667 - 663 1000 -
32 619 - 629 - 626 943 -
33 573 - 587 - 584 881 -
[ Toimaz | 124 [ 18 J 106 [ 48 [ 0 [ 63 [ 56 |

Table 5.5: Optimum values of TDSs of the recloser and constants of all fuses in the presence

of a single DG in the IEEE 33-bus system

Recloser settings Fuse settings
Modes | PCS (A) | TDS || Constants F1 F2 F3 F4 F5 F6
Fast 275 0.5000 a -2.1271 | -2.1271 | -2.1271 | -2.1271 | -2.1271 | -2.1271
Slow 275 4.4347 b 17.0272 | 17.0241 | 16.5934 | 16.8241 | 16.4050 | 16.6241

5.9.1.3 Optimum recloser settings and fuse constants in the presence of multiple DGs in the

IEEE 33-bus system

In this case, three DGs at bus 17, 18 and 33 with real power outputs of 0.107 MW, 0.5724 MW

and 1.0462 MW, respectively, at unity power factor have been considered [150]]. The short-circuit
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Figure 5.4: TCC curves of the protective devices for the optimum coordination in the pres-

ence of a single DG in the IEEE 33-bus system.

capacities of these three DGs have been considered as 2 MVA, 6 MVA and 10 MVA, respectively.

Table[5.6] gives the values of the maximum fault current passing through each protective device
for faults on various nodes in this case. From Tables [5.2] and [5.6] it is observed that the fault
currents passing through the recloser and fuses change quite randomly (increase for some faults
and decrease for some other faults). Further, from Table @, Table @ and Figure @ it can be
seen that for some faults, the direction of fault currents through F2, F4, F5 and F6 reverses. Such
pattern of fault currents in the network causes incorrect sequence of operation of the protective
devices (recloser and fuses) resulting into miscoordination, if the settings of recloser and fuses
obtained in the previous subsections are adopted.

The optimum settings of TDSs of recloser and constants for all the fuses are given in Table
[5.7 for this case. From this table it is again confirmed that F4 provides backup protection for
F5 and F6 while backup protection for F3 and F4 is provided by F2. The resulting time-current
characteristic curves of recloser and fuses in the presence of multiple DGs are shown in Figure[5.5]

which indicates that all the operating sequences given in Table [5.1]are correctly maintained.
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Table 5.6: Maximum fault currents passing through various protective devices for faults on

different nodes in the presence of multiple DGs in the IEEE 33-bus system

Fault currents passing through various protective devices (A)
Faulted node | Recloser | Fuse 1 | Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6
4415 - 540 - 540 318 223
3 3638 - 3637 - 553 325 228
4 3147 - 3145 - 3144 331 233
5 2726 - 2724 - 2722 338 238
6 1944 - 1941 - 1939 362 254
7 1619 - 1616 - 1613 301 1889
8 1402 - 1400 - 1397 260 1634
9 1098 - 1100 - 1097 203 1279
10 901 - 906 - 902 165 1048
11 878 - 883 - 880 161 1022
12 837 - 844 - 840 153 974
13 673 - 684 - 680 122 784
14 616 - 629 - 625 112 719
15 574 - 588 - 584 104 671
16 532 - 548 - 545 96 623
17 456 - 476 - 472 82 537
18 427 - 449 - 445 76 505
19 3941 4399 482 - 482 283 199
20 1872 2086 228 - 228 134 94
21 1589 1770 194 - 194 114 80
22 1240 1379 151 - 151 88 62
23 2871 - 2868 | 3302 436 256 180
24 1917 - 1914 | 2202 290 171 120
25 1437 - 1433 1646 216 127 89
26 1832 - 1829 - 1826 | 2052 240
27 1694 - 1691 - 1688 1894 221
28 1236 - 1234 - 1231 1378 161
29 1028 - 1026 - 1023 1142 133
30 947 - 947 - 943 1052 122
31 793 - 800 - 796 885 102
32 752 - 760 - 757 839 97
33 704 - 716 - 712 789 90
[ Toimaz | 144 [ 18 J 123 ] 48 [ 80 [ 0 [ 31 |

Table 5.7: Optimum values of TDSs of the recloser and constants of all fuses in the presence

of multiple DGs in the IEEE 33-bus system

Recloser settings Fuse settings
Modes | PCS (A) | TDS || Constants F1 F2 F3 F4 F5 F6
Fast 275 0.5000 a -1.8370 | -1.8370 | -1.8370 | -1.8370 | -1.8370 | -1.8370
Slow 275 3.6196 b 14.4431 | 14.2664 | 14.0664 | 14.0664 | 13.5575 | 13.8664

5.9.1.4 Common optimum recloser settings and fuse constants without and with presence of

DG in the IEEE 33-bus system

In the above three case studies, it is observed that recloser and fuses settings are different in the

same network depending on integration and location of DGs. Thus, the settings obtained in one
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Figure 5.5: TCC curves of the protective devices for the optimum coordination in the pres-

ence of multiple DGs in the IEEE 33-bus system.

particular case cannot coordinate properly in another case. So, it is necessary to obtain appropriate

settings of recloser and fuses so that they can coordination properly in all the three above cases.

To obtain common optimum settings of recloser and fuses, the fault currents in the above three
situations have been considered together and then the proposed approach has been applied. The
common optimum settings of TDSs of the recloser and constants for all the fuses obtained are
given in Table [5.8] As observed from Table [5.8] in this case also, F4 provides backup protection
to F5 and F6 while backup protection for F3 and F4 is provides by F2. Moreover, the correct
operating sequences are maintained while satisfying the MFCTI requirements between the fuses.

The corresponding time-current characteristic curves of recloser and fuses are shown in Figure[5.6

In the above four sub-sections, four different cases of recloser-fuse coordination have been
studied. A comparative assessment of these four coordination results is provided later in Section

.10
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Table 5.8: Common optimum values of TDSs of the recloser and constants of all fuses in the

IEEE 33-bus system

Recloser settings Fuse settings
Modes | PCS (A) | TDS Constants F1 F2 F3 F4 F5 Fo6
Fast 275 0.5000 a -2.1301 | -2.1301 | -2.1301 | -2.1301 | -2.1301 | -2.1301
Slow 275 4.4540 b 17.0527 | 17.0431 | 16.6180 | 16.8431 | 16.4288 | 16.6431
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Figure 5.6: TCC curves of the protective devices for the common optimum coordination

results obtained in the IEEE 33-bus system.

5.9.2 Results on the IEEE 69-bus system

Figure [5.7] shows the single-line diagram of the IEEE 69-bus radial distribution system. This

system has 68 branches and is energised at bus 1 by a substation with a short-circuit capacity of

100 MVA. The detailed information about the system is available in [[151]. For providing complete

protection using recloser and fuses, one recloser and 13 fuses are required, which are shown in

Figure [5.7} With 13 fuses and two modes of operation of the recloser (fast and slow), there are a

total of 14 correct operating sequences of the protecting devices for a fault occurring anywhere in

the system. These operating sequences are given in Table[5.9]
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Figure 5.7: IEEE 69-bus radial distribution system network.

It is to be noted that only one of the sequences of the protective devices is responsible to operate
for fault at anywhere in the network. As an example, for fault at node 60, the correct operating
sequence of the protective devices is given by the serial no. 9 in Table [5.9) where recloser in its
fast mode (Rpy,) will operate first. If the fault is a permanent fault, then fuse no. 5 (F5) should
operate to isolate the fault. In case F5 fails to operate, fuse no. 10 (F10), which acts as the backup
protection for F5, should operate. Similarly, if F10 fails, then its backup fuse no. 9 (F9) should
operate. Even if FO fails, then its backup fuse no. 8 (F8) should operate. Finally, if all these devices
fail to clear the fault then the recloser in its slow mode of operation (Rgy,) will operate to isolate
the whole network. From Table [5.9] it is observed that fuse 8 provides backup protection for fuse
3 and fuse 9, fuse 9 provides backup for fuse 4 and fuse 10, fuse 10 provides backup for fuse 5
and fuse 11, fuse 11 provides backup for fuse 6 and fuse 12, whereas fuse 12 provides backup
protection for fuse 7 and fuse 13, respectively. Further, it is also observed that fuses 1 to 7 and fuse
13 work only as a primary protection device for any permanent fault in their respective protection

Z0nes.
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Table 5.9: Correct operating sequences of the various protective devices for a fault anywhere

in the IEEE 69-bus system

5.9.2.1 Optimum recloser settings and fuse constants without considering the presence of DG

SI. No. Correct operating sequences
1 Rpym — Rsm
2 Rpyv — F1— Ry
3 Rrpy — F2 — Ry
4 Rpy — F8 — R
5 Rpy — F3— F8 — Rsy
6 Rpy — F9— F8 — Rgy
7 Rea — F4—F9— F8— Rgn
8 Rpy — F10 — F9— F8 — Ry
9 Rpy — F5—F10— F9 — F8 — Rgy
10 Rrar — F11— F10 — FO — F8 — Rgns
1 Renr — F6 — F11 — F10 — F9 — F8 — Rgny
12 Rram — F12 — F11 — F10 — F9— F8 — R,
13 Rpy — F7T—F12—-F11 — F10 — F9 — F8 — Rsn
14 Rpy — F13—F12—-F11 — F10 — F9— F8 — Rsm

in the IEEE 69-bus system

Table [5.10] gives the values of the maximum fault current passing through each protective device
for faults on various nodes of the system shown in Figure [5.7] It is to be noted that there are total
68 cases of operation (due to 68 possible fault location for 68 feeder system) of the protective de-
vices under which recloser-fuse, fuse-fuse and fuse-recloser coordinations need to be maintained.

Although, the number of the actual operating sequence is only 14, because of different values of

fault currents, there is a total of 68 cases of operation for faults on all the nodes.

Table 5.10: Maximum fault currents passing through various protective devices for faults on

different nodes without a DG in the IEEE 69-bus system

Fault currents passing through various protective devices (A)
Faulted node | Recloser | Fuse 1 |Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6 | Fuse 7 | Fuse 8 | Fuse 9 | Fuse 10 | Fuse 11| Fuse 12| Fuse 13
2 4557 - - - - - - - - - - - - -
3 4553 - - - - - - - - - - - - -
4 4543 - - - - - - - 4543 - - - - -
5 4457 - - - - - - - 4457 | 4457 - - - -
6 3877 - - - - - - - 3877 | 3877 - - - -
7 3316 - - - - - - - 3316 | 3316 - - - -
8 3193 - - - - - - - 3193 | 3193 - - - -
9 3130 - - - - - - - 3130 | 3130 | 3130 - - -
10 2429 - - - - - - - 2429 | 2429 | 2427 | 2426 - -
11 2298 - - - - - - - 2298 | 2298 | 2296 | 2295 - -
12 1897 - - - - - - - 1897 | 1897 | 1894 1893 1891 -
13 1501 - - - - - - - 1501 | 1501 | 1497 1496 1492 1490
14 1232 - - - - - - - 1232 | 1232 | 1227 1226 1221 1218
15 1040 - - - - - - - 1040 | 1040 | 1035 1034 1028 1024
Continued on next page
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Table 5.10 — continued from previous page

Fault currents passing through various protective devices (A)

Faulted node | Recloser | Fuse 1 |Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6 | Fuse 7 | Fuse 8 | Fuse 9 | Fuse 10 | Fuse 11| Fuse 12| Fuse 13
16 1012 - - - - - - - 1012 | 1012 | 1007 1005 999 995
17 959 - - - - - - - 959 | 959 954 953 947 942
18 959 - - - - - - - 959 | 959 954 953 947 942
19 919 - - - - - - - 919 | 919 914 913 906 902
20 895 - - - - - - - 895 895 890 888 882 877
21 858 - - - - - - - 858 858 852 851 844 839
22 857 - - - - - - - 857 857 851 850 843 839
23 841 - - - - - - - 841 841 836 834 828 823
24 809 - - - - - - - 809 | 809 804 802 795 790
25 747 - - - - - - - 747 | 747 742 740 733 728
26 725 - - - - - - - 725 | 725 719 718 711 705
27 712 - - - - - - - 712 | 712 707 705 698 693
28 4523 | 4523 - - - - - - - - - - - -
29 4120 | 4120 - - - - - - - - - - - -
30 4076 | 4076 - - - - - - - - - - - -
31 4454 | 4454 - - - - - - - - - - - -
32 4133 | 4133 - - - - - - - - - - - -
33 3520 | 3520 - - - - - - - - - - - -
34 2636 | 2636 - - - - - - - - - - - -
35 2843 | 2843 - - - - - - - - - - - -
36 4523 - 4523 - - - - - - - - - - -
37 4120 - 4120 - - - - - - - - - - -
38 3838 - 3838 - - - - - - - - - - -
39 3762 - 3762 - - - - - - - - - - -
40 3758 - 3758 - - - - - - - - - - -
41 2488 - 2488 - - - - - - - - - - -
42 2160 - 2160 - - - - - - - - - - -
43 2123 - 2123 - - - - - - - - - - -
44 2114 - 2114 - - - - - - - - - - -
45 2016 - 2016 - - - - - - - - - - -
46 2015 - 2015 - - - - - - - - - - -
47 4519 - - 4519 - - - - 4519 - - - - -
48 4009 - - 4009 - - - - 4009 - - - - -
49 2846 - - 2846 - - - - 2846 - - - - -
50 2629 - - 2629 - - - - 2629 - - - - -
51 3082 - - - 3082 - - - 3082 | 3082 - - - -
52 2783 - - - 2781 - - - 2783 | 2783 - - - -
53 2925 - - - - 2924 - - 2925 | 2925 | 2924 - - -
54 2708 - - - - 2706 - - 2708 | 2708 | 2706 - - -
55 2444 - - - - 2441 - - 2444 | 2444 | 2442 - - -
56 2222 - - - - 2219 - - 2222 | 2222 | 2219 - - -
57 1487 - - - - 1482 - - 1487 | 1487 | 1483 - - -
58 1263 - - - - 1258 - - 1263 | 1263 | 1259 - - -
59 1191 - - - - 1186 - - 1191 | 1191 | 1187 - - -
60 1112 - - - - 1106 - - 1112 | 1112 | 1107 - - -
61 1011 - - - - 1005 - - 1011 | 1011 | 1006 - - -
62 996 - - - - 990 - - 996 | 996 991 - - -
63 975 - - - - 969 - - 975 | 975 970 - - -
64 883 - - - - 876 - - 883 883 878 - - -
65 781 - - - - 775 - - 781 781 776 - - -
66 2176 - - - - - 2172 - 2176 | 2176 | 2173 2173 - -
67 2173 - - - - - 2169 - 2173 | 2173 | 2170 | 2170 - -
68 1600 - - - - - - 1590 | 1600 | 1600 | 1596 1595 1591 -
69 1598 - - - - - 1588 | 1598 | 1598 | 1594 1593 1589 -

I max 224 5 10 48 3 105 2 3 208 160 151 44 32 20
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The optimum settings of TDSs for recloser and constants for all the fuses obtained using the
proposed approach for the network without considering DG for the IEEE 69-bus radial system are
given in Table[5.T1] The time-current characteristic curves of the recloser and the fuses using these

optimum coordination results are shown in Figure [5.8]

Table 5.11: Optimum values of TDSs of the recloser and constants of all fuses without a DG

in the IEEE 69-bus system

Recloser settings Fuse settings
Modes|PCS (A)| TDS ||Constants| F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 | F12 | F13
Fast | 300 |0.5000 a -1.308 | -1.308 | -1.308 |-1.308|-1.308|-1.308|-1.308| -1.308 | -1.308 | -1.308 | -1.308 |-1.308|-1.308
Slow | 300 |7.4544 b 10.685410.6854[10.5356(9.9898|9.7671(9.4228|9.2488(10.7356{10.5204(10.3204(10.1204{9.9204 (9.7204
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Figure 5.8: TCC curves of the protective devices for the optimum coordination without a

DG in the IEEE 69-bus system.

From Table [5.11] it is observed that the value of constant b for F12 is higher than that for F7
and F13. Similarly, the fuse constant b for F11 is higher than that for F6 and F12, the fuse constant
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b for F10 is higher than that for F5 and F11, the fuse constant b for F9 is higher than that for F4
and F10 while that for F8 is higher than those for F3 and F9. From eqn. (5.2)), higher value of
constant b results into higher operating time and therefore, F8 provides backup protection to F3
and F9. Similarly, F9 provides backup protection to F4 and F10, F10 provides backup protection to
F5 and F11, F11 provides backup protection to F6 and F12 while F12 provides backup protection
to F7 and F13. From Figure[5.§] it is observed that the optimum coordinated characteristic curves
of fuses lie well inside the operating times of recloser fast and slow modes of operation. Further,

the operating sequences and MFCTT are correctly maintained among the fuses.

5.9.2.2 Optimum recloser settings and fuse constants in the presence of a single DG in the

IEEE 69-bus system

In this case, a single DG at bus 61 has been considered as suggested in [[/2]. The DG has a short
circuit capacity of 20 MVA while its real power output and operating power factor have been taken
as 1.81 MW and unity, respectively, [147,/148].

Table [5.12] gives the values of the maximum fault current passing through each protective de-
vice for faults on various nodes in this case. From Tables and it is observed that in
the presence of DG, the fault currents passing through F1, F2, F3, F4, F6, F7, F11, F12 and F13
increases for a fault anywhere in the system. However, depending on the location of the fault, the
fault current through recloser, F5, F8, F9 and F10 either increases or decreases (as compared to the
results of Table[5.10). Such variation of fault currents in the presence of DG in the network causes
incorrect sequence of operation of the protective devices (recloser and fuses) resulting into mis-
coordination, if the settings of recloser and fuses obtained in the previous subsection are adopted.
It can also be observed from Table Table and Figure that the current through F2
reverses for fault at bus 2 to 52 and 66 to 69. Similarly, the current through F8 reverses for fault at
bus 2 to 3 and 28 to 46, the current through F9 reverses for fault at bus 2 to 4 and 28 to 46 while
the current through F10 reverses for fault at bus 2 to 8 and 28 to 46. These reversals of current

directions take place because of the presence of DG at bus 61.
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Table 5.12: Maximum fault currents passing through various protective devices for faults on

different nodes in the presence of a single DG in the IEEE 69-bus system

Fault currents passing through various protective devices (A)

Faulted node | Recloser | Fuse 1 |Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6 | Fuse 7 | Fuse 8 | Fuse 9 | Fuse 10 | Fuse 11 |Fuse 12 |Fuse 13
2 4557 - - - - 646 - - 646 | 646 646 - - -
3 4553 - - - - 646 - - 646 | 646 646 - - -
4 4543 - - - - 646 - - 4543 | 646 646 - - -
5 4458 - - - - 648 - - 4458 | 4458 | 648 - - -
6 3896 - - - - 665 - - 3896 | 3896 | 665 - - -
7 3348 - - - - 683 - - 3348 | 3348 | 683 - - -
8 3228 - - - - 688 - - 3228 | 3228 | 688 - - -
9 3166 - - - - 690 - - 3166 | 3166 | 3166 - - -
10 2331 - - - - 508 - - 2331 | 2331 | 2329 | 2836 - -
11 2186 - - - - 476 - - 2186 | 2186 | 2183 2657 - -
12 1752 - - - - 381 - - 1752 | 1752 | 1748 | 2128 | 2126 -
13 1350 - - - - 292 - - 1350 | 1350 | 1345 1636 1632 1630
14 1091 - - - - 235 - - 1091 | 1091 | 1086 1319 1313 1310
15 911 - - - - 195 - - 911 911 906 1099 1093 1089
16 884 - - - - 189 - - 884 | 884 879 1067 1061 1056
17 837 - - - - 179 - - 837 837 832 1008 1002 997
18 836 - - - - 178 - - 836 | 836 831 1008 1002 997
19 800 - - - - 170 - - 800 | 800 794 963 957 952
20 777 - - - - 165 - - 777 | 777 772 937 930 925
21 744 - - - - 158 - - 744 | 744 739 895 888 884
22 743 - - - - 158 - - 743 | 743 738 894 888 883
23 729 - - - - 155 - - 729 | 729 723 877 870 865
24 701 - - - - 148 - - 701 701 695 842 835 830
25 646 - - - - 136 - - 646 | 646 640 774 766 761
26 625 - - - - 131 - - 625 | 625 620 749 742 736
27 615 - - - - 129 - - 615 | 615 609 737 729 724
28 4518 | 5090 - - - 641 - - 641 641 641 - - -
29 4062 | 4576 - - - 576 - - 576 | 576 576 - - -
30 3958 | 4459 - - - 561 - - 561 561 561 - - -
31 4428 | 4989 - - - 628 - - 628 | 628 628 - - -
32 4027 | 4537 - - - 571 - - 571 571 571 - - -
33 3327 | 3747 - - - 472 - - 472 | 472 472 - - -
34 2414 | 2719 - - - 342 - - 342 | 342 342 - - -
35 2620 | 2951 - - - 371 - - 371 371 371 - - -
36 4518 - 5090 - - 641 - - 641 641 641 - - -
37 4062 - 4576 - - 576 - - 576 | 576 576 - - -
38 3744 - 4218 - - 531 - - 531 531 531 - - -
39 3660 - 4123 - - 519 - - 519 | 519 519 - - -
40 3655 - 4117 - - 518 - - 518 | 518 518 - - -
41 2322 - 2616 - - 329 - - 329 | 329 329 - - -
42 1997 - 2250 - - 283 - - 283 | 283 283 - - -
43 1961 - 2209 - - 278 - - 278 | 278 278 - - -
44 1952 - 2199 - - 277 - - 277 | 277 277 - - -
45 1857 - 2092 - - 263 - - 263 | 263 263 - - -
46 1856 - 2091 - - 263 - - 263 | 263 263 - - -
47 4515 - - 5089 - 642 - - 4515 | 642 642 - - -
48 3940 - - 4440 - 560 - - 3940 | 560 560 - - -
49 2701 - - 3044 - 384 - - 2701 | 384 384 - - -
50 2480 - - 2795 - 352 - - 2480 | 352 352 - - -
51 3093 - - - 3750 | 659 - - 3093 | 3093 | 659 - - -
52 2730 - - - 3309 | 581 - - 2730 | 2730 | 581 - - -
53 2965 - - - - 2964 - - 2965 | 2965 | 2964 - - -
54 2753 - - - - 2751 - - 2753 | 2753 | 2751 - - -
55 2494 - - - - 2491 - - 2494 | 2494 | 2492 - - -
56 2275 - - - - 2272 - - 2275 | 2275 | 2272 - - -

Continued on next page
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Table 5.12 — continued from previous page

Fault currents passing through various protective devices (A)

Faulted node | Recloser | Fuse 1 |Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6 | Fuse 7 | Fuse 8 | Fuse 9 | Fuse 10 | Fuse 11| Fuse 12| Fuse 13
57 1555 - - - - 1549 - - 1555 | 1555 | 1550 - - -
58 1334 - - - - 1329 - - 1334 | 1334 | 1330 - - -
59 1264 - - - - 1258 - - 1264 | 1264 | 1259 - - -
60 1185 - - - - 1179 - - 1185 | 1185 | 1180 - - -
61 1085 - - - - 1079 - - 1085 | 1085 | 1080 - - -
62 1063 - - - - 1057 - - 1063 | 1063 | 1058 - - -
63 1032 - - - - 1026 - - 1032 | 1032 | 1027 - - -
64 899 - - - - 892 - - 899 | 899 893 - - -
65 759 - - - - 752 - - 759 | 759 753 - - -
66 2050 - - - - 446 | 2491 - 2050 | 2050 | 2047 | 2492 - -
67 2047 - - - - 445 | 2488 - 2047 | 2047 | 2044 | 2489 - -
68 1448 - - - - 313 - 1750 | 1448 | 1448 | 1443 1755 1752 -
69 1446 - - - - 313 - 1748 | 1446 | 1446 | 1441 1753 1750 -

I max 157 5 10 48 2 0 2 3 142 98 90 44 32 20

Through application of the proposed methodologies in this case, the optimum values of TDSs
of the recloser and constants for all the fuses have been calculated and are given in Table[5.13] The

resulting time-current characteristic curves of the recloser and the fuses are shown in Figure[5.9]

Table 5.13: Optimum values of TDSs of the recloser and constants of all fuses in the presence

of a single DG in the IEEE 69-bus system

Recloser settings Fuse settings
Modes|PCS (A)| TDS [|Constants F1 F2 F3 F4 F5 F6 F7 F8 Fo F10 | F11 | F12 | F13
Fast | 300 (0.5000 a -1.4311}-1.4311|-1.4311|-1.4311|-1.4311|-1.4311|-1.4311|-1.4311|-1.4311|-1.4311|-1.4311|-1.4311|-1.4311
Slow | 300 [7.4544 b 11.8906[11.8906(11.7417|11.2577/10.7609/10.6288|10.4557|11.9417|11.741711.5417|11.3417|11.1417|110.9417

From Table [5.13] it is observed that the value of constant b for F12 is higher than that for F7
and F13. Similarly, the value of constant b for F11 is higher than that for F6 and F12, for F10
is higher than that for F5 and F11, for F9 is higher than that for F4 and F10 while that for F8 is
higher than those for F3 and F9. Therefore, F8 provides backup protection to F3 and F9. Similarly,
F9 provides backup protection to F4 and F10, F10 to F5 and F11, F11 to F6 and F12 while F12
provides backup protection to F7 and F13. From Figure [5.9] it is observed that the optimum
coordinated characteristic curves of fuses lie well inside the operating times of recloser fast and
slow modes of operation. Further, the operating sequences and MFCTI are correctly maintained

among the fuses.
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Figure 5.9: TCC curves of the protective devices for the optimum coordination in the pres-

ence of a single DG in the IEEE 69-bus system.

5.9.2.3 Optimum recloser settings and fuse constants in the presence of multiple DGs in the

IEEE 69-bus system

In this case, three DGs at bus 65, 64 and 63 with real power outputs of 0.1018 MW, 0.3690 MW
and 1.3024 MW, respectively, at unity power factor have been considered [150]]. The short-circuit
capacities of these three DGs have been considered as 5 MVA, 5 MVA and 10 MVA, respectively.

Table [5.14] gives the values of the maximum fault current passing through each protective de-
vice for faults on various nodes in this case. Similar to the previous case, from Tables [5.10| and
[5.14] it is observed that in the presence of multiple DGs, the fault currents passing through F1, F2,
F3, F4, F6, F7, F11, F12 and F13 increase for a fault anywhere in the system. However, depending
on the location of the fault, the fault currents through recloser, F5, F8, F9 and F10 either increase
or decrease (as compared to the results of Table [5.10). Such large variation of fault currents in the
presence of multiple DGs in the network causes incorrect sequence of operation of the protective

devices (recloser and fuses) resulting into miscoordination, if the settings of recloser and fuses ob-
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tained in the previous two subsections are adopted. Also, very similar to the previous case, it can
also be observed from Table[5.10] Table [5.14] and Figure [5.7] that the current through F2 reverses
for fault at bus 2 to 52 and 66 to 69. Similarly, the current through F8 reverses for fault at bus 2 to
3 and 28 to 46, the current through F9 reverses for fault at bus 2 to 4 and 28 to 46 and the current
through F10 reverses for fault at bus 2 to 8 and 28 to 46. These reversals of current directions take

place because of the presence of multiple DGs at bus 60, 61 and 62.

