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Abstract

Faults are more frequent in distribution system, as compared to other parts of the power system,
leading to supply interruptions to the customers. For maximizing the customer satisfaction and re-
tention, improvement of service reliability is a major concern for electric utilities. The main goal
of the power distribution system reliability evaluation is the prediction of the service security of the
customers. Service reliability can be improved by placing switches and reclosers at appropriate lo-
cations in the distribution system, so that supply from the main substation to the healthy load points
can be maintained uninterrupted after isolating the faulted feeder section of the distribution system.
Therefore, a strategy for optimal placement of the switches and reclosers needs to be evolved for
improving the distribution system reliability. Proper locations of the protective devices (switches
and reclosers) must be carefully chosen in order to maximize the benefits of placing these devices
in a distribution system. To address this issue, in this thesis, a formulation for optimal placement of
switches and reclosers in a distribution system for maximizing distribution system reliability, while
minimizing the associated investment and outage costs has been proposed. The proposed formulation
has been tested on 13-bus, 58-bus and IEEE 123-bus test systems using evolutionary programming
(EP), genetic algorithm (GA), differential evolution (DE) and mixed-integer nonlinear programming
(MINLP) methods. The obtained results establish the superiority of the MINLP method over the
other optimization methods for the said purpose. However, the initial formulated optimization prob-
lem has considered only deterministic values of loads and system data.

The input parameters used for reliability evaluation may contain errors as they are derived from
historical records. Hence, in order to achieve more realistic reliability indices, system components’
data uncertainties need to be taken into account. To address this issue, Monte-Carlo simulation
(MCS) method is used to model the load variation, failure rate (\) and repair rate (u) of the system
components. The main demerit of MCS is the time consuming iterations making MCS unsuitable
for most of the case studies, especially for large systems. Application of point estimate method
(PEM) for probabilistic calculations, incorporating uncertainty of parameters, can provide similar
results of acceptable accuracy but with less numerical efforts as compared to MCS. The uncertainty
associated with the failure rate, outage time (r) and load (L) may be expressed in terms of the
expected value (mean) and standard deviation of these quantities with an assumption that they are
normally distributed. The PEM, used to calculate the statistical moments of a random quantity which,

in turn, is a function of one or several random variables, has three prevalent versions, namely 3-point



estimate method (3PEM), 5-point estimate method (SPEM) and 7-point estimate method (7PEM). It
is well established that while for calculating lower order statistics only (mean and variance), 3PEM
is sufficient, for calculating higher order statistics (skewness and kurtosis) along with the lower order
statistics, SPEM and 7PEM are more useful.

This thesis presents a formulation for an optimal placement of switches and reclosers in a dis-
tribution system for maximizing the distribution system reliability considering uncertainties in load
data, system failure and repair rates. The uncertainties have been incorporated in the formulation
using 3PEM. The proposed formulation has been tested on 13-bus, 58-bus and IEEE 123-bus test
systems using DE and MINLP methods. The obtained results establish the effectiveness of the con-
sideration of data uncertainties in maximizing utilities’ profits as also in improving the distribution
system reliability by providing the bounds of profit. However, the formulation considered sustained
interruptions (caused by permanent faults) only, and hence the scope for inclusion of momentary
interruptions (due to temporary faults) has been explored next.

In a distribution system, momentary interruptions are more frequent than the sustained interrup-
tions. Till recently, sustained interruptions were the main concern of the utilities and, hence, the
protective devices were placed to limit the impact of these. However, these days, loads are more
sensitive to momentary interruptions due to proliferation of electronic devices. Due to the increased
use of electronic and precision devices, damages due to short-duration voltage disturbances have
increased. The utilities employ fuse-save and fuse-blow schemes to decrease the impact of sustained
and momentary interruptions, respectively. In the fuse-save scheme, an upstream recloser or cir-
cuit breaker operates, before a fuse can trip, to isolate a fault downstream of the fuse. Fuse-save
scheme is used with an instantaneous relay or with the fast curve of a recloser associated with a
circuit breaker. For temporary faults, service to the customers can be restored immediately by re-
energizing the line, resulting in decreased sustained interruptions. The main drawback of fuse-save
scheme 1is that all customers downstream of a recloser or circuit breaker experience momentary in-
terruptions even for permanent faults downstream of the fuse. Because of this, many utilities prefer
to use the fuse-blow scheme over the fuse-save scheme. In fuse-blow scheme, the fuse operates for
all the downstream faults (temporary and permanent), resulting in sustained interruption for all the
customers downstream of the fuse while rest of the system remains uninterrupted.

To address the above issue, the effect of temporary faults has also been incorporated next in
the optimal placement problem of protective devices in the distribution system. Three different

scenarios, for optimal placement of protective devices (switches, reclosers, fuses) in a distribution
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system, considering uncertainties in loads, temporary and permanent failure rates and repair rates
have been formulated. The three versions of the formulated problem have been solved for 58-bus
and IEEE 123-bus distribution networks using MINLP optimization technique.

Apart from the above three scenarios of protective devices’ placement in distribution system,
other scenarios pertaining to different combinations of protective devices are also feasible. Each
scenario will give a different optimal profit value for a given system, hence, the best scenario needs
to be identified. Thus, it becomes necessary to develop a generalized formulation which can sim-
ulate any desired scenario and help a utility in deciding the best possible combination and optimal
placement of protective devices for profit and reliability maximization. In this thesis, a generalized
model has been developed to address the difficulties pertaining to placement of various combinations
of protective devices (recloser, switch, fuse-blow fuse and fuse-save fuse) in a distribution network
for increasing the profit of the utility through reliability improvement. The uncertainties in tem-
porary failure rates, permanent failure rates, repair rates and load data have been considered in the
formulation using 3PEM. The developed objective function is capable of simulating different com-
binations of the protective devices. The formulated problems have been solved for 58-bus and IEEE
123-bus distribution networks using MINLP optimization technique. After analyzing the test results
of the various scenarios for the two test systems, it is concluded that maximum profit to the utility
is accrued by using the one involving a combination of all the four protective devices viz. reclosers,
switches, fuse-blow fuses and fuse-save fuses.

Optimal placement of protective devices in distribution system increases the system reliability by
isolating the faulty feeder section of the system and supplying uninterrupted power to healthy feeder
sections (upstream of the faulty feeder section). However, the healthy feeder sections downstream
of the faulty feeder section remain de-energized until the faulty feeder section is repaired and re-
energized. If a distributed generation (DG) is present in the downstream isolated healthy part of
the system, it can further improve the system reliability by operating in an islanded mode. For
the formation of an island, the DG capacity should be sufficient to avoid load shedding or load
prioritization. Thus, integration of DG in distribution networks has added advantages: additional
reduction in customer interruption duration and increase in service restoration speed. However, the
presence of DG in distribution system increases the complexity of the optimal placement problem of
protective devices which has been addressed next.

In this thesis, the effect of DG has also been incorporated in the formulation of optimal placement

problem of protective devices’ (recloser, switch, fuse-blow fuse and fuse-save fuse) in the distribution

1l



system. A model has been developed to solve the problem of the protective devices placement
in various zones of a distribution system with DG. The uncertainties in temporary failure rates,
permanent failure rates, repair rates and load data have been considered in the problem formulation
using 3PEM. The formulated problem has been solved for 69-bus and 118-bus distribution systems
using MINLP optimization technique. After analyzing the results of the two test systems, it can be
concluded that the profit to the utility can be increased if the protective devices are placed optimally

in the zones formed due to DGs connected in the system.
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Chapter 1

Introduction

Abstract

This chapter presents an overview of placement of protective devices in a distribution system for
reliability improvement. It comprises need and challenges of protective devices’ placement problems,

research objectives and contributions. Finally, the organization of the thesis is presented.
1.1 Overview

N power systems, faults are more frequent in distribution system as compared to other parts of
I the system leading to supply interruptions to the customers [1]. For maximizing the customer
satisfaction and hence their retention, improvement of service reliability, while simultaneously min-
imizing the associated cost, is a major concern for electric utilities. In distribution systems, switches
and reclosers are primarily used for the isolation of the faulted feeder section, network reconfigu-
ration and reliability improvement [2]]. Service reliability can be improved by placing switches and
reclosers at appropriate locations in the distribution system so that the healthy parts of the system
can be energised after isolating the faulted section of the system. Therefore, for improving the ser-
vice reliability, a strategy for optimal placement of the switches and reclosers needs to be evolved.
For maximizing the benefits of the protective devices, proper locations (of these devices) must be
carefully identified. Recognizing the importance of this problem, considerable research efforts have
been devoted to address this issue.

The parameters used for distribution system reliability evaluation may contain errors as they are
derived from historical records. Hence, in order to achieve more realistic reliability indices, system
components’ data uncertainties need to be taken into account. To address this issue, Monte-Carlo
simulation (MCS) method can be used to model the load variation, failure rate (\) and repair rate (u)
of the system components. The main demerit of MCS is the huge computational time requirement
which makes it unsuitable in most of the case studies, especially for large systems [3,4]]. For prob-
abilistic calculations taking uncertainty of parameters into account, point estimate method (PEM)
could provide similar results of acceptable accuracy but with less numerical effort as compared to

MCS [5]]. The uncertainty associated with the failure rate, outage time () and load (L) may be



expressed in terms of the expected value (mean) and standard deviation of these quantities with an
assumption that they are normally distributed. The PEM can be used to calculate the statistical mo-
ments of a random quantity which, in turn, is a function of one or several random variables [6].
In the literature, three different versions of PEM, namely 3-point estimate method (3PEM), 5-point
estimate method (SPEM) and 7-point estimate method (7PEM) are generally used for handling data
uncertainty. It is well established that for calculating lower order statistics (mean and variance),
3PEM is sufficient, while for calculating higher order statistics (skewness and kurtosis) along with
the lower order statistics, SPEM and 7PEM are more useful [7]].

In distribution system, momentary interruptions are more frequent than sustained interruptions.
Till recent past, sustained interruptions were the main concern of utilities and, hence, the protective
devices were placed to limit their impact. Today, due to proliferation of electronic devices, loads
are sensitive to momentary interruptions as well [8]. Due to the increased use of electronic and
precision devices, damages due to the short-duration voltage disturbances have increased [9]. To
reduce the damage to the electronic and precision devices due to momentary interruptions, Fuse-blow
scheme is used which in turn increases sustained interruption. Utilities having more concern to the
sustained interruptions prefer to use Fuse-save scheme over Fuse-blow scheme. Fuse-save and Fuse-
blow schemes are used mainly to decrease the impact of sustained and momentary interruptions,
respectively [10].

In the Fuse-save scheme, an upstream recloser or circuit breaker operates before a fuse can trip
to isolate a fault downstream of the fuse. Fuse-save scheme is used with an instantaneous relay or
with the fast current-time curve of a recloser associated with a circuit breaker. For temporary faults,
service to the customers can be restored immediately by re-energizing the line, resulting in decreased
sustained interruptions [[10].

The main drawback of the Fuse-save scheme is that all customers downstream of a recloser or
circuit breaker experience momentary interruptions even for permanent faults downstream of a fuse.
As aresult, many utilities prefer to use the Fuse-blow scheme over the Fuse-save scheme. The Fuse-
blow scheme is also known by several other names such as (i) trip saving, (ii) breaker saving, (iii)
fault clearing, and (iv) instantaneous relay blocking [10]. In Fuse-blow scheme, the fuse operates
for all the faults (temporary and permanent) downstream of it, resulting in sustained interruption for
all the customers downstream of the fuse while the rest of the system is uninterrupted [10]. Thus,
Fuse-blow scheme results in reduced momentary interruptions but increased sustained interruptions.