Table 5.14: Maximum fault currents passing through various protective devices for faults on

different nodes in the presence of multiple DGs in the IEEE 69-bus system

Fault currents passing through various protective devices (A)
Faulted node | Recloser | Fuse 1 |Fuse 2 | Fuse 3 |Fuse 4 | Fuse 5 | Fuse 6 | Fuse 7 | Fuse 8 | Fuse 9 | Fuse 10 |Fuse 11 |Fuse 12 | Fuse 13
2 4557 - - - - 822 - - 822 | 822 822 - - -
3 4553 - - - - 822 - - 822 | 822 822 - - -
4 4543 - - - - 822 - - 4543 | 822 822 - - -
5 4458 - - - - 825 - - 4458 | 4458 | 825 - - -
6 3897 - - - - 857 - - 3897 | 3897 | 857 - - -
7 3349 - - - - 892 - - 3349 | 3349 | 892 - - -
8 3229 - - - - 901 - - 3229 | 3229 | 901 - - -
9 3167 - - - - 906 - - 3167 | 3167 | 3167 - - -
10 2285 - - - - 653 - - 2285 | 2285 | 2283 | 2930 - -
11 2136 - - - - 610 - - 2136 | 2136 | 2133 | 2737 - -
12 1698 - - - - 484 - - 1698 | 1698 | 1694 | 2173 | 2171 -
13 1300 - - - - 368 - - 1300 | 1300 | 1295 1659 | 1655 1653
14 1046 - - - - 295 - - 1046 | 1046 | 1041 1333 | 1327 | 1324
15 872 - - - - 245 - - 872 | 872 867 1109 | 1102 | 1098
16 847 - - - - 237 - - 847 | 847 841 1075 | 1069 | 1064
17 801 - - - - 224 - - 801 | 801 796 1016 | 1010 | 1005
18 800 - - - - 224 - - 800 | 800 795 1015 | 1009 | 1004
19 765 - - - - 213 - - 765 | 765 760 969 963 958
20 744 - - - - 207 - - 744 | 744 738 943 936 931
21 712 - - - - 198 - - 712 | 712 707 901 895 890
22 710 - - - - 197 - - 710 | 710 705 899 893 888
23 697 - - - - 193 - - 697 | 697 691 882 875 870
24 670 - - - - 185 - - 670 | 670 664 846 839 834
25 617 - - - - 170 - - 617 | 617 611 778 770 765
26 597 - - - - 164 - - 597 | 597 592 753 746 740
27 588 - - - - 161 - - 588 | 588 582 740 732 727
28 4517 | 5203 - - - 815 - - 815 | 815 815 - - -
29 4048 | 4664 - - - 731 - - 731 731 731 - - -
30 3919 | 4515 - - - 707 - - 707 | 707 707 - - -
31 4419 | 5090 - - - 798 - - 798 | 798 798 - - -
32 3992 | 4598 - - - 720 - - 720 | 720 720 - - -
33 3271 | 3768 - - - 590 - - 590 | 590 590 - - -
34 2359 | 2717 - - - 426 - - 426 | 426 426 - - -
35 2563 | 2952 - - - 462 - - 462 | 462 462 - - -
36 4517 - 5203 - - 815 - - 815 | 815 815 - - -
37 4048 - 4663 - - 731 - - 731 | 731 731 - - -
38 3721 - 4286 - - 672 - - 672 | 672 672 - - -
39 3634 - 4186 - - 656 - - 656 | 656 656 - - -
40 3629 - 4181 - - 655 - - 655 | 655 655 - - -
41 2285 - 2632 - - 412 - - 412 | 412 412 - - -
42 1962 - 2260 - - 354 - - 354 | 354 354 - - -
Continued on next page
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Table 5.14 — continued from previous page

Fault currents passing through various protective devices (A)

Faulted node | Recloser | Fuse 1 |Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6 | Fuse 7 | Fuse 8 | Fuse 9 | Fuse 10 | Fuse 11| Fuse 12| Fuse 13
43 1926 - 2218 - - 347 - - 347 347 347 - - -
44 1918 - 2209 - - 346 - - 346 | 346 346 - - -
45 1823 - 2100 - - 329 - - 329 | 329 329 - - -
46 1823 - 2099 - - 328 - - 328 | 328 328 - - -
47 4515 - - 5203 - 817 - - 4515 | 817 817 - - -
48 3924 - - 4522 - 710 - - 3924 | 710 710 - - -
49 2670 - - 3077 - 483 - - 2670 | 483 483 - - -
50 2450 - - 2823 - 443 - - 2450 | 443 443 - - -
51 3084 - - - 3934 | 860 - - 3084 | 3084 | 860 - - -
52 2698 - - - 3441 | 752 - - 2698 | 2698 | 752 - - -
53 2966 - - - - 2965 - - 2966 | 2966 | 2965 - - -
54 2754 - - - - 2752 - - 2754 | 2754 | 2752 - - -
55 2495 - - - - 2492 - - 2495 | 2495 | 2493 - - -
56 2277 - - - - 2274 - - 2277 | 2277 | 2274 - - -
57 1557 - - - - 1551 - - 1557 | 1557 | 1552 - - -
58 1336 - - - - 1331 - - 1336 | 1336 | 1332 - - -
59 1266 - - - - 1260 - - 1266 | 1266 | 1261 - - -
60 1188 - - - - 1182 - - 1188 | 1188 | 1183 - - -
61 1069 - - - - 1063 - - 1069 | 1069 | 1064 - - -
62 1048 - - - - 1042 - - 1048 | 1048 | 1043 - - -
63 1014 - - - - 1008 - - 1014 | 1014 | 1009 - - -
64 868 - - - - 861 - - 868 868 863 - - -
65 718 - - - - 711 - - 718 | 718 712 - - -
66 1998 - - - - 570 | 2558 - 1998 | 1998 | 1995 2559 - -
67 1995 - - - - 569 | 2554 - 1995 | 1995 | 1992 | 2555 - -
68 1396 - - - - 396 - 1777 | 1396 | 1396 | 1391 1782 1779 -
69 1394 - - - - 396 - 1775 | 1394 | 1394 | 1390 1780 1777 -

I maz 155 5 10 48 2 0 2 3 140 97 89 44 32 20

By applying the proposed approach, the optimum values of TDSs of the recloser and constants
for all the fuses have been calculated in this case and are given in Table[5.14] The resulting time-

current characteristic curves of the recloser and the fuses are shown in Figure [5.10]

Table 5.15: Optimum values of TDSs of the recloser and constants of all fuses in the presence

of multiple DGs in the IEEE 69-bus system

Recloser settings Fuse settings
ModesPCS (A)| TDS ||Constants| F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 | F11 | F12 | F13
Fast | 300 10.5000] a |-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767
Slow | 300 [7.4544 b |12.3125]12.3125[12.1638/11.7053(11.1259(11.0536(10.8806|12.3638|12.1638|11.9638/11.763811.563811.363§

From Table it is observed that the value of constant b for F12 is higher than that for
F7 and F13. Similarly, the value of constant b for F11 is higher than that for F6 and F12, for
F10 is higher than that for F5 and F11, for F9 is higher than that for F4 and F10 while that for
F8 is higher than those for F3 and F9. Therefore, F8 provides backup protection to F3 and F9.
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Figure 5.10: TCC curves of the protective devices for the optimum coordination in the pres-

ence of multiple DGs in the IEEE 69-bus system.

Similarly, F9 provides backup protection to F4 and F10, F10 to F5 and F11, F11 to F6 and F12
while F12 provides backup protection to F7 and F13. From Figure it is observed that the
optimum coordinated characteristic curves of fuses lie well inside the operating times of recloser
fast and slow modes of operation. Further, the operating sequences and MFCTI are correctly
maintained among the fuses. Thus, coordination among fuses with recloser is always maintained

in the presence of multiple DGs in the IEEE 69-bus system.

5.9.2.4 Common optimum recloser settings and fuse constants without and with presence of

DG in the IEEE 69-bus system

The common optimum settings of TDSs of the recloser and constants for all the fuses obtained
are given in Table [5.16] As observed from Table [5.16] in this case also, F8 provides backup
protection to F3 and F9. Similarly, F9 provides backup protection to F4 and F10, F10 to F5 and
F11, F11 to F6 and F12 while F12 provides backup protection to F7 and F13. Moreover, the correct

operating sequences are maintained while satisfying the MFCTI requirements between the fuses.
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The corresponding time-current characteristic curves of recloser and fuses are shown in Figure

5.11] In this case study, it can be observed that combined settings are the same as the settings

obtained in the presence of multiple DGs in the IEEE 69-bus system.

Table 5.16: Common optimum values of TDSs of the recloser and constants of all fuses in

the IEEE 69-bus system

Recloser settings Fuse settings
IModes|PCS (A)] TDS [[Constants] F1 F2 F3 F4 F5 Fo6 F7 F8 F9 F10 F11 F12 F13
Fast | 300 [0.5000 a -1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767|-1.4767
Slow | 300 [7.4544 b 12.3125[12.3125/12.1638]11.7053(11.125911.0536[10.8806(12.3638|12.1638(11.963811.7638|11.5638/11.3638
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Figure 5.11: TCC curves of the protective devices corresponding to the common optimum

coordination results in the IEEE 69-bus system.

In the above four sub-sections (for the two radial distribution systems), four different cases of

recloser-fuse coordination have been studied. A comparative assessment of these four coordination

results is provided below.
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5.10 Comparative assessment of recloser-fuse coordination results

As discussed in the last section, in this work, three different network conditions have been consid-
ered. These are: 1) no DG in the system, i1) a single DG in the system and iii) multiple DGs in the
system. For investigating the performance of the recloser-fuse coordination results of these three
cases, the number of mis-coordination has been calculated when the recloser and fuse settings ob-
tained in any particular network condition is applied to all the three network conditions. Lastly,
the number of mis-coordination has also been calculated when the common settings of the recloser
and fuses (as obtained in Sections [5.9.1.4] and [5.9.2.4)) are applied to all the three network condi-
tions. Figures and[5.13]show the results of this investigation for the IEEE 33 and 69-bus radial

distribution system, respectively. In these two figures, each white bubble indicates a case when the
co-ordination among the recloser and the fuses is maintained for a particular fault condition, while

a black bubble indicates the case when this co-ordination does not hold.

In the IEEE 33-bus system, from Figure a), it is observed that there are 14 and 6 mis-
coordination cases when the co-ordination results obtained without any DG are applied to the net-
works with single DG and multiple DGs, respectively. Similarly, Figure [5.12((b) shows that when
the co-ordination results obtained with a single DG are applied to the other two network conditions
(without any DG and with multiple DGs), there are 12 mis-coordination results for each network
condition. Further, from Figure c) it can be seen that there are 11 and 12 mis-coordination
cases when the co-ordination results obtained with multiple DGs are applied to the networks with
single DG and without any DG, respectively. However, when the common co-ordination settings

are applied to all the three network conditions, no single case of mis-coordination is observed
(Figure[5.12(d)).

Similarly in the IEEE 69-bus system, from Figure @Ka), it is observed that there are 15
mis-coordination cases when the co-ordination results obtained without any DG are applied to the
networks with single DG and multiple DGs, respectively. Similarly, Figure [5.13(b) shows that
when the co-ordination results obtained with a single DG are applied to the other two network
conditions (without any DG and with multiple DGs), there are 37 and 3 mis-coordination cases.
However, from Figure c) it can be seen that there is no constraint violation when the coordi-

nation results obtained with multiple DGs are applied to the other network conditions. The same
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Figure 5.12: Performance of various settings of recloser and fuses for fault currents in dif-

ferent situations for the IEEE 33-bus system.

can also be observed when the common co-ordination settings are applied to all the three network
conditions, i.e., there is not a single case of mis-coordination (Figure [5.13|d)).

Thus, the common settings are robust enough to maintain proper recloser-fuse co-ordination
in any network condition considered in this work. It is to be noted that the approach discussed in

Sections[5.9.1.4]and [5.9.2.4] can be extended in a straightforward manner for computing the robust

settings of the recloser and fuses for any other netowrk condition(s) of the system under study.

5.11 Conclusion

In this chapter, an new approach for coordination of recloser and fuses has been proposed to achieve
proper coordination in the presence of DGs in radial distribution systems. On the basis of detailed
studies on IEEE 33 and 69-bus radial networks, it can be concluded that the proposed strategy can

be used to obtain a common settings of the recloser and the fuses which would be able to maintain

143



Considerations during fault current calculation

Multiple DG
Single DG
Without DG

Multiple DG
Single DG
Without DG

Multiple DG
Single DG
Without DG

Multiple DG
Single DG
Without DG

O Coordination hold ®  Coordination lost

(a) Performance of coordination results obtained without DG
1 r 1 o1 11 11 1.1 1.1 1 1 1 1 1T 1 1 T T T 1 T T T T T T T TT
FOOOOO0O00O000 0000000080888 > COOOOO000O00O0OOOOOOOOOOOOOOOOOOOOOOOOO0ee
FOOOO00000O000 000000 eeeeeee O OOOOO00 OOOO0000000O00000000000O000C0000ee
FOOOO0O0O0O0O0OOOOOOOOOOOOOOOOOOO00 OOOOOO0OOOOOOOOO0OOOOOOO0OOOOOOOOOH
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1 357 911131517192123252729 313335 373941434547 495153555759 6163656769
Faulted nodes

(b) Performance of coordination results obtained with single DG

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
LFOO0000000 0000000000088 8 88 O 000000 000000000000000000000000000000000-
—OQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOQOCF
FOOOOOOOO0O0OOOOOOOOOOOOO0®eOOOOOOO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO0H

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1 35 7 911131517192123252729 313335 373941434547 49515355575961636567 69

Faulted nodes

(c) Performance of coordination results obtained with multiple DG
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Telslooccccocccccocccccoccccooccccoceoccccocccccocccccocccccoccccooccees

HOO000000000000000000C000O0C0000CO00000000000C0000000000000000000000H

LOOOO00000000000OOCCOOOOOOOOOOOO000OOOO0000000000OOCOOOOOOOOOO0000000H
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

1 35 7 911131517 192123252729 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69

Faulted nodes

(d) Performance of common coordination results
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

L 5O0000000O0OOOOCOCO0O0O0O0O0OOOO0OOCOCO0O0O0O0O0O0COCO00000000000000H
L 0O0O0O0O0O0O0O0O0OOO0OCO0OOO0O0O0OO0C0O0O0O0O0O0O0O0O0O0O0O0O000000H
Foeeeeoceccoccoceococcoceoccococcosccccoccoceocoococcoccococcoccocccel

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1 35 7 911131517192123252729 313335 373941434547 495153555759 6163656769
Faulted nodes

Figure 5.13: Performance of various settings of recloser and fuses for fault currents in dif-

ferent situations for the IEEE 69-bus system.

proper coordination for multiple network conditions simultaneously.
In the next chapter, a procedure to obtain the optimum recloser-fuse coordination in reconfig-

urable radial distribution systems in the presence of DG is described.
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Chapter 6

Optimum Recloser-fuse Coordination in Reconfigurable Radial

Distribution Systems in the Presence of Distributed Generation

Abstract

In this chapter, an optimum recloser-fuse coordination scheme in reconfigurable radial distribution
systems in the presence of DG is proposed. In the proposed scheme, the problem of recloser-fuse
coordination in reconfigurable radial distribution networks has been formulated as an optimization
problem. The formulated recloser-fuse coordination problem has been solved using interior-point
method (IPM) based algorithm. In order to obtain all possible reconfigurable radial network, a
new graph theory based approach has been developed. The proposed approach has been applied
to obtain optimum recloser-fuse settings in the IEEE 33 and 69-bus radial distribution systems in

the presence of DG. The test results prove the effectiveness of the presented scheme.

6.1 Introduction

ODERN distribution networks have facilities to reconfigure their topology in order to
M achieve minimum loss and high reliability. In the previous chapter, the issue of misco-
ordination among reclosers and fuses in the presence of DGs has been studied in detail. However,
the issue of miscoordination among reclosers and fuses owing to the variation of topology of the
distribution network has not been studied [[139,/152].

In this chapter, an optimum recloser-fuse coordination scheme in presence of DG in reconfig-
urable radial distribution systems is proposed. The problem of protection coordination of recloser
and fuses has been formulated as an optimization problem. In order to obtain all possible config-
urations of the radial network, a new graph theory based approach has been developed. An IPM
based algorithm has been used to solve this formulated optimization problem. The proposed ap-
proach has been tested on the IEEE 33 and 69-bus reconfigurable radial distribution systems for

three different scenarios: i) no DG in the system, ii) a single DG in the system and ii1) multiple
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DGs in the system.

6.2 Miscoordination among protective devices in reconfigurable radial distribution systems

in the presence of DG

Miscoordination among the protective devices are mostly because of the following two reasons

which are discussed below.

6.2.1 Miscoordination in the presence of DGs

This issue has already been discussed in detail in the previous chapter.

6.2.2 Miscoordination with the change in configuration

In order to obtain minimum active power loss, better voltage profile and reliable operation, recon-
figuration of distribution system is carried out regularly. However, it is quite difficult to maintain
the protection coordination in reconfigurable networks as the directions of current through the

feeder sections change with the change in configuration.

In order to obtain proper coordination in the presence of DGs in reconfigurable distribution
systems, a new optimum coordination approach of recloser and fuses is developed in the next

section.

6.3 Proposed optimum recloser and fuses coordination approach

The problem of optimum coordination of recloser and fuses can be formulated as an optimization
problem whose objective function (OF) is to minimize the sum of operating times of all the fuses
and the recloser (in its both modes of operations) subjected to the constraint that the correct oper-
ating sequence with certain minimum time gap between them in all feasible configurations of the

system must be maintained. Mathematically, this problem can be expressed as follows;

NC m Nj
OF = mlnz <Z <topR,fm,z'j + topR,sm,ij + Z topF,ijk)) (61)

j=1 k=1
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Subjected to:

toprijk — topifmi; > MRCTI/2;Yi=1,2, .. NC;Vj=1,2,....m;Vk =1,2, ..., N(6.2)
topFijert) — topriji > MFCTI, Vi=1,2,.. NC;Yj=1,2,...,m;Vk = 1,2, ..., N(6.3)

topiomij — topraze > MRCTI/2:¥i=1,2,... . NC;¥j = 1,2,....,m;Vk = 1,2, ..., N(6.4)

topR,sm,ij — topR,fm,ij > MRCTI, VJ = 1, 2, e, M Vk = 1, 2, ceey Nj (65)
TDSpin < TDSpm < TDSpmaq (6.6)
TDSmm S TDSsm S TDSmax (67)

In eqn. , LopR, fm,ij and to,R sm.i; are the operating times of the recloser in its fast and slow
mode of operation, respectively, for fault at node j in " configuration; topFiji 18 the operating
time of fuse k for fault at node j in ith configuration; m is the total number of nodes; [V; is the total
number of fuses in the faulted path from node j to the recloser. In eqns. (6.6) and (6.7), TDS,,,;, and
TDS,, ., are the minimum and maximum limits, respectively, on TDS of recloser whereas TDS,,
and TDS,,, are the values of TDS for recloser fast and slow modes of operation, respectively.

The operating times of recloser fast and slow modes of operation used in eqn. are defined

as follows;
" — TDS;,, % A +B (6.8)
I = S (U [PCS) 1 |
t = TDS,, % 4 +B (6.9)
opR,sm,ij sm ([FR,Zj/PCS>p —1 '

In eqns. and (6.9), Ir,;; is the fault current passing through the recloser when fault occurs

at node j in i** configuration and PCS is the pick-up current setting for the recloser defined in eqn.

3.3).

The operating times of fuses used in eqn. are defined as follows;

toprijk = exp(ag % log(Ipgi) + bk) (6.10)

In eqn. 1} Irg;jx is the fault current passing through fuse & when fault occur at node j in i*"
configuration and coefficients a; and 0y are characteristic constants of fuse k. It is to be noted that
the solution of this problem gives the optimum values of TDSs (TDS,,, and TDS,,,) for the recloser

and the optimum values of fuse constants a and b for the fuses (a; and b, for k = 1,2, ..., N where
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N is the total number of fuses). To determine all possible radial configurations of a distribution

system, the procedure described in the next section has been adopted.
6.4 Determination of all possible radial configurations of a distribution system

Consider a distribution system which has N buses, M feeder sections and 7' tie-switches. It is
to be noted that all the branches are considered to be equipped with sectionalising switches. As
the original network is radial, M = N — 1. Let U represents the total number of the branches
which is the sum of all feeder sections and all tie-switches i.e., U = M + T'. For determining the
total number of configurations of a radial network, initially the incidence matrix of the network is
formed [153,/154]]. Each row of this matrix represents the corresponding node of the graph while
each column corresponds to a branch. When a graph has NV nodes and U branches, the incident

matrix [A;,.] is a N x U rectangular matrix whose elements (a; ;) are defined as

1. If branch j is incident at node ¢ and is oriented away from the node, a; ; = 1.
2. If branch j is incident at node ¢ and is oriented towards node ¢, a; ; = —1.

3. If branch j is not incident at node ¢, a; ; = 0.

Once incident matrix A;,. of size NV x U is formed using the above procedure, one row is
removed to form reduced incident matrix A of size (N — 1) x U. It is to be noted that selection
of the row to be removed does not have any effect on further analysis [153]. In this study, the last
row has been considered to be removed. The total number of all the possible radial configurations
TN is defined as [[153]];

TN = det(AA") (6.11)

In eqn. (6.11), matrix A represents row reduced incidence matrix of size (N — 1) x U, ¢
represents transpose operator on the matrix A and function det(X) gives determinant of matrix X.
Now, to select a radial configuration from a distribution network of /V buses, M feeder sections
and 7" tie-lines, the following procedure is used. Any M columns from the row reduced incidence
matrix A are selected to form another matrix B of size (IV — 1) x M. To determine whether matrix

B represents a radial configuration or not, a quantity TNR 1is calculated as below: [153]];

TNR = det(BB') (6.12)
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In eqn. (6.12), if TNR = =1 then matrix B represents a redial network. Now, to select all
the possible configurations of the radial network under study, the following procedure has been
adopted. Initially, a matrix MT of size T'N x U is initialized with zeros. After that, a binary string
R of length U with M ’1’s and 7" ’0’s is generated randomly. A binary value "1’ denotes that the
branch corresponding to this bit position is present in the circuit (i.e. the switch on this feeder
is ’ON’). On the other hand, a binary value ’0’ denotes that the branch corresponding to this bit
position is not present in the circuit (i.e. the switch on this feeder is ’OFF’). This binary string is
used to form matrix B to test the radiality nature of the string using eqn. (6.12)). If the generated
string qualifies the radiality test then its uniqueness is checked with each row of matrix MT. If the
string does not exist as any row in matrix MT then it is included in the matrix in place of a zero
row. This three step process (i.e. generation of a binary string, testing of radiality of the network
represented by the string and determination of uniqueness of the string) continues till all the zero
rows of matrix MT get replaced by the generated strings. Finally, matrix MT gives the sets of
binary strings which represents all the possible radial configurations. Figure gives a detailed

flowchart of the procedure to select all possible radial configurations of a given distribution system.

6.5 Proposed approach for solving the optimum recloser-fuse coordination problem in recon-

figurable radial distribution systems

To solve the proposed optimum coordination problem of recloser and fuses, the following approach
has been adopted. Initially, steady state load flow analysis using BFSM has been performed to
calculate various load currents passing through each protective device. Subsequently, bolted three-
phase-to-ground short circuit analysis using Zbus approach has been carried out to calculate the
maximum fault currents passing through each protective device under all possible configurations
of the system [15][140]. After that, PCS of the recloser is calculated using eqn. (5.3)). Finally, IPM
available in MATLAB [74] is applied to solve the problem to obtain the optimum values of TDSs
for the recloser and fuse constants for all the fuses. The overall procedure can be described by the

following steps:
1. Perform reconfiguration analysis and select feasible network topologies.

2. Perform load flow analysis for all feasible network topologies and select only those topolo-

gies for which load flow analysis converges.
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‘ Randomly generate a binary string R with M ‘1I’sand T ‘0’s
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‘ Calculate TNR using eqn. (6.12) ‘
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Is R not any row in matrix MT ?

count = count+1

Matrix MT gives the list of all reconfigurable radial networks

Figure 6.1: Flowchart for selection of all the possible radial configurations.

3. Perform steady-state and short-circuit analysis for all feasible network topologies.

4. Select the fault currents that need to be interrupted by the recloser and the fuses caused by

faults on various nodes in all the feasible network topologies.
5. Set PCS of recloser using eqn. (5.3).

6. Apply IPM to solve the formulated problem to obtain the optimum values of recloser settings

(TDSs) and fuse constants (a and b for all the fuses).

The following points have been considered while solving the protection coordination problems

of recloser and fuses [60], [67]], [138]]:

1. Two fast and two slow modes of operation of the recloser have been considered.

2. Optimum characteristics of all fuses have been considered to reside between the optimum

second fast mode and the first slow mode operations of recloser.
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3. TDS for the second fast mode and the first slow modes of operation are optimized whereas
TDS for the first fast mode and the second slow modes of operations are set one step lower
than the optimized TDS for the second fast mode and one step higher than the optimized

TDS for the first slow mode, respectively.

4. The values of A, B and p for recloser have been considered as 28.2, 0.1217 and 2, respec-

tively.

5. The minimum and the maximum value of TDS for optimum coordination of recloser has

been considered as 0.5 and 10, respectively.

6. The minimum and the maximum value of fuse constant a and b are considered in the range

of [1.2, 2.4] and [2, 20], respectively.
7. The value of MFCTI and MRCTI are taken as 0.2 and 0.5 seconds, respectively.

8. Fuse constant a for all the fuses has been considered the same in any particular network

condition.

A flowchart with detailed information of the proposed overall approach used in this chapter is
shown in Figure

6.6 Results and discussion

The effectiveness of the proposed methodology has been investigated on two reconfigurable radial
distribution systems. These two systems are IEEE 33 and 69-bus. Detailed reconfiguration studies

of these two systems are available in [[70, 150,{151,|155-165].
6.6.1 Results on the IEEE 33-bus system

Figure [6.3] shows the IEEE 33-bus system having 32 branches and 5 tie-switches (a total of 37
line) and supplied by electric substation having a short-circuit capacity of 100 MVA. The detailed
information about the system is available in [146]]. For providing complete robust protection using
recloser and fuses, one recloser and six fuses are required which are shown in the figure. The
recloser is placed near to the substation which provides protection to the whole network from any

temporary fault in the system and also provides overall backup protection for any permanent fault
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Figure 6.2: Flowchart of the overall approach.

in the system. Fuses are placed downstream of the recloser on every branch at each junction to
provide primary protection against any permanent fault in the respective branch. It is to be noted
that placing fuse at each branch rather than at each lateral provides additional selectivity for a
fault in the main feeder. However, extra care must be taken in order to select the characteristic

coefficients of the main feeder fuses.

With the six fuses and recloser fast and slow modes of operation there are a total of seven
correct operating sequences of the protecting devices for a fault anywhere in the system under any
configuration which are given in Table It is to be noted that only one of the sequences of the
protective devices is responsible to operate for a particular fault. As an example, for a fault at node
30 under the base case configuration (all switches are open), the correct operating sequence of the
protective devices is given in serial no. 6 in Table where recloser in its fast mode ([2p)) will

operate first followed by fuse 5, fuse 4 and fuse 2. Further, if all these devices fail to clear the
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Figure 6.3: IEEE 33-bus system with tie-switches and protective devices.

fault then finally the recloser in its slow mode of operation (Rgy,) will operate to isolate the whole
network. From Table [6.1] it is observed that fuse 2 provides backup protection for fuse 3 and fuse
4 whereas fuse 4 provides backup protection for fuse 5 and fuse 6. Further, it is also observed that
fuse 1, fuse 3, fuse 5 and fuse 6 work only as a primary protection for any permanent fault in their

protection zones under any configuration. From Table [6.1] it is also observed that the sum of total
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number of operating devices in the seven protective devices (one recloser and six fuses) is 19.

Table 6.1: Correct operating sequences of the various protective devices in the IEEE 33-bus

system

SI. No. Correct operating sequences No. of operating devices

Rpy — Rsym 1
Rpy — F1— Ry
Rpy — F2— Ry
Rpy — FA4—F2 — Rgy
Rpy — F5—F4—F2 — Rgny
Rpy — F6 — F4—F2 — Rgny

Qo] | w|o|—
Sl ww| o]

6.6.1.1 Selection of feasible configurations in the IEEE 33-bus system

In the IEEE 33-bus system there are a total of 50751 possible radial network configurations (ob-
tained using the concepts discussed in Section[6.4)). Out of 50751 possible radial network configu-
rations, feasible power flow solutions are obtained (i.e., all bus voltages are within 0.9 p.u. and 1.1
p.u.) for only 14727 radial network configurations. Further, to prevent reverse power flow through
all the fuses placed in the network, branches 1 to 5 are kept connected so that power flow from
substation to the junction points in the network is always maintained which results in a reduction
of 5339 configurations. Thus, the total number of credible radial network configurations are 9388

only.