Optimal placement of various types of protective devices in distribution system improves system
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reliability by isolating the faulty feeder section and supplying uninterrupted power to healthy feeder
sections of the system. However, the healthy feeder sections downstream of the faulty feeder section
remain de-energized until the faulty feeder section is repaired and re-energized. If a distributed
generation (DG) present in the downstream isolated healthy part of the distribution system is capable
of supplying all the downstream isolated healthy loads, the system reliability can further be improved

by operating the DG in islanding mode.

Recently, integration of DG in distribution networks has brought in many added advantages
[11-18]. One of the several advantages of integration of DG units in distribution networks is the
improvement in system reliability [19,20]. Due to presence of the DG, the distribution system
reliability is increased due to further reduction in customer interruption duration and increase in
restoration speed [21]]. This requires the DG to be operated in islanded mode. For the formation of
an island, the DG capacity should be sufficient to avoid load shedding or load prioritization [22].
However, presence of the DG in the distribution system increases the complexity of the optimal
placement problem of protective devices. In this case, a faulted feeder section of a DG enhanced
feeder is energized from both the ends which requires that the conventional protection system be

modified [23].

1.2 Literature review

In the literature, many studies have been devoted to the investigation of optimal placement of switch-
ing devices in a distribution system. In [2]], the problem of sectionalizing switch placement has been
solved using simulated annealing (SA) method to find the optimal number and locations for the
switches. An immune algorithm (IA) based approach is proposed in [24] for optimal switch place-
ment in a distribution system to minimize the investment and outage cost considering different cus-
tomer classes. A particle swarm optimization (PSO) based three-state approach is presented in [25]]
to simultaneously find the optimal number and locations of sectionalizing and breaker switches in
a distribution system. An ant colony optimization (ACO) based multi-objective optimization ap-
proach is presented in [26] for placement of switches and protective devices in distribution system
for reliability improvement. A mixed-integer linear programming (MILP) based approach is pro-
posed in [27] for placement of sectionalising switches in a distribution system considering customer
outage cost and the costs associated with switch installation, operation and maintenance. In [28]],
a PSO based multi-objective approach for distribution system planning incorporating tie-lines and

sectinalizing switches is presented. Another PSO based multi-objective optimization problem is pro-
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posed in [29]], for placement of switches in radial distribution system for minimizing the number of
customers not supplied. The developed algorithm requires only the number of customers per load
point and network topology. However, this work does not incorporate failure rates and repair rates
of the system components, which are integrally associated with the outage costs. In [30], a method,
quantifying the uncertainties in input and output data by introducing a criterion for assessing the
grade of uncertainty, has been proposed for distribution system performance analysis. In [31]], [32]]
and [33]], a MCS method is used to model the load variation, failure rate of the system components,
and the random output of the renewable sources over a specified period of time. In [34], a fuzzy
MCS method, considering data uncertainty in failure rate and repair time of all lines, is proposed
to calculate observability reliability and loss of data expectation indices in power system. A binary
programming model is presented in [8], for evaluating system average interruption frequency index
(SAIFT) and momentary average interruption frequency index (MAIFT) as a function of locations
of reclosers, fuse-blow fuses and fuse-save fuses in a radial distribution system. In this model, the
fuse-clearing scheme has been defined at the fuse level instead of at the recloser level. A binary
formulation for system average interruption duration index (SAIDI) of a radial distribution system
is presented in [35]], considering locations of reclosers, fuses (fuse-blow and fuse-save), switches and
tie lines as design variables. A binary programming model is proposed in [36] to identify the loca-
tions and types of protective devices to be placed in a power distribution system while minimizing
the outage cost, life cycle cost and investment cost. In [37], a methodology is proposed for optimal
placement of sectionalizing and tie switches (with automatic and manual operation schemes) in a
radial distribution network for reliability improvement. A binary programming optimization tech-
nique is proposed in [38]] to identify types and locations of protective devices on a radial distribution
network for minimizing SAIFI. A non-dominated sorting genetic algorithm (NSGA-II) based opti-
mization technique is proposed in [39] for minimizing SAIFI, SAIDI and momentary average inter-
ruption event frequency index (MAIFIg) by optimal allocation of reclosers, sectionalizers, switches,
fuse-blow fuses and fuse-save fuses in a 51-bus radial distribution system. A mixed-integer linear
programming (ML P) model is formulated in [40] for optimal placement of automated and remotely
controlled sectionalizing switches in distribution system. In this work, minimization of the total cost
for achieving a certain level of reliability is the primary objective for determining the optimal lo-
cations and number of sectionalizing switches. In [41], a mixed-integer non-linear programming
(MINLP) problem is formulated for planning of distribution system. The proposed multi-objective

model considers the expansion and operational investment cost of the network as well as outage
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costs caused by energy not supplied due to the switching and repairing operations carried out in
the affected sections of the distribution network by permanent faults. Another MINLP problem is
formulated in [42] for solving the multistage planning problem (including allocation of sectionaliz-
ing switches) of a distribution network using Tabu search algorithm. The objective functions of the
multi-objective problem considered system reliability as well as investment and operational costs.
A fuzzy multi-objective model is presented in [43] to identify the locations and number of section-
alizing switches in distribution network for reliability improvement and for minimizing purchasing
and maintenance cost of the switches as well as the customer interruption cost. In [44]], a method is
presented for determining the set of manual switches required to be upgraded to remote-controlled
switches (RCSy) for the existing distribution network for service restoration enhancement by min-
imizing customer interruption. However, RCSg are not fully reliable and, hence, result in delayed
service restoration in case the R(CSs malfunction [45]. An analytical reliability model is proposed
in [46] for optimal allocation of protective devices and fault detectors in smart distribution network
to improve system reliability. The proposed objective function considered the customer interruption

cost and the investment cost.

To solve the problem of optimal placement of protective devices in distribution system with DG,
considerable research efforts have been devoted. In [47], a graph-based switch placement scheme
is proposed to support the priority customers by single or multiple DGs in the event of faults. A
dynamic modeling of )\ is proposed in [48] for reliability analysis of a distribution system with and
without DG. An ant colony optimization (ACO) based methodology is proposed in [49] for optimal
placement of sectionalizing switches in a distribution system with DG to improve system reliabil-
ity while minimizing the cost of switches. Another ACO based optimization algorithm is proposed
in [23] to determine the optimal locations of reclosers and DGs for distribution system reliability
maximization by minimizing an index consisting of weighted sum of SAIFI and SAIDI. Another
method to determine the optimal number and locations of sectionalizing switches using MILP ap-
proach has been proposed in [22]. In this work, the problem of switch placement in distribution
network in the presence of DG has been considered, for minimizing the total associated cost in or-
der to achieve a specified level of reliability. A multi-objective switching device placement problem
has been solved in [[50] using NSGA-II considering DG unavailability, equipment cost and network
reliability without islanding operation. In [S1], a reliability worth analysis is carried out to evaluate
the effect of integration of DG units in distribution system by developing two customer interruption

cost models viz. aggregate or average cost model (AAM) and probability distribution cost model
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(PDM) using cascade correlation neural network. Reliability evaluation of a test distribution system

employing these models showed that PDM is more realistic than AAM.
1.3 Motivation

In all of the above studies, the failure rates, repair rates and loading conditions are assumed to be
fixed. However, during the lifetime of the protective devices, these quantities are likely to vary.
Therefore, for deciding the locations of protective devices in a radial distribution system, the uncer-
tainties associated with failure rates, repair rates and loading conditions need to be incorporated.

Further, most of the reliability studies discussed above do not include the effect of momentary
interruptions (due to temporary faults) hence, neglect the effect of damages due to the increased short
duration voltage disturbances to the electronic and precision devices. Consequently, authenticity of
the distribution system reliability calculation is affected due to omission of the effect of momentary
interruptions. This advocates the inclusion of momentary interruptions in the formulation of the
protective devices placement problems as these contribute to high interruption costs on industrial
feeders.

Various scenarios of protective devices’ placement in a distribution system pertaining to different
combinations of protective devices are feasible. Each scenario will give a different optimal profit
value for a given system, hence, the best scenario needs to be identified. Thus, it becomes necessary
to develop a generalized formulation which can simulate any desired scenario and help a utility in
deciding the best possible combination and optimal placement of protective devices for profit and
reliability maximization.

Further more, in all of the reliability studies of the DG enhanced distribution systems, discussed
above, the location of DGs are assumed to be at the end of the feeder. However, more often than not,
the location of DG in the distribution system may not always be at the end of the feeder. Hence, there
is a need for development of a model to investigate placement of protective devices in a distribution
system with DGs connected at any position in the feeder.

This thesis tries to address the various gaps stated above and presents a systematic evolution of

the problem and the corresponding solutions for increasing distribution system reliability.
1.4 Author contribution

Following the discussion in the previous section, the major contributions of this thesis are as follows:

e A formulation for optimal placement of switches and reclosers in a distribution system for
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maximizing distribution system reliability while minimizing the associated investment and

outage costs over the life time of the system has been proposed.

e For considering the uncertainty in load data, system failure rates and repair rates, 3PEM based
problem has been formulated for optimal placement of switches and reclosers in a distribution

system.

e Effect of momentary interruptions due to temporary faults has been incorporated in the optimal
placement problem of reclosers, switches and fuses in the distribution system for reliability

improvement.

e A generalized model has been developed to solve the problems incorporating placement of
various combinations of protective devices (recloser, switch, fuse-blow fuse and fuse-save

fuse) in a distribution network for increasing the profit of the utility by enhancing the reliability.

e For improving reliability of the distribution system, an analytical model considering bi-directional
power flow has been developed to solve the problem of the protective devices’ placement in
various zones/islands of a distribution system with DG(s) connected at any location(s) of the

feeder.

1.5 Thesis organization

Apart from this chapter, there are six more chapters in this thesis. The organization of the thesis is
as follows:

In Chapter 2, a formulation for optimal placement of switches and reclosers in a distribution
system has been proposed for maximizing distribution system reliability while minimizing the asso-
ciated investment and outage costs. The proposed formulation has been tested on 13-bus, 58-bus and
IEEE 123-bus test systems using evolutionary programming (EP), genetic algorithm (GA), differen-
tial evolution (DE) and mixed-integer nonlinear programming (MINLP) method.

The uncertainties in load data, system failure and repair rates are considered in Chapter 3.
Hence, a formulation for optimal placement of switches and reclosers in a distribution system for
maximizing the distribution system reliability considering uncertainties in load data, system failure
and repair rates has been presented. The uncertainties have been incorporated in the formulation
using 3PEM. The proposed formulation has been tested on 13-bus, 58-bus and IEEE 123-bus test
systems using DE and MINLP method.



Next, in Chapter 4, the effect of temporary faults has been incorporated in the problem of op-
timal placement of protective devices in the distribution system. Three different models for optimal
placement of protective devices (switches, reclosers, fuses) in a distribution system, considering
uncertainties in loads, temporary and permanent failure rates and repair rates, have been developed.
The formulated problems have been solved for 58-bus and IEEE 123-bus distribution networks using
MINLP optimization technique and 3PEM.

In Chapter 5, a generalized model capable of simulating different combinations of the protective
devices has been developed. The model can solve the problems incorporating placement of various
combinations of protective devices (recloser, switch, fuse-blow fuse and fuse-save fuse) in a distri-
bution network for increasing the profit of the utility by reliability improvement. The uncertainties
in temporary failure rates, permanent failure rates, repair rates and load data have been considered
in the problem formulation using 3PEM. The formulated problems have been solved for 58-bus and
IEEE 123-bus distribution networks using MINLP optimization technique.

Next, in Chapter 6, the effect of DG(s) connected in the system has been incorporated in the
formulation of optimal placement problem of protective devices (recloser, switch, fuse-blow fuse and
fuse-save fuse) in the distribution system. A model has been developed to solve the problem of the
protective devices placement in various zones/islands of a distribution system with DG. The model
is capable of solving the problem irrespective of the location of DG in the system. The formulated
problem has been solved for 69-bus and 118-bus distribution systems using MINLP optimization
technique.

Finally, Chapter 7 lists the major conclusions as well as future scope of the work.

In the next chapter, a procedure for optimal placement of switches and reclosers in a distribution

system for maximizing distribution system reliability has been presented.



Chapter 2

Switch and recloser placement in a radial distribution

system

Abstract

This chapter presents a formulation for an optimal placement of switches and reclosers in a distribu-
tion system for maximizing distribution system reliability while minimizing the associated investment
and outage costs. The proposed formulation has been tested on 13-bus, 58-bus and IEEE 123-bus
test systems using evolutionary programming (EP), genetic algorithm (GA), differential evolution
(DE) and mixed-integer nonlinear programming (MINLP) method. The obtained results establish
the effectiveness of the MINLP method among above algorithms in improving the distribution system

reliability and maximizing utilities’ profit.

2.1 Introduction

For maximizing the customer satisfaction and retention, improvement of service reliability is a major
concern for electric utilities. Service reliability can be improved by placing switches and reclosers
at appropriate locations in the distribution system so that supply from the main substation to the
healthy load points can be maintained after isolating the faulted section. In this chapter, a formula-
tion has been presented for an optimal placement of switches and reclosers in a distribution system
for maximizing distribution system reliability while minimizing the associated investment and out-
age costs. The main aim of this exercise is to maximize utilities” profit. For solving this optimization
problem, heuristic as well as analytical methods can be used. For selecting the most suitable opti-
mization method, a comparison of performances of heuristic methods and an analytical method has
been carried out.

In this chapter, a formulation for optimal placement of switches and reclosers in a distribution
system considering failure rates and repair rates of the system components has been presented. Fur-
ther, the proposed formulated problem has been tested on three different test systems using evolu-

tionary programming (EP), genetic algorithm (GA), differential evolution (DE) and mixed-integer
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nonlinear programming (MINLP) method. The relevant details of these optimization methods have
been given in Appendix A.

This chapter is organized as follows: The basic concept of reliability calculation in the presence
of switches and reclosers is explained in Section[2.2] The proposed problem formulation is explained
in Section [2.3] Section [2.4] presents the main results of this chapter. The final conclusions of this

chapter are drawn in Section

2.2 Distribution system reliability calculation with switches and reclosers

The reliability of a distribution system is assessed by evaluating the adequacy of supply at the cus-
tomer load point. In practice the basic indices used are [52,/53]] : (a) average failure rate (\) f/yr, (b)
average outage duration (r) hr/failure and, (c) average annual outage time (U) hr/yr.

The procedure for calculating the average load point reliability indices in the presence of reclosers
and switches in a distribution system is explained next.

Consider the case of a distribution system protected by a circuit breaker (CB) at the feed point,
a recloser in the 7" feeder section and a switch in the ;" feeder section. For a fault in the i** feeder
section and other downstream feeder sections, the recloser will open instead of the circuit breaker
(CB) to interrupt the fault current. As a consequence, all the loads upstream to i** feeder section will
not experience any interruption. Hence, interruption rate () for these loads is set equal to 0 and for
all the loads downstream to ‘" faulted feeder section, the interruption rate is set equal to *);’ (the
failure rate of i*" feeder section). For faults in the j*" feeder section and other downstream feeder
sections, all feeder sections upstream to ;" feeder section will have an interruption time equal to the
isolation time corresponding to the faulted feeder section, while the loads downstream to 5t switch
will have an interruption time equal to the repair time of the faulted feeder section.

For example, in Fig. for faults in feeder section F5 and F3, load L; will not experience any
supply interruption as the fault will be cleared by opening of the recloser and A\’ will be zero for
L. For faults in F5 and F3, loads Lo and L3 will have an interruption rate equal to the interruption
rate of the faulted feeder section. Further, for a fault in F3, recloser will open to interrupt the fault
and switch SW will be opened afterwards to isolate the faulted feeder section. Recloser will then be
closed to resume supply to L. The interruption time of L, will now be equal to the isolation time of
switch SW (75,.3). Supply to L3 will be resumed only after the repairs are completed, i.e. after "r3’

hours.

Let Xgr,; and Xg; be the binary variables representing recloser and switch respectively in line i.
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Also, let

Xri/Xs; =0, ifarecloser/switch is connected in line i
2.1)

=1, if arecloser/switch is not connected in line i

For the system shown in Fig. for calculation of the equivalent *\” and ’r’, first bus-injection to
branch-current (BIBC) matrix is formed following the procedure given in [54]. The [BIBC| matrix
contains values of 0 and 1 only.

If bibc(i,7) = 1, it implies that 5 load is downstream of i’ feeder section, where, bibc(i, j)
denotes the (i, j)!" element of the [BIBC| matrix. Therefore, failure of i'" feeder section will result
in outage of j* load and the supply can be resumed only after the feeder section is repaired. Hence,
the failure rate (\; ;) and repair time (r; ;) of 5" load due to failure of i*" feeder section can be written

as,

(2.2)

Tij = Ti
If bibc(i, j) = 0, it implies that 5 load is upstream of i*" feeder section. Therefore, placement of
reclosers/switches will help in isolating the faulted i** feeder section, thereby improving the avail-

ability of supply at ;% load. Hence, the failure rate ()\; ;) and repair time (r; ;) of j* load due to

failure of ' feeder section can be written as,

)\Z,j - )\z H XR,k:

keF (i,5) (2 3)
Tij =T H Xsk + Tisoi(1 — H Xsk)
keF (i,5) keF (i,5)
Where,
F(Za.]) = Path<17i> mpath(j72.) (24)

Further, P,;;,(1,1%) is the path from root node to i'" feeder section (including i*" feeder section) and
Py (j,1) is the path from j** node to i*" feeder section (including i** feeder section). F'(i, ) is the
feeder sections common to paths P, (1,4) and Py (7,19).

Following the above procedure, the calculated values of equivalent A\’ and 'r’ for the network
shown in Fig. are given in Table In this system, feeder section F; has a recloser and feeder

section F3 has a switch. Hence,
Xpr1=Xr3=1, Xpr2=0

Xs1=Xg2=1, Xg3=0
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The [BIBC] matrix for this network is given below,

Li Ly Ls
{1 1 1

BIBC= F| 0 1 1 (2.5)
B\o o 1

Using the elements of [BIBC] matrix, Eq. (2.3) and the values of Xg; and Xg;, the values of "\’
and ’r’ for the system are given in Table

Thus the equivalent failure rate ()\;-) and equivalent outage time (U j/-) of j*" load can be written

as,
A = Z;l Aij (2.6)
U, = ; Us ; 2.7)
where,
Ui,j = )\i,jri,j (28)

and ’nbr’ is the number of branches whose outage can cause failure at load point j. Eq. (2.8) is an
approximation for the condition when \;7; <<1.
Thus, the total energy not supplied (ENS) and the total customer interruption cost (77C') can be

calculated as follows [2]]:

nl nbr
ENS = Z Z(/\,-JTZ-J)LJ- kW hr [year (2.9)
j=1 i=1
nl nbr
TIC =) "> (MjICP,)L, (2.10)

j=1 i=1
Where, L; is the average load connected to the 5 load point, nl is the total number of load points
and IC P, ; is the sustained interruption cost of the load connected at j** node due to the permanent

fault in i*" feeder section for an outage duration of r; ; .
2.3 Problem formulation

In this chapter, the switch and recloser placement problem has been formulated as an optimization
problem for determining their optimal number and locations in a distribution system that minimizes

the total customer interruption and outage costs. The optimization problem is constrained by the
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Table 2.1: Values of "\’ and ’r’ as functions of X g and X for Fig.

Load 1 (L7) Load 2 (L) Load 3 (L3)
Fault | A r A r A r
B A T A1 T A1 r
I /\QXR,2 7‘2XS,2 + Tiso,2(1 - XS,2) A2 ] A2 T2
F3 XN XpoXnr3 | r3Xs2Xs3 + Tiso3(1 — Xg2Xg3) | AsXrs | 73Xs3 + Tiso3(1 — Xg3) | A3 T3

SwW
2
ﬁ(| — L

I

L, L, Ls -Load
N; N, N; - Customers

F3

Figure 2.1: Radial distribution system with 3 feeder sections and 3 load points

with one switch and one recloser

Table 2.2: Calculation of equivalent A\’ and ’r’ for a switch and a recloser case

I Ly Ls

Fault | | A r A r AT

Fy A1 1 A1 r AL |71

F2 0 To )\2 T9 /\2 T2

F3 0 | r'iso3 | A3 | Tiso3 | A3 | 73

number of available switches and reclosers that can be placed in the distribution system as well as
restriction on placement of at most one recloser or one switch in any feeder section. The optimization
variables include number of switches, position of switches, number of reclosers and position of

reclosers to be placed in the distribution system.
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2.3.1 Objective function

The objective function for optimal placement of the switches and reclosers in a distribution system
for reliability improvement involves maximization of the revenue earning due to increase in energy
supplied to the customers and due to reduction in cost of interruption while minimizing the expen-
diture due to installation, operation and maintenance of reclosers and switches. Thus, the objective
function can be expressed by the following equation:

Mazximize [ = (Rg+ Rr)— (Csr+ Tuc)
(2.11)

= Revenue — Expenditure

Various terms in Eq. (2.11)) are now explained below.

1. Rg is the net present worth of revenue earned, over the useful life of reclosers and switches
(ns years), due to increase in energy supplied to the customers. If ENSyp is the expected
energy not served by the unprotected system (when no switches and reclosers are placed) and
ENSp is the expected energy not served for protected system (with switches and reclosers),
then (ENSyp — ENSp) is the additional energy that can be supplied by the protected system

in the base year which in turn will increase the revenue collection of the distribution system.

Therefore,
Ry = (ENSyp — ENSp)CpF, (2.12)
Where,
Ns L. T
PO e R Ul [ 1
1—a (1+ ﬁ)

L¢ = annual rate of load growth in percentage.

rp = annual percentage increase in the cost of energy.
C'g = present cost of one unit of energy.

1, = annual rate of interest in percentage.

ns = lifetime of the switches and reclosers in years.

2. Rj is the increase in revenue due to the reduction in cost of interruption. This is also calcu-
lated for n, years. Distribution companies have to compensate their customers for the damage
caused due to supply interruption. The representative values of the interruption costs for three

sectors namely, residential, commercial and industrial are given in Table @ [I55].
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Table 2.3: Interruption cost for three types of customers

Time | Residential | Commercial | Industrial
(min) %) $) $)
1 0.001 0.0381 1.625
20 0.093 2.969 3.868
60 0.482 8.552 9.085
240 4914 31.32 25.16
480 15.69 83.01 55.81
%
5 A Residential i

= = =Industrial
Commercial

Interruption cost (USD/kW)

0 50 100 150 200 250 300 350 400 450 500
Interruption duration (minutes)

Figure 2.2: Interruption costs for different customers

Typical interruption cost characteristics for different types of customers are shown in Fig.
[2.2] These characteristics have been drawn based on the numerical data given in [55]]. For the
purpose of utilising these characteristics in this work, polynomial equations have been fitted

on each of these three characteristics. The obtained polynomial relations are:
(a) Residential customer:
ICg(t) = —0.00000004 * t* + 0.00008 * t* + 0.0032 * ¢ (2.13)
(b) Industrial customer:
IC;(t) = 0.0000008 * t* — 0.0005 * t* 4 0.183 x ¢ (2.14)
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(¢) Commercial customer:

ICe(t) = 0.0000005 # 3 — 0.0002 * £2 + 0.1545 = ¢ (2.15)

In the above expressions, ¢ is the interruption duration in minutes and /Cg(t), ICy(t) and
IC¢(t) are the interruption costs in US dollars (USD) for residential, industrial and commer-
cial customers respectively. These values have been converted to equivalent amount of Indian

rupees (Rs.) (at the rate of Rs. 60 per USD) in this chapter.