From Table[6.1] it is to be noted that originally there are only seven primary-backup operating
sequences among the seven protective devices (one recloser and six fuses) and thus only one se-
quence will be responsible to operate for fault at any node. However, it is possible that the values
of fault current passing through various protective devices of the same operating sequence may be
different for fault at different nodes. For example, the operating sequence 7 is responsible to oper-
ate for fault in any branch from node 7 to 18. Therefore, there are a total of 11 cases of operation
with different values of fault currents (as there are 11 fault points) for this operating sequence (SI.
No. 7). As aresult, corresponding to a fault on each node of a feasible radial network, there are 32
cases of operation with different values of fault currents in the seven original operating sequences
of the protective devices given in Table Hence, there are a total of 9388 x32 cases of operation

in the seven operating sequences for coordination of recloser with downstream fuses (as there are
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9388 feasible configurations) in all the possible configurations.

6.6.1.2 Constraints reduction strategy in reconfigurable radial networks in the IEEE 33-bus

system

The constraint reduction strategy can easily be understood through an example. Figure shows
an example of a typical 4-bus radial distribution system. This system is protected by a recloser
at substation and two fuses downstream of the recloser. Figure [6.5] shows typical time-current
characteristic (TCC) plots of the recloser and two fuses. It is to be noted that, it is essential to
maintain proper coordination among recloser and fuses at the maximum and minimum operating
fault currents. Once the coordination is maintained for these critical fault currents, then for the
other fault currents within the range (i.e. between minimum and maximum fault current) proper
coordination would be maintained. Further, a minimum gap between the characteristics of recloser

slow mode of operation and the nearest fuse curve needs to be maintained.

/ /
/ /
L1 “F2 12 " F1 L3
R = = -
B2 B3 B4
Bl

Figure 6.4: Example of a typical 4-bus radial system.

Now, if the network shown in Figure[6.4]is a part of a reconfigurable radial distribution system,
then it is possible that the protective devices (R, F1 and F2) can have many sets of values of
currents for faults on any other section which are contributed through this part of the network
and also because of variation in the configuration. However, only two of them (maximum and
minimum fault currents) for each protective device of the sequence are important for the purpose
of protection coordination. If the coordination is maintained for these two values of fault currents
then for the other values of fault currents coordination would be maintained (Figure [6.5)). So, if
there are three protective devices in an operating sequence then there are only six critical values

of fault currents for which the protection co-ordination should be maintained. It will guarantee
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Figure 6.5: Typical TCC curves of the protective devices in the 4-bus system.

a proper coordination for any other fault currents of that sequence. Also, it is possible that the
critical values of fault currents may be the same for the three protective devices in this sequence.
Thus, the minimum and maximum number of critical values of fault currents in this example (of
only one operating sequence) is two and six, respectively. Thus, each operating sequence can have
a minimum of two critical values of fault currents and the maximum number of critical values of

fault current is two times the number of protective devices present in that sequence.

In the IEEE 33-bus system, there is 7 operating sequences resulting into a total of 19 operating
devices in these sequences (as can be observed from Table . Thus, the total number of critical
values of fault currents in a given network configuration in this system is 38 (= 2 x 19) as can
be observed from Table [6.1] It is to be noted that the maximum possible number of the critical
values is 38 as each protective device of a sequence has 2 critical values of fault currents whereas,
the minimum possible number of the critical values of fault currents is 14 (= 2 X 7) as each
sequence can have only 2 critical values (which are same for all protective devices participating in

that operating sequence).

In view of the above observations, although the total number of primary-backup operations
is equal to 9388 x 32 in all the feasible configurations, the effective number of primary-backup

operations is in between 14 to 38 depending on the network operating conditions.
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6.6.1.3 Results without DG in the IEEE 33-bus system

In this case, only substation is supplying all the loads through bus 1. The critical values of fault
currents passing through the protective devices obtained in all feasible configurations are given in
Table[6.2] From this table, it is observed that there are only 14 critical cases of operation under all
feasible network configurations. It is to be noted that symbol —’ in various tables represent that
the value of fault current for that particular fuse is of no interest (because the current does not pass

through them) for the fault on the corresponding node at that configuration.

Table 6.2: Critical values of fault currents through various protective devices in all feasible

radial network configurations without DG in the IEEE 33-bus system

Configuration Faulted | Fault currents passing through various protective devices (A)
SI. No. (absent lines) node | Recloser | Fuse 1 | Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6
1 33, 34, 35, 36,37 2 4410 - - - - - -
2 28, 33, 34, 35, 36 2 4411 - - - - - -
3 6,21,23,31,34 32 417 412 - - - - -
4 20, 34, 35, 36, 37 19 3995 3994 - - - - -
5 18, 34, 35, 36, 37 3 3607 - 3606 - - - -
6 16, 14, 30, 35, 37 3 3637 - 3636 - - - -
7 7, 11,28, 34,35 12 503 - 499 495 - - -
8 6, 14,23, 30, 35 23 2964 - 2962 | 2961 - - -
9 11, 14, 19, 24, 31 6 1871 - 1868 - 1866 - -
10 6, 14, 26, 30, 35 4 3153 - 3151 - 3150 - -
11 6,8, 11, 14, 37 11 451 - 447 - 443 433 -
12 3, 14, 26, 30, 35 26 1866 - 1863 - 1860 | 1856 -
13 11,19, 32,34, 35 33 430 - 426 - 422 - 412
14 7,25, 30, 33,34 7 1684 - 1680 - 1678 - 1673
ILmaz 210 [ 18 [ 187 | 48 [ 135 [ 65 [ 58 |

The optimum settings of TDSs for recloser and fuse constants for all the fuses obtained using
the proposed approach for all feasible radial configurations without considering DG are given in
Table The resulting TCC curves of recloser and fuses using their optimum coordination results

obtained without considering DG in all feasible radial configurations are shown in Figure [0.6]

Table 6.3: Optimum values of TDSs of the recloser and constants of all fuses without DG in

the IEEE 33-bus system

Recloser settings Fuse settings
Modes | PCS (A) | TDS Constants F1 F2 F3 F4 F5 Fo6
Fast 275 0.5000 a -1.6614 | -1.6614 | -1.6614 | -1.6614 | -1.6614 | -1.6614
Slow 275 3.4268 b 12.8043 | 12.7127 | 12.4436 | 12.5127 | 12.2441 | 12.3127
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Figure 6.6: Optimum TCC curves of the protective devices without considering DG in the

IEEE 33-bus system.

From Table [6.3] it is observed that the optimum values of TDSs for the fast and the slow modes
of operation of the recloser for the network without DG are 0.5 and 3.4268, respectively. Further,
from Table it is observed that fuse constant a is -1.6614 for all the fuses. Also, fuse constant b
for F4 is higher than that for F5 and F6, while for F2 fuse constant b is higher than that for F3 and
F4 confirming the correct coordination sequences 1-7 as mentioned in Table

From Figure[6.6] it is observed that the optimum coordinated characteristic curves of the fuses
lie well inside the operating times of recloser fast and slow modes of operation. Further, the
operating sequences of the fuses are also maintained as mentioned in Table while maintaining
MEFCTTI among the fuses.

The optimum DG locations and injections in the IEEE 33-bus system have been widely studied
in the literature [[147,(148,/150] for two cases. These cases are: i) DG at single location [147, 148
and ii) DGs at multiple locations [150]. The optimum location of the DG in the first case is at bus 6
with an optimum injection of 2.48 MW at unity power factor whereas, the optimum locations of the

DGs in the second case are at buses 31, 32 and 33 with respective injections of 0.5586 MW, 0.5258
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MW and 0.5840 MW at unity power factor. In subsequent subsections, coordination of recloser

and fuses in the presence of DGs, for reconfigurable radial distribution system, is discussed.
6.6.1.4 Results in the presence of a single DG in the IEEE 33-bus system

In this case, one DG having a short circuit capacity of 25 MVA has been considered at bus 6 with
2.48 MW injections at unity power factor [[147,/148].

The critical values of fault currents passing through the protective devices in all feasible con-
figurations are given in Table [6.4, From Table [6.4] it is observed that the fault current pattern is
very much different than that obtained without the presence of DG. Also, as in previous case, it is
observed from this table that there are only 14 critical cases of operation under all credible network

configurations.

Table 6.4: Critical values of fault currents through various protective devices in all feasible

radial configurations in the presence of a single DG in the IEEE 33-bus system

Configuration Faulted | Fault currents passing through various protective devices (A)
S1. No. (absent lines) node | Recloser | Fuse 1 | Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6
1 33,34,35,36,37 2 4410 - 933 - 933
2 32,33,34,35,37 2 4411 - 934 - 934
3 11,15,19,25,33 32 354 418 - - -
4 9,13,20,27,31 19 3900 4727 844 - 844
5 9,13,18,25,30 3 3607 - 3606 - 1030
6 20,21,26,32,34 3 3637 - 3636 - 964
7 9,24,31,33,34 12 425 - 421 508 -
8 20,26,32,34,35 23 2822 - 2819 | 3591 775
9 8,9,15,18,25 6 1871 - 1868 - 1866
10 20,21,28,32,34 4 3153 - 3151 - 3150 -
11 17,20,21,25,34 11 341 - 336 - 332 472
12 20,21,26,32,34 26 1836 - 1832 - 1829 | 2771 -
13 8,11,14,27,33 33 315 - 311 - 307 - 446
14 11,14,18,27,31 7 1554 - 1550 - 1547 - 2346
ILmaz 215 ] 100 [ 208 [ 140 [ 174 [ 117 | 102 |

The optimum settings of TDSs for recloser and fuse constants for all fuses considering all
feasible radial configurations in the presence of single DG are given in Table [6.5] The resulting
TCC curves of recloser and fuses corresponding to the optimum coordination results are shown in
Figure

From Table [6.5] it is observed that the optimum values of TDSs for the fast and the slow modes
of operation of the recloser for the network for this case are 0.5 and 4.9913, respectively. Further,

from Table it is observed that fuse constant a is -2.1906 for all the fuses. From this table, it is
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Table 6.5: Optimum values of TDSs of the recloser and constants of all fuses in the presence

of single DG in the IEEE 33-bus system

Recloser settings Fuse settings
Modes | PCS (A) | TDS Constants F1 F2 F3 F4 F5 Fo6
Fast 275 0.5000 a -2.1906 | -2.1906 | -2.1906 | -2.1906 | -2.1906 | -2.1906
Slow 275 4.9913 b 17.5857 | 17.5857 | 17.1324 | 17.3857 | 16.9097 | 17.1857

Recloser Fast
Fuse 6
Fuse 5
Fuse 4
Fuse 3
Fuse 2
Fuse 1
— — " Recloser Slow

Fault currents (A)

Figure 6.7: Optimum TCC curves of the protective devices in the presence of single DG in

the IEEE 33-bus system.

observed that fuse constant b for F4 is higher than that for F5 and F6, while for F2, the constant b is
higher than that for F3 and F4 confirming the correct operating sequences 1-7 mentioned in Table
[6.1] Thus, the obtained results can provide proper coordination among the protective devices for

any fault in the system under all feasible configurations in the presence of single DG.

Similar to the previous case, from Figure [6.7] it is observed that the optimum coordinated
characteristic curves of fuses lie well inside the operating times of recloser fast and slow modes
of operation. Additionally, the operating sequences of the fuses are also maintained as mentioned

in Table[6.1] Thus, the obtained recloser settings and fuse constants can provide protection in all
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feasible radial configurations in the presence of a single DG.

6.6.1.5 Results in the presence of multiple DGs in the IEEE 33-bus system

In this case, multiple DGs are located at three different locations, i.e., bus 31, 32 and 33 with real
power injections of 0.5586 MW, 0.5258 MW and 0.5840 MW, respectively. Further, it is assumed

that all the DGs are operating at unity power factor with a short-circuit level of 10 MVA each.

The critical values of fault currents passing through the protective devices in the presence
of multiple DGs are given in Table [6.6] This table shows 38 critical primary-backup cases of
operation under all feasible network configurations. From Table [6.6] it is observed that the fault
current pattern is very much different than that obtained in the presence of a single DG (Table
[6.4) and without any DG (Table [6.2). It is to be noted that the fault current passing through the
protective devices in SI. Nos. 11, 13, 15, 23, 25, 27, and 29 are less than the corresponding load
currents. So, these critical cases of operation need not be considered while calculating the optimum
protection coordination settings because the recloser will not operate in these cases. Also, it has
been observed that there are a total of 91 such cases of operation (among 9388x32 operations)
where fault currents passing through the recloser is less than the corresponding load currents. In
such operating sequences, fuse will operate before the fast mode operation of recloser and remove

the faulted portion of the network.

The optimum settings of TDSs for recloser and fuse constants for all the fuses in this case are

given in Table The resulting TCC curves of recloser and fuses are shown in Figure [6.8]

From Table it is observed that the optimum values of TDSs for the fast and the slow modes
of operation of the recloser for the network considering the presence of multiple DGs are 0.5 and
3.7889, respectively. Further, from Table it is observed that fuse constant a is -1.9483 for all
the fuses. Also, fuse constant b for F4 is higher than that for F5 and F6, while for F2, fuse constant

b is higher than that for F3 and F4 confirming the correct operating sequences 1-7 mentioned in
Table

Similar to the previous cases, from Figure [6.8] it is observed that the optimum coordinated
characteristic curves of fuses lie well inside the operating times of recloser fast and slow modes
of operation and the operating sequences of the fuses are also maintained as mentioned in Table

Thus, the obtained protection coordination results can provide protection in all feasible radial
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Table 6.6: Critical values of fault currents through various protective devices in all feasible

radial configurations in the presence of multiple DGs in the IEEE 33-bus system

Configuration Faulted | Fault currents passing through various protective devices (A)
SI. No. (absent lines) node | Recloser | Fuse 1 | Fuse 2 | Fuse 3 | Fuse 4 | Fuse 5 | Fuse 6
1 33,34,35,36,37 2 4410 - 770 770 - - -
2 32,33,34,35,37 2 4411 - 769 769 - - -
3 11,15,18,27,35 32 376 402 - - - - -
4 6,12,24,31,35 19 3988 3987 - - - - -
5 14,16,18,25,33 22 380 376 - - - - -
6 7,12,25,33,34 19 3900 4680 815 546 269 - 269
7 6,12,25,33,36 3 3541 333 3843 - - - -
8 20,21,28,34,36 3 3630 - 3629 - 685 685 -
9 9,13,18,25,30 3 3607 - 3606 - 690 690 -
10 14,15,20,21,27 3 3547 366 3893 - - - -
11 19,25,34,35,36 10 103 - 99 95 - - -
12 19,27,32,33,34 23 2938 - 2936 | 2935 - - -
13 19,25,32,34,35 10 103 - 98 95 - - -
14 14,19,27,30,35 23 2839 292 3113 | 3112 - - -
15 19,25,32,33,34 10 103 - 98 94 - - -
16 8,9,28,31,33 23 2809 - 2806 | 3443 644 431 -
17 6,12,21,27,32 6 1722 - 1822 306 2124 - -
18 19,26,32,33,34 4 3137 - 3135 - 3134 696 -
19 9,13,15,26,33 6 1723 - 1719 370 2084 - -
20 14,19,26,31,35 4 3029 311 3324 - 3323 - -
21 8,9,15,18,25 6 1871 - 1868 - 1866 410 477
22 14,19,26,30,35 4 2997 - 3188 536 3723 - -
23 21,33,34,36,37 9 76 - 72 - 68 57 -
24 19,26,32,33,34 26 1830 - 1827 - 1824 | 1820 -
25 21,33,34,36,37 9 76 - 72 - 68 57 -
26 14,19,25,34,35 26 1744 - 1910 - 1907 1903 -
27 21,33,34,36,37 9 76 - 72 - 68 57 -
28 14,19,25,33,34 26 1638 - 1739 291 2028 | 2023 -
29 21,33,34,36,37 9 76 - 72 - 68 57 -
30 7,14,24,32,33 26 1720 - 1716 - 1899 | 2321 443
31 7,9,23,32,33 19 314 - 309 - 334 - 323
32 7,14,25,31,33 7 1650 - 1646 - 1644 - 1639
33 7,9,23,32,33 19 314 - 309 - 334 - 323
34 11,12,15,20,37 7 1573 - 1722 - 1719 - 1714
35 6,13,26,33,34 19 314 - 309 - 333 - 323
36 11,12,15,20,27 7 1470 - 1560 261 1818 - 1813
37 7,9,23,32,33 19 314 - 309 - 334 - 323
38 11,14,17,20,28 7 1558 - 1554 - 1551 638 2178
[ ILmas [ 215 [ 100 [ 208 [ 140 [ 174 [ 117 [ 102 ]

Table 6.7: Optimum values of TDSs of the recloser and constants of all fuses in the presence

of multiple DGs in the IEEE 33-bus system

Recloser settings Fuse settings
Modes | PCS (A) | TDS Constants Fl1 F2 F3 F4 F5 F6
Fast 275 0.5000 a -1.9483 | -1.9483 | -1.9483 | -1.9483 | -1.9483 | -1.9483
Slow 275 3.7889 b 15.5010 | 15.5010 | 15.0626 | 15.3010 | 14.7143 | 15.1010

configurations in the presence of multiple DGs in this distribution system.
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Figure 6.8: Optimum TCC curves of the protective devices in the presence of multiple DGs

in the IEEE 33-bus system.

6.6.2 Results on the IEEE 69-bus system

Figure[6.9]shows the IEEE 69-bus system having 68 branches and 5 tie-switches (a total of 73 line)
and supplied by a substation having a short-circuit capacity of 100 MVA. The detailed information
about the system is available in [151]]. For providing complete robust protection using recloser and

fuses, one recloser and 13 fuses are required which are shown in the figure.

With these 13 fuses and recloser fast and slow modes of operation there are a total of 14 correct
operating sequences (Table [6.8) of the protecting devices for a fault anywhere in the system under
any configuration. Similar to the case of the IEEE 33-bus system, only one of the sequences of
the protective devices is responsible to operate for a fault anywhere in the network under any
configuration. As an example, for fault at node 52 under the base case configuration (all switches
are open), the correct operating sequence of the protective devices is given in serial no. 7 in Table
@ where recloser in its fast mode (Rr),) will operate first followed by fuse no. 4 (F4), fuse no. 9

(F9) and fuse no. 8 (F8). Further, if all these devices fail to clear the fault then finally the recloser
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Figure 6.9: IEEE 69-bus system with tie-switches and protective devices.

in its slow mode of operation (Rgy,) will operate to isolate the whole network. From SI. no. 7 of
Table [6.8] it is observed that F8 provides backup protection for F4 and F9 whereas F9 provides
backup protection for F4. Also, it is observed that F8 provides backup protection for F3 and F9, F9

provides backup protection for F4 and F10, F10 provides backup protection for F5 and F11, F11

ESS
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provides backup protection for F6 and F12, whereas F12 provides backup protection for F7 and
F13, respectively. Further, it is also observed that fuses 1 to 7 (F1-F7) and fuse 13 (F13) work only
as primary protection devices for any permanent fault in their respective protection zones. From
Table it 1s also observed that the sum of total number of operating devices in the fourteen

protective devices (one recloser and thirteen fuses) is 57.

Table 6.8: Correct operating sequences of the various protective devices for fault at anywhere

in the IEEE 69-bus system

S1. No. Correct operating sequences No. of operating devices
1 Rpvm — Rsm !

13 |Rpy —F7—F12—F11 — F10— F9— F8 — Rgum
14 |Rpy —F13—F12—F1l — F10— F9— F8 — Rgu

2 Rpy — F1— Rsm 2
3 Rpy — F2— Rsy 2
4 Rpy — F8— Rsym 2
5 Rpy — F3—F8 — Rsy 3
6 Rrar — F9— F8— Rsas 3
7 Rpy — F4—F9— F8 — Rgn 4
8 Rpy — F10 — F9 — F8 — Rsy 4
9 Rpy — F5— F10 — F9 — F8 — Ry 5
10 Rra — F11 — F10 — F9 — F8 — R 5
11 Rpar — F6 — F11 — F10 — F9 — F8 — Rsns 6
P Rey — F12 — F11 — F10 — F9 — F8 — Rgny 6

7

7

6.6.2.1 Selection of feasible configurations in the IEEE 69-bus system

In the IEEE 69-bus system there are a total of 407924 possible radial network configurations (using
the concepts discussed in Section[6.4)). Out of these 407924 possible radial network configurations,
feasible power flow solutions are obtained (i.e., the minimum and maximum values of voltage
magnitude is more than 0.9 per unit and less than 1.1 p.u., respectively) for only 126169 radial
network configurations. Further, to prevent reverse power flow through all the fuses placed in the
network, branches 1 to 12 are kept connected so that power flow from substation to the junction
points in the network is always maintained which results in a reduction of 75811 configurations.
Thus, the total number of credible radial network configurations is 50358 only. Corresponding to
fault on each branch of a feasible radial network, there are 68 cases of operation with different
values of fault currents (using the fourteen original operating sequences of the protective devices
given in Table[6.8§).

Hence, there are a total of 50358 x68 primary-backup cases of operation for coordination of
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recloser with downstream fuses.

6.6.2.2 Constraints reduction strategy in reconfigurable radial networks in the IEEE 69-bus

system

In this system, the total number of operating devices present in all the fourteen operating sequences
given in Table is 57. Thus, the total number of critical values of fault currents in a given
network configuration is 114 (= 2 x 57). It is to be noted that the maximum possible number
of the critical values is 114 as each protective device of a sequence has 2 critical values of fault
currents. However, the minimum possible number of the critical values of fault currents is 28
(= 2 x 14) as each sequence may have only 2 critical values (the maximum and minimum values
of fault currents of one device may remain the same corresponding to the minimum and maximum
values of fault currents for some other device of the sequence).

By utilizing these observations, all the primary-backup cases of operation in the fourteen oper-
ating sequences (which is equal to 50358 x68) can be reduced drastically to a number (depending

on the network operating conditions) which lies between 28 to 114 as discussed above.
6.6.2.3 Results without DG in the IEEE 69-bus system

In this case, only substation is supplying all the loads through bus 1. The critical values of fault
currents passing through the protective devices obtained in all feasible configurations are given in
Table [6.9] From this table, it is observed that there are only 28 critical cases of operation in the
original fourteen operating sequences under all feasible network configurations. Originally, there
were a total of 114 primary-backup cases of operation in which many were repeated and hence

have not been included in the table.

Table 6.9: Critical values of fault currents through various protective devices in all feasible

radial network configurations without DG in the IEEE 69-bus system

Configuration [Faulted Fault currents passing through various protective devices (A)
SI. No.| (absent lines) | node [Recloser|Fuse 1|Fuse 2|Fuse 3|Fuse 4|Fuse 5|Fuse 6|Fuse 7|Fuse 8|Fuse 9|Fuse 10|Fuse 11|Fuse 12|Fuse 13

1 ]69,70,71,72,73| 3 4553 - - - - - - - - - -
2 169,70,71,72,73| 2 4557 - - - - - - - - - -
3 169,70,71,72,73| 34 2636 | 2636 | - - - - - - - - -
4 169,70,71,72,73| 28 4523 | 4523 - - - - - - - - -
5 [14,61,69,70,72| 62 684 - 684 - - - - - -
6 169,70,71,72,73| 36 4523 - 4523 - - - - - - - -
7 169,70,71,72,73| 4 4543 - - - - - - - | 4543 - -
8 169,70,71,72,73| 4 4543 - - - - - - - | 4543 - -

Continued on next page
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Table 6.9 — continued from previous page

Configuration [Faulted Fault currents passing through various protective devices (A)

SI. No.| (absent lines) | node [Recloser|Fuse 1|Fuse 2|Fuse 3|Fuse 4|Fuse 5|Fuse 6|Fuse 7|Fuse 8|Fuse 9|Fuse 10|Fuse 11|Fuse 12|Fuse 13
9 |14,45,53,69,70| 46 618 - - 618 - - - - 618 - - - - -
10 |69,70,71,72,73| 47 4519 - - 4519 - - - - 4519 - - - - -
11 |35,49,63,69,70| 8 3177 - - - - - - - 3177 | 3177 - - - -
12 |20,53,69,70,71| 5 4460 - - - - - - - 4460 | 4460 - - - -
13 |35,49,63,70,71| 52 2769 - - - 2767 - - - 2769 | 2769 - - - -
14 |15,52,69,70,71| 51 3135 - - - 3135 - - - 3135 | 3135 - - - -
15 (36,49,63,69,70| 9 3114 - - - - - - - 3114 | 3114 | 3114 - - -
16 [13,52,64,69,70| 9 3187 - - - - - - - 3187 | 3187 | 3187 - - -
17 |54,61,69,70,71| 22 614 - - - - 607 - - 614 | 614 | 608 - - -
18 |15,53,69,70,71| 53 2986 - - - - 2985 - - 2986 | 2986 | 2985 - - -
19 [14,35,49,61,70| 62 627 - - - - - - - 627 | 627 | 621 620 - -
20 [13,52,69,70,73| 10 2479 - - - - - - - 2479 | 2479 | 2477 | 2476 - -
21 [35,49,61,69,70| 67 2152 - - - - - 2148 - 2152 | 2152 | 2149 | 2149 - -
22 [15,53,69,70,71| 66 2222 - - - - - 2218 - 2222 | 2222 | 2219 | 2219 - -
23 [35,49,61,69,70| 12 1873 - - - - - - - 1873 | 1873 | 1870 | 1869 | 1867 -
24 115,53,69,70,71| 12 1941 - - - - - - - 1941 | 1941 | 1938 | 1937 | 1935 -
25 (35,49,61,69,70| 69 1577 - - - - - - 1567 | 1577 | 1577 | 1573 | 1572 | 1568 -
26 [13,53,69,70,73| 68 1637 - - - - - - 1627 | 1637 | 1637 | 1633 | 1632 | 1628 -
27 136,49,61,69,70| 62 531 - - - - - - - 531 | 531 525 524 516 510
28 [13,52,69,70,73| 13 1541 - - - - - - - 1541 | 1541 | 1537 | 1536 | 1532 | 1530

I mas 224 5 10 48 3 105 2 3 208 | 160 151 44 32 20

In this case, the optimum settings of TDSs for recloser and fuse constants for all the fuses for
all feasible radial configurations are given in Table[6.10} The resulting TCC curves of recloser and

fuses using their optimum coordination results are shown in Figure [6.10]

Table 6.10: Optimum values of TDSs of the recloser and constants of all fuses without DG

in the IEEE 69-bus system

Recloser settings Fuse settings
ModesPCS (A)| TDS |(Constants| F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 | F11 | F12 | FI3
Fast | 300 {0.5000] a -1.4602|-1.4602|-1.4602(-1.4602(-1.4602|-1.4602|-1.4602|-1.4602|-1.4602|-1.4602|-1.4602|-1.4602|-1.4602
Slow | 300 [7.4544 b 11.965911.9659/11.8159(11.2291(10.9992(10.6007|10.3715/12.0159]11.8159|11.6159(11.4159(11.2159[11.0159

From Table [6.10] it is observed that the optimum values of TDSs for the fast and the slow
modes of operation of the recloser for the network without DG are 0.5 and 7.4544, respectively.
Further, the fuse constant a is -1.4602 for all the fuses and the fuse constant b for all the fuses
are progressively higher than the corresponding primary one which confirms the correct coordi-
nation sequence 1-14 mentioned in Table [6.8] From Figure [6.10} it is observed that the optimum
coordinated characteristic curves of the fuses lie well inside the operating times of recloser fast

and slow modes of operation. Further, the operating sequences of the fuses are also maintained as
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Figure 6.10: Optimum TCC curves of the protective devices without considering DG in the

IEEE 69-bus system.

mentioned in Table [6.8] while maintaining MFCTI among the fuses. Therefore, the recloser-fuse
settings obtained can provide protection of the system under all the credible configurations without

considering DG in the IEEE 69-bus system.
6.6.2.4 Results in the presence of a single DG in the IEEE 69-bus system

In this case, one DG having a short circuit capacity of 20 MVA has been considered at bus 61 with
1.81 MW generation at unity power factor [147,148)].