The customer interruption cost of i load for fault in j* feeder section (C1C;;) can be written
as [53]],
CIC;j = Nj1C;;L; (2.16)

Where, *\;;’= failure rate of i"" load due to fault in j" feeder section.
IC;; = interruption cost at i'" load point due to outage duration r;; for fault in j* feeder
section.

L, = average load connected at i** load point.

This is calculated using the appropriate interruption cost function with ¢ set equal to 7;;.

The total interruption cost (TIC) can therefore be written as [53]],

nl nbr

TIC =Y ") CIC; (2.17)

i=1 j=1
where,

nl = number of loads .

nbr = number of branches in the system.

The net present worth of saving in interruption cost ’ R;’ is given by the following expression:

Ry =(TICyp —TICp)F, (2.18)
Where,
Ns Lc ic
PO R Lt )
1—as (14 1&5)

TICy p = Total interruption cost of unprotected system with no switches and reclosers.
T'1C'p = Total interruption cost of protected system with switches and reclosers.

1. = percentage annual rate of change in the interruption cost .
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3. Cgg is the cost of switches and reclosers, given by

Csr = Ngw * Costsw + Npee x C0st gec

Where,

Ngw =number of switches placed in the distribution system.
Costgy = cost of a switch.

Nrge.= number of reclosers placed in the distribution system.

Cost .. = cost of a recloser.

4. Ty 18 the total cost of maintenance of the switches and reclosers over their useful lives. For
this, the cost of maintenance (C),,) is assumed to be a given fraction of the total switch and
recloser cost. Further, an annual rate of increase of maintenance cost over the lifetime of the
components has also been assumed. The net present worth of the life time maintenance cost is

finally calculated as:

Tye = CSR%an (2.19)
Where,
ngl——ags and a3:—(1+%)
1—as 1+ 355)
and,

r,, = percentage annual rate of increase in the maintenance cost,

2.3.2 Constraints

The model of switch and recloser placement in distribution system described in previous section

consists of the following constraints.

1. The numbers of switches and reclosers to be installed in the distribution system should not
exceed the number specified by the utility [22]. These constraints are given by the following

equations.

nbr

> (1= Xpy) < No (2.20)

i=1
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nbr

> (1-Xg,) < N (2.21)

i=1
Where,

Xrg,i =0, if recloser is present in it" branch, else 1.
Xg,; =0, if switch is present in i*" branch, else 1.
N, = Number of available reclosers.

N,s = Number of available switches.
2. Recloser and switch should not be placed in the same branch.

XRJ‘ 7£ XSJ‘ 1= 1, 2, ...,nbr (222)

2.4 Case studies

The optimal placement of switches and reclosers have been carried out in the 13-bus, 58-bus and
IEEE 123-bus test systems using EP [56], GA [57,58]], DE [59] and MINLP [60] for maximizing
the objective function value (profit) defined in Eq. (2.1T). MINLP considered in the work utilizes
sequential quadratic programming through fmaincon function available in MATLAB optimization
toolbox. Each method has been executed 100 times with the same convergence criterion for eval-
uating the reproducibility of the results. Subsequently, from these obtained results corresponding
to 100 runs, various statistical parameters have been obtained for the purpose of comparison. The
comprehensive flow-chart of the overall calculation procedure is shown in Fig. The single line
diagrams of 13-bus, 58-bus and IEEE 123-bus test systems are given in Figs. [2.4}{2.6] respectively.
System cost data is given in Table 2.4 Other system data such as bus data for 13-bus, 58-bus and
IEEE 123-bus systems are given in Table Table and in [61] respectively while failure data
are given in Table[2.7] Table 2.8 and Table 2.9 respectively. It is to be noted that in Table[2.5]and [2.6]
Py,.q denotes real power load. Further, customer types *1°, ’2’ and *3’° denote residential, commercial
and industrial customers respectively. In this paper, the IEEE 123-bus test system has been modified
as given in [29] having residential customers only with a load of 1 kW per customer. Other necessary
data used in the simulation studies are given in [[61]].

The various assumptions adopted in this work are listed below:

1. The lifetime of the switches and reclosers is taken as 20 years.

2. The values of real power given in Table 2.5]and Table [2.6]are taken as mean values.
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Read system data (Line data, load data, failure data etc)

l

Run=1

)

Call an optimization algorithm (EP, GA, DE or MINLP)

l

Store the result Run=Run+1

Is Run=100
No

Yes

Calculate the mean, standard deviation, best and worst
function value corresponding to 100 runs and save the results

Figure 2.3: Flow-chart of the general optimization procedure

M
—_
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@
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[ F1 @ F2 @ F3 ? Fl—@—Fr11—@

Figure 2.4: Single line diagram of 13-bus test system
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Figure 2.6: Single line diagram of IEEE 123-bus test system
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10.

Table 2.4: System cost data

Switch Cost Rs. 1,50,000
Recloser Cost Rs. 4,50,000
Cost of Energy Rs. 7/kWh
Rate of load growth/year 5%
Rate of interest 10%
Rate of change of Energy cost/year 2%
Rate of change of interruption cost/year 2%
Maintenance cost of switches and reclosers | 5% of the cost

Rate of change of maintenance cost/year 2%

. The values of failure rate ()\) and repair time () given in Tables and [2.9] are taken as

mean values.

. The fault isolation time of the switches (r;, ) is taken as 0.5 hrs.

. The crossover factor and the mutation factor for GA have been taken as 0.8 and 0.01, respec-

tively [62].

The mutation factor and crossover rate for DE have been taken as 0.5 and 0.4 respectively [62]].

. The mutation scale [3,,, for EP has been taken as 0.98 . [3,, is a positive number slightly less

than unity, that could be adaptively decreased during generations [56].

. Population size and maximum number of iterations for EP and DE are 40 and 500 respectively,

while for GA, population size and maximum number of iterations are 200 and 500 respectively.
It is to be noted that with small population size (40), the optimum value obtained with GA was
quite low, indicating that it was getting stuck to some local minimum point. As a result, the

population size for GA was increased to 200.

. No restriction has been placed on the numbers of reclosers and switches for the present study.

However, the number of reclosers and switches can be limited through Eqgs. (2.20) and (2.21).

For all the methods, for convergence, the difference in the function value between the current

iteration and the previous iteration is checked. If this difference goes below a certain threshold
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Table 2.5: Bus data for 13-bus test system

Bus | P.q | Customer || Bus | P, | Customer || Bus | P.q | Customer || Bus | P,.q | Customer

No. | (pu) type No. | (puw) type No. | (pw) type No. | (puw) type

2 | 873 3 5 | 211 2 8 | 473 3 11 | 1.27 1
3 | 338 3 6 | 2.11 2 9 | 035 1 12 | 0.35 1
4 | 338 3 7 1.27 2 10 | 0.42 1 13 | 0.42 1

Table 2.6: Bus data for 58-bus test system

Bus | Pyuq | Customer || Bus | P,qq | Customer || Bus | P,,,q | Customer || Bus | P,.g | Customer
No. | (puw) type No. | (pu) type No. | (pu) type No. | (pu) type
2 0 1 17 1.7 3 32 0 1 47 | 235 3
3 0.2 1 18 | 1.27 2 33 | 1.31 2 48 | 0.001 1
4 0 1 19 | 035 1 34 | 042 1 49 | 1.21 2
5 0.4 1 20 1.9 3 35 | 0.68 1 50 | 042 1
6 0.8 1 21 2.4 3 36 | 1.21 2 51 | 1.38 2
7 | 042 1 22 | 0.425 1 37 | 1.425 2 52 | 1.81 3
8 1.5 2 23 0 1 38 | 0.73 1 53 | 142 2
9 0 1 24 | 1.27 2 39 | 1.27 2 54 | 1.73 3
10 | 0.35 1 25 0.3 1 40 | 0.35 1 55 | 1.27 2
11 1.6 2 26 1.5 2 41 | 1.68 2 56 | 0.35 1
12 | 1.1 2 27 0 1 42 | 141 2 57 | 1.58 2
13 | 0.42 1 28 | 0.425 1 43 | 042 1 58 | 2.31 3
14 0 1 29 | 0.73 1 44 0 1
15 1.3 2 30 | 1.27 2 45 | 1.73 3
16 | 0.42 1 31 | 2.35 3 46 | 1.27 2

(in this work, the threshold is 107'?), then the algorithm is considered to have converged,

otherwise not.

The parameters of the three evolutionary techniques (EP, GA and DE) given in assumptions above

will be referred to as the set of standard parameters.
2.4.1 Results for 13-bus test system

Table shows the mean and standard deviation of the results for 13-bus test system corresponding
to 100 runs with standard parameter (crossover rate, mutation factor etc) values for each of the four

techniques along with the best and worst objective function values and average run time per run for
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Table 2.7: System failure data for 13-bus test system

Feeder A r Feeder A r Feeder A r Feeder A r

section | (f/yr) | (hrs) || section | (f/yr) | (hrs) || section | (f/yr) | (hrs) || section | (f/yr) | (hrs)

F1 0.1 4 F4 0.25 3 F7 0.1 4 F10 0.25 3
F2 0.15 5 F5 0.15 2 F8 0.15 5 F11 0.15 2
F3 0.2 6 F6 0.1 2 F9 0.2 6 F12 0.1 2

Table 2.8: System failure data for 58-bus test system

Feeder A r Feeder A r Feeder A r Feeder A r

section | (f/yr) | (hrs) || section | (f/yr) | (hrs) || section | (f/yr) | (hrs) || section | (f/yr) | (hrs)
F1 0.1 4 F16 0.25 3 F31 0.1 4 F46 0.1 4
F2 0.15 5 F17 0.1 2 F32 0.2 6 F47 0.1 2
F3 0.25 3 F18 0.1 4 F33 0.25 3 F48 0.1 4
F4 0.1 4 F19 0.15 5 F34 0.15 2 F49 0.2 6
F5 0.2 6 F20 0.2 6 F35 0.1 4 F50 0.15 2
F6 0.25 3 F21 0.15 2 F36 0.2 6 F51 0.25 3
F7 0.1 4 F22 0.1 2 F37 0.25 3 F52 0.1 2
F8 0.15 2 F23 0.15 5 F38 0.1 2 F53 0.15 5
F9 0.1 2 F24 0.2 6 F39 0.15 5 F54 0.15 2
F10 0.15 5 F25 0.2 6 F40 0.1 2 F55 0.2 6
F11 0.2 6 F26 0.15 2 F41 0.1 4 F56 0.25 3
F12 0.15 2 F27 0.25 3 F42 0.15 5 F57 0.1 2
F13 0.25 3 F28 0.1 2 F43 0.25 3
F14 0.1 2 F29 0.15 5 F44 0.15 2
F15 0.15 2 F30 0.15 2 F45 0.15 5

each of these methods. It can be observed from Table[2.10]that all these four techniques give the same
best objective function value for 13-bus test system. Corresponding to best objective function value,
the optimal location of reclosers are in feeder sections F4 and F10 whereas, the optimal location of
switches are in feeder sections F2, F3, F5 and F8. From this table, it is evident that EP gives the best
mean value of the function and the least value of standard deviation. However, MINLP requires least
amount of computational time among all the four methods. The optimal locations of switches and
reclosers for this system are also shown in Fig.

Table [2.11] shows the mean and standard deviation of the results for 13-bus test system corre-
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Table 2.9: System failure data for IEEE 123-bus test system

A (f/yr) Feeder section
F1 F6 F7 F12 F13 F18 F19 F24 F25 F30 F31 F36 F37 F42 F43 F48 F51 F52 F57 F58 F63 F64 F69
010 F70 F75 F76 F81 F82 F87 F88 F93 F94 F99 F100 F105 F108 F109 F114 F115
F2 F5 F8 F11 F14 F17 F20 F23 F26 F29 F32 F35 F38 F41 F44 FA7 F50 F53 F56 F59 F62 F65 F68
015 F71 F74 F77 F80 F83 F86 F89 F92 F95 F98 F101 F104 F107 F110 F113 F116
0.20 F3 F9 F15 F21 F27 F33 F39 F45 F54 F60 F66 F72 F78 F84 FO0 F96 F102 F111 F117
0.25 F4 F10 F16 F22 F28 F34 F40 F46 F49 F55 F61 F67 F73 F79 F85 F91 F97 F103 F106 F112 F118
r (hrs) Feeder section
F5 F6 F11 F12 F17 F18 F23 F24 F29 F30 F35 F36 F41 F42 F47 F48 F50 F51 F56 F57 F62 F63
2 F68 F69 F74 F75 F80 F81 F86 F87 F92 F93 F98 F99 F104 F105 F107 F108 F113 F114
3 F4 F10 F16 F22 F28 F34 F40 F46 F49 F55 F61 F67 F73 F79 F85 F91 F97 F103 F106 F112 F118
4 F1 F7 F13 F19 F25 F31 F37 F43 F52 F58 F64 F70 F76 F82 F88 F94 F100 F109 F115
5 F2 F8 F14 F20 F26 F32 F38 F44 F53 F59 F65 F71 F77 F83 F89 F95 F101 F110 F116
6 F3 F9 F15 F21 F27 F33 F39 F45 F54 F60 F66 F72 F78 F84 FOO F96 F102 F111 F117
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12 ng—‘ 13

® Bus B Recloser / Switch

Figure 2.7: 13-bus test system protected by EP/GA/DE/MINLP techniques
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Table 2.10: Summary of results of 100 runs with standard parameter values for

13-bus test system

Parameters EP GA DE MINLP
Best function value (Rs.) 30013919.52 | 30013919.52 | 30013919.52 | 30013919.52
Mean function value (Rs.) 29959334.75 | 29792166.28 | 29798332.27 | 29922195.81
Worst function value (Rs.) 29809829.11 | 29188630.61 | 28462904.24 | 29219402.37
Standard deviation (% of mean) 0.20 0.60 0.94 0.39
Average run time (s) 0.77 0.57 0.44 0.06

Table 2.11: Summary of results of 100 runs with perturbed parameter values for

13-bus test system

Parameters EP GA DE
Best function value (Rs.) 30013919.52 | 30013919.52 | 30013919.52
Mean function value (Rs.) 29941688.88 | 29737876.29 | 29726109.82
Worst function value (Rs.) 29624292.45 | 29098164.71 | 28376856.22
Standard deviation (% of mean) 0.27 0.65 0.96

sponding to 100 runs, with perturbed parameter values of each of the evolutionary techniques viz.
EP, GA and DE (£20% random variation in parameter values) along with the best and worst objec-
tive function values. From Table [2.10] and [2.11] it can be observed that the best objective function
value remains unchanged for the perturbed and standard parameter values. However, the standard
deviation and worst function values obtained with standard parameter values are better than those
obtained with perturbed parameter values. Hence, the standard parameter values can be considered

to be the most appropriate and therefore, all further studies have been carried out using the set of

standard parameters.
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Figure 2.8: 58-bus test system protected by EP optimization technique

2.4.2 Results for 58-bus test system

The results for 58-bus test system corresponding to the four methods with standard parameter values
are given in Table From the results it can be observe that standard deviation, worst function
value and best function value obtained with MINLP are better than the corresponding values obtained
with other three evolutionary algorithms. Further, MINLP approach takes least amount of computa-
tional time. Therefore the locations of reclosers and switches corresponding to the best solution of
MINLP are chosen as the final solution for 58-bus test system. These locations are : switches are
placed in feeder sections F4, F8, F9, F13, F18, F20, F21, F23, F25, F27, F28, F32, F37, F39, F44,
F45, F47, F50, F53, F54 and F55 while reclosers are placed in feeder sections F2, F14, F15, F22,
F29, F33, F35, F38, F43 and F49. The optimal locations of switches and reclosers for this system
corresponding to EP, GA, DE and MINLP optimization techniques are also shown in Figs. 2.82.1T]

respectively.

2.4.3 Results for IEEE 123-bus test system

The results for IEEE 123-bus test system for the four methods with standard parameter values are

given in Table[2.13] From this table, it is observed that, among all the four methods, MINLP gives the
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Figure 2.9: 58-bus test system protected by GA optimization technique
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Figure 2.11: 58-bus test system protected by MINLP optimization technique

Table 2.12: Summary of results of 100 runs with standard parameter values for

58-bus test system

Parameters EP GA DE MINLP
Best function value (Rs.) 324931322.28 | 328101608.25 | 328182689.72 | 328185967.86
Mean function value (Rs.) 322772386.44 | 327410365.06 | 327687115.15 | 328048108.87
Worst function value (Rs.) 320529212.46 | 326289584.71 | 326815828.83 | 327091566.07
Standard deviation (% of mean) 0.27 0.11 0.09 0.05
Average run time (s) 9.60 16.91 6.88 1.24
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Table 2.13: Summary of results of 100 runs with standard parameter values for

IEEE 123-bus test system

Parameters EP GA DE MINLP
Best function value (Rs.) 32840327.27 | 34481884.92 | 34573820.45 | 34573820.45
Mean function value (Rs.) 31570775.07 | 33658638.45 | 34384077.22 | 34368000.67
Worst function value (Rs.) 29919438.22 | 32399928.35 | 33896104.89 | 33942413.82
Standard deviation (% of mean) 2.04 1.22 0.43 0.39
Average run time (s) 39.60 77.20 44 .83 13.19

maximum best function value and mean function value with the smallest standard deviation. Further,
the average run time is least for MINLP. Therefore again, the solution obtained by MINLP is taken
as the final solution for the 123-bus test system. Using MINLP optimization technique, the obtained
optimal locations of switches are in feeder sections F2, F3, F9, F13, F15, F20, F22, F37, F41, F60,
Fo64, F70, F74, F79, F88, F99 and F111 while optimal location for reclosers are in feeder sections

F19 and F54. The optimal locations of switches and reclosers for this system corresponding to EP,

GA, DE and MINLP optimization techniques are also shown in Figs. 2.12}{2.15|respectively.
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Figure 2.12: IEEE 123-bus test system protected by EP technique
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Figure 2.13: IEEE 123-bus test system protected by GA technique
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Figure 2.14: IEEE 123-bus test system protected by DE technique
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Figure 2.15: IEEE 123-bus test system protected by MINLP technique
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2.5 Conclusion

In this chapter, a formulation for optimal placement of switches and reclosers in a distribution sys-
tem for reliability improvement and maximizing utilities’ revenues has been presented. MINLP
method along with three evolutionary algorithms viz. EP, GA and DE (with same initial population
and equivalent convergence criteria) have been used to evaluate the optimal location of switches
and reclosers in the distribution system. Each of the four techniques have been evaluated for 100
independent runs for 13-bus, 58-bus and IEEE 123-bus test systems and various statistical param-
eters such as mean, standard deviation, average run time etc. have been calculated for the purpose
of performance analysis. After comparative analysis of the obtained results, it is concluded that
out of the four optimization methods considered, MINLP invariably produces best results with least
computational efforts for all the test systems studied, closely followed by DE.

In the next chapter, a procedure for taking into account the uncertainties in the system loading
conditions, failure rates and repair rates for the optimal placement of switches and reclosers in a

distribution system is described.
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Chapter 3

Switch and recloser placement in a distribution
system considering uncertainties in loads, failure rates

and repair rates

Abstract

Chapter 2] presents a formulation for optimal placement of switches and reclosers in a distribution
system considering deterministic values of the load, failure rates and repair rates. However, the
loading condition of the system, failure rates and repair rates of the switches and reclosers are likely
to vary over a long period of operation. This chapter presents a formulation for an optimal placement
of switches and reclosers in a distribution system for maximizing system reliability while minimizing
the associated investment and outage costs considering uncertainties in load data, system failure and
repair rates. The uncertainties have been incorporated in the formulation using three point estimate
method (3PEM). The proposed formulation has been tested on 13-bus, 58-bus and IEEE 123-bus
test systems using differential evolution (DE) and mixed-integer nonlinear programming (MINLP)
method. This study also helps the utilities in taking a realistic decision based on the calculated

values of robust profit (RPs) and conditional robust profit (C RPg).

3.1 Introduction

HE input parameters required for reliability evaluation methods may contain errors as they
T are derived from historical records. Generally, utilities have historical data in the form of
system reliability indices instead of component reliability data [63]]. Hence, in order to achieve more
realistic reliability indices, component data uncertainties are needed to be taken into account.

The uncertainty associated with the failure rate (\), the repair time () and load (L) may be
expressed in terms of the expected value (mean) and standard deviation of these quantities with an
assumption that they are normally distributed. The effect of data uncertainty in reliability calculations

has been incorporated in this chapter by using the point estimate method (PEM). The PEM can be
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used to calculate the statistical moments of a random quantity which, in turn, is a function of one
or several random variables [[6]. It is well established that for calculating lower statistics (mean
and variance), the point estimate method (3PEM) is sufficient, while for calculating higher order
statistics (skewness and kurtosis) along with the lower order statistics, five point estimate method
(S5PEM) and seven point estimate method (7PEM) are more useful [7]. The values of mean and
variance are sufficient to describe a normal distribution function, hence 3PEM is most suitable for
the work described in this chapter.

In this chapter, a formulation for optimal placement of switches and reclosers in a distribution
system considering uncertainties in load data, system failure and repair rates has been presented. The
uncertainties have been incorporated in the formulation using three point estimate method (3PEM).
Further, the proposed formulated problem has been tested on three different test systems using dif-
ferential evolution (DE) and mixed-integer nonlinear programming (MINLP) method, the two most
suitable optimization methods as established in the previous chapter.

This chapter is organized as follows: The proposed problem formulation is explained in Section
[3.2] Procedure for incorporating the uncertainties using 3PEM is presented in Section [3.3] Section
3.4 presents the main results of this chapter. The final conclusions of this chapter are drawn in

Section
3.2 Problem formulation

In this chapter, uncertainties in load data, system failure rates and repair rates have been incorporated

in the model for optimal placement of switches and reclosers in a radial distribution system.
3.2.1 Objective function

The model (objective function) corresponding to the optimal placement of the switches and reclosers
in a distribution system considering uncertainties in load data, system failure rates and repair rates
are aimed at revenue earning maximization of the utility due to reduction in customer interruption
cost (CIC') and increase in extra energy supplied (due to decrease in ENS) to the customers while
minimizing the associated investment cost such as cost of installation, operation and maintenance of
switches and reclosers.