The critical values of fault currents passing through the protective devices for this case are given
in Table[6.11] From this table, it is observed that there are only 53 critical cases of operation in the
original fourteen operating sequences under all the credible network configurations. As discussed
in the previous case, in this case also originally there were a total of 114 primary-backup cases of
operation in which many were duplicated. After ignoring the duplicate cases, the total number of

critical cases of operation is reduced to 53 only.
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Table 6.11: Critical values of fault currents through various protective devices in all feasible

radial configurations in the presence of a single DG in the IEEE 69-bus system

Configuration |Faulted Fault currents passing through various protective devices (A)

SI. No.| (absent lines) | node [Recloser|Fuse 1|Fuse 2|Fuse 3|Fuse 4|Fuse 5|Fuse 6|Fuse 7|Fuse 8Fuse 9|Fuse 10|Fuse 11|Fuse 12|Fuse 13
1 |38,69,70,72,73| 3 4553 - - - - - - - - - - - - -
2 |35,44,49,61,70| 2 4557 - - - - - - - - - - - - -
3 38,69,70,72,73| 34 2404 | 2754 | - - - - - - - - - - - -
4 [54,69,70,71,73| 28 4518 | 5168 | - - - - - - - - - - - -
5 |58,69,70,71,73| 34 2413 | 2719 | - - - - - - - - - - - -
6 |15,58,69,70,71| 28 4518 | 5177 | - - - - - - - - - - - -
7 [14,54,61,69,70| 62 605 - 688 - - - - - - - - - - -
8 [23,53,69,70,71] 36 4518 - | 5168 - - - - - - - - - - -
9 [14,49,61,69,70| 62 611 - 686 - - - - - - - - - - -
10 |13,45,52,69,70| 36 4518 - 5177 - - - - - - - - - - -
11 |21,52,69,70,71| 4 4543 - - - - - - - 4543 - - - - -
12 |14,45,53,69,70| 46 526 - - 526 - - - - 526 - - - - -
13 |58,69,70,71,73| 47 4519 - - 4519 - - - - 4519 - - - - -
14 136,49,63,69,70| 47 4515 - - 5092 - - - - 4515 - - - - -
15 |35,58,61,70,71| 8 3041 - - - - - - - | 3041 | 3472 - - - -
16 |14,20,23,69,72| 5 4459 - - - - - - - | 4459 | 4459 - - - -
17 |45,64,69,70,72| 8 3213 - - - - - - - 32133213 - - - -
18 64,69,70,71,72| 5 4445 - - - - - - - | 4445 | 5095 - - - -
19 |39,54,64,69,70| 52 2604 - - - 12971 - - - 2604|2973 - - - -

20 |13,61,69,70,72| 51 3109 - - - 3756 - - - | 3109 | 3109 - - - -
21 |35,49,63,69,70| 52 2716 - - - 13297 - - - | 2716 | 2716 - - - -
22 |13,45,53,69,70| 51 2936 - - - 13366 - - - 2936 | 3366 - - - -
23 126,38,69,70,72| 51 3088 - - - 13748 | - - - | 3088 | 3088 - - - -
24 |15,45,58,69,70| 51 2933 - - - 13363 - - - 2933 | 3363 - - - -
25 135,58,61,70,71| 9 2975 - - - - - - - 1297513397 | 3397 - - -
26 (39,53,63,70,71| 9 3184 - - - - - - - | 3184|3184 | 3184 - - -
27 [35,49,61,69,70, 9 3150 - - - - - - - | 3150 | 3150 | 3150 - - -
28 [13,45,52,69,70, 9 2991 - - - - - - - | 2991 | 3429 | 3429 - - -
29 |21,44,69,70,72| 22 555 - - - - 547 - - 555 | 555 | 549 - - -
30 [14,61,69,70,72| 53 2983 - - - - 2982 - - | 2983 | 2983 | 2982 - - -
31 [13,53,69,70,71| 53 2781 - - - - | 3186 - - | 2781 | 3187 | 3186 - - -
32 |14,35,49,61,70| 62 540 - - - - - - - 540 | 540 | 534 646 - -
33 |13,61,69,70,72| 10 2353 - - - - - - - 1235312353 | 2351 | 2851 - -
34 145,63,69,70,72| 10 2260 - - - - - - - 12260 | 2590 | 2588 | 2587 - -
35 |14,35,58,61,70| 62 563 - - - - - - - 563 | 639 | 634 632 - -
36 |35,58,61,69,70| 67 1983 - - - - - 12260 - 1983 | 2264 | 2261 | 2261 - -
37 |13,61,69,70,72| 66 2072 - - - - - 12507 | - |2072]2072| 2069 | 2508 - -
38 |35,49,61,70,71| 67 2027 - - - - - | 2466 | - | 2027|2027 | 2024 | 2467 - -
39 39,49,63,70,71| 66 2009 - - - - - 12298 | - 2009|2302 2299 | 2299 - -
40 |(35,58,61,70,71| 67 1984 - - - - - 12260 - 1984 | 2264 | 2261 | 2261 - -
41 |35,58,61,69,70| 12 1712 - - - - - - - 1712 | 1954 | 1951 | 1950 | 1948 -
42 |20,45,58,61,69| 12 1775 - - - - - - - 1775 | 1775 | 1771 | 2146 | 2144 -
43 136,58,61,69,70| 12 1729 - - - - - - - 1729 | 1729 | 1725 | 2102 | 2100 -
44 115,54,69,70,71| 12 1741 - - - - - - - 1741 | 1994 | 1991 | 1990 | 1988 -
45 |35,49,63,69,70| 69 1427 - - - - - - 1727 | 1427 | 1427 | 1422 | 1732 | 1729 -
46 |14,61,69,70,72| 68 1467 - - - - - - 1766 | 1467 | 1467 | 1462 | 1771 | 1768 -
47 |44,49,61,69,70| 68 1457 - - - - - - 1659 | 1457 | 1669 | 1665 | 1664 | 1660 -
48 [20,35,58,61,69| 69 1433 - - - - - - 1624 | 1433 | 1634 | 1630 | 1629 | 1626 -
49 [35,49,61,69,70| 62 456 - - - - - - - 456 | 456 | 450 542 534 528
50 |42,45,64,70,72| 13 1373 - - - - - - - 1373 | 1567 | 1563 | 1562 | 1558 | 1556
51 |14,35,49,63,70| 13 1369 - - - - - - - 1369 | 1567 | 1563 | 1562 | 1558 | 1556
52 |35,58,61,69,70| 62 477 - - - - - - - 477 | 540 | 535 533 526 520
53 |14,61,69,70,72| 13 1372 - - - - - - - 1372 | 1372 | 1367 | 1656 | 1652 | 1650
Inmax 159 5 47 | 111 | 61 61 50 72 | 154 | 130 | 121 75 63 51
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In this case, the optimum settings of TDSs for recloser and fuse constants for all the fuses
are given in Table [6.12] The resulting TCC curves of recloser and fuses using their optimum

coordination results are shown in Figure[6.11]

Table 6.12: Optimum values of TDSs of the recloser and constants of all fuses in the presence

of single DG in the IEEE 69-bus system

Recloser settings Fuse settings
IModes|PCS (A)] TDS [[Constants] F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13
Fast | 300 [0.5000] a -1.6146|-1.6146|-1.6146|-1.6146|-1.6146(-1.6146|-1.6146-1.6146|-1.6146|-1.6146|-1.6146|-1.6146|-1.6146
Slow | 300 [7.4544 b 13.4838(13.4838|13.3084(12.7677|12.3831(12.0621|11.828(13.5126[13.3126{13.1126[12.9126/12.7126/12.5126
3 \ .
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Figure 6.11: Optimum TCC curves of the protective devices in presence of single DG in the

IEEE 69-bus system.

-
o,

From Table [6.12] it is observed that the optimum values of TDSs for the fast and the slow

modes of operation of the recloser are the same as that obtained without DG as given in Table

[6.10] However, fuse constant a and b are different in the presence of single DG than those obtained
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without DG for all the fuses. In this case also, fuse constant b for all the fuses are progressively
higher than the corresponding primary one which confirms the correct coordination sequence 1-14
mentioned in Table [6.8] Similar to the previous case, from Figure [6.11] it is observed that the
optimum coordinated characteristic curves of fuses lie well inside the operating times of recloser
fast and slow modes of operation. Thus, the obtained results can provide proper coordination
among the protective devices for any fault in the system under all the feasible configurations in the

presence of single DG.
6.6.2.5 Results in the presence of multiple DGs in the IEEE 69-bus system

In this case, multiple DGs are located at three different locations, i.e., bus 60, 61 and 62 with
respective injections of 0.3525 MW, 1.0666 MW and 0.4527 MW, respectively, at unity power
factor with a short-circuit level of 10 MVA each.

The critical values of fault currents for this case are given in Table [6.13] From this table, it
is observed that there are only 81 critical cases of operation in the original fourteen operating
sequences under all the credible network configurations. As discussed in two previous cases, in
this case also, originally there were a total of 114 primary-backup operating sequences in which a

few were repeated ones which have not been included in the table.

Table 6.13: Critical values of fault currents through various protective devices in all feasible

radial configurations in the presence of multiple DGs in the IEEE 69-bus system

Configuration |Faulted Fault currents passing through various protective devices (A)

SI. No.| (absent lines) | node [Recloser|Fuse 1|Fuse 2|Fuse 3|Fuse 4|Fuse 5|Fuse 6/Fuse 7|Fuse 8|Fuse 9|Fuse 10|Fuse 11|Fuse 12|Fuse 13
1 {36,70,71,72,73| 3 4553 - - - - - - - - B - N R N
2 |35,44,53,63,70| 2 4557 - - - - - - - _ _ - R R N
3 [38,58,63,69,70| 34 2301 |2805| - - - - - - _ _ - R N R
4 ]23,39,70,71,72| 28 4517 | 5205 | - - - - - - - _ - R R N
5 ]49,63,69,70,71| 34 2358 | 2717 | - - - - - - - _ - R R N
6 ]20,36,53,61,69| 28 4515 | 5504 | - - - - - - B - - R R R
7 |14,58,62,69,70| 63 594 - 700 - - - - - - - - N R B
8 [14,49,61,69,70| 36 4518 - | 5121 - - - - - B B - N N N
9 114,49,62,69,70| 63 607 - 696 - - - - - - - - - R B
10 |39,54,70,71,73| 36 4515 - 5504 | - - - - - - - - - R B
11 |20,42,61,69,72| 4 4542 - - - - - - - | 4848 ] - - - R B
12 |23,53,69,70,71| 4 4543 - - - - - - - | 4543 | - - - R B
13 |14,45,53,69,70| 46 481 - - 481 - - - - 481 - - - - -
14 |58,69,70,71,73| 47 4519 - - | 4519 - - - - | 4519 - - - - R
15 |42,61,70,71,72| 47 4516 - - | 4820 - - - - | 4820 - - - - R
16 |14,49,61,69,70| 47 4513 - - | 5427 | - - - - | 4816 - - - - -
17 |14,58,61,69,70| 8 2970 - - - - - - - | 3170 | 3614 - - - -
18 [14,17,36,61,72| 5 4459 - - - - - - - | 4459 | 4459 - - - _
19 135,58,63,69,70| 8 2980 - - - - - - - 2980 | 3530 - - - -

Continued on next page
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Table 6.13 — continued from previous page

Configuration [Faulted Fault currents passing through various protective devices (A)

SI. No.| (absent lines) | node [Recloser|Fuse 1|Fuse 2|Fuse 3|Fuse 4|Fuse 5|Fuse 6|Fuse 7|Fuse 8|Fuse 9|Fuse 10|Fuse 11|Fuse 12|Fuse 13
20 [14,49,61,69,70| 5 4451 - - - - - - - 4750 | 4750 - - - -
21 [35,49,63,70,71| 8 3214 - - - - - - - 3214 | 3214 - - - -
22 |20,49,61,69,71| 5 4437 - - - - - - - 4736 | 5400 - - - -
23 144,53,61,69,70| 52 2523 - - - 3068 - - - 2693 | 3070 - - - -
24 |14,63,69,70,72| 51 3100 - - - 3941 - - - 3100 | 3100 - - - -
25 139,45,49,61,70| 52 2540 - - - 3007 - - - 2540 | 3009 - - - -
26 |13,61,69,70,72| 51 3004 - - - 3883 - - - 3206 | 3206 - - - -
27 120,35,49,61,71] 52 2675 - - - 3567 - - - 2675 | 2675 - - - -
28 139,49,61,70,71| 51 2849 - - - 3468 - - - 3041 | 3468 - - - -
29 144,69,70,72,73| 51 3080 - - - 3932 - - - 3080 | 3080 - - - -
30 {20,35,58,61,69| 51 2870 - - - 3412 - - - 2870 | 3412 - - - -
31 [13,58,61,69,70| 9 2904 - - - - - - - 3100 | 3534 | 3534 - - -
32 [14,63,69,70,72| 9 3184 - - - - - - - 3184 | 3184 | 3184 - - -
33 [38,44,49,61,70| 9 2914 - - - - - - - 2914 | 3452 | 3452 - - -
34 |38,63,70,71,72| 9 3079 - - - - - - - 3286 | 3286 | 3286 - - -
35 145,54,69,70,73| 9 3152 - - - - - - - 3152 | 3152 | 3152 - - -
36 (25,53,69,70,71| 9 2905 - - - - - - - 3100 | 3535 | 3535 - - -
37 ]21,36,69,70,72| 22 510 - - - - 502 - - 510 | 510 | 504 - - -
38 [14,63,69,70,72| 53 2983 - - - - 2982 - - 2983 | 2983 | 2982 - - -
39 |13,61,69,70,72| 53 2872 - - - - 3065 - - 3066 | 3066 | 3065 - - -
40 |14,53,61,69,70| 53 2691 - - - - 3274 - - 2872 | 3275 | 3274 - - -
41 [13,17,53,61,69| 53 2757 - - - - 3490 - - 2757 | 3167 | 3166 - - -
42 |14,35,49,62,70| 63 525 - - - - - - - 525 | 525 519 660 - -
43 136,53,64,69,70| 10 2337 - - - - - - - 2337 | 2337 | 2335 | 2858 - -
44 120,61,69,71,72| 10 2241 - - - - - - - 2392 | 2392 | 2390 | 2906 - -
45 161,69,70,71,72| 10 2168 - - - - - - - 2314 | 2638 | 2636 | 2635 - -
46 |14,58,61,69,70| 63 553 - - - - - - - 553 | 650 | 644 643 - -
47 114,63,69,70,72| 10 2306 - - - - - - - 2306 | 2306 | 2304 | 2946 - -
48 149,63,69,70,71| 67 1917 - - - - - 2328 - 2046 | 2332 | 2329 | 2329 - -
49 113,20,61,69,72| 66 2043 - - - - - 2814 - 2043 | 2043 | 2040 | 2496 - -
50 [20,35,61,71,72| 67 1924 - - - - - 2275 - 1924 | 2279 | 2276 | 2276 - -
51 (42,61,70,71,72| 66 1965 - - - - - 2544 - 2096 | 2096 | 2093 | 2545 - -
52 [35,49,63,69,70| 67 1975 - - - - - 2533 - 1975 | 1975 | 1972 | 2534 - -
53 139,63,70,71,72| 66 1920 - - - - - 2332 - 2049 | 2336 | 2333 | 2333 - -
54 |45,58,64,69,70| 67 1977 - - - - - 2587 - 1977 | 2269 | 2266 | 2265 - -
55 |14,63,69,70,72| 66 2018 - - - - - 2575 - 2018 | 2018 | 2015 | 2576 - -
56 |35,58,63,70,71| 67 1924 - - - - - 2274 - 1924 | 2278 | 2275 | 2275 - -
57 158,61,69,70,71| 12 1659 - - - - - - - 1659 | 1965 | 1962 | 1961 | 1959 -
58 [14,20,61,69,72| 12 1758 - - - - - - - 1758 | 1758 | 1754 | 2146 | 2144 -
59 [14,20,42,61,72| 12 1677 - - - - - - - 1789 | 1789 | 1785 | 2170 | 2168 -
60 [45,54,61,69,70| 12 1676 - - - - - - - 1676 | 1676 | 1672 | 2148 | 2146 -
61 [20,42,61,71,72| 12 1660 - - - - - - - 1771 | 2018 | 2014 | 2013 | 2011 -
62 [58,63,69,70,71| 12 1690 - - - - - - - 1690 | 1940 | 1936 | 1935 | 2198 -
63 [20,40,61,69,72| 12 1719 - - - - - - - 1719 | 1719 | 1715 | 2192 | 2190 -
64 164,69,70,71,72| 12 1659 - - - - - - - 1659 | 1964 | 1961 | 1960 | 1958 -
65 [45,58,69,70,73| 12 1715 - - - - - - - 1715 | 1715 | 1711 | 2095 | 2354 -
66 149,63,69,70,71| 69 1371 - - - - - - 1773 | 1463 | 1463 | 1458 | 1778 | 1775 -
67 142,64,70,71,72| 68 1421 - - - - - - 1889 | 1421 | 1631 | 1626 | 1625 | 1622 -
68 [35,49,63,69,70| 69 1376 - - - - - - 1755 | 1376 | 1376 | 1372 | 1760 | 1757 -
69 144,53,63,69,70| 68 1384 - - - - - - 1672 | 1477 | 1682 | 1678 | 1677 | 1673 -
70 |14,35,54,61,70| 69 1389 - - - - - - 1800 | 1389 | 1593 | 1589 | 1587 | 1802 -
71 169,70,71,72,73| 68 1414 - - - - - - 1794 | 1414 | 1414 | 1409 | 1799 | 1796 -
72 135,53,61,69,70| 69 1406 - - - - - - 1867 | 1406 | 1613 | 1608 | 1607 | 1604 -
73 126,53,69,70,71| 68 1392 - - - - - - 1904 | 1392 | 1392 | 1388 | 1698 | 1906 -
74 135,53,63,69,70| 69 1385 - - - - - - 1629 | 1385 | 1639 | 1635 | 1634 | 1631 -
75 142,49,63,69,70| 68 1420 - - - - - - 1992 | 1420 | 1420 | 1416 | 1732 | 1728 -
76 135,49,62,69,70| 63 442 - - - - - - - 442 | 442 | 436 553 545 539
77 123,39,69,70,72| 13 1362 - - - - - - - 1362 | 1563 | 1559 | 1558 | 1554 | 1552

Continued on next page
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Table 6.13 — continued from previous page

Configuration [Faulted Fault currents passing through various protective devices (A)

SI. No.| (absent lines) | node [Recloser|Fuse 1|Fuse 2|Fuse 3|Fuse 4|Fuse 5|Fuse 6|Fuse 7|Fuse 8|Fuse 9|Fuse 10|Fuse 11|Fuse 12|Fuse 13
78 152,64,69,70,71| 13 1299 - - - - - - - 1386 | 1579 | 1575 | 1574 | 1570 | 1568
79 135,52,62,69,70| 63 468 - - - - - - - 468 | 548 | 542 541 534 528
80 [20,53,69,70,71| 13 1321 - - - - - - - 1321 | 1321 | 1316 | 1680 | 1676 | 1674
81 [45,53,64,69,70| 13 1296 - - - - - - - 1296 | 1296 | 1291 | 1579 | 1771 | 1769

I mas 157 5 45 109 | 63 63 48 71 153 | 128 119 72 60 49

In this case, the optimum settings of TDSs for recloser and fuse constants for all the fuses are

given in Table The resulting TCC curves of recloser and fuses are shown in Figure

Table 6.14: Optimum values of TDSs of the recloser and constants of all fuses in the presence

of multiple DGs in the IEEE 69-bus system

Recloser settings Fuse settings
ModeslPCS (A)| TDS |(Constants| F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 | F11 F12 | F13
Fast | 300 {0.5000 a  }1.6343-1.6343-1.6343|-1.6343-1.6343-1.6343-1.6343|-1.6343|-1.6343|-1.6343|-1.6343|-1.6343|-1.6343
Slow | 300 [7.4544 b 13.753(13.753(13.5812(13.0102{12.69712.421{12.2168|13.7812(13.5812(13.3812/13.1812]12.9812]12.7812]

From Table it is observed that for this case also, the optimum values of TDSs for the fast
and the slow modes of operation of the recloser are same as obtained in the previous two cases.
However, fuse constants a and b are different for all the fuses in the presence of multiple DGs
than those obtained without DG and with single DG in this system. Similar to the previous two
cases, fuse constant b for all the fuses are progressively higher than the corresponding primary
one which confirms the correct coordination sequence 1-14 mentioned in Table[6.8] Further, from
Figure it is observed that the optimum coordinated characteristic curves of fuses lie well
inside the operating times of recloser fast and slow modes of operation. Thus, the obtained results
can provide proper coordination among the protective devices for any fault in the system under all

the feasible configurations in the presence of multiple DGs.
6.7 Comparative assessment of recloser-fuse coordination results

In this section, to investigate the effectiveness of the recloser-fuse coordination results obtained
in the two test systems (IEEE 33 and 69-bus) in three different network conditions (without DG,
single DG and multiple DGs), the number of miscoordination has been calculated when the recloser

and fuse settings obtained in any particular network condition are applied to all the three network
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Figure 6.12: Optimum TCC curves of the protective devices in the presence of multiple DGs

in the IEEE 69-bus system.

conditions. Table [6.13] gives the results of this investigation for the IEEE 33 and 69-bus radial

distribution systems.

Table 6.15: Performance of various results of recloser-fuses coordination for fault currents

in different situations

. . Constraint violations with network condition
System | Settings obtained <grp "\ BG T Single DG | Multiple DGs
Without DG 0 78620 12203
1IEEE 33-bus Single DG 0 0 91
Multiple DGs 0 0 101
Without DG 0 115073 147456
IEEE 69-bus Single DG 0 0 9400
Multiple DGs 0 0 0

From Table[6.15] it is observed that in the IEEE 33-bus system, there are 78620 and 12203 cases
of constraint violations when the recloser-fuse coordination results obtained without considering
DG are applied to the network in the presence of single and multiple DGs, respectively, in the

IEEE 33-bus system. Also, there are 91 and 101 cases of constraint violations, respectively, when
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the recloser-fuse coordination results obtained in the presence of single DG and multiple DGs are
applied to the network in the presence of multiple DGs. It is to be noted that these 91 and 101
cases of constraint violations occur because of the maximum load current being higher than the
corresponding fault current passing through the recloser in these cases. However, in the IEEE
69-bus system, there are 115073 and 147456 cases of constraint violations when the recloser-fuse
coordination results obtained without considering DG is applied to the network in the presence of
single and multiple DGs, respectively. Also, there are 9400 cases of constraint violations when the
recloser-fuse coordination results obtained in the presence of single DG is applied to the network
in the presence of multiple DGs. In the other cases, there is no constraint violation. Thus, it is
observed from this table that the recloser-fuse settings obtained in the presence of multiple DGs is
robust as there is no constraint violation with the fault current calculation under any conditions in

the IEEE 69-bus system.
6.8 Conclusion

This chapter proposes optimum recloser-fuse coordination for reconfigurable radial distribution
system in the presence of distributed generators (DGs). On the basis of various case studies on the

IEEE 33 and 69-bus systems, the following conclusions can be drawn;

(i) Recloser-fuse coordination problem can be formulated as an optimization problem.

(i) Optimum recloser-fuse settings obtained considering all possible network configurations

without DG cannot coordinate properly when DGs are present in the system.

(iii)) Optimum recloser-fuse settings obtained considering presence of only one DG cannot coor-

dinate properly in the presence of multiple DGs.

In the next chapter, final conclusion of the thesis is presented.
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Chapter 7

Conclusion

This chapter highlights the major findings of this thesis and suggests some possible future works

in the area of protection coordination of distribution systems.
7.1 Conclusions
Based on the work reported in this thesis, the following conclusions are drawn:

1. Differential evolution (DE) is the most suited optimization algorithm for solving directional

overcurrent relays (DOCRs) coordination among metaheuristic algorithms.

2. Proposed IPM-IPM and IPM-BBM algorithms give better results than DE for solving the
coordination problem of DOCRs. Further, IPM-IPM algorithm performs better than IPM-
BBM algorithm.

3. Proposed new objective function (NOF) gives lower operating times of primary and backup
relays along with least coordination time interval (CTI) between the operating times of pri-

mary and the corresponding backup relays.

4. Robust settings are suitable for coordinating DOCRs properly under all allowable (N-1)
contingencies. A single protection coordination settings of DOCRs obtained under allowable

(N-1) contingency can provide complete protection of the system successfully.

5. Optimum recloser-fuse settings give much improved coordination than the conventional

methods in the presence of distributed generators (DGs).

6. Optimum recloser-fuse settings obtained considering network reconfiguration and multiple

DG locations are robust.