Presence of a recloser in a feeder section saves all the upstream loads for all the permanent and
temporary faults in the feeder section and its downstream feeder sections. Similarly, the presence of
a switch in a feeder section reduces the outage time of all the upstream loads for all the permanent

faults in the feeder section and its downstream feeder sections.
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As discussed in Chapter [2} the binary variables Xp , and Xg ; represent recloser and switch in

k" feeder section respectively. Also,

Xsi/Xpyr =0, if aswitch/recloser is placed in k" feeder section
3.1

— 1, if a switch/recloser is not placed in k" feeder section

Using the procedures given in Chapter [2] the permanent failure rate (); ;) and outage time (7; ;)

of j" load due to the permanent fault in i*" feeder section can be represented as,

Aij = bibe(i, )N + (1= bibe(i, DN ] Xna) (32)

keF (i,5)

rig = bibe(i, j)r; + (1= bibe(i, ) {ri ] Xsx)
keF(i,5)

+  Tiso(1 = ( H Xsr))}H H Xrr)

keF(i,5) keF(3,5)

(3.3)

Using the procedure discussed in the previous chapter, we can calculate the savings (due to
reduction in KNS and TIC) of the system protected by reclosers and switches. When no recloser
or a switch is placed in the distribution system, then the term [, Fii.j) SRk of Eq. becomes
unity. As a result, \; ; becomes equal to \;. Similarly, in Eq. , the term H,%F(L ) Xg also
becomes unity, resulting in r; ; = r;. Therefore, using Egs. (2.9) and (2.10), the ENS and TIC of an

unprotected system (represented by ENSy and TICy; respectively) can be written as,

nl  nbr
ENSy =Y (\ri)L; kWhr/year (3.4)
j=1 i=1
nl nbr
TICy =Y Y (MICP;)L; (3.5)
j=1 i=1

When reclosers and switches are placed in the distribution system, then from Egs. (2.9) and
(2.10), the ENS and TIC of this protected system (represented by ENSp and TICp respectively)

can be written as,

nl nbr

ENSP = Z Z(Ai,jn,j)[’j (36)

j=1 i=1

nl nbr

TICr =Y Y (\ijICP;)L; G.7)

j=1 i=1
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Therefore, reduction in KNS (i.e. ENSy-ENSp) due to placement of reclosers and switches in
the distribution system can be written as,

nl  nbr

DD (i = Nigrig) L (3.8)

7j=1 =1

Similarly, reduction in TIC (i.e. TICy-TICp) due to placement of reclosers and switches in the

distribution system can be written as,

nl nbr

DD (=X )ICP,)L, (3.9)

J=1 =1

Therefore, the objective function (f) is defined as follows:

nl  nbr nl nbr
Mazimize [ = {ZZ (Niri — Nijri) L} CpEy —{—{ZZ — N ;) ICP,;,)L;} Fy
];zl i Jj=1 =1 (310)
nor nor C
- {(Z(l — Xr;))Cr + (2(1 — X)) Cs (1 + 1—00F3)
i=1 i=1
where,
1—a® 1+ Ley(1+ 12
Pl A 100)(1 ol (3.11)
1—a (1 + 160)
1—a)" 14 55) (1 + 15
polze 0wl ) (3.12)
1-— a9 (1 + 16 )
1 _ s 1 + T'm
[ el S G ) (3.13)
1-— as (1 + 160)

Cr = per unit energy cost,

N = life span of the protective devices (in years),

L¢ =rate of annual load growth (in percent),

1, = annual interest rate (in percent),

rp = annual incremental rate of energy cost (in percent),

ICP; ; = sustained interruption cost of the load connected at j** node due to the permanent fault in
it feeder section for an outage duration of r;

T, = annual incremental rate of maintenance cost (in percent),

1. = annual incremental rate of interruption cost (in percent),

C,, = maintenance cost of switching devices (in percent),
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Cr = cost of a recloser,
Cs = cost of a switch.
"A;; and ’r; ;” used in Eq. are calculated using Eqs. and respectively.

The first term of Eq. accounts for the net present worth (NP W) of the earned revenue due
to increased energy supplied to the customers corresponding to the useful life span of the switches
and reclosers ([N, years). It is to be noted that optimal placement of switches and reclosers in distri-
bution system results in reduction of * ENS’. Thus, the protected system supplying additional energy
to the customers increases the revenue collection of the distribution system.

The second term of Eq. (3.10) accounts for the ’NPIW’ of the earned revenue due to reduced
customer interruption cost. The damages caused due to supply interruptions to the customers are
compensated by the distribution companies. Typical values of the customer interruption costs for
different types of customers considered in this chapter are give in Table [2.3| of chapter 2]

The third and fourth terms of Eq. (3.10) accounts for the * NPW of the installation and lifetime

maintenance costs of reclosers and switches respectively.
3.2.2 Constraints

The model of switch and recloser placement in distribution system considering uncertainties in load
data, system failure rates and repair rates described in previous section consists of the following

constraints.

1. The numbers of switches and reclosers to be installed in the distribution system should not
exceed the number specified by the utility [22]. These constraints are given by the following

equations.

> (1= Xpi) < Nor (3.14)

D (1= Xgx) < N, (3.15)

Where,

Xri =0, if recloser is present in k" feeder section, otherwise 1.
Xgs =0, if switch is present in k" feeder section, otherwise 1.
N, = Number of available reclosers.

N,s = Number of available switches.
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2. A recloser and a switch should not be placed in the same feeder section.

Xpp # Xox k=12, nbr (3.16)

3.3 Uncertainty calculations

For the purpose of consideration of uncertainties in failure rates, repair rates and loading condi-
tions, three point estimate method (3PEM) has been used. In this method, A points on a probability
distribution function (PDF) are first estimated and subsequently using these estimated points, the
complete statistical information (such as mean, variance etc) of the function of interest is obtained.

The general theory of h point estimation method is given in [[64].
3.3.1 Brief description of 3PEM

The three random variables associated with the system are load, failure rate (\) and outage time (7).
A and r are associated with the system branch. It has been assumed that in a distribution system
for reliability calculations, n numbers of random input variables are required. For instance, if a
distribution system has nbr branches (the random variables associated with each branch are )\ and r)
and nl — 1 load buses with randomly varying real power loads (bus 1 is the substation bus), then the

number of random input variables required () can be written as,
n=2nbr+nl—1 (3.17)

Let the [*" random variable z; (1=1,2,...,n) having PDF f; be considered [65]. The PEM uses two,
three or h estimated points of z; i.e. 1, xjo or xy;, as defined in Eq. (3.18]) to replace f; by matching
the first 2 4+ 1 moments of f;.

Lk = Mgl + fl,kal Vk = 1,2, ceuy h (318)

In Eq. (3.18)), 1,; and o,; are the mean and standard deviation of z; respectively. For 3PEM, k = 1,

2. The variable &; ;, for 3PEM can be obtained as explained in the following steps.

1. Find the coefficients of skewness and kurtosis of z; using Eqs. (3.19)-(3.20) respectively [65]].

E[(xl - ,uazl)d]
oy

E[(‘rl - ,U/:Jcl)4]

4
O

A3 = (3.19)

Ay = (3.20)
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Where, the p'"* moment about mean is given as
N
E[ ,uxl Z qul P x Pr (xl(t))
t=1

and p = 3,4. N is the number of observations for x;, x;(t) is the t*" observation of x; and

P,(x,(t)) is the probability of x;(t).

2. Calculate & ; and ;> by using Eq. (3.21). Also set & 3=0.

A 3
& = 73 + (D) = (A, VR =1,2 (3.21)

3. Obtain the three point estimates of PDF (denoted as x; 1, z;2 and z; 3, respectively) from Eq.

(3.18). Further, obtain the corresponding weighting factors wj 1, w; 2 and w; 3 from Eqgs. (3.22)
and (3.23).

Wik = ﬂ Vk = 1,2 (322)
k(&1 —&2)
1 1
=—— — 3.23
wi,3 n /\174 _ )‘12,3 ( )

3.3.2 Estimation of the expected value of the objective function using 3PEM

Once the points and weights corresponding to system connected loads, failure rates and outage dura-

tions are estimated, the following procedure is adopted for the evaluation of the objective function:

1. Form the input matrices X; and X as:

X1k Hz2 - . - Mzn
Hz1 T2k - - - Hzn

Xp=| ' (3.24)
_,U/lel IU/CUQ . . . an{;_

where, k = 1,2.

2. For each row of X}, objective function (Eq. (3.10)) is evaluated. As a result, a total of *2n’

computations would be carried out.
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3. For each output variable of interest y; ;;, set the j th moment as,
n m
E(ly) => ) wistly, Vi=12 .4 (3.25)
=1 k=1
y;.11. denotes the value of the i*" variable of interest corresponding to ({k)™ computation where,

I=1,2,..nand k =1,2, and m = 2 for 3PEM.

4. Now, the objective function (Eq. (3.10)) is evaluated with a vector
Xonean = [Hats a2 ooy Pais ---an], and let y; , denotes the value of i'" output variable of

interest corresponding to this computation. Then the j** moment F (yf ,x) 18 updated as:

E@flk) = E(yzjlk) + Wulip (3.26)

Where, X,,..., is the vector containing average values of connected load at buses, failure rates

and outage durations of various feeder sections of the distribution system. Further,

Wy = Zwm (327)
k=1

where, w, is the weight corresponding to the mean values of the random variables. For calcu-

lating the expected value of the function, the value of j in Eq. is set equal to one.

3.4 Case studies

The optimal placement of switches and reclosers (considering uncertainties in failure rates, repaire
rates and loading conditions) have been carried out in the 13-bus, 58-bus and IEEE 123-bus test
systems using DE and MINLP (the two techniques giving best results in chapter 2) for maximizing
the objective function value (profit) defined in Eq. (3.10). MINLP considered in the work utilizes
sequential quadratic programming through fmaincon function available in MATLAB optimization
toolbox. Each method has been executed 100 times with the same convergence criterion for eval-
uating the reproducibility of the results. Subsequently, from these obtained results corresponding
to 100 runs, various statistical parameters have been obtained for the purpose of comparison. The
comprehensive flow-chart of the overall calculation procedure is shown in Fig. The single line
diagrams of 13-bus, 58-bus and IEEE 123-bus test systems are given in Figs. 2.442.6] of chapter [2]
respectively. System cost data is given in Table [2.4] of chapter[2] Other system data such as bus data
for 13-bus, 58-bus and IEEE 123-bus are given in Table Table 2.6| of chapter 2| and in [61]] re-
spectively while failure data are given in Table Table[2.8]and Table [2.9) of chapter [2]respectively.

Other necessary data used in the simulation studies are same as used in Chapter 2]
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A4
Read system data (Line data, load data, failure data etc)

v
Generate input matrix X, for k=1,2 (Eq. (3.24))
using Egs. (3.17)-(3.23)

Call an optimization algorithm (DE or MINLP). For every iteration
of DE/MINLP, calculate the expected value of the objective
function (Eq. (3.10)) using steps 2-4 of the subsection 3.3.2

\ 4
Store the best result of the Run Run=Run+1
7y
No
Is Run=100

Yes

Calculate the mean, standard deviation, best and worst
function value corresponding to 100 runs and save the results

Figure 3.1: Flow-chart of the general optimization procedure
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In order to investigate the possibility of any further improvement in DE results, comprehensive
tuning of DE parameters has been done to find the best values of these parameters. Table [3.1]shows
the tuning of the parameters of DE (mutation factor (F) and crossover rate (CR)) for each of the three
test systems. The appropriate parameter set has been selected based on the *best function value’ with
minimum number of iterations required. From the table, it is clear that for evaluating the objective
function using DE, the parameters (F and CR) for 13-bus, 58-bus and IEEE 123-bus test systems can
be selected as (0.1 and 0.5), (0.6 and 0.5) and (0.7 and 0.4) respectively as they give best results with
minimum number of iterations. Maximum number of iterations for DE has been taken as 500. For

both the techniques, the threshold value for convergence criterion is taken as 102

Table 3.1: Parameter tuning for DE

13-bus test system 58-bus test system IEEE 123-bus test system

F | CR | Best function No. of | Best function No. of | Best function No. of

value iterations value iterations value iterations

0.1 | 0.1 | 29589520.45 14 325316989.9 86 29946159.71 100

0.1 | 0.2 | 29593364.12 16 324180319.9 56 33345351.15 131

0.1 | 0.3 | 30033037.56 27 327881952.1 113 32377498.28 84

0.1 | 0.4 | 30033037.56 31 326800306.3 91 31834478.3 80

0.1 | 0.5 | 30033037.56 16 327693166.4 98 31712324.19 71

0.1 | 0.6 | 29981371.1 9 327058895.3 59 29012626.63 71

0.1 | 0.7 | 29802690.46 15 325500421.7 49 28258944.7 58

0.1 | 0.8 | 29683882.55 10 322590241.1 38 22490888.09 60

0.1 | 0.9 | 29546933.59 10 3221544229 32 6951924.908 15

0.2 | 0.1 | 28917462.47 6 322646324.3 46 32593047.28 139

0.2 | 0.2 | 29256774.04 8 327644606 107 33438966.91 118

0.2 | 0.3 | 29947745.59 23 327890997.6 95 32999975.59 107

0.2 | 0.4 | 29724292.45 11 327976692.6 65 32414275.52 81

0.2 | 0.5 | 29628146.21 9 327028607.2 59 31391242.88 73

0.2 | 0.6 | 29589520.45 13 326722316.9 66 28341449.74 66

Continued on next page
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Table 3.1 : Continued from previous page

0.2 | 0.7 | 29483728.03 8 325531172.2 51 27825229.12 56
0.2 | 0.8 | 29787329.03 12 323223168.8 37 23741759.92 59
0.2 | 0.9 | 29871860.77 8 315395032 6 15740556.84 35
0.3 | 0.1 | 29440489.74 8 323937358.2 75 32745922.01 138
0.3 | 0.2 | 30033037.56 27 327633372.6 135 33381896.22 154
0.3 | 0.3 | 30033037.56 19 327827985 96 32647858.38 89
0.3 04 | 29981371.1 17 326975875.9 86 32215641.79 92
0.3 | 0.5 | 29713554.83 14 327003906.8 76 30515121.78 80
0.3 | 0.6 | 30033037.56 18 326512697.1 65 28875886.74 72
0.3 | 0.7 | 29246551.98 7 326054682.4 54 24813712.22 54
0.3 | 0.8 | 29981371.1 18 321775839 21 19891971.41 40
0.3 ] 0.9 | 28101134.46 1 318975794.1 18 12992229.46 34
0.4 | 0.1 | 28624977.75 3 325817612.2 86 31008884.6 119
0.4 | 0.2 | 28587610.49 3 322942588.8 44 32640654.21 112
0.4 | 0.3 | 29945634.97 17 326986058.5 130 32178738.91 86
0.4 | 0.4 | 30033037.56 21 326967313.3 91 33246820.6 89
0.4 | 0.5 | 29656121.47 12 326340426.1 74 31578369.66 75
0.4 | 0.6 | 29625099.04 12 326540023.3 58 30960945.45 71
0.4 | 0.7 | 29934940.57 22 325605329.8 61 28154724.14 49
0.4 | 0.8 | 29063359.48 5 318125585.1 17 17792257.93 48
0.4 | 0.9 | 29440489.74 6 319873890.2 20 10458257.05 26
0.5] 0.1 | 28675352.5 2 325096209.4 142 31575814.05 393
0.5 0.2 | 28625152.78 3 328105060.7 308 32983518.27 485
0.5 | 0.3 | 29828947.16 22 325523761.4 187 29809187.44 539
0.5] 04 | 29719618.68 20 327610343.6 279 27002146.8 552
0.5 | 0.5 | 30033037.56 20 327137171.7 310 24473233.37 595
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Table 3.1 : Continued from previous page

0.5 ] 0.6 | 29815891.97 11 325754924 228 19623993.42 683
0.5 | 0.7 | 29954639.55 16 325163727.6 291 18522456.9 536
0.5 | 0.8 | 29901183.94 6 322619918.4 193 11119219.41 333
0.5 | 0.9 | 29310287.28 6 319066251.1 171 227743.5041 114
0.6 | 0.1 | 29029878.46 6 327237227.4 229 31421714.56 243
0.6 | 0.2 | 29168974.95 4 327871624.6 243 34488464.33 416
0.6 | 0.3 | 29999412.06 47 328207911.8 354 34428218.26 321
0.6 | 0.4 | 30033037.56 30 328300476.9 377 34010864.32 386
0.6 | 0.5 | 30033037.56 34 328371302.8 286 33958880.24 357
0.6 | 0.6 | 29871860.77 36 327968344.6 244 34249326.89 284
0.6 | 0.7 | 30033037.56 29 328161256.8 334 34108893.87 293
0.6 | 0.8 | 29828301.1 26 327760989.9 218 31367803.44 196
0.6 | 0.9 | 29874731.63 25 325720290.3 100 25956043.39 136
0.7 | 0.1 | 28101134.46 1 325844622.5 132 33372560.41 292
0.7 | 0.2 | 29947745.59 25 327951182.4 300 34209159.12 312
0.7 | 0.3 | 29908209.02 24 328326876.2 306 33701160.08 336
0.7 | 0.4 | 29486724.64 27 328201862.4 315 34582844.74 403
0.7 | 0.5 | 29665405.28 16 328288773.8 408 34229530.11 333
0.7 ] 0.6 | 29981371.1 31 328371302.8 294 33764135.71 376
0.7 | 0.7 | 29901183.94 33 328038809.8 218 33739743.25 281
0.7 | 0.8 | 29770154.17 19 328259595.8 225 32359624.5 186
0.7 | 0.9 | 29777280.69 17 327486697.6 182 26877197.82 161
0.8 | 0.1 | 28101134.46 1 325673425.1 149 32318588.06 252
0.8 | 0.2 | 28859318.57 5 327838600 310 33151874.91 292
0.8 | 0.3 | 29100618.54 9 328241487.2 318 34247642.9 384
0.8 | 0.4 | 29954639.55 34 328111235.1 321 34472455.56 414
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0.8 | 0.5 | 30033037.56 36 328371302.8 322 34381484.7 431

0.8 | 0.6 | 29986607.04 27 328084603.8 300 33558846.11 325

0.8 | 0.7 | 30033037.56 33 328231716.7 293 32612875.29 257

0.8 | 0.8 | 29823065.16 20 327824142.3 204 32868582.55 209

0.8 | 0.9 | 29785806.09 21 327587601.7 183 23386652.27 120

0.9 | 0.1 | 28101134.46 1 326571977.1 151 32498798.65 257

0.9 | 0.2 | 29704593.48 15 328035528.7 345 33586129.14 366

0.9 | 0.3 | 29288221.4 16 328191589.6 300 34442355.56 391

0.9 | 04 | 29715287.87 25 328330197.5 315 33462130.61 346

0.9 | 0.5 | 29999412.06 32 328256273.7 313 34392394.4 313

0.9 | 0.6 | 30033037.56 36 328183231.7 285 33939468.99 257

0.9 | 0.7 | 30033037.56 30 328371302.8 325 33021273.48 253

0.9 | 0.8 | 29854753.42 31 327456999.4 252 32711569.64 244

0.9 | 0.9 | 29815891.97 28 325412981.9 127 26764952.5 161

Table shows the results for 13-bus, 58-bus and IEEE 123-bus test systems corresponding to
100 runs using DE and MINLP techniques. While using DE technique, the initial population remains
same and the convergence was reached before reaching the maximum number of iterations for each
of the 100 runs. From the table, it can be observed that these two techniques give the same best
objective function value (profit) for all the three test systems. The standard deviation for 58-bus
test system is nearly same for DE and MINLP while for 13-bus and IEEE 123-bus test systems, the
standard deviation is lesser for MINLP as compared with DE. The average run time for all the three
test systems are smaller for MINLP as compared with DE.

The optimal location of reclosers and switches corresponding to the best objective function value
are chosen as the final solution. For 13-bus test system, the optimal location of reclosers are in
branches F4 and F10 whereas, the optimal location of switches are in branches F2, F3, F5 and F8.
For 58-bus test system, the optimal location of reclosers are in feeder sections F2, F14, F15, F22,

F29, F33, F35, F38, F43 and F49 whereas, the optimal location of switches are in feeder sections
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Figure 3.2: 13-bus test system protected by DE/MINLP techniques

Table 3.2: Summary of results of 100 runs for 13-bus, 58-bus and IEEE 123-bus

test systems

DE MINLP
Test systems | Best function | Standard deviation | Average Best function | Standard deviation | Average
value (Rs.) (% of mean) run time (s) value (Rs.) (% of mean) run time (s)
13-bus 30033037.56 0.82 1.33 30033037.56 0.31 0.30
58-bus 328371302.78 0.04 392.64 328371302.78 0.09 75.75
IEEE 123-bus | 34582844.74 0.49 3430.48 34582844.74 0.34 770.35

F4, F8, F9, F13, F18, F20, F21, F23, F25, F27, F28, F32, F37, F39, F44, F45, F47, F50, F53, F54
and F55. For IEEE 123-bus test system, the optimal location of reclosers are in feeder sections F19
and F54 whereas, the optimal location of switches are in feeder sections F2, F3, F9, F13, F15, F20,
F22, F37, F41, F60, F64, F70, F74, F79, F88, F99 and F111. The optimal locations of switches
and reclosers for 13-bus, 58-bus and IEEE 123-bus test systems are also shown in Figs. [3.2}3.4]

respectively.

The results obtained with PEM, at the selected level of uncertainty in parameters, have also
been compared with the results obtained without considering parameter uncertainty for the three test
systems, and are given in Table[3.3] As can be observed, the two approaches give identical locations
of the switches and reclosers with slight variations in final function values. However, the PEM based
method is useful in estimating the function value (profit) under varying uncertainty in parameters as

explained below.

The effect of variations in the standard deviations of load, A’ and ’»’ on profit values are shown in
Figs. 3.6}3.7|respectively ( oy, 0j0qq and o, are standard deviation of failure rate, load and outage time

respectively). These figures show the cumulative distribution function (CDF) of profit for different
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Figure 3.4: IEEE 123-bus test system protected by DE/MINLP techniques
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Table 3.3: Results for all the three test systems without considering uncertainty

in parameters

Function Value
Test system (&s) Location of Switches Location of Reclosers
13-bus 30013919.52 F2 F3 F5 F8 F4 F10
58-bus 328185967.86 | F4 F8 F9 F13 F18 F20 F21 F23 F25 F27 F28 | F2 F14 F15 F22 F29
F32 F37 F39 F44 F45 F47 F50 F53 F54 F55 | F33 F35 F38 F43 F49
IEEE 123-bus | 34573820.45 F2 F3 F9 F13 F15 F20 F22 F37 F41 F60 F19 F54

F64 F70 F74 F79 F88 F99 F111

values of standard deviations (o) for IEEE 123-bus test system as a representative case.

From these figures, the spread of CDF can be observed to increase as the standard deviation
increases. Further, it can also be seen that the expected value of profit does not change with the
variations in load and failure rate uncertainty. This is due to the fact that when only one parameter
(load or *\') changes, the change (increase or decrease) in ENS (Eq. ) and CIC (Eq. ) has
a linear relationship with the change in load or ’\’. Consequently, it can be easily shown analytically
that with PEM, same expected values of ENS and CIC will be obtained when either load or *\’
varies, leading to the same expected value of profit. However, when the repair time (r) varies, from
Fig. a small change in the expected value of profit (corresponding to cumulative probability of
0.5) can be observed. This is due to the non-linear IC(t) relations (Eqs. (2.13)-(2.15)) that creates
a non-linear relation between change in CIC and change in repair time. As a result, following the
basic steps of PEM, it can be easily shown analytically that the expected value of CIC will change.
However, as change in ENS again enjoys a linear relationship with change in ’r’, there is no change
in the value of ENS calculated through PEM. Thus, only the change in CIC is responsible for change
in the function value (profit).

Now, for taking a final financial decision under uncertain environment, usually, the expected
value of profit and the CDF of profit are considered [66]. The variation in the profit with variation in
parameter uncertainty can be quantified in terms of robust profit (2 P;) as shown in Fig3.8][66]]. The
values of RPj is calculated at a probability value 3, called confidence level. The common values of
B are 90%, 95% and 99%, with 95% being the preferred confidence level [66]. It can be interpreted
that for 5=0.95, the probability of profit falling below RFjs is 1-3=0.05.