7. IPM based algorithm is best suited for solving recloser-fuse coordination problems.
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7.2 Scope of further works
e DOCRs coordination with distance relays can be studied to improve protection coordination

in power systems.

e Optimum recloser-fuse coordination can be extended for protection of microgrids. Also,
the optimum recloser-fuse protection coordination study in the presence of various kinds of

renewable generation can be performed.

e Techno-economic analysis of various protection schemes in microgrids and smart grids can

be performed.

e Effects of variable generation and energy storage on existing protection coordination scheme

can be analyzed.
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Appendix A

Various Systems Data

Table A.1: Maximum load current and minimum and maximum fault current for the IEEE

14-bus system

SL No.[Ipmaz (A) Ifm,in (A) Ifma.m (A)[|S1. No.\Ipmaz (A) Ifmin (A) Ifmam (A)[|SL. No.\Tpmaz (A) Ifmin (A) Ifmam (A)
1 1246 4178 9737 15 282 2597 3947 29 624 3616 5276
0 3184 7420 16 0 2250 3419 30 0 2855 4165
3 598 2910 5009 17 138 1480 2051 31 111 4328 6132
4 0 1942 3343 18 0 2132 2956 32 0 1449 2052
5 588 3073 5162 19 370 2457 3638 33 167 3386 4583
6 0 1558 2616 20 0 2419 3582 34 0 1297 1756
7 449 3015 5228 21 134 3714 5165 35 0 2793 3814
8 0 1949 3379 22 0 1610 2239 36 69 2083 2846
9 333 3022 5271 23 134 3551 4796 37 30 1549 2050
10 0 1984 3460 24 0 1080 1459 38 0 2661 3521
11 0 1815 2930 25 313 4193 5881 39 98 2427 3211
12 198 2458 3966 26 0 1374 1928 40 0 1677 2219
13 0 2542 4568 27 373 4288 6027 - - - -
14 519 2773 4983 28 0 1155 1623 - - - -

Table A.2: CTR of the relays for the IEEE 14-bus system

CTR | Relay No. CTR Relay No.
8000/5 1 1200/5 13,23,30,33
3500/5 29 1000/5 | 8,10,12,16,20,35,38,39
3000/5 | 2,3,5,14 800/5 6,11,17,18,36
2500/5 7 600/5 22,32,37,40
2000/5 | 2,9,19,27 500/5 26,28,34
1600/5 | 15,21,25,31 || 400/5 24

Table A.3: Primary/backup relay pairs along with the maximum fault current for the IEEE

14-bus system

Faulty | Serial | Primary | Backup | Irimary | Itpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
1 1 3 9737 | 201 3 17 28 | 2051 | 658
2 3 6 TR0 | 713 2 17 30 | 2051 | 1640
LI 3 5] 8 7420 | 587 30 B 15 2956 | 332
4 5] 10 | 7420 | 535 L9 37 B 78 | 2956 | 658
5 3 2 5000 | 322 ) 18 32 | 2956 | 79
6 3 9 3343 | 1156 53 B 3| 295 | 535
L2 — 3 3 3343 | 1715 54 9 3 3638 | 1189
8 3 30 | 3343 | 408 55 0 9 3638 | 1213
9 5 ] 5162 | 2378 36 0 3 3638 | 1274
10 5 8 5t62 | 155 || M0 7 20 7 | 3582 | 916
L3 7 5 0 | 5162 | 75 53 20 24 | 3582 | 189
2 6 2| 2616 | 1292 59 20 26 | 3582 | 598
Continued on next page
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Table A.3 — continued from previous page

Faulty | Serial | Primary | Backup | Irimary | Ipackup || Faulty | Serial | Primary | Backup | Igrimary | Lfpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
13 7 T 528 | 2513 %0 21 19 | 5165 | 1150
3 7 6 558 | 132 o1 7 2 | 5165 | 154
B 7 0 | 528 | 503 | Y & 71 % | 5165 | 471
16 8 11 3379 | 870 63 » 35 | 2239 | 2201
L4 7 8 4 | 3379 | 1862 64 b%) 10 | 4796 | 1110
B 8 18 | 3379 | 261 65 3 2| 4796 | 933
g 8 ® | 339 | 787 || Y2 66 3 2% | 4796 | 481
20 g 30 | 3379 | 280 67 24 33 1459 | 139
21 9 T 5271 | 2395 68 25 19 | 5881 | 1349
b%) 9 6 571 | 160 9 75 7 | 5881 | 1073
23 9 8 571 [ 530 || M3 70 25 24 | 5881 | 491
24 10 3 3360 | 1369 7 %6 37 1928 | 530
L5 >3 10 3| 3460 | 1579 7 %6 20 1928 | 1239
26 10 20 | 3460 | 438 73 30 17 | 4165 | 693
77 i}l 5 2930 | 1632 || Li5 | 74 30 3| 4165 | 1486
7% 2 7 3966 | 1277 75 30 34| 4165 | 989
29 B @[ 3966 | 2079 76 3 5 [ 6132 | 1119
L6 =5 2 18 | 3966 | 251 77 30 7 | 6132 | 733
3 5} 28 | 3966 | 708 || L6 | 78 3 % | 6132 | 931
EW) 2 30 | 3966 | 271 79 30 34 | 6132 | 883
3 13 7 4568 | 2174 80 EY) 36 | 2052 | 1923
34 3 T 3568 | 1570 81 3 5 | 4583 | 794
35 3 18 | 4563 | 294 %) 3 7 | 4583 | 522
36 13 28 | 4568 | 1132 || L17 | 83 3 78 | 4583 | 634
L7 =37 13 30 | 4568 | 363 84 3 3 | 4583 | 808
33 14 3 4983 | 2204 85 34 39 1756 | 1611
39 14 9 3983 | 2151 g6 35 3 3R14 | 3719
40 14 20 | 4983 | 443 || M8 %7 36 21 2846 | 2810
Y] i3 7 3947 | 1369 8% 37 73 [ 2050 | 2010
7y} 13 1l 3947 | 960 || L19 | 89 33 35 | 3521 | 2376
L8 =43 15 4 | 3947 | 1850 9 33 30 | 3521 | 1083
4 B 18 | 3947 | 646 o1 39 35 [ 3201 | 2481
I 7 7 2051 | 862 ) 39 37 [ 3201 | 646
Lo [ 46 7 1 2051 | 606 20 o3 30 33 | 2219 | 2100
a7 7 @ | 2051 | 1071 : : - : :

Table A.4: Maximum load current and minimum and maximum fault current for the IEEE

30-bus system

SI. No. ILma:c (A) Ifmln (A) Ifmax (A) SI. No. ILmaz (A) Ifmin (A) If'maac (A) SI. No. ILmaz (A) Ifmzn (A> Ifma:c (A)
1 724 2391 5925 29 0 1098 1703 57 72 2101 2897
2 0 1681 4165 30 4 900 1397 58 0 2991 4124
3 363 1895 3480 31 1481 11040 16438 59 49 2032 2692
4 0 964 1771 32 0 3270 4869 60 0 2124 2814
5 186 1611 2885 33 829 12961 18246 61 0 1679 2239
6 0 1140 2041 34 0 3453 4862 62 124 2645 3528
7 345 1659 2821 35 110 4778 6883 63 0 3217 4570
8 0 830 1411 36 0 1406 2025 64 20 2670 3792
9 253 1594 2853 37 163 4014 5539 65 161 3322 4539
10 0 1158 2074 38 0 1158 1597 66 0 1666 2277
11 352 940 1735 39 345 4611 6646 67 66 1827 2418
12 0 1954 3605 40 0 1628 2347 68 0 2318 3068
13 316 1456 2779 41 169 3602 5090 69 0 2536 3284
14 0 1599 3053 42 0 2144 3030 70 119 1021 1323
15 192 1327 1992 43 195 4593 6540 71 76 2104 2596
16 0 2510 3768 44 0 3593 5116 72 0 63 78

Continued on next page
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Table A.4 — continued from previous page

SL. No.|ILinas (A) Ifmzn (A) Ifmaz (A)|[SL No.| I maz (A) Ifmzn (A) Ifmaz (A)|[SL No.| I maz (A) Ifmzn (A) Ifmaz (A)
17 0 1132 1828 45 141 3644 4957 73 0 1631 2076
18 83 1107 1787 46 0 1202 1635 74 93 1382 1759
19 165 1923 3339 47 335 4093 5835 75 0 1049 1364
20 0 690 1198 48 0 1888 2692 76 78 630 819
21 128 2175 3948 49 138 3828 5364 77 115 1417 1725
22 0 641 1164 50 0 1676 2348 78 0 295 360
23 143 1453 2260 51 34 1571 2100 79 131 1139 1377
24 0 7099 11045 52 0 2945 3936 80 0 373 451
25 71 805 1128 53 106 3193 4303 81 69 656 785
26 0 2266 3176 54 0 1401 1888 82 0 562 673
27 76 2224 3856 55 125 3294 4445 - - - -
28 0 369 641 56 0 1346 1816 - - - -

Table A.5: CTR of the relays for the IEEE 30-bus system

CTR Relay No. CTR Relay No.
8000/5 31 800/5 | 14,23, 26, 42,48, 57,59, 60, 67, 68,71, 79
5000/5 33 600/5 6, 10, 36, 40, 50, 51, 61, 66, 70, 73, 77
4000/5 1 500/5 4,17, 18, 29, 46, 54, 56, 74
3000/5 24 400/5 8, 25, 30, 38, 75, 76, 81
2000/5 3,7, 11, 35, 39, 43, 47 300/5 20, 22, 28, 82

1600/5 9, 13,32, 34,37, 41, 44, 45, 49 150/5 80

1200/5 2,53,55,63,65 100/5 78

1000/5 | 5, 12, 15, 16, 19, 21, 27, 52, 62, 64, 69 || 50/5 72

Table A.6: Primary/backup relay pairs along with the maximum fault current for the IEEE

30-bus system

Faulty | Serial | Primary | Backup | Irimary | Ipackup || Faulty | Serial | Primary | Backup | Igrimary | Lfpackup

Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
l 1 7 5025 | 123 99 EY) 38 4869 | 834

2 2 6 4165 | 396 || L6 | 100 | 32 30 | 4869 | 8ol

LI 3 2 8 4165 | 468 101 EY) D | 469 | 4%
3 2 10 | 4165 | 459 02 | 35 23 6883 | 601

3 3 2 3480 | 335 103 | 35 25 6883 | 389

L2 % 3 2 771 | 1769 04 | 35 34 | 6833 | 2658
7 5 1 2885 | 1356 || L18 | 105 | 35 38 6883 | 738

8 5 8 2885 | 119 106 | 35 30 | 6883 | 758

9 5 10 | 2885 | 185 107 | 35 2| 6383 | 455

L3 o 6 11 2041 | 753 108 | 36 57 2005 | 1898
i}l 6 4 | 2041 | 1035 100 | 37 23 5539 | 465

2 6 16 2041 | 406 1o | 37 25 5539 | 301

3 7 1 21 | 1315 111 37 34 | 5539 | 2081

14 7 6 21 | 103 || Lo | 112 | 37 36 | 5539 | 886

L4 =3 7 10 2801 v} 13 | 37 40 5539 | 516
16 8 18 411 | 730 14 | 37 2 | 5539 | 305
17 9 1 2853 | 1424 115 | 38 61 1597 | 1574

18 9 6 2853 | 195 116 | 39 23 6646 | 624

19 9 8 2853 | 65 17 | 39 25 6646 | 404

20 10 13 2074 | 875 118 | 39 34 | 6646 | 2728

21 10 20 | 2074 | 386 || 120 | 119 | 39 36 | 6646 | 1387

LS m% 10 2 2074 | 444 120 | 39 38 6646 | 808
23 10 26 2074 | 225 21 39 D | 6646 | 764

24 10 28 2074 | 101 22 | 40 64 | 2347 | 2083

25 10 ) 2074 | 259 || 121 | 123 | 4 23 5000 | 561
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Table A.6 — continued from previous page

Faulty | Serial | Primary | Backup | Irimary | Lpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
%6 10 3% [ 2074 | 2102 4 | 41 75 ] 5000 | 363
77 T 3 735 | 1734 5 [ 41 34| 5000 | 2460
% P 5 3605 | 1195 26 | 41 36 | 5000 | 1236
T 2 4 | 3605 | 2011 27 | 41 3| 5000 | 713
30 P 6 | 3605 | 682 28 | 41 30 | 5090 | 1552
31 3 5 3779 | 1168 9 | 42 63 | 3030 | 1739
3 3 T 2779 | 1304 30 | 42 66 | 3030 | 1319
3 13 6 | 2779 | 408 31 | 43 15 | 6540 | 726
3% 14 9 3053 | 1119 32 | B 36 | 6540 | 326
35 14 20 | 3053 | 755 || Y2 133 | M@ pEs 6540 | 1138
L7 36 14 b%) 3053 | 671 34 | 8 50 6540 | 1188
37 12 %6 | 3053 | 265 35 | 45 15 | 4957 | 586
33 4 28 | 3053 | 145 36 | 45 34| 4957 | 2920
39 14 32| 3053 | 393 || 123 | 137 | 45 a8 | 4957 | 151
40 14 34 3053 | 3271 38 | 45 50 | 4957 | 891
a1 i3 5 1992 | 609 130 | 46 ) 1635 | 1570
) 75 T 1992 | 631 @0 | 4 5 | 3835 | 726
i3 i3 14 1992 | 764 a1 | 47 34| 5835 | 3672
18 [ 44 6 3 [ 3763 | 3507 @2 | 47 36 | 5835 | 395
3 16 46 | 3768 | 270 || L4 | 143 | 4 50 | 5835 | 1008
6 16 a8 | 3768 | 916 44 | 48 31 2692 | 429
a7 16 50 | 3768 | 931 @5 | 48 54| 2692 | 1085
8 7 7 1828 | 1088 146 | 48 56 | 2692 | 1099
L9 %9 8 1 787 | 1736 @7 | 49 5 | 5364 | 620
30 G 9 3339 | 900 48 | 49 34| 5364 | 3201
51 9 13 | 3330 | 1437 || L25 | 149 | 49 36 | 5364 | 223
) 0 [ 3339 | 532 150 | 49 a8 | 5364 | 741
53 0 2% | 3339 | 295 51 | 350 53 | 348 | B2
L0 5z 9 28 3339 | 124 152 | 51 5 2100 | 2058
55 0 3| 3339 | 336 33 | 52 47 | 3936 | 2088
56 19 3 | 3339 | 249 || Y20 152 [ 3 54| 3936 | 902
57 20 17 1198 | 1133 55 | 52 56 | 3936 | 906
53 21 9 3048 | 1153 56 | 53 47| 4303 | 2738
59 7 3 | 3948 | 1784 57 | 53 51 4303 | 713
60 21 20 | 3048 | 768 || “¥ [158 | 3 56 | 4303 | 817
61 21 2% | 3948 | 349 59 | 54 60 1888 | 1859
N ) 21 78 3948 | 169 160 | 55 a7 4445 | 2824
63 21 3| 3948 | 398 61 | 55 31 4445 | 735
o4 21 34 | 30948 | 2088 || 28 ez [ 55 54 [ 4445 | 847
65 b%) 30 1164 | 237 63 | 56 68 1816 | 1775
66 3 9 2260 | 669 64 | 57 49 | 2897 | 2859
67 73 13 260 | 903 || Y 165 | 38 35 4124 | 4026
8 3 20 | 2260 | 448 66 | 59 53 | 2602 | 2663
L2 55 73 %) 260 | 363 || 0 167 | 60 ) 2814 | 2719
70 73 %6 | 2260 | 677 68 | 61 50 | 2239 | 2129
7i 73 78 2260 | 39 L3 e T &2 37 3528 | 3508
7 75 9 1128 | 409 770 | 63 39 | 4570 | 4327
7 75 13 1128 | 499 || L32 | 171 | 64 a1 3792 | 2208
74 75 20 1128 | 275 72 | 64 66 | 3792 | 1612
7 75 %) 1128 | 219 73 | 65 a1 3539 | 1742
76 75 78 1128 3 74 |65 63 | 4539 | 2797
77 75 D) 1128 | 1615 || 33 175 T 66 67 2277 | 1324
L3 [ 78 75 34 1128 | 1797 76 | 66 0 | 277 | 872
79 26 23 | 3076 | 210 77 67 55 | 2418 | 2383
80 %6 34 [ 3176 | 1797 || L34 | 178 | 68 65 | 3068 | 2236
81 76 36 | 3176 | 713 79 | 68 70 | 3068 | 764
3 %6 33 | 3176 | 433 180 | 69 65 | 3284 | 2101
83 26 40 | 3176 | 414 || 135 | 181 | 69 67 | 3284 | 1122
84 %6 | 3176 | 245 82 | 70 74 323 | 1274
L4 | 77 9 3856 | 1002 || [ 18 | 71 60 | 2596 | 1585
36 77 3 | 3856 | 1601 i’ | 71 74| 2596 | 1033
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Table A.6 — continued from previous page

Faulty | Serial | Primary | Backup | Irimary | Ipackup || Faulty | Serial | Primary | Backup | Igrimary | Lfpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
g7 77 20 | 3856 | 694 85 | 73 60 | 2076 | 2017
8% 77 7% [ 3856 | 191 || W7 86 | 74 76 1759 | 374
g9 77 %6 | 3856 | 279 87 | 75 7 364 | 1187
90 27 32 | 3856 | 333 || 138 | 188 | 76 27 819 | 650
o1 77 34| 3856 | 2737 189 | 76 29 819 | 188
) 78 29 641 | 510 00 | 77 7 725 | 973
%3 8 7 61 | 419 || Y 1o 77 76 725 | 233
4 29 21 1703 | 1123 92 | 79 7 1377 | 841
Lis | 95 30 27 397 | 1302 || Y0 o3 [ 79 76 1377 | 201
9% 30 7 1397 | 310 194 | 81 77 785 | 759
97 Ep) 75 | 4869 | 371 || Y2 195 | %2 79 673 | 569
L1655 W) 36 | 4360 | 1383 : : : - -

Table A.7: Maximum load current and minimum and maximum fault current for the IEEE

118-bus system

SL No.|ILimaz (A) Ifmzn (A) Ifmaz (A)|[SL No.| I maz (A) If'mzn (A) Ifmaz (A)|[SL No.| I maz (A) Ifmzn (A) Ifmaz (A)
1 0 1572 3013 125 0 698 1886 249 0 1435 3432
2 78 1363 2612 126 317 996 2690 250 228 2376 5683
3 0 1598 3321 127 133 1072 2142 251 0 1400 2732
4 188 1668 3466 128 0 2041 4079 252 150 1634 3189
5 0 721 1620 129 69 2334 4616 253 204 2544 5772
6 167 2852 6403 130 0 735 1453 254 0 1084 2459
7 0 1214 2592 131 0 1357 2425 255 0 1261 2589
8 304 2150 4588 132 52 1260 2252 256 283 1980 4068
9 0 1219 2354 133 0 1141 2051 257 0 1711 3572
10 66 1752 3383 134 95 1506 2707 258 51 1594 3328
11 0 1250 3832 135 0 1021 1723 259 199 3971 13144
12 475 3285 10072 136 276 1311 2211 260 0 801 2652
13 272 1995 4876 137 0 1021 1723 261 0 2085 6769
14 0 1874 4580 138 276 1311 2211 262 402 2639 8567
15 374 2478 6356 139 0 843 1258 263 0 1881 4738
16 0 1532 3929 140 68 851 1269 264 190 2098 5284
17 0 2142 6816 141 0 508 823 265 94 2423 5844
18 572 994 3163 142 138 1646 2665 266 0 1446 3489
19 324 2127 5294 143 0 1011 1794 267 0 2939 7975
20 0 1802 4484 144 153 1595 2830 268 116 1278 3467
21 154 2085 5211 145 0 867 1577 269 0 1372 3642
22 0 1848 4618 146 209 1876 3414 270 283 2763 7335
23 76 1273 3388 147 0 1404 2696 271 266 2997 11040
24 0 2864 7621 148 128 1547 2969 272 0 824 3037
25 0 1182 3463 149 0 1303 2310 273 113 1789 3657
26 728 610 1786 150 63 1296 2299 274 0 1405 2872
27 133 869 2662 151 0 935 2342 275 144 2743 6317
28 0 952 2915 152 57 3029 7583 276 0 906 2087
29 0 707 1997 153 0 1116 1975 271 120 2673 5766
30 718 1045 2951 154 236 1476 2612 278 0 738 1593
31 227 1676 4895 155 0 450 1123 279 85 1750 3388
32 0 2747 8023 156 143 3510 8757 280 0 1215 2353
33 156 2668 5533 157 226 3055 6875 281 0 2443 5402
34 0 614 1274 158 0 556 1251 282 226 1108 2450
35 77 2799 6079 159 286 2210 4407 283 0 1697 4041
36 0 657 1427 160 0 930 1854 284 44 2120 5048
37 47 2616 5556 161 168 1343 2400 285 0 1546 2738
38 0 743 1577 162 0 1275 2278 286 124 1086 1924

Continued on next page

203




Table A.7 — continued from previous page

SL. No.|ILinas (A) Ifmzn (A) Ifmaz (A)|[SL No.| I maz (A) Ifmzn (A) Ifmaz (A)|[SL No.| I maz (A) Ifmzn (A) Ifmaz (A)
39 90 2409 4151 163 165 1332 2363 287 0 1320 2496
40 0 54 93 164 0 1266 2244 288 190 1562 2954
41 5 987 1705 165 0 2066 5676 289 0 688 1351
42 0 1486 2567 166 537 2161 5936 290 160 2385 4687
43 29 1070 1954 167 0 2066 5676 291 71 2058 3651
44 0 1667 3046 168 537 2161 5936 292 0 518 919
45 0 1970 5719 169 0 1250 2190 293 0 1803 3675
46 445 2439 7079 170 197 1294 2266 294 217 1372 2796
47 49 2344 6442 171 156 1376 2398 295 0 1334 2733
48 0 1903 5230 172 0 1160 2022 296 302 1852 3796
49 27 2172 4225 173 127 1873 3247 297 0 972 1503
50 0 843 1640 174 0 636 1103 298 49 766 1185
51 0 1029 1936 175 83 1419 2567 299 0 793 1935
52 77 1820 3423 176 0 1294 2340 300 419 3053 7446
53 344 2625 7061 177 48 1041 1671 301 242 1736 3411
54 0 1543 4149 178 0 1058 1698 302 0 1303 2560
55 0 2287 7359 179 0 520 986 303 461 2386 5655
56 421 951 3059 180 59 2370 4495 304 0 1369 3245
57 78 1845 3756 181 33 2077 5103 305 842 2715 8458
58 0 1351 2750 182 0 1808 4443 306 0 1872 5833
59 92 3210 9056 183 83 2222 7184 307 266 1801 3879
60 0 1105 3117 184 0 2478 8013 308 0 1602 3450
61 89 1820 4622 185 0 1429 2722 309 24 1886 3979
62 0 2168 5504 186 135 1468 2796 310 0 1436 3030
63 0 2312 4320 187 0 1474 4464 311 0 1277 2670
64 57 505 944 188 97 3057 9259 312 51 2020 4224
65 0 1350 2450 189 0 1417 2726 313 246 2462 5436
66 29 1354 2458 190 154 1525 2935 314 0 1057 2334
67 0 1310 2099 191 0 2550 5184 315 225 1703 3505
68 125 758 1214 192 106 666 1353 316 0 1547 3183
69 0 928 1456 193 0 2497 5103 317 143 1267 2260
70 182 1028 1612 194 31 742 1517 318 0 1327 2367
71 0 582 1006 195 0 1361 2491 319 190 3097 7169
72 225 1865 3224 196 123 1389 2541 320 0 574 1328
73 37 2099 4761 197 0 1393 2583 321 202 1112 2418
74 0 1495 3392 198 129 1423 2639 322 0 2357 5125
75 0 1512 3683 199 0 1789 3897 323 180 2620 6163
76 673 2328 5668 200 181 1656 3607 324 0 1145 2692
77 387 1621 3469 201 0 1718 3774 325 89 1881 4254
78 0 1772 3792 202 217 1755 3855 326 0 1740 3936
79 0 976 1563 203 0 2594 7985 327 0 1631 4585
80 29 1058 1694 204 286 792 2436 328 199 2697 7581
81 25 1433 2532 205 0 1107 3637 329 0 1361 3079
82 0 1114 1969 206 470 3621 11897 330 82 2263 5119
83 0 2166 6907 207 0 2100 5483 331 0 2131 4483
84 133 981 3128 208 49 1969 5139 332 83 1188 2499
85 584 1779 3632 209 121 2752 8144 333 0 990 1891
86 0 1413 2885 210 0 1688 4996 334 25 1920 3668
87 381 847 2301 211 0 2318 8226 335 0 1131 2736
88 0 849 2307 212 135 1029 3652 336 96 2686 6497
89 138 2170 4222 213 0 1407 2751 337 0 2382 4805
90 0 822 1600 214 167 1601 3130 338 117 757 1527
91 50 1609 3581 215 0 2101 4287 339 501 2742 7942
92 0 1927 4288 216 115 1085 2214 340 0 1656 4798
93 89 2087 4229 217 0 615 2090 341 236 1651 3208
94 0 1070 2169 218 258 1306 4440 342 0 1329 2582
95 68 1142 2072 219 0 726 3018 343 252 1602 2923
96 0 1547 2807 220 307 1377 5723 344 0 1113 2031
97 0 688 1429 221 0 1177 4922 345 0 1096 1985
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SL. No.|ILinas (A) Ifmzn (A) Ifmaz (A)|[SL No.| I maz (A) Ifmzn (A) Ifmaz (A)|[SL No.| I maz (A) Ifmzn (A) Ifmaz (A)
98 54 2584 5370 222 437 2273 9505 346 170 1574 2852
99 109 982 2886 223 19 1319 6935 347 139 1637 3267
100 0 793 2332 224 0 953 5010 348 0 1469 2931
101 0 1495 3193 225 227 2639 5844 349 183 1594 3184
102 131 1886 4029 226 0 866 1919 350 0 1526 3048
103 56 1447 2725 227 0 1015 4275 351 253 1594 3119
104 0 1419 2673 228 547 2748 11572 352 0 1412 2762
105 48 2486 5277 229 0 1432 5975 353 212 1701 4245
106 0 861 1828 230 328 682 2844 354 0 2228 5561
107 0 911 1726 231 380 2031 9693 355 54 2542 5621
108 76 1986 3764 232 0 426 2034 356 0 968 2140
109 130 2671 6808 233 451 2187 5133 357 116 1616 2909
110 0 1329 3388 234 0 1542 3619 358 0 1033 1861
111 0 1843 5272 235 462 2224 5187 359 108 2422 5124
112 447 2507 7173 236 0 1516 3537 360 0 935 1979
113 17 1982 3414 237 267 2255 6036 361 104 1338 2315
114 0 461 793 238 0 1931 5169 362 0 1124 1946
115 68 1235 2976 239 89 2693 6490 363 100 1587 3072
116 0 2572 6198 240 0 1115 2688 364 0 1410 2730
117 0 1340 3189 241 93 1743 3556 365 71 1052 2140
118 152 2422 5766 242 0 1460 2978 366 0 2143 4360
119 0 2109 6061 243 50 1642 3380 367 0 2108 4361
120 468 905 2600 244 0 1604 3302 368 154 1127 2332
121 237 2169 4395 245 47 1495 2683 369 321 2295 4718
122 0 1003 2032 246 0 1124 2017 370 0 931 1915
123 192 1647 3156 247 50 2292 4721 371 16 1690 3331
124 0 1300 2491 248 0 926 1908 372 0 1354 2669

Table A.8: CTR of the relays for the IEEE 118-bus system
CTR Relay No.
5000/5 305
4000/5 26, 30
3500/5 76,259
3000/5 12, 18, 85, 116, 168, 206, 228, 271, 339
2500/5 32, 46, 56, 59, 112, 120, 156, 184, 188, 209, 211, 222, 231, 233, 235, 262, 300, 303
2000/5 6, 15,17, 19, 24,47, 53, 55,77, 83, 87, 109, 152, 157, 183, 203, 223, 230, 239, 261, 267, 270, 319, 328, 336, 369
1600/5 8, 13,21, 31, 33, 35, 37, 45, 48, 62, 98, 105, 111, 116, 118, 119, 126, 136, 138, 159, 165, 167, 181, 191, 193,
204, 207, 208, 210, 218, 220, 221, 224, 225, 229, 237, 238, 250, 253, 256, 264, 265, 275, 277, 281, 284, 296, 301
1200/5 14, 20, 22, 39, 49, 54, 61, 63, 72, 73, 89, 92, 93, 102, 121, 128, 129, 146, 154, 180, 182, 187, 202, 215, 227,
247,263, 282, 283, 290, 294, 312, 315, 321, 325, 327, 331, 340, 341, 353, 366, 367
1000/5 3,4,10,11,16,23,25,52,57,70,74,75,78,91,108,110,113,123,161,163,170,173,199,200, 201, 205,212,
214,234,236,241,243,244,249,257,258,266,268,269,273,279,288,291,293,304,308,309,326,334,346,347, 349, 371
800/5 1,2,7,27,28,42,44,58,60,65,66,68,81,84,86,96,99,101,103,104,115,117,124,127,131,
134,142,144,147,148,171,175, 185,186,189,190,195,196,197,198,213,219, 240,242,245,251,252,254, 255,260,
272,274,285,286,287,295,302,310,311,316,317,324,329,332,335,342,348,350,352, 357, 363,364,368,372
600/5 9,67,88,94,95,100,122,132,133,149,150,151,162,164,169,172,176,192,216,217,232,246,276,280,314,
318,338,344,356,361, 365
500/5 5,29,41,43,50,51,80,82,90,106,107,125,135,137,143,153,160,177,178,226,248,299,333,345,358,360,362, 370
400/5 34,36,38,69,79,97,130,139,140,145,158,194,278,289,297, 320
300/5 64,71,155,174, 298
250/5 141,179, 292
200/5 114
50/5 40
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Table A.9: Primary/backup relay pairs along with the maximum fault current for the IEEE

118-bus system

Faulty | Serial | Primary | Backup | Ipimary | Ifpackup || Faulty | Serial | Primary | Backup | Iprimary | Ipackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
1 I 3 3013 | 1505 503 | 190 | 202 | 2935 | 367

Ll 3 3 6 %12 | 2574 || Y9 [504 | 190 | 204 | 2935 | 409
3 3 5] 3321 | 1331 505 | 191 183 | 5184 | 2064

L [ 4 3 8 3466 | 2095 596 | 191 187 | 5184 | 1180
3 3 10 | 3466 | 1313 597 [ 191 194 | 5184 | 285

6 5 T 1620 | 1571 || Y° [508 [ 191 196 | 5184 | 383

7 6 9 6403 | 165 599 | 191 108 | 5184 | 402

8 6 23 | 6403 | 1181 600 | 192 71 | 1353 | 1333

3 [ 9 6 30 6403 | 1848 601 | 193 183 | 5103 | 1885
10 6 36 | 6403 | 573 602 | 193 187 | 5103 | 1187

T 6 38 | 6403 | 618 603 | 193 192 | 5103 | 329

P 6 30 | 6403 | 46 LO7 —g0a 1193 196 | 5103 | 393

13 7 3 2592 | 1641 605 | 193 198 | 5103 | 412

4 7 10 | 2592 | 902 606 | 194 75 | 1517 | 1495

B 8 1| 4588 | 1112 607 | 195 183 | 2491 | 1060

L4 5 8 6 | 4588 | 704 608 | 195 187 | 2491 | 3502
17 8 18 | 4588 | 999 600 | 195 192 | 2491 | 208

18 8 20 | 4588 | 450 610 | 195 104 | 2491 | 187

g 9 3 7354 | 1186 611 | 195 198 | 2491 | 27

20 9 8 3354 | 1133 || 198 | 612 | 196 185 | 2541 s

7 10 5 3383 | 189 613 | 19 189 | 2541 9

b%) 0 73 | 3383 | 624 614 | 19 197 | 2541 | 29

LS 753 10 31 3383 | 907 615 | 196 | 200 | 2541 | 319
24 0 36 | 3383 | 361 616 | 196 | 202 | 2541 | 324

75 10 33 | 3383 | 388 617 | 196 | 204 | 2541 | 361

%6 10 40 | 3383 | 29 618 | 197 183 | 2583 | 1100

77 1§l 4 | 3832 | 1784 619 | 197 187 | 2583 | 321

% 2 7 10072 | 1193 60 | 197 192 | 2583 | 216

L6 [ 2 2 16| 10072 | 2088 @1 | 197 194 | 2583 | 194
30 2 18 | 10072 | 2302 62 | 197 19 | 2583 | 26

3 B 20 | 10072 | 1446 &3 | 198 185 | 2639 | 19

ED) 3 2| 4876 | 3619 || Y9 [Te24 | 198 189 | 2639 9

3 14 10 | 4580 | 576 &5 | 198 195 | 2639 | 29

L7 =3 14 3| 4580 | 3321 66 | 198 | 200 | 2639 | 331
35 4 34 | 4580 | 614 67 | 198 | 202 | 2639 | 337

36 75 7 6356 | 620 &8 | 198 | 204 | 2639 | 375

37 B 1 6356 | 1647 629 | 199 185 | 3897 | 350

Ls | 38 13 18 | 6356 | 1472 630 | 199 189 | 3897 | 360
39 13 20 | 6356 | 675 631 | 19 195 | 3897 | 303

0 16 2 [ 3929 | 2278 632 | 199 197 | 3897 | 318

a1 7 7 6816 | 1057 || L100 | 633 | 199 | 202 | 3897 | 106

) 7 T 6816 | 2645 634 | 199 | 204 | 3897 | 358

13 7 6 | 6816 | 1854 635 | 200 | 206 | 3607 | 2726

L9 =71 7 20 | 6816 | 1398 636 | 200 | 208 | 3607 | 864
5 18 26 | 3163 | 1095 637 | 201 185 | 3774 | 349

6 18 38 | 3163 | 1418 638 | 201 180 | 3774 | 358

47 0 7 504 | 518 639 | 201 195 | 3774 | 302

pEs 9 11 504 | 633 640 | 201 197 | 3774 | 316

2 0 16 | 5204 | 853 || Ll0o1 | 641 | 201 200 | 3774 | 76

L10 | 50 9 18 | 5204 | 1392 642 | 201 204 | 3774 | 325
31 20 13 | 4484 | 495 643 | 200 | 205 | 3855 | 357

) 20 3 | 4484 | 3298 644 | 200 | 210 | 3855 | 700

53 20 34 | 4484 | 623 645 | 200 | 212 | 3855 | 348
TR 21 15 | 5211 | 3272 || 1500 | 646 | 203 185 | 7985 | 727
55 b%) 2 | 4618 | 4597 647 | 203 189 | 7985 | 746

12 | %6 73 21 3388 | 3372 648 | 203 195 | 7985 | 629
57 24 5 7621 | 6350 649 | 203 197 | 7985 | 659
Continued on next page
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Faulty | Serial | Primary | Backup | Irimary | Lpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
53 24 9 7621 | 527 650 | 203 200 | 7985 | 782
59 24 30 7621 | 2166 651 | 203 202 | 7985 | 777
60 24 36 | 7621 | 760 652 | 204 | 218 | 2436 | 2274
61 24 38 | 7621 | 819 653 | 205 199 | 3637 | 1618
) 24 40 | 7621 | 6l 654 | 205 208 | 3637 | 1945
63 75 7 | 3463 | 3678 || L103 | 655 | 206 201 | 11897 | 1198
L3 | o4 75 28 | 3463 | 1333 656 | 206 310 | 11897 | 1432
65 %6 30 1786 | 1870 657 | 206 312 | 11897 | 2141
66 27 17 | 2662 | 3033 658 | 207 199 | 5483 | 1111
67 77 2% | 2662 | 875 659 | 207 306 | 5483 | 4351
L4 |68 78 55 2915 | 2573 || L104 | 660 | 208 200 | 51390 | 1312
9 78 87 | 2915 | 718 661 | 203 314 | 5139 | 961
70 78 100 | 2915 | 900 662 | 203 316 | 5139 | 966
(15 | 71 29 25 1997 | 2078 663 | 209 201 | 8144 | 965
7 3 13 | 4895 | 1898 664 | 209 305 | 8144 | 332
7 3 10 | 4895 | 1998 665 | 209 312 | 8144 | 1661
74 3 3 | 4395 | 877 || Y105 666 [ 210 | 207 | 4996 | 1046
7 ED) 5 8023 | 757 667 | 210 | 214 | 499 | 1137
Li6 | 76 %) 9 8023 | 606 663 | 210 | 216 | 4996 | 1143
77 ED) 73 8023 | 1639 660 | 211 301 | 8226 | 921
7 D) 36 | 8023 | 871 670 | 211 205 | 8226 | 1695
79 n 38 | 8023 | 953 || L106 | 671 | 211 310 | 8226 | 1850
80 ED) 0 | 8023 | 72 672 | 212 317 | 3652 | 1012
81 3 13 5533 | 1167 673 | 202 220 | 3652 | 2578
3 3 10 | 5533 | 1239 674 | 213 307 | 2751 | 728
LI7 %3 33 32 | 5533 | 3054 675 | 213 200 | 2751 | 1254
84 3 y5) 1274 | 1178 676 | 213 316 | 2751 | 191
g5 35 5 6079 | 471 || L107 | 677 | 214 165 | 3130 | 441
36 35 9 6079 | 403 678 | 214 67 | 3130 | 441
87 35 73 6079 | 1119 679 | 214 | 221 | 3130 | 475
L1s | 88 35 31 6079 | 1721 680 | 214 | 226 | 3130 | 187
89 35 38 | 6079 | 510 681 | 215 307 | 4287 | 1097
9 35 0 | 6079 | 42 682 | 215 200 | 4287 | 1891
o1 36 a4 1427 | 1414 || L1108 es3 T 215 214 | 4287 | 459
) 37 5 35556 | 434 6’4 | 216 75 | 2214 | 2183
%3 37 9 5556 | 370 685 | 217 203 | 2090 | 4250
4 37 73 5556 | 1026 || 1109 | 686 | 218 311 | 4440 | 3965
Lo [ 95 37 31 5556 | 1593 687 | 218 20 | 4440 | 2707
9% 37 36 | 555 | 431 688 | 219 211 | 3018 | 4116
97 37 30 | 5556 | 39 689 | 219 317 | 3018 | 1225
o8 33 ) 1577 | 1525 || L110 | 690 | 220 125 | 5723 | 557
99 39 5 351 | 292 61 | 220 | 222 | 5723 | 2415
100 | 39 9 A51 | 251 692 | 220 | 24 | 5723 | 1917
101 39 33 | 4151 | 699 693 | 221 125 | 4922 | 519
L2 Mo 139 31 A51 | 1001 604 | 221 319 | 4922 | 859
03 | 39 36 | 4151 | 324 695 | 221 M4 | 492 | 1792
04 | 39 38 | 4151 | 350 || Lil1 | 696 | 222 165 | 9505 | 1546
105 | 41 3 1705 | 16356 607 | 222 167 | 9505 | 1546
106 | 42 3 3567 | 122 698 | 222 313 | 9505 | 582
L1 [107 | 4 36 | 2567 | 898 699 | 222 226 | 9505 | 392
08 | 42 a8 | 2567 | 788 700 | 223 25 | 6935 | 773
100 | 42 50 | 2567 | 246 701 | 223 319 | 6935 | 1488
110 | 43 35 1954 | 1947 702 | 223 222 | 6935 | 3758
111 a4 41 3046 | 128 || M2 03 | 224 228 | 5010 | 5094
Lo [112 | 44 36 | 3046 | 1072 704 | 224 | 230 | 5010 | 1770
13 | 44 48 | 3046 | 940 705 | 224 | 232 | 5010 | 1505
114 | 44 50| 3046 | 295 || 1113 | 706 | 225 165 | 5844 | 752
s |15 | % 41 5719 | 601 707 | 225 167 | 5844 | 752
16 | 45 B3 5719 | 719 708 | 225 313 | 5844 | 103
7 | 45 a8 | 5719 | 2029 709 | 225 M1 | 5844 | 876
118 | 45 50 | 5719 | 748 710 | 226 315 | 1919 | 1884
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Faulty | Serial | Primary | Backup | Irimary | Lpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
119 | 46 37 7079 | 629 T | 227 3 | 4275 | 2696
20 | 46 54| 7079 | 1079 702 | 227 230 | 4275 | 1140
21 | 46 56 | 7079 | 1355 703 | 227 335 | 4275 | 1045
22 | 46 58 | 7079 | 991 714 | 228 153 | 11572 | 489
23 | 46 60 | 7079 | 1663 || M 715 T 228 160 | 11572 | 476
24 | 47 a1 6442 | 638 716 | 228 234 [ 11572 | 951
25 | 47 B3 642 | 766 707 | 228 736 | 11572 | 854
26 | 47 36 | 6442 | 2636 718 | 228 338 | 11572 | 1146
o4 127 | 47 50 | 6442 | 740 719 | 229 223 | 5975 | 3293
28 | 48 61 5230 | 2040 720 | 229 8 | 5975 | 4189
129 | 48 64 5230 | 584 || M [ T 229 232 | 5975 | 1264
130 | 48 66 | 5230 | 89 732 | 230 | 271 | 2844 | 5413
31 | 49 At 225 | 322 723 | 231 23 | 9693 | 4553
32 | 49 43 | 4225 | 387 || L11s | 724 | 231 28 | 9693 | 5961
Los 133 | 49 36 | 4225 | 1507 725 | 231 730 | 9693 | 2057
34 | 49 a8 | 4225 | 1197 76 | 233 153 | 5133 | 216
35 | 50 108 | 1640 | 1596 737 | 233 160 | 5133 | 213
36 | 51 37 1936 | 1901 78 | 233 77 | 5133 | 600
37 | 52 a5 3423 | 756 739 | 233 736 | 5133 | 63
38 | 52 54 | 3423 | 632 || L117 | 730 | 233 738 | 5133 | 432
L6 3913 56 | 3423 | 503 731 | 234 70 | 3619 | 354
40 | 52 58 | 3423 | 339 732 | 234 | 240 | 3619 | 1038
@i 52 60 | 3423 | 651 733 | 234 | 242 | 3619 | 636
42 | 53 45| 7061 | 1469 T34 | 234 | 244 | 3619 | 627
43 | 53 37 7061 | 629 735 | 235 153 | 5187 | 223
144 | 53 56 | 7061 | 1268 736 | 235 169 | 5187 | 220
L27 35133 58| 7061 | 904 737 | 235 7 | 5187 | 615
146 | 53 60 | 7061 | 1516 738 | 235 234 | 5187 | 33
47 | 54 62 | 4149 | 2391 || L118 | 739 | 235 238 | 5187 | 362
48 | 55 35| 7359 | 2307 740 | 236 3 | 3537 | 717
149 | 55 51 7359 | 691 741 | 236 249 | 3537 | 1195
150 | 55 54| 7359 | 1768 TH | 236 355 | 3537 | 631
51 | 55 58 | 7359 | 1058 T | 236 354 | 3537 | 913
L28 55133 60 | 7359 | 1783 T4k | 237 153 | 6036 | 259
33 | 56 27 | 3059 | 1115 745 | 237 169 | 6036 | 254
154 | 56 87 | 3059 | 883 746 | 237 27 | 6036 | 626
55 | 56 100 | 3059 | 997 TAT | 237 234 | 6036 | 402
56 | 57 35 3756 | 984 T8 | 237 336 | 6036 | 220
157 | 57 31 3756 | 308 || L119 | 749 | 238 351 | 5160 | 347
58 | 57 55| 3756 | 727 750 | 238 355 | 5160 | 464
129 [159 | 57 56 | 3756 | 605 751 | 238 260 | 5160 | 734
60 | 57 60 | 3756 | 525 752 | 233 %62 | 5160 | 1443
61 | 38 97 | 2750 | 3552 753 | 238 %64 | 5160 | 680
62 | 58 102 | 2750 | 1041 754 | 238 %66 | 5160 | 761
63 | 59 35 | 9056 | 2444 755 | 239 79 | 6490 | 554
64 | 59 31 9056 | 760 756 | 239 733 | 6490 | 1961
65 | 59 54 9056 | 1811 757 | 239 25 | 6490 | 1176
L30 eg T 39 56 9056 | 1515 || X120 758 [ 239 244 | 6490 | 1220
67 | 59 58 | 9056 | 996 759 | 240 | 246 | 2688 | 1176
68 | 60 103 | 3117 | 1271 760 | 240 | 248 | 2688 | 1525
60 | 6l 53 | 4622 | 2914 761 | 241 79 | 3556 | 337
70 | 62 47| 5504 | 2614 762 | 241 333 | 355 | 1072
L3 71 62 64 5504 | 523 || Li21 | 763 | 241 240 | 3556 | 987
72| 62 66 | 5504 | 820 764 | 241 244 | 355 | 248
73 | 63 47| 4320 | 1719 765 | 242 350 | 2978 | 1782
L A6 61 4320 | 1234 || 1100 | 766 | 243 79 | 3380 | 331
75 | 63 66 | 4320 | 482 767 | 243 333 | 3380 | 1014
176 | 64 68 oa | oi8 768 | 243 240 | 3380 | 969
77 | 65 47| 2450 | 948 769 | 243 2 | 3380 | 168
78 | 65 61 2450 | 740 710 | 244 | 235 | 3302 | 1071
Ly P65 64 | 2450 | 193 TIT | 244 | 249 | 3302 | 674
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Faulty | Serial | Primary | Backup | Irimary | Lpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
180 | 66 110 | 2458 | 472 T2 | 244 | 252 | 3302 | 671
81 | 66 12 | 2458 | 1280 773 | 244 | 254 | 3302 | 863
82 | 66 114 | 2458 | 161 Tia | 245 739 | 2683 | 1994
83 | 67 63 | 2099 | 2078 || L123 | 775 | 245 248 | 2683 | 701
L34 | 184 | 68 70 214 | 1174 776 | 246 81 2017 | 825
85 | 69 67 1456 | 1417 TT7 | 247 | 239 | 4721 | 3725
135 [ 186 | 70 7 612 | 1592 || W% 7 [ 247 246 | 4721 | 1001
87 | 71 69 1006 | 985 779 | 249 | 241 | 3432 | 1478
88 | 72 T4 | 3224 | 1049 780 | 250 | 235 | 5683 | 1932
L6 go 172 76 3224 | 1322 || Li125 | 781 | 250 33 | 5683 | 1064
00 | 72 78 | 3224 | 860 782 | 250 | 252 | 5683 | 1156
or [ 73 7 761 | 578 783 | 250 | 254 | 5683 | 1477
92 | 73 76| 4761 | 2531 784 | 251 335 | 2732 | 804
37 [193 | 73 78 | 4761 | 1666 785 | 251 23 | 2732 | 546
194 | 74 80 | 3392 | 697 786 | 251 249 | 2732 | 864
95 | 74 8 | 3392 | 1031 787 | 251 354 | 2732 | 495
9 | 75 7 3633 | 512 788 | 252 | 237 | 3189 | 529
o7 | 75 74| 3683 | 1801 || M120 780 [ 2532 355 | 3189 | 25
138 [ 198 | 75 78| 3683 | 1384 790 | 252 | 260 | 3189 | 448
199 | 76 8 | 3668 | 1082 791 | 252 | 262 | 3189 | 834
200 | 76 8% | 3668 | 552 790 | 252 | 264 | 3189 | 417
01 | 77 7 3460 | 391 793 | 252 | 266 | 3189 | 452
200 | 77 TA | 3469 | 1421 794 | 233 35 | 5772 | 1779
203 | 77 76| 3469 | 1666 795 | 253 23 | 5772 | 1146
139 [ 204 | 78 ot 3792 | 777 || Li127 | 796 | 253 39 | 5772 | 1791
205 | 78 101 | 3792 | 872 797 | 253 252 | 5772 | 1008
206 | 78 104 | 3792 | 657 798 | 254 | 257 | 2459 | 2371
207 | 78 106 | 3792 | 422 799 | 235 358 | 2580 | 1273
208 | 79 7 1563 | 858 800 | 256 | 237 | 4068 | 739
200 |79 ) 1363 | 224 80T | 256 | 251 | 4068 | 95
210 | 80 233 | 1694 | 463 || L128 | 802 | 256 | 260 | 4068 | 551
L4051 80 240 | 1694 | 294 803 | 256 262 | 4068 | 1088
312 | 80 242 | 1694 | 278 804 | 256 | 264 | 4068 | 313
313 | 80 244 | 1694 | 288 805 | 256 | 266 | 4068 | 551
314 | 8l 73| 2532 | 1438 806 | 257 | 256 | 3572 | 1659
L4l | 215 | 81 80 | 2532 | 288 || Y% 807 [ 258 253 | 3328 | 3244
316 | 82 245 | 1969 | 838 808 | 250 | 237 | 13144 | 2549
317 | 83 75| 6907 | 1718 800 | 259 | 251 | 13144 | 1076
L42 [ 218 | 83 8% | 6907 | 1099 810 | 250 | 255 | 13144 | 1221
319 | 84 88 | 3128 | 879 || L130 | 811 | 259 | 262 | 13144 | 3301
20 | 85 75| 3632 | 456 812 | 259 | 264 | 13144 | 1536
» 8 8 | 3632 | 669 813 | 250 | 266 | 13144 | 1742
3 [ 22 | %6 90 | 2885 | 478 814 | 260 | 268 | 2652 | 2488
23 | %6 02 | 2885 | 933 815 | 261 237 | 6760 | 1820
24 | 86 04 | 2885 | 302 816 | 261 3T | 6760 | 781
25 | 87 83 | 2301 | 1906 817 | 261 755 | 6769 | 892
726 | 88 27| 2307 | 734 818 | 261 %60 | 6769 | 318
Lad 57138 55 | 2307 | 1919 819 | 261 %64 | 6760 | 430
728 | 88 100 | 2307 | 654 820 | 261 266 | 6760 | 1097
329 | 89 85 | 4222 | 1107 || L131 | 821 | 262 | 263 | 8567 | 432
230 | 89 0 | 4222 | 1201 82 | 262 | 269 | 8367 | 419
L45 731 g9 oF | 4222 | 647 83 | 262 375 | 8567 | 1122
232 [ 90 9% 1600 | 1562 R4 | 260 | 274 | 8567 | 400
33 | 91 85 | 3381 | 1270 85 | 262 | 276 | 8567 | 410
234 | ol 90 | 3581 | 394 86 | 260 | 278 | 8567 | 347
35 | 91 0F [ 3581 | 212 87 | 262 | 280 | 8367 | 628
L46 | 236 | 92 77| 4288 | 1243 || 1130 | 528 | 263 337 | 4738 | 1190
BT | %2 101 | 4288 | 963 829 | 263 251 | 4738 | 510
38 | 0 104 | 4288 | 863 830 | 263 355 | 4738 | 583
339 | 02 106 | 4288 | 171 81 | 263 %60 | 4738 | 339
a7 | 240 | 93 8 | 429 | 1209 832 | 263 %62 | 4738 | 39
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Faulty | Serial | Primary | Backup | Irimary | Lpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
%1 93 90 | 4229 | 645 833 | 263 %6 | 4738 | 717
2 | 93 % [ 4229 | 976 834 | 264 | 261 | 5284 | 600
3 | o4 371 | 2169 | 2129 835 | 264 | 260 | 5284 | 274
24 |95 89 | 2072 | 2040 836 | 264 | 272 | 5284 | 734
L8 1519 o8 3807 | 2780 837 | 264 274 | 5284 | 262
246 | 97 95 1429 | 1391 838 | 264 | 276 | 5284 | 268
L49 [ 247 | 98 57 [ 5370 | 1619 830 | 264 | 278 | 524 | 357
243 | 98 102 | 5370 | 1817 840 | 264 | 280 | 5284 | &Il
249 | 99 27 | 2886 | 961 81 | 265 337 | 5844 | 1181
350 | 99 55 | 288 | 2465 842 | 265 351 | 5844 | 499
Lso | 251 | 99 87 | 2886 | 740 843 | 265 355 | 5844 | 3567
752 [ 100 119 | 2332 | 2452 844 | 265 %60 | 5844 | 7%
353 | 100 26 | 2332 | o1z || Y33 835 [ 265 262 | 5844 | 1414
254 | 101 57 | 3193 | 1203 846 | 265 264 | 5844 | 666
355 | 101 97 | 3193 | 476 847 | 266 | 282 | 3489 | 1357
356 | 102 77| 4029 | 1086 848 | 266 | 284 | 3489 | 2083
LSl 57T 1o 91 4009 | 709 849 | 267 259 | 7975 | 7839
358 | 102 104 | 4020 | 673 | X3 850 | 263 370 | 3467 | 3400
359 [ 102 106 | 4029 | 388 851 | 269 | 267 | 3642 | 3585
%60 | 103 77| 2725 | 651 852 | 270 | 261 | 7335 | 166
%1 | 103 o 7725 | 558 853 | 270 | 263 | 7335 | 78
Lsy [ 262 | 103 01 | 2725 | 492 854 | 270 | 272 | 7335 | 86
263 | 103 106 | 2725 | 303 || X3 855 [ 270 274 | 7335 | 345
%64 | 104 59 | 2673 | 2000 856 | 270 | 276 | 7335 | 352
%5 | 105 77| 5277 | 1300 857 | 270 | 278 | 7335 | 424
%6 | 105 o1 577 | 581 858 | 270 | 280 | 7335 | 486
Ls3 [ 267 | 105 101 | 5277 | 1106 859 | 271 %61 | 11040 | 1447
%638 | 105 104 | 5277 | 889 860 | 271 263 | 11040 | 632
269 | 106 | 372 | 1828 | 1312 861 | 271 260 | 11040 | 695
370 | 107 9 1726 | 1683 862 | 271 374 | 11040 | 556
271 | 108 11 | 3764 | 1427 || X3¢ [Re3 [ 271 276 | 11040 | 566
372 | 108 17 | 3764 | 361 864 | 271 378 | 11040 | 600
L34 5731108 120 | 3764 | 697 865 | 271 380 | 11040 | 685
274 | 108 22 | 3764 | 400 866 | 272 | 220 | 3037 | 2824
375 | 108 124 | 3764 | 385 867 | 273 %1 | 3657 | 377
276 | 109 65 | 6808 | 968 868 | 273 263 | 3657 | 178
377 | 109 112 | 6808 | 3629 869 | 273 269 | 3657 | 185
LSS 57 1 109 114 | 6808 | 510 870 | 273 375 | 3657 | 458
279 [ 110 15 | 3388 | 1400 871 | 273 776 | 3657 | 39
380 | 111 65 | 5272 | 1163 || L137 | 872 | 273 378 | 3657 | 163
2’1 | 101 110 | 5272 | 1424 873 | 273 280 | 3657 | 207
3% | 111 114 | 5272 | 619 874 | 274 | 283 | 2872 | 953
383 | 112 107 | 7073 | 1079 8§75 | 274 | 325 | 2872 | 780
L56 T 112 117 | 7173 | 508 876 | 274 329 | 2872 | 712
385 | 112 120 | 7073 | 1991 877 | 274 | 332 | 72 | 402
2% | 112 22 [ 7173 | 1088 878 | 275 %1 | 6317 | 718
%7 | 112 24 | 7073 | 1047 879 | 275 363 | 6317 | 338
288 | 113 65 | 3414 | 371 880 | 275 %69 | 6317 | 347
780 | 113 110 | 3414 | 3594 8T | 275 772 | 6317 | 682
L7 o0 1113 12 | 3414 | 1799 || Y38 882 [ 275 74 | 317 | 112
201 [ 114 @0 | 793 | 757 883 | 275 778 | 6317 | 290
302 | 115 118 | 2976 | 2916 884 | 275 380 | 6317 | 345
LS8 5031116 100 | 6198 | 4152 885 | 276 331 | 2087 | 2053
204 [ 117 16 | 3189 | 3140 886 | 277 | 261 | 5766 | 701
205 | 118 107 | 5766 | 763 887 | 277 | 263 | 5766 | 330
296 | 118 i1 | 5766 | 1035 888 | 277 | 269 | 5766 | 336
L9 o7 1118 120 | 5766 | 1412 880 | 277 372 | 5766 | 580
208 | 118 122 | 5766 | 771 || Y3 [R00 [ 277 | 274 | 5766 | 221
299 | 118 24 | 5766 | 742 81 | 277 | 276 | 5166 | 225
60 | 300 | 119 107 | 6061 | 823 892 | 277 | 280 | 5766 | 246
301 | 119 i1 | 6061 | 3247 893 | 278 | 33 | 1593 | 1549
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Faulty | Serial | Primary | Backup | Irimary | Lpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
302 | 119 17 | 6061 | 802 804 | 279 | 261 | 3388 | 422
303 | 119 22 | 6061 | 870 895 | 279 | 263 | 3388 | 199
304 | 119 24 | 6061 | 838 896 | 279 | 260 | 3388 | 203
305 | 120 99 | 2600 | 1319 897 | 279 | 272 | 3388 | 355
306 | 120 126 | 2600 | 1036 || X140 [gog [ 279 374 | 3388 | 113
307 | 121 107 | 4395 | 3500 890 | 279 | 276 | 3388 | 116
308 | 120 i1 | 4395 | 1878 900 | 279 | 278 | 3388 | 65
Lol 3001121 17 | 4395 | 461 901 | 280 | 336 | 2353 | 1530
30 | 120 120 | 4395 | 914 902 | 281 265 | 5402 | 2595
31 120 24 | 4395 | 34 903 | 281 384 | 5400 | 2746
32 [ 12 128 | 2032 | 1981 || “4! 904 [ 282 | 286 | 2450 | 1019
33 | 123 107 | 3156 | 395 905 | 282 | 288 | 2450 | 1426
34 | 123 11 | 3156 | 1479 906 | 283 265 | 4041 | 2406
35 | 123 117 | 3156 | 364 907 | 283 282 | 4041 | 1573
36 | 123 120 | 3156 | 721 908 | 284 | 273 | 5048 | 1113
L62 37113 22 | 3156 | 333 || 42 [900 | 284 35 | 5048 | 1447
38 | 124 127 [ 2491 | 359 910 | 284 | 329 | 5048 | 1320
319 | 124 130 | 2491 | 539 oI | 284 | 332 | 5048 | 1122
20 | 124 32 | 2491 | 516 912 | 285 1 | 2738 | 2255
BT 125 99 1886 | 844 || L143 | O13 | 285 388 | 2738 | 436
22 | 125 119 | 188 | 1819 914 | 286 | 200 | 1924 | 1897
163 | 323 | 126 | 219 | 2690 | 454 015 | 287 | 281 | 2496 | 2312
D4 | 126 | 222 | 2690 | 1129 916 | 287 | 286 | 2496 | 181
35 | 126 | 24 | 2690 | 312 017 | 288 | 280 | 2054 | 174
36 | 127 21 | 2142 | 2080 || X4 o8 [ 28% 305 | 2954 | 368
%7 [ 128 123 | 4079 | 948 919 | 288 | 204 | 2954 | 872
L64 331128 130 | 4079 | 794 920 | 288 296 | 2954 | 874
39 | 128 32 | 4079 | 761 031 | 2890 | 285 | 1351 | 1314
30 | 129 23 | 4616 | 1163 922 [ 290 | 287 | 4687 | 502
31 [ 129 127 | 4616 | 1217 || L145 | 923 | 290 | 292 | 4687 | 492
L6S 35T 129 132 | 4616 | 595 924 | 290 204 | 4687 | 1179
333 | 130 134 | 1453 | 1378 935 | 290 | 296 | 4687 | 1182
34 | 131 123 | 2425 | 720 926 | 2901 387 | 3651 | 572
35 [ 131 27 | 2425 | 752 97 [ 291 289 | 3651 | 417
336 | 131 130 | 2425 | 71 || L1d6 | 928 | 291 204 | 3651 | 855
L66 3371132 133 | 2252 | 101 929 | 291 206 | 3651 | 857
33 | 132 136 | 2252 | 538 930 | 202 | 208 | 9019 | 754
339 | 132 38 | 2252 | 538 931 | 293 387 | 3675 | 691
30 | 133 129 | 2051 | 2001 932 | 293 789 | 3675 | 504
31| 134 131 | 2707 | 290 || L147 | 933 | 293 202 | 3675 | 436
L67 M3 113 136 | 2707 | 604 934 | 293 206 | 3675 | 878
33 | 134 138 | 2707 | 604 935 | 294 | 300 | 2796 | 2748
34 | 135 31 | 1723 | 387 936 | 295 %7 | 2733 | 537
35 | 135 33 | 1723 | 389 937 | 295 389 | 2733 | 392
36 | 135 38 | 1723 | 242 938 | 295 205 | 2733 | 345
37 [ 136 137 | 2201 | 246 939 | 295 294 | 2733 | 5%
33 | 136 145 | 2211 | 79 || L148 | 940 | 296 | 299 | 3796 | 522
329 | 136 51 | 2211 | 187 041 | 296 | 302 | 3796 | 157
350 | 136 55 | 2211 2 042 | 296 | 304 | 3796 | 298
L68 3571136 158 | 2211 | 113 943 | 296 306 | 379 | 637
352 | 136 160 | 2201 | 138 044 | 296 | 308 | 3796 | 201
353 | 136 162 | 2211 | 117 || 1140 | 9%5 | 297 | 291 | 1503 | 1467
354 | 136 64 | 2211 | 115 046 | 299 | 293 | 1935 | 1866
355 | 136 66 | 2211 | 367 047 | 300 | 295 | 7446 | 70
356 | 136 168 | 2211 | 367 048 | 300 | 302 | 7446 | 271
357 | 136 170 | 2211 | 139 || ¥ 949 [ 300 304 | 7446 | 515
oo | 358 | 137 31 | 1723 | 387 950 | 300 | 306 | 7446 | 1155
359 | 137 133 | 1723 | 389 951 | 300 | 308 | 7446 | 364
360 | 137 136 | 1723 | 242 || 1451 | 952 | 301 205 | 3411 | 247
361 | 138 135 | 2211 | 246 953 | 301 200 | 3411 | 254
362 | 138 @5 | 2201 | 79 954 | 301 304 | 3411 | 313
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Faulty | Serial | Primary | Backup | Irimary | Lpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
363 | 138 151 | 2211 | 187 955 | 301 306 | 3411 | 529
364 | 138 155 | 2211 ) 956 | 301 308 | 3411 | 167
365 | 138 158 | 2211 | 113 957 | 302 303 | 2560 | 806
366 | 138 160 | 2211 | 138 958 | 302 310 | 2560 | 807
367 | 138 162 | 2211 | 117 950 | 303 205 | 5655 | 369
368 | 138 164 | 2211 | 115 960 | 303 209 | 5655 | 378
369 | 138 166 | 2211 | 367 91 | 303 300 | 5655 | 636
370 | 138 168 | 2211 | 367 || Lis2 | 962 | 303 306 | 5655 | 789
371 | 138 170 | 2211 | 139 963 | 303 308 | 5655 | 248
372 | 139 113 | 1258 | 1234 964 | 304 301 | 3245 | 631
L70 M373 7140 142 | 1269 | 1265 965 | 304 310 | 3245 | 1202
374 | 141 139 83 | 819 966 | 305 205 | 8458 | 541
L1 [375 | 142 144 | 2665 | 1310 97 | 305 209 | 8458 | 557
376 | 142 146 | 2665 | 1280 968 | 305 300 | 8458 | 264
377 | 18 141 | 1794 | 520 969 | 305 304 | 8458 | 502
378 | 183 146 | 1794 | 1191 970 | 305 308 | 8458 | 424
L72 37391144 148 | 2830 | 922 || Lis3 | 971 | 306 307 | 5833 | 419
380 | 144 150 | 2830 | 643 972 | 306 311 | 5833 | 862
381 | 145 41 | 1577 | 464 973 | 306 314 | 5833 | 912
38 | 145 144 | 1577 | 1049 974 | 306 316 | 5833 | 904
383 | 146 135 | 3414 | 146 975 | 306 318 | 5833 | 630
384 | 146 137 | 3414 | 146 976 | 306 320 | 5833 | 697
385 | 146 151 | 3414 | 35 977 | 307 205 | 3879 | 278
386 | 146 155 | 3414 | 138 978 | 307 209 | 3879 | 286
L73 [ 387 | 146 158 | 3414 | 174 979 | 307 3020 | 3879 | 136
388 | 146 160 | 3414 | 212 980 | 307 304 | 3879 | 258
389 | 146 162 | 3414 | 181 981 | 307 306 | 3879 | 687
390 | 146 164 | 3414 | 178 || Lis4 | 982 | 308 305 | 3450 | 683
391 | 146 166 | 3414 | 568 983 | 308 311 | 3450 | 443
392 | 146 168 | 3414 | 568 984 | 308 314 | 3450 | 463
393 | 146 170 | 3414 | 212 985 | 308 316 | 3450 | 464
304 | 147 143 | 2696 | 659 986 | 308 318 | 3450 | 349
395 | 147 150 | 2696 | 654 987 | 308 320 | 3450 | 358
L74 396 1148 152 | 2960 | 2247 988 | 309 301 | 3979 | 898
397 | 148 154 | 2969 | 709 || L155 | 989 | 309 303 | 3979 | 1708
398 | 149 143 | 2310 | 500 990 | 310 312 | 3030 | 1565
L75 [399 | 149 148 | 2310 | 716 991 | 311 309 | 2670 | 1429
400 | 150 156 | 2299 | 2299 992 | 312 305 | 4224 | 1415
301 | 151 147 | 2342 | 1241 993 | 312 307 | 4224 | 446
202 | 151 154 | 2342 | 1083 || Li156 | 994 | 312 314 | 4224 | 478
303 | 152 135 | 7583 | 324 995 | 312 316 | 4224 | 474
304 | 152 137 | 7583 | 324 996 | 312 318 | 4224 | 352
305 | 152 145 | 7583 | 104 997 | 312 00 | 4224 | 361
306 | 152 155 | 7583 | 39 998 | 313 305 | 5436 | 2119
L76 [ 207 | 152 158 | 7583 | 368 999 | 313 307 | 5436 | 669
408 | 152 160 | 7583 | 449 1000 | 313 311 | 5436 | 699
300 | 152 162 | 7583 | 383 || L157 | 1001 | 313 316 | 5436 | 242
40 | 152 164 | 7583 | 376 1002 | 313 318 | 5436 | 396
3T | 152 166 | 7583 | 1199 1003 | 313 30 | 5436 | 408
a2 | 1 168 | 7583 | 1199 1004 | 314 320 | 2334 | 2304
a3 | 152 170 | 7583 | 425 1005 | 315 305 | 3505 | 1525
4 | 153 147 | 1975 | 542 1006 | 315 307 | 3505 | 481
415 | 153 152 | 1975 | 1426 1007 | 315 311 | 3505 | 507
6 | 154 169 | 2612 10 1008 | 315 314 | 3505 | 165
L77 [417 | 154 27 | 2612 | 270 1009 | 315 318 | 3505 | 237
418 | 154 | 234 | 2612 | 189 || 2% o0 [ 315 30 | 3505 | 246
419 | 154 236 | 2612 | 175 1011 | 316 31 | 3183 | 170
20 | 154 238 | 2612 | 262 1012 | 316 324 | 3183 | 659
(78 | 21 | 15 149 | 1123 | 1125 1013 | 316 36 | 3183 | 710
22 | 156 135 | 8757 | 351 1014 | 316 328 | 3183 | 1619
23 | 156 137 | 8757 | 351 || 1150 | 1015 | 317 305 | 2260 | 918
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24 | 156 145 | 8757 | 176 1016 | 317 | 307 | 2260 | 290
35 | 156 151 | 8757 | 422 017 | 317 | 311 | 2260 | 303
26 | 156 158 | 8757 | 398 1018 | 317 | 314 | 2260 | 150
27 | 156 160 | 8757 | 485 1019 | 317 | 316 | 2260 | 147
28 | 156 62 | 8757 | 414 1020 | 317 | 320 | 2260 | 39
29 | 156 64 | 8757 | 407 1021 | 318 | 327 | 2367 | 139
430 | 156 166 | 8757 | 1303 1022 | 318 | 333 | 2367 | 168
231 | 156 168 | 8757 | 1303 1023 | 318 | 335 | 2367 | 294
432 | 156 170 | 8757 | 488 1024 | 318 | 338 | 2367 | 49
a3 | 157 35 | 6875 | 277 1025 | 318 | 340 | 2367 | 479
334 | 157 137 | 6875 | 277 1026 | 318 | 342 | 2367 | 166
335 | 157 145 | 6875 | 248 1027 | 318 | 344 | 2367 | 140
336 | 157 151 | 6875 | 3525 1028 | 319 | 305 | 7160 | 2554
437 | 157 155 | 6875 | 234 1029 | 319 | 307 | 7169 | 806
38 | 157 160 | 6875 | 295 1030 | 319 | 311 | 7169 | 839
L7 39 1 157 162 | 6875 | 256 || L160 | 1031 | 319 314 | 7169 | 700
340 | 157 64 | 6875 | 251 1032 | 319 | 316 | 7169 | 694
4| 157 166 | 6875 | 1017 1033 | 319 | 318 | 7160 | 494
| 157 168 | 6875 | 1017 1034 | 320 | 345 | 1328 | 1317
W | 157 170 | 6875 | 385 1035 | 321 313 | 2418 | 2389
a4 | 158 72 | 1251 | 1220 1036 | 322 | 315 | 5125 | 655
345 | 159 135 | 4407 | 189 || Li6l | 1037 | 322 | 324 | 5125 | 958
346 | 159 137 | 4407 | 189 1038 | 322 | 326 | 5125 | 1032
347 | 159 145 | 4407 | 169 1039 | 322 | 328 | 5125 | 2439
48 | 159 151 | 4407 | 358 1040 | 323 315 | 6163 | 1119
449 | 159 155 | 4407 | 159 1041 | 323 21 | 6163 | 1128
350 | 159 158 | 4407 | 94 || Lie2 | 1042 | 323 36 | 6163 | 733
180 | 451 | 159 62 | 4407 | 9% 1043 | 323 33 | 6163 | 3128
352 [ 159 64 | 4407 | 94 1044 | 324 | 330 | 2692 | 2538
353 | 159 166 | 4407 | 687 1045 | 325 315 | 4254 | 895
454 | 159 168 | 4407 | 687 1046 | 325 21 | 4254 | 902
355 | 159 170 | 4407 | 262 1047 | 325 D4 | 4254 | 98
356 | 160 74 | 1854 | 623 1048 | 325 38 | 4254 | 2501
357 | 160 176 | 1854 | 1196 || 193 1040 [ 326 773 | 3936 | 998
358 | 161 135 | 2400 | 116 1050 | 326 | 283 | 3936 | 1712
359 | 161 137 | 2400 | 116 1051 | 326 | 3290 | 3936 | 185
360 | 161 145 | 2400 | 104 1052 | 326 | 332 | 3936 | 1006
361 | 161 151 | 2400 | 219 1053 | 327 | 315 | 4585 | 1036
362 | 161 155 | 2400 | 98 1054 | 327 | 321 | 4585 | 1045
363 | 161 158 | 2400 | 24 1055 | 327 | 324 | 4585 | 1180
364 | 161 160 | 2400 | 40 1056 | 327 | 326 | 4585 | 1270
365 | 161 64 | 2400 | 61 1057 | 328 | 317 | 7581 | 267
L81 466 1 161 166 | 2400 | 413 || Lies | 1058 | 328 333 | 7581 | 482
367 | 161 168 | 2400 | 413 1059 | 328 | 335 | 7581 | 883
368 | 161 170 | 2400 | 160 1060 | 328 | 338 | 7581 | 284
369 | 162 163 | 2278 | 59 1061 | 328 | 340 | 7581 | 1492
70 | 162 79 | 2278 | 48 1062 | 328 | 342 | 7581 | 317
7] 162 82 | 2278 | 215 1063 | 328 | 344 | 7581 | 436
I [ 162 184 | 2278 | 1068 1064 | 320 | 323 | 3079 | 2938
3162 186 | 2278 | 222 1065 | 330 | 273 | 5110 | 1141
74 | 163 135 | 2363 | 114 || Ll6s | 1066 | 330 | 283 | 5119 | 1962
375 | 163 137 | 2363 | 114 1067 | 330 | 325 | 5110 | 82
476 | 163 145 | 2363 | 102 1068 | 330 | 332 | 5119 | 1150
377 | 163 51 | 2363 | 216 1069 | 331 773 | 4483 | 788
78 | 163 155 | 2363 | 9% 1070 | 331 383 | 4483 | 1497
379 | 163 158 | 2363 | 24 || Lie6 | 1071 | 331 35 | 4483 | 1130
380 | 163 160 | 2363 | 39 1072 | 331 39 | 4483 | 1030
81 | 163 162 | 2363 | 6l 1073 | 332 | 275 | 2499 | 2468
L82 482 | 163 [ 166 | 2363 | 407 || 1167 | 1074 | 333 | 277 | 1891 | 1860
i3 | 163 168 | 2363 | 407 1075 | 334 | 317 | 3668 | 182
3”4 | 163 70 | 2363 | 158 1076 | 334 | 327 | 3668 | 517
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Faulty | Serial | Primary | Backup | Irimary | Lpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
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385 | 164 61 | 2244 | 359 1077 | 334 | 335 | 3668 | 335
386 | 164 79 | 2244 | 47 1078 | 334 | 338 | 3668 | 188
87 | 164 182 | 2244 | 201 1079 | 334 | 340 | 3668 | 646
88 | 164 184 | 2244 | 1052 1080 | 334 | 342 | 3668 | 224
489 | 164 186 | 2244 | 219 081 | 334 | 344 | 3668 | 189
390 | 165 135 | 5676 | 287 1082 | 335 379 | 2736 | 1261
o1 | 165 137 | 5676 | 287 083 | 336 | 317 | 6497 | 334
392 | 165 145 | 5676 | 256 1084 | 336 | 327 | 6497 | 1041
393 | 165 151 | 5676 | 538 1085 | 336 | 333 | 6497 | 374
394 | 165 155 | 5676 | 244 || 18 7086 [ 336 38 | 6497 | 345
395 | 165 158 | 5676 | 316 1087 | 336 | 340 | 6497 | 1163
396 | 165 160 | 5676 | 3%6 1088 | 336 | 342 | 6497 | 403
L83 | 497 | 165 162 | 5676 | 329 1080 | 336 | 344 | 6497 | 340
298 | 165 164 | 5676 | 323 1090 | 337 | 317 | 4805 | 135
399 | 165 168 | 5676 | 170 1091 | 337 | 327 | 4805 | 619
500 | 165 70 | 5676 | 388 1002 | 337 | 333 | 4805 | 307
501 | 166 167 | 5936 | 171 1093 | 337 | 335 | 4805 | 520
500 | 166 313 | 593 | 399 || M99 Moo | 337 320 | 4805 | 849
503 | 166 | 221 | 3936 | 1102 1005 | 337 | 342 | 4805 | 294
504 | 166 | 226 | 3936 | 404 1096 | 337 | 344 | 4805 | 248
505 | 167 135 | 5676 | 287 1007 | 338 | 346 | 1527 | 1469
506 | 167 137 | 5676 | 287 1098 | 339 | 317 | 7942 | 46l
507 | 167 145 | 5676 | 256 1009 | 339 | 327 | 7942 | 1494
508 | 167 151 | 5676 | 538 1100 | 339 | 333 | 7942 | 583
500 | 167 155 | 5676 | 244 101 | 330 | 335 | 7942 | 994
510 | 167 158 | 5676 | 316 1102 | 339 | 338 | 7942 | 476
511 [ 167 160 | 5676 | 386 | X170 [Ti03 [ 339 3 | 7942 | 257
L84 | 512 | 167 162 | 5676 | 329 1104 | 330 | 344 | 7942 | 275
513 | 167 164 | 5676 | 323 1105 | 340 | 348 | 4798 | 849
514 [ 167 166 | 5676 | 170 1106 | 340 | 350 | 4798 | 890
515 | 167 170 | 5676 | 388 1107 | 340 | 352 | 4798 | 1058
516 | 163 165 | 5936 | 171 1708 | 341 317 | 3208 | 191
517 | 168 | 213 | 3936 | 399 1100 | 341 37 | 3208 | 610
518 | 168 | 221 | 5936 | 1102 10 | 341 333 | 3208 | 24
519 | 168 | 226 | 3936 | 404 11 | 341 335 | 3208 | 411
50 | 169 135 | 2190 | 91 || Li71 [ 1112 | 341 38 | 3208 | 197
51 [ 169 137 | 2190 | oI 113 | 341 330 | 3208 | 159
52 [ 169 145 | 2190 | 77 114 | 341 344 | 3208 | 17
523 | 169 51 [ 2190 | 103 15 | 342 | 347 | 2582 | 446
54 [ 169 155 | 2190 | 71 1116 | 342 | 354 | 2582 | 1328
55 | 169 158 | 2190 | 102 1117 | 343 317 | 2923 | 166
56 | 169 160 | 2190 | 124 118 | 343 37 | 2923 | 538
57 | 169 162 | 2190 | 106 1119 | 343 333 | 2923 | 210
L8 5T 1e0 164 | 2190 | 104 1120 | 343 35 | 2923 | 358
59 | 169 166 | 2190 | 315 || Li72 | 1121 | 343 38 | 2923 | 171
530 | 169 168 | 2190 | 315 1122 | 343 330 | 2923 | 259
531 [ 170 153 | 2266 | 23 1123 | 343 3 | 2923 4
532 | 170 | 227 | 266 | 229 124 | 344 | 355 | 2031 | 1520
533 | 170 | 234 | 2266 | 167 1125 | 344 | 362 | 2031 | 470
534 | 170 | 236 | 2266 | 155 1126 | 345 337 | 1985 | 1930
535 [ 170 738 | 2266 | 31 || Y173 [T27 | 346 319 | 2852 | 2845
536 | 171 157 | 2398 | 2379 1128 | 347 | 339 | 3267 | 1583
L86 =37 1112 191 | 2002 | 2007 1129 | 347 | 350 | 3267 | 160
538 | 173 150 | 3247 | 1840 || L174 | 1130 | 347 | 352 | 3267 | 489
187 [ 339 | 173 176 | 3247 | 1368 1131 | 348 | 341 | 2931 | 548
550 | 174 78 | 1103 | 1068 1132 | 348 | 354 | 2931 | 1419
51 | 175 150 | 2567 | 1842 || 1175 | 1133 | 349 | 339 | 3184 | 1594
L8s | 542 | 175 174 | 2567 | 636 1134 | 349 | 348 | 3184 | 132
53 176 193 | 2340 | 2320 135 | 349 | 352 | 3184 | 438
54 [ 177 73 | 1671 | 1642 1136 | 350 | 353 | 3048 | 862
L8 551178 180 | 1698 | 1654 1137 | 330 356 | 3048 | 511
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Faulty | Serial | Primary | Backup | Irimary | Lpackup || Faulty | Serial | Primary | Backup | Igimary | Ifpackup
Line No. Relay Relay (A) (A) Line No. Relay Relay (A) (A)
546 | 179 77 | 98 | 920 T138 | 350 | 358 | 3048 | 337
547 | 180 61 | 4495 | 326 139 | 350 | 360 | 3048 | 499
548 | 180 163 | 4495 | 320 1140 | 351 339 | 3119 | 1519
L9 =549 T 180 182 | 4495 | 380 141 | 351 38 | 3119 | 371
550 | 180 184 | 4495 | 1903 142 | 351 350 | 3119 | 335
551 | 180 186 | 4495 | 400 || “7° [Tia3 [ 35 365 | 2762 | 486
55 | 131 61 | 5103 | 385 144 | 352 | 368 | 2762 | 735
553 | 181 163 | 5103 | 574 1145 | 352 | 370 | 2762 | 642
554 | 181 179 | 5103 | 267 1146 | 353 31| 4245 | 1221
Lol [ 355 | 181 184 | 5103 | 1077 1147 | 353 347 | 4245 | 1201
556 | 181 186 | 5103 | 633 148 | 354 | 349 | 5561 | 1008
557 | 182 188 | 4443 | 2187 || Y77 [T1a0 [ 354 356 | 5561 | 1103
558 | 182 100 | 4443 | 782 1150 | 354 | 358 | 5561 | 663
559 | 183 161 | 7184 | 958 1151 | 354 | 360 | 5561 | 1149
560 | 183 163 | 7184 | 940 152 | 355 329 | 5621 | 938
561 | 183 179 | 7184 | 425 1153 | 355 353 | 5621 | 2028
562 | 183 18 | 7184 | 366 154 | 355 358 | 5621 | 303
563 | 183 186 | 7184 | 1064 || X178 [T155 [ 355 360 | 5621 | 983
L92 M5er 1184 187 | 8013 | 2349 1156 | 336 343 | 2140 | 1234
565 | 184 192 | 8013 | 880 1157 | 356 | 362 | 2140 | 819
566 | 184 194 | 8013 | 742 1158 | 357 | 349 | 2000 | 522
567 | 184 196 | 8013 | 929 1150 | 357 | 353 | 2000 | 1124
563 | 184 198 | 8013 | 974 || L179 | 1160 | 357 | 356 | 2909 | 26
560 | 185 61 | 2722 | 244 161 | 357 | 360 | 2909 | 338
570 | 185 163 | 2722 | 239 1162 | 358 | 361 | 1861 | 321
571 185 79 | 2722 | 118 1163 | 359 | 349 | 5124 | 799
572 | 185 82 | 2722 | 203 164 | 350 | 353 | 5124 | 1786
573 | 185 184 | 2722 | 1083 || L180 | 1165 | 359 | 356 | 5124 | 839
L93 | 574 | 186 189 | 2796 | 27 166 | 350 | 358 | 5124 | 494
575 | 186 195 | 2796 | 11 1167 | 360 | 364 | 1979 | 1976
576 | 136 197 | 2796 | 11 1168 | 361 343 | 2315 | 703
577 | 186 | 200 | 2796 | 345 || Ligl | 1169 | 361 355 | 2315 | 1566
578 | 186 | 202 | 2796 | 351 1170 | 362 | 357 | 1946 | 651
579 | 186 | 204 | 2796 | 30 171 | 363 359 | 3072 | 3068
580 | 187 181 | 4464 | 1076 || 82 T2 [ 364 366 | 2730 | 2713
581 | 187 100 | 4464 | 1174 173 | 365 363 | 2140 | 2124
582 | 188 183 | 9259 | 4036 174 | 366 | 351 | 4360 | 932
Lo4 [ 583 | 188 192 [ 9259 | 821 || “83 1175 [ 366 363 | 4360 | 1119
534 | 188 104 | 9259 | 734 176 | 366 | 370 | 4360 | 965
585 | 188 196 | 9259 | 837 1177 | 367 | 351 | 4361 | 1030
586 | 188 198 | 9259 | 877 || Lis4 | 1178 | 367 | 365 | 4361 | 1006
587 | 189 181 | 2726 | 447 1179 | 367 | 370 | 4361 | 978
588 | 189 188 | 2726 | 1605 1180 | 369 | 351 | 4718 | 1076
589 | 190 185 | 2935 | 39 || Li85 | 1181 | 360 | 365 | 4718 | 1051
L9S M50 1190 195 | 2935 | 11 1182 | 369 | 368 | 4718 | 1185
591 [ 190 197 [ 2935 | 11 183 | 371 105 | 3331 | 3313
592 | 190 200 | 2935 | 361 || M8 Tiga 372 %3 2660 | 2621

Table A.10: Primary/backup relay pairs for the standard IEEE 14-bus system

Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
1 1 4 33 13 7 65 23 19
2 2 6 34 13 11 66 23 22
L3 2 8 RE i3 L2 e 1 23 26
4 2 10 L7 36 13 28 68 24 38
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Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
5 3 2 37 13 30 69 25 19
6 4 9 38 14 3 70 25 22
L2 1 1 13 39 | 14 9 L3 [ 71 | 25 24
8 4 20 40 14 20 72 26 37
9 5 1 41 15 7 73 26 40
10 5 8 42 15 11 74 30 17
L3 5 10 L8 3 i 1z Lis [ 75 | 30 32
12 6 12 44 15 18 76 30 34
13 7 1 45 17 7 77 31 15
14 7 6 46 17 11 78 31 17
15 7 10 47 17 14 L16 79 31 28
16 8 11 48 17 28 80 31 34
L4 17 8 14 L9 49 17 30 81 32 36
18 8 18 50 18 15 82 33 15
19 8 28 51 18 28 83 33 17
20 8 30 52 18 32 L17 84 33 28
21 9 1 53 18 34 85 33 32
22 9 6 54 19 3 86 34 39
23 9 8 55 19 9 87 35 31
LS T 10 3 56 | 19 13 L1855 T 36 21
25 10 3 L1057 20 p2) 89 37 23
26 10 20 58 20 24 L19 90 38 25
27 11 5 59 20 26 91 38 40
28 12 7 60 21 19 92 39 25
29 12 14 61 21 24 93 39 37
Lo 350 1 n 13 L =g 1 a1 2% N 33
31 12 28 63 22 35 95 - -
32 12 30 64 - - 96 - -

Table A.11: Primary/backup relay pairs for the standard IEEE 30-bus system

Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
1 1 2 66 23 9 131 43 15
2 2 6 67 23 3 32 | 43 6
L1 3 2 8 68 3 20 L2 M3 = 43
3 2 10 L2 5 3 %) 134 | 43 50
5 3 2 70 23 26 135 45 15
L2 6 Z W 71 23 28 136 | 45 i
7 5 1 7 25 9 L3 [137 | 45 48
8 5 8 73 25 3 38 | 45 50
9 5 10 74 25 20 139 | 46 )
L3 1o 6 11 75 25 6% 140 | 47 15
11 6 4 76 25 28 141 47 i
2 6 16 77 25 32 42 | & 6
3 7 i L3 | 78 25 34 L4 [143 | 47 50
14 7 6 79 26 23 144 | 48 51
L4 =3 7 10 80 %6 3 45 | 48 54
16 8 18 81 26 36 146 | 48 56
17 9 I ) 26 38 47 | 49 15
18 9 6 83 26 40 148 | 49 i
19 9 8 84 26 y) L2s [ 149 | 49 6
20 10 3 85 27 9 150 | 49 48
21 10 20 86 27 3 151 50 58
L5 =% 10 » 87 27 20 152 [ 5 45
23 10 26 88 27 2 153 5 47
24 10 28 L4 | 89 27 26 L6 55 T 54
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Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
75 10 Ep) ) 77 n 55 | 52 36
%6 10 33 o1 77 34 156 | 53 47
7 1] 3 ) 7% 29 157 | 53 51
28 2 5 %3 28 75 L27 M55 1 3 56
L6 =59 2 14 o4 29 21 150 | 54 60
30 ) 16 Lis [ 95 30 27 60 | 55 7
3 13 5 9% 30 75 61 | 55 51
Ep) 3 ] 97 n 75 L8 e T 35 54
3 13 16 8 EY) 36 163 | 56 63
32 14 9 Li6 | 99 R 33 64 | 57 9
33 14 20 00 | 32 20 L2 65 T 33 33
L7 36 4 2 101 Ep) ) 166 | 59 53
37 14 %6 02 | 33 73 L300 67 T 0 )
33 14 28 103 | 35 25 168 | 61 59
39 14 EY) 04 | 33 3 L e T & 37
30 14 34 Lig [105 | 35 33 70 | 63 39
a 5 5 106 | 35 40 132 | 170 o4 4
75} 5 1] 07 | 35 ) 72| 64 %6
33 5 4 08 | 36 57 73 | 65 a1
L8 [ 44 16 v} 100 | 37 73 74 | 65 63
45 16 6 1o | 37 25 L3 75 T %6 67
36 6 3 T 37 3 76 | 66 70
47 16 50 Lo [112 | 37 36 77 | 67 55
a3 17 7 3 37 40 L34 | 178 | 68 &
Lo %9 B 9 T4 | 37 ) 79 | 68 70
50 19 9 115 | 38 61 180 | 69 65
51 9 13 16 | 39 3 L35 [ 181 | & 67
) 9 bp) 7 | 39 75 82 | 70 74
53 o %6 118 | 39 3 83 | 71 )
L1057 o 28 20 119 [ 39 36 L6 a1 71 74
55 19 n 20 | 39 33 185 | 73 69
36 9 34 21 | 39 » L37 g6 T 72 76
57 20 17 22 | 40 64 87 | 75 7
53 2 9 23 | 41 3 138 [ 188 | 76 77
59 21 3 24 | 41 75 80 | 76 29
60 2 20 25 | 41 3% 00 | 77 7
61 21 % 26 | 41 36 L9 mor 177 76
LIl 55 21 28 LU =741 33 192 [ 79 73
3 7 Ep) 28 | 41 30 L0 o3 T 79 76
64 21 32 29 | 42 63 4 | 81 77
65 %) 30 130 | 42 66 L o5 T %2 79

Table A.12: Primary/backup relay pairs for the standard IEEE 118-bus system

Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
1 1 4 396 148 152 791 252 262
L 2 6 L78 7307 [ 148 | 154 || vLi2e [ 792 | 252 | 264
3 3 2 398 149 143 793 252 266
L2 4 4 8 L75 399 149 148 794 253 235
5 4 10 400 150 156 795 253 243
6 5 1 401 151 147 L127 796 253 249
7 6 9 402 151 154 797 253 252
8 6 23 403 152 135 798 254 257
L3 9 6 31 404 152 137 799 255 258
10 6 36 405 152 145 800 256 237
11 6 38 406 152 155 801 256 251
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Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
2 6 20 07 | 152 158 802 | 256 | 260
13 7 3 308 | 152 160 803 | 256 | 262
14 7 10 309 | 152 162 804 | 256 | 264
15 8 11 40 | 152 164 805 | 256 | 266
T 8 16 3T | 152 166 806 | 257 756
17 g B i | 152 68 || 129 807 | 258 753
18 g 20 a3 | 152 170 808 | 259 | 237
1 9 3 3a | 153 147 800 | 259 | 251
20 9 8 415 | 153 152 810 | 259 | 255
71 10 3 316 | 154 169 || L130 | 811 | 259 | 262
bp) 10 %3 L77 [417 | 154 | 227 812 | 259 | 264
N 10 31 418 | 154 234 813 | 259 266
24 10 36 319 | 154 | 236 814 | 260 | 268
25 10 33 20 | 154 | 238 815 | 261 237
% 10 30 21| 155 149 816 | 261 251
7 ] 4 20 | 156 135 817 | 261 755
73 2 7 23 | 156 137 818 | 261 260
L6 | 29 ¥} 16 D4 | 156 145 810 | 261 264
30 2 B 35 | 156 151 820 | 261 266
31 2 20 26 | 156 158 || Li31 | 821 | 262 | 263
0 3 2 L8 =7 T 136 160 82 | 262 260
EX) 14 9 28 | 156 162 83 | 262 | 272
L7 =3 14 EY) 29 | 156 164 R4 | 262 274
35 14 34 330 | 156 166 85 | 262 | 276
36 5 7 31T | 156 168 86 | 262 | 278
37 15 11 432 | 156 170 87 | 262 | 280
Ls [ 38 05 8 33 | 157 135 88 | 263 737
39 5 20 334 | 157 137 89 | 263 251
30 16 b%) 335 | 157 145 830 | 263 755
a 17 7 336 | 157 151 B1 | 263 760
0 17 ] 437 | 157 155 832 | 263 262
33 17 16 38 | 157 160 833 | 263 266
L9 17 20 L7 39 T 157 162 L132 | 834 | 264 | 261
35 13 %6 340 | 157 164 835 | 264 | 269
6 B % | 157 166 836 | 264 | 272
47 19 7 | 157 168 837 | 264 | 274
43 9 1] | 157 170 838 | 264 | 276
9 9 16 344 | 158 72 830 | 264 | 278
LI0 | 50 9 13 a5 | 159 135 840 | 264 | 280
51 20 3 346 | 159 137 g1 | 265 737
) 20 EY) a7 | 159 145 842 | 265 251
53 20 32 43 | 159 151 83 | 265 755
54 21 5 349 | 159 155 844 | 265 260
LIT =3 b%) 24 350 | 159 58 ]| 133 ’a5 [ 265 262
36 %3 21 180 | 451 | 159 162 846 | 265 264
57 24 5 350 | 159 164 847 | 266 | 282
53 2 9 353 | 159 166 848 | 266 | 284
L2 [ 39 2 31 454 | 159 168 849 | 267 259
60 24 36 355 | 159 70 ]| “13* 850 | 268 770
61 24 £ 356 | 160 174 851 | 260 | 267
) 24 30 357 | 160 176 852 | 270 | 261
03 %5 17 358 | 161 135 853 | 270 | 263
L3 | 64 25 28 459 | 161 137 854 | 270 | 272
65 % 30 360 | 161 145 L3S 55T 270 | 274
%6 77 17 361 | 161 151 856 | 270 | 276
67 77 %6 362 | 161 155 857 | 270 | 278
L4 | 68 23 55 463 | 161 158 858 | 270 | 280
69 28 87 364 | 161 160 859 | 271 261
70 73 100 365 | 161 164 860 | 271 263
(s | 71 | 2 25 L8 466 | 161 | 166 861 | 271 | 269
s |72 3 13 367 | 161 168 862 | 271 274
L136
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Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
7 30 o 368 | 161 170 863 | 271 776
74 30 34 369 | 162 163 864 | 271 778
7 EY) 3 70 | 162 179 865 | 271 780
76 Ep) 9 71 162 182 866 | 272 | 229
77 Ep) %3 72 162 184 867 | 273 | 261
78 Ep) 36 3| 16 186 868 | 273 | 263
79 Ep) 33 74 | 163 135 860 | 273 | 269
80 Ep) 20 375 | 163 137 g0 | 213 | 272
81 3 13 476 | 163 145 871 | 273 | 276
) EX) 9 377 | 163 151 L137 [ 82 | 273 | 278
LI7 53 33 EY) 78 | 163 155 873 | 273 280
e 34 5} 379 | 163 158 874 | 274 | 283
g5 35 5 380 | 163 160 875 | 274 | 325
86 35 9 481 | 163 162 876 | 274 | 320
87 35 %3 L8 4 T 163 166 877 | 274 332
Lig | 88 33 31 i3 | 163 168 878 | 275 | 261
89 35 33 84 | 163 170 879 | 275 | 263
) 35 20 385 | 164 161 880 | 275 | 269
o1 36 v} 386 | 164 179 881 | 275 772
) 37 5 87 | 164 2 ]| Y38 ez [ 255 774
%3 37 9 483 | 164 184 883 | 275 778
o4 37 3 489 | 164 186 884 | 275 | 280
Lo [ 95 37 30 390 | 165 135 885 | 276 | 331
9% 37 36 31 | 165 137 886 | 277 | 261
97 37 30 392 | 165 145 87 | 277 | 263
98 33 5 393 | 165 151 888 | 277 | 269
%9 39 5 394 | 165 155 80 | 277 | 272
100 | 39 9 295 | 165 58 || 139 o0 [ 277 774
o1 | 39 3 396 | 165 160 81 | 277 | 276
L2 o139 31 L83 | 497 | 165 162 892 | 277 780
103 | 39 36 498 | 165 164 893 | 278 334
04 | 39 33 399 | 165 168 894 | 279 | 261
105 | 41 3 500 | 165 170 895 | 279 | 263
06 | 42 33 501 | 166 167 896 | 279 | 269
L1 [107 | 2 6 500 | 166 | 213 897 | 279 | 272
08 | 42 43 503 | 166 21 L140 598279 274
09 | 42 30 504 | 166 | 226 899 | 279 | 276
10 | 43 35 505 | 167 135 900 | 279 | 278
| 4 4 506 | 167 137 901 | 280 | 336
L2 [112 | 44 36 507 | 167 145 902 | 281 265
113 | 44 3 508 | 167 151 903 | 281 284
T4 | 44 30 500 | 167 155 L4l =555 T 28 | 286
5 | 45 a 510 | 167 158 905 | 282 | 28%
6 | 45 33 511 [ 167 160 906 | 283 | 265
7 | 45 8 L84 [ 3512 [ 167 162 907 | 283 | 232
T8 | 45 30 513 | 167 164 908 | 284 | 273
23 119 | 46 51 514 [ 167 166 || 1% 900 | 284 325
20 | 46 54 515 | 167 170 910 | 284 | 329
1 | 46 36 516 | 163 165 oI | 284 | 332
22 | 46 53 517 | 168 | 213 912 | 285 | 281
23 | 46 60 518 | 168 | 221 L143 [ 913 | 285 788
24 | 47 a 519 | 168 | 226 914 | 286 | 290
25 | 47 13 50 | 169 135 915 | 287 | 281
6 | 4 36 51 [ 169 137 916 | 287 | 286
L4 | 127 | 4 30 52 [ 169 145 917 | 288 | 289
28 | 48 61 53 | 169 151 L4451 T 288 792
29 | 48 64 54 [ 169 155 919 | 288 | 294
130 | 48 66 55 | 169 158 920 | 288 | 29
31 | 49 a 56 | 169 160 91 | 280 | 285
32 | 49 33 57 [ 169 162 92 | 290 | 287
L2s 133 | 49 6 L8 =5 T 169 64 || L145 | 923 | 200 | 292
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Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
34 | 49 8 59 | 169 166 94 | 200 | 294
35 | 350 108 530 | 169 168 95 [ 290 | 2%
136 | 51 37 531 [ 170 153 926 | 201 287
37 | %2 5 532 | 170 | 227 97 | 291 289
38 | 52 54 533 | 170 | 234 || Lld6 | 928 | 291 204
L6 391 3 56 53 | 170 | 236 929 | 291 296
@0 | 52 53 535 | 10 | 238 930 | 202 | 298
@i 5 60 536 | 171 157 931 | 293 | 287
42 | 53 5 L8 537 T m2 191 932 | 293 289
43 | 53 51 538 | 173 159 || Li47 | 933 | 293 | 292
44 | 53 36 87 [ 339 | 1713 176 934 | 293 | 29
L7 M5 33 53 530 | 174 178 035 | 294 300
@6 | 53 60 51 | 175 159 936 | 295 | 287
@7 | 54 ) 188 | 542 | 175 174 937 | 295 289
48 | 55 Ve 553 [ 176 193 938 | 295 | 202
149 | 35 51 54 [ 177 73 939 | 205 | 294
50 | 55 54 L8 s 117 180 || Li48 | 940 | 296 | 299
51 | 55 53 546 | 179 77 04T | 296 | 302
L28 55353 60 547 | 180 161 o8 | 29 304
33 | 36 7 548 | 180 163 o83 | 296 | 306
54 | 56 g7 L9 55T 180 182 04 | 296 | 308
55 | 36 100 550 | 180 182 || [1a0 | 945 | 297 | 291
56 | 57 IE; 551 | 180 186 946 | 299 | 293
57 [ 57 51 55 | 131 161 o0& [ 300 | 295
58 | 57 52 553 | 181 163 048 | 300 | 302
L9 [159 | 57 36 554 | 181 179 || Y0 oa9 [ 300 | 304
160 | 57 60 Lot [ 355 | 181 184 950 | 300 | 306
61 | 58 97 556 | 181 186 951 | 300 | 308
62 | 58 102 557 | 182 188 952 | 301 205
163 | 59 IE; 558 | 182 190 953 | 301 99
64 | 59 51 559 | 183 161 954 | 301 304
165 | 59 7 560 | 183 163 || Lis1 | 955 | 301 306
L300 eg T 59 56 561 | 183 179 956 | 301 308
67 | 59 53 562 | 183 £ 957 | 302 | 303
68 | 60 103 563 | 183 186 958 | 302 | 310
169 | 61 53 L92 5er T 134 187 959 | 303 295
70 | 62 47 565 | 184 192 960 | 303 | 299
L3173 62 64 566 | 184 194 961 | 303 302
7 | 62 66 567 | 184 196 || Lis2 | 962 | 303 306
73 | 63 a7 563 | 184 198 963 | 303 308
74 | 63 61 560 | 185 161 964 | 304 | 301
L2 M5 T 63 66 570 | 185 163 965 | 304 310
76 | 64 3 571 | 185 179 96 | 305 | 295
77 |65 7 572 | 185 82 967 | 305 | 299
78 | 65 61 573 | 185 184 963 | 305 302
79 | 65 64 L93 [ 574 | 186 189 969 | 305 304
L3 50 T 66 170 575 | 186 195 970 | 305 308
81 | 66 112 576 | 186 197 || Lis3 | 971 | 306 | 307
82 | 66 114 577 | 186 | 200 972 | 306 | 311
83 | 67 63 578 | 186 | 202 973 | 306 | 314
L34 [ 184 | 68 70 579 | 186 | 204 974 | 306 | 316
85 | 69 67 580 | 187 181 975 | 306 | 318
135 [ 186 | 70 7 581 | 187 190 976 | 306 | 320
87 | 70 9 58 | 188 183 977 | 307 | 295
88 | 72 74 Lo4 [ 583 | 188 92 978 | 307 | 299
L36 go T 72 76 584 | 188 194 979 | 307 302
00 | 72 73 585 | 183 196 980 | 307 304
or | 73 71 586 | 188 198 981 | 307 306
92 | 73 76 Los | 587 | 189 181 Lis4 | 982 | 308 305
37 193 | 73 73 588 | 189 188 983 | 308 311
04 | 74 80 530 | 190 185 084 | 308 314
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Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
95 | 74 7 500 | 190 195 985 | 308 316
96 | 75 7 591 | 190 197 986 | 308 318
o7 | 75 74 592 | 190 | 200 987 | 308 320
138 | 198 | 75 78 593 | 190 | 202 988 | 309 | 301
199 | 76 84 504 | 190 | 204 || L155 | 989 | 309 | 303
200 | 76 %6 505 | 191 183 900 | 310 | 312
201 77 7 596 | 191 187 991 | 311 309
200 | 77 74 597 | 191 194 992 | 312 | 305
203 | 77 76 L9 5o T o1 196 993 | 312 307
139 [ 204 | 78 o1 599 | 191 198 || Lis6 | 994 | 312 | 314
205 | 78 101 600 | 192 171 995 | 312 | 316
206 | 78 104 601 | 193 183 996 | 312 | 318
207 | 78 106 602 | 193 187 997 | 312 | 320
208 | 79 73 603 | 193 192 998 | 313 305
200 | 79 82 L7 —goa 193 196 999 | 313 307
210 | 80 733 605 | 193 198 1000 | 313 311
L4017 80 240 606 | 194 175 Lis7 [1001 | 313 316
312 | 80 Y1) 607 | 195 183 1002 | 313 318
213 | 80 244 608 | 195 187 1003 | 313 320
314 | 8l 7 609 | 195 192 1004 | 314 | 32
w41 [ 215 | 81 80 610 | 195 194 1005 | 315 305
26 | 82 245 611 | 195 198 1006 | 315 307
307 | 83 75 Log [ 612 | 19 185 1007 | 315 311
L2 [218 | 83 %6 613 | 19 189 1008 | 315 314
319 | 84 83 614 | 19 197 1009 | 315 318
220 | 85 75 615 | 196 | 200 || 158 [Toto | 315 320
»T | 8 84 616 | 196 | 202 011 ] 316 | 321
w3 [ 22 | %6 ) 617 | 196 | 204 012 | 316 | 324
23 | 86 ) 618 | 197 183 1013 | 316 | 326
224 | 86 o4 619 | 197 187 1014 | 316 | 328
25 | 87 83 620 | 197 192 1015 | 317 305
226 | 88 77 @1 | 197 104 1016 | 317 307
L4 57T %8 55 62 | 197 196 1017 | 317 311
78 | 88 100 &3 | 198 185 1018 | 317 314
739 | 89 g5 L9 —oa T 193 189 1019 | 317 316
230 | 89 3) 65 | 198 195 1020 | 317 320
L4531 g9 o4 66 | 193 200 || L159 | 1021 | 318 327
23 | 90 9% &7 | 198 | 202 1022 | 318 333
733 | o g5 68 | 198 | 204 1023 | 318 335
234 | ol ) 69 | 199 185 1024 | 318 338
235 | ol 4 630 | 199 189 1025 | 318 340
L46 | 236 | 92 77 631 | 199 195 1026 | 318 3
237 | 92 101 632 | 199 197 1027 | 318 344
38 | 0 104 || Li00 | 633 | 199 | 202 1028 | 319 | 305
739 | 92 106 634 | 199 | 204 1029 | 319 | 307
240 | 93 g5 635 | 200 | 206 1030 | 319 | 311
21 | 93 ) 636 | 200 | 208 || Lleo | 1031 | 319 | 314
L7 5T 93 57} 637 | 201 185 1032 | 319 316
23 | o4 371 638 | 201 189 1033 | 319 | 318
244 | 9 89 639 | 201 195 1034 | 320 | 345
L8 5T 96 8 640 | 201 197 1035 | 321 313
246 | 97 % L101 | 641 | 201 300 1036 | 322 | 315
L49 [247 | 98 57 642 | 201 204 || Li6l | 1037 | 322 | 324
28 | 98 02 63 | 202 | 205 1038 | 322 | 326
249 | 99 77 64 | 202 | 210 1039 | 322 | 328
250 | 99 55 65 | 200 | 212 1040 | 323 315
Ls0 [ 251 | 99 87 646 | 203 185 1041 | 323 01
252 | 100 119 647 | 203 180 || Lie2 | 1042 | 323 326
353 | 100 126 648 | 203 195 1043 | 323 38
L1 | 254 | 101 57 L102 | 649 | 203 197 1044 | 324 | 330
355 | 101 97 650 | 203 200 || 1163 | 1085 | 325 315
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Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
756 | 102 77 651 | 203 202 1046 | 325 01
357 | 102 o1 652 | 204 | 28 1047 | 325 324
758 | 102 104 653 | 205 199 1048 | 325 328
259 | 102 106 654 | 205 208 1049 | 326 | 273
%60 | 103 77 L103 | 655 | 206 | 201 1050 | 326 | 283
%1 | 103 o1 656 | 206 | 210 1051 | 326 | 329
Ls2 [262 | 103 101 657 | 206 | 212 1052 | 326 | 332
263 | 103 106 658 | 207 199 1053 | 327 315
264 | 104 59 659 | 207 | 206 1054 | 327 321
%65 | 105 77 L104 | 660 | 208 | 209 1055 | 327 34
266 | 105 o1 661 | 208 | 214 1056 | 327 326
Ls3 [ 267 | 105 101 662 | 208 | 216 1057 | 328 317
263 | 105 104 663 | 200 | 201 Lie4 [ 1058 | 328 333
269 | 106 | 372 664 | 209 | 205 1059 | 328 335
270 | 107 29 665 | 200 | 212 1060 | 328 338
271 | 108 111 LI0S 66T 210 | 207 1061 | 328 340
72 | 108 17 667 | 210 | 214 1062 | 328 342
L34 73T 108 120 6638 | 210 | 216 1063 | 328 344
274 | 108 22 669 | 211 201 1064 | 320 | 323
775 | 108 124 670 | 211 305 1065 | 330 | 273
776 | 109 65 Li06 | 671 | 211 310 || Li6s | 1066 | 330 | 283
277 | 109 T2 672 | 202 | 217 1067 | 330 | 325
LSS 57T 100 114 673 | 212 220 1068 | 330 332
779 [ 110 115 674 | 213 207 1069 | 331 73
280 | 111 65 675 | 213 309 1070 | 331 783
2R | 111 110 676 | 213 216 || Ll66 | 1071 | 331 325
382 [ 111 14 || L7 | 677 | 214 165 1072 | 331 329
%3 | 112 107 678 | 214 167 073 | 332 | 275
L6 a1 112 117 679 | 214 21 1074 | 333 277
%5 | 112 120 680 | 214 | 226 1075 | 334 | 317
286 | 112 22 681 | 215 207 1076 | 334 | 327
%7 | 112 124 682 | 215 309 1077 | 334 | 335
288 | 113 65 LI08  —ge3 315 214 || L7 o7 | 334 338
230 | 113 110 684 | 216 | 225 1079 | 334 | 340
L7 500 T 113 12 685 | 217 203 1080 | 334 34
201 | 114 140 || L109 | 686 | 218 | 211 1081 | 334 | 344
202 | 115 118 687 | 218 | 220 1082 | 335 | 279
L8 o3 T 116 109 688 | 219 211 1083 | 336 317
294 | 117 116 689 | 219 | 217 1084 | 336 | 327
205 | 118 107 || Lilo | 690 | 220 25 1085 | 336 | 333
206 | 113 111 61 | 220 | 222 || M8 [Togs [ 336 338
LY o7 1118 120 602 | 220 | 224 1087 | 336 340
208 | 118 22 693 | 221 25 1088 | 336 | 342
299 | 118 24 094 | 221 719 1080 | 336 | 344
300 | 119 107 695 | 221 74 1090 | 337 317
301 | 119 T L1l | 696 | 222 165 1001 | 337 327
302 | 119 117 607 | 22 167 1092 | 337 333
L60 | 303 | 119 22 68 | 22 | 213 1003 | 337 335
304 | 119 124 699 | 222 6 || 199 [TTooa [ 337 340
305 | 120 99 700 | 223 25 1005 | 337 34
306 | 120 126 701 | 223 319 1096 | 337 344
307 | 121 107 702 | 223 b%%) 1097 | 338 346
308 | 121 111 L2 63 T4 228 1008 | 339 317
Lol 591121 117 704 | 224 230 1099 | 339 37
310 | 121 120 705 | 224 | 23 1100 | 339 | 333
30 120 24 706 | 225 165 101 | 339 | 335
32 | 122 128 707 | 225 167 1102 | 339 | 338
313 | 123 107 || L3 | 708 | 225 213 L1701 M703 T 339 3
314 | 123 111 700 | 225 71 1104 | 330 | 344
35 | 123 117 700 | 226 | 215 1105 | 340 | 348
Ly 316 123 120 || (14 | 711 | 227 | 223 1106 | 340 | 330
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Table A.12 — continued from previous page

Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup
line No. relay relay line No. relay relay line No. relay relay
37 | 13 b)) 712 | 227 | 230 107 | 340 | 352
38 | 124 27 73 | 227 | 232 1108 | 341 317
319 | 124 130 714 | 228 153 1100 | 341 327
30 | 124 32 715 | 228 169 1110 | 341 333
1| 125 99 716 | 228 | 234 T | 341 335
32 | 125 119 707 | 228 | 236 || Li71 | 1112 | 341 338
L63 | 323 | 126 | 219 718 | 228 | 238 113 | 341 340
D4 | 126 | 22 719 | 220 | 223 114 | 341 344
325 | 126 | 224 720 | 229 | 228 115 | 342 | 347
326 | 127 21 LIS =519 732 116 | 342 354
37 | 128 23 T2 | 230 | 271 117 | 343 317
L6435 T 128 130 723 | 231 73 118 | 383 37
39 | 128 32 || Li15 | 724 | 231 73 1119 | 343 333
330 | 129 123 725 | 231 230 1120 | 343 335
BT [ 129 127 726 | 233 153 || Li72 [ 1121 | 343 338
L6S M35 T 129 132 727 | 233 169 122 | 383 340
333 | 130 134 728 | 233 77 123 | 343 342
B34 | 131 23 729 | 233 736 1124 | 344 | 355
335 | 131 27 || Li17 | 730 | 233 733 1125 | 344 | 362
36 | 131 130 31| 234 79 1126 | 345 337
L66 3371132 133 732 | 234 240 LIT3 =137 T 346 319
38 | 132 136 733 | 234 | 242 1128 | 347 339
339 | 132 138 T34 | 234 | 244 1129 | 347 350
330 | 133 129 735 | 235 153 || Li74 [ 1130 | 347 352
31 | 134 131 736 | 235 169 131 | 348 341
L67 3 T 13 136 737 | 235 27 1132 | 348 354
33 | 134 138 738 | 235 234 1133 | 349 | 339
34 | 135 131 L8 [ 739 | 235 733 1134 | 349 | 348
35 | 135 133 740 | 236 | 283 1135 | 349 | 332
36 | 135 138 741 | 236 | 249 || L175 | 1136 | 350 | 353
37 | 136 137 74 | 236 | 252 1137 | 350 | 336
38 | 136 145 T3 | 236 | 254 138 | 350 | 358
39 | 136 151 T4 | 237 153 139 | 350 | 360
350 | 136 155 745 | 237 169 1140 | 351 339
L68 3571136 158 746 | 237 77 141 | 351 348
352 | 136 160 747 | 237 | 234 1142 | 351 350
353 | 136 162 748 | 237 736 || M7 s 332 365
354 | 136 64 | Li19 | 749 | 238 | 251 1144 | 352 | 368
355 | 136 166 750 | 238 | 255 1145 | 352 | 370
356 | 136 168 751 | 238 | 260 1146 | 353 341
357 | 136 170 752 | 238 | 262 1147 | 353 347
358 | 137 131 753 | 238 | 264 1148 | 354 | 349
359 | 137 133 754 | 238 266 LI77 139 [ 354 356
360 | 137 136 755 | 239 79 150 | 354 | 358
361 | 138 135 756 | 239 | 233 1151 | 354 | 360
362 | 138 145 757 | 239 | 242 152 | 355 349
363 | 138 151 LI20 —sg T 239 244 1153 | 355 353
364 | 138 155 759 | 240 | 246 154 | 355 358
L6 365 T 138 158 760 | 240 | 248 || 178 [T155 [ 355 360
366 | 138 160 761 | 241 79 1156 | 3356 | 343
367 | 138 162 762 | 241 733 157 | 3356 | 362
363 | 138 164 || Li21 | 763 | 241 340 1158 | 357 349
369 | 138 166 764 | 241 244 1159 | 357 353
370 | 138 168 765 | 242 | 250 || L179 | 1160 | 357 356
371 | 138 170 766 | 243 79 161 | 357 360
372 | 139 113 767 | 243 733 1162 | 358 361
L70 3731140 142 768 | 243 340 1163 | 339 349
374 | 141 139 769 | 243 24 1164 | 359 | 353
L7l | 375 | 142 s ]| Y122 750 e | 235 L1s0 | 1165 | 359 356
376 | 142 146 77T | 244 | 249 1166 | 359 | 358
5 | 377 | 183 T4 772 | 244 | 252 1167 | 360 | 364
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Table A.12 — continued from previous page

Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup || Faulty | Serial | Primary | Backup

line No. relay relay line No. relay relay line No. relay relay
378 | 143 146 773 | 244 254 1168 | 361 3
379 | 144 148 774 | 245 239 Ligl [ 1169 | 361 355
380 | 144 150 || L123 [ 775 | 245 243 1170 | 362 357
381 | 145 141 776 | 246 81 1171 | 363 359
3R | 145 144 777 | 247 739 || L1822 M T 36 366
383 | 146 135 LI24 =247 246 173 | 365 363
384 | 146 137 779 | 249 241 1174 | 366 351
3’5 | 146 151 780 | 250 | 235 LI83 175 T 366 368
386 | 146 155 Li25s | 781 | 250 3 1176 | 366 370

L73 [ 387 | 146 158 782 | 250 252 1177 | 367 351
383 | 146 160 783 | 250 254 Lig4 [ 1178 | 367 365
380 | 146 162 784 | 251 235 1179 | 367 370
390 | 146 164 785 | 251 W3 1180 | 369 351
391 | 146 166 786 | 251 249 Liss [ 1181 | 369 365
392 | 146 168 Li26 | 787 | 251 254 1182 | 369 363
393 | 146 170 788 | 252 237 1183 | 371 105
394 | 147 143 789 | 252 255 Lige | 1184 | 372 93

L74 305 1147 150 790 | 252 260 1185 5 :
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