An extension of RPj3 is C'RPj, the conditional robust profit. C'RPg gives a more conservative
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Figure 3.5: Sensitivity of function value w.r.t. o for IEEE 123-bus test system

but more assured value of profit. It is defined as the conditional expectation of the profit associated

with system variables given that the profit is equal to or less than RPjg.

1 RPg
CRP; = m/ xf(z)dz (3.28)

Where, z is the random system variable and f () is the associated probability density function of z.

As a representative example, for 58-bus test system, the variation of 2P and C'RPj3, with vari-
ations of uncertainty in the load, ’\” and ’r’ are shown in Figs. for 3=90%, 95% and 99%
respectively. From these figures, it can be seen that with increase in parameter uncertainties, the ro-
bust and conditional robust profit decrease significantly. Therefore, for final financial decision, one
must not rely on the expected value of profit only. As the conditional robust profit varies significantly
with uncertainty, one must consider the data uncertainties before taking any financial decision, which

can be accomplished using PEM.
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3.5 Conclusion

Over a period of time, the system loading conditions, failure rates and repair rates are likely to
vary. Therefore uncertainties in these quantities need to be considered for estimating the profit in the
optimal placement of switches and reclosers for reliability improvement in distribution system. In
this chapter, 3PEM has been used to incorporate the data uncertainty in reliability calculations. DE
and MINLP techniques have been used to evaluate the optimal location of switches and reclosers
in distribution system for reliability improvement and maximizing utilities’ revenues under data un-
certainty. The two techniques have been evaluated for 100 independent runs for 13-bus, 58-bus and
IEEE 123-bus test systems and various statistical parameters such as mean, standard deviation, av-
erage run time etc have been calculated for the purpose of performance analysis. It is concluded
that MINLP invariably produces best results with least computational efforts for all the test systems
studied, without relying on heuristic parameters which are difficult to tune for each of the test system
separately. Further, for all the three test systems, results obtained with uncertainty in parameters have
also been compared with the results obtained without considering uncertainty. From the comparison
of results obtained, it can be concluded that though the two cases give identical locations of switches
and reclosers, the function value (profit) varies with variation in uncertainty level of parameters. The
PEM based reliability evaluation method can thus be a very useful tool in estimating the bounds
of profits expected from planned switch and recloser placement project. This study also helps the
utilities in taking a realistic decision based on the calculated values of RPs and C' RPs.

In the next chapter, methodologies for optimal placement of three different scenarios of protective
devices viz. simultaneous placement of reclosers and switches, simultaneous placement of reclosers,
switches and fuse-blow fuses and simultaneous placement of reclosers, switches and fuse-save fuses
taking the uncertainties in loading conditions, permanent failure rates, temporary failure rates and

repair rates into account, have been developed.
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Chapter 4

Placement of protective devices in distribution system
considering uncertainties in loads, temporary and

permanent failure rates and repair rates

Abstract

The problem formulation in Chapter 3 considered sustained interruptions (caused by permanent
faults) only. However, the effect of temporary fault also needs to be incorporated in the formulation
for the loads sensitive to momentary interruptions (due to temporary faults). In this chapter, three
different models for optimal placement of protective devices in a distribution system considering
uncertainties in loads, temporary and permanent failure rates and repair rates have been developed.
The uncertainties in temporary failure rates, permanent failure rates, repair rates and load data have
been considered in the problem formulation using three point estimate method (3PEM). The three
formulated problems have been solved for 58-bus and IEEE 123-bus distribution networks using

mixed-integer nonlinear programming (MINLP) optimization technique.

4.1 Introduction

N distribution system, momentary interruptions are more frequent then the sustained interrup-
I tions. In the past, sustained interruptions were the main concern of utilities and hence, the
protective devices were placed to limit their impact. Now a days, loads are even more sensitive to
momentary interruptions due to proliferation of electronic devices [[8]. Due to the increased use of
electronic and precision devices, damages due to the short duration voltage disturbances have in-
creased [9]. Utilities use Fuse-save and Fuse-blow schemes to decrease the impact of sustained and
momentary interruptions, respectively.

In the Fuse-save scheme, an upstream recloser or circuit breaker operates before a fuse can trip
to isolate a fault downstream of the fuse. Fuse-save scheme is used with an instantaneous relay or

with the fast curve of a recloser associated with a circuit breaker. For temporary faults (self clearing

55



faults), service to the customers can be restored immediately by re-energizing the line, resulting in
decreased sustained interruptions [[10]].

The main drawback of Fuse-save scheme is that all customers downstream of a recloser or circuit
breaker experience momentary interruptions even for permanent faults downstream of a fuse. Be-
cause of this, many utilities prefer to use Fuse-blow scheme over Fuse-save scheme. The Fuse-blow
scheme is also known by several other names such as (i) trip saving, (ii) breaker saving, (ii1) fault
clearing, and (iv) instantaneous relay blocking. In Fuse-blow scheme, the fuse operates for all the
faults (temporary and permanent) downstream of it, resulting in sustained interruption of all the cus-
tomers downstream of the fuse while supply to the rest of the system continues uninterrupted [10].
Thus, Fuse-blow scheme results in a reduction in momentary interruptions and an increase in sus-
tained interruptions.

In this chapter, the effect of sustained and momentary interruptions as well as the uncertainties
in temporary and permanent failure rates, repair rates and loading conditions have been considered
for deciding the optimal locations of the protective devices. For placing the protective devices, three
different scenarios have been considered; (i) Simultaneous placement of reclosers and switches (ii)
Simultaneous placement of reclosers, switches and fuse-blow fuses and (iii) Simultaneous placement
of reclosers, switches and fuse-save fuses.

This chapter is organized as follows: In Section 4.2] the procedure for reliability calculation in
a distribution system for three different scenarios of protective devices is discussed. Section 4.3
discusses the formulated problem in detail. In Section the main results of this work have been

presented. Finally, the conclusions drawn have been discussed in Section 5]

4.2 Calculation of distribution system reliability for different scenarios of protective devices

considering permanent and temporary faults

This section describes the procedure for distribution system reliability calculation for the following

three scenarios:
4.2.1 Placement of reclosers and switches only (RS scheme)

A 7-bus radial distribution network having 6 feeder sections and 6 load points is shown in Fig. [4.1]
Consider the scenario when the system is protected by a switch *.S” at feeder section’ F'3’, a recloser
"R’ at feeder section ’F2° (apart from a circuit breaker *CB’ at the source end) as shown in Fig.
4.2 For a fault (permanent or temporary) in * 2 and its downstream feeder sections, the upstream

recloser at * F'2” will operate instead of " CB’ to isolate the fault current. Consequently, load L1’
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(upstream of *F'2’) will not experience any interruption. Hence, permanent failure rate (\) and
temporary failure rate () for L1’ are set to zero for all permanent and temporary faults in ’ F'2” and
its downstream feeder sections. In general, ’\’ and ’~’ for all the loads upstream of a feeder section
having a recloser are set to zero for all the permanent and temporary faults in the feeder section and its
downstream feeder sections, respectively. Further, *\’ and *+’ for all the loads downstream of > F'2’
(feeder section having a recloser) are set equal to "\’ (the permanent failure rate of faulted feeder
section) and *v;’ (the temporary failure rate of faulted feeder section), respectively. For permanent
faults in * '3’ (having a switch) and its downstream feeder sections, all the loads upstream of " F'3’
will experience an outage time of switch isolation time (r;5,) while all the loads downstream of " F'3’

will experience an outage time equal to 7’ (time required to repair the faulted feeder section).

| F1 F2 | F3 | F4

S |1

L1 L2 L3 L4
F6 |

L5 L6

Figure 4.1: A 7-bus distribution system having 6 feeder sections and 6 load

points

Let the binary variables Xp ; and X represent recloser and switch in k" feeder section, re-

spectively. Also, let

Xsix/Xry =0, if aswitch/recloser is placed in k™" feeder section
4.1)

=1, if a switch/recloser is not placed in k" feeder section

)

Using the procedures given in chapter 2, the permanent failure rate ()\; ;) and outage time (7; ;)

of j" load due to the permanent fault in i*" feeder section can be written as,

Aij = bibe(i, )N+ (1= bibe(i, )N [ Xrw) (4.2)

keFd(i,j)
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R
F1 | F2 | F3 F4 |
L o o

L1 L2 L3 L4

F6

L5 L6

Figure 4.2: A 7-bus distribution system protected by a recloser and a switch

rig = bibe(i, j)ri + (1= bibe(i, ) {ri( J[ Xsu)
keFd(i,5)

+ r(l=C JT Xsa)¥ I] Xaw)

keFd(i,j) keFd(i,j)

4.3)

Similarly, the temporary failure rate (7; ;) of ' load due to the temporary fault in i"" feeder section

can be written as,

Yij = bibc(i,j)% + (1 - bibc(i,j))%( H XR,k) 4.4)
keFd(i,5)
where,

bibe(i, j) = element corresponding to the i’ row and j'* column of the [BIBC] matrix [67],
A; = permanent failure rate of it" feeder section,

~; = temporary failure rate of i*" feeder section,

r; = outage time of it" feeder section,

and

Fd(i, j) = Fsee(1,4) 0 Fseo(j, 1) (4.5)

Fs..(1,1) is the set of feeder sections between source node and i’ feeder section (including 7"
feeder section) and Fs..(j, %) is the set of feeder sections between j* node and i feeder (including
it" feeder section). F'd(i, j) represents feeder sections common to Fe.(1,4) and Fie.(7,1).

For the network shown in Figid.2] feeder section F5 has a recloser and feeder section F3 has a

switch. Hence,
Xp1 = Xp3=Xpa=Xps=Xprs=1, Xpo=0

(4.6)
X1 =Xgo=Xga=Xg5=Xgs=1, Xg3=0
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The [BIBC] matrix for this network is given below,

F1
2
F3
F4
F'5
F6

BIBC =

o o o o o =

o o O O = =

o o O = ==

O O == =
S = O O = =

L1 L2 L3 L4 L5 L6

1
1
0
0
1
1

“4.7)

Using the elements of [BIBC] matrix (Eq. (4.7), expressions for \; ; (Eq. (4.2)), ;. (Eq. (4.3)), i ;
(Eq. (#.4)) and the values of Xz, and Xg; (Eq. (#.6)), the calculated values of *\’, ’r” and v’ for
the system of Figl.2]are given in Tables[d.1] {.2]and [4.3] respectively.

Table 4.1: Values of *\” for the system of Fig

Fault | | L1 | L2 | L3 | L4 | L5 | L6
)25 I VI IO VIR D VI D VIR IO VIR IO V!
F2 0 | Ao | da| Ao | Ao | Ao
F3 | 0 [ X3 x| A3 | A3 | s
F4 VD VIR I VIR D VIR IO VIRl RO V!
F5 | 0 [ Xs | X5 | A5 | As | A5
F6 0 | X | X | X6 | X6 | s

Table 4.2: Values of ’r’ for the system of Fig

Fault | | L1 | L2 | L3 | L4 | L5 L6
F1 r1 r1 | T Ty r1
2 0 T2 Te | T2 ) T2
F3 0 | Tiso3 | T3 | T3 | Tiso3 | Tiso3
F4 0 | Tiso3 | T4 | T4 | Tiso3 | Tiso3
5 0 5 Ts | T5 s s
F6 0 T'6 e | Te T'6 T'e
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Table 4.3: Values of *+’ for the system of Fig

Fault| | L1 | L2 | L3 | L4 | L5 | L6
F1 MMM M MmN
F2 O 172|272 |72
F3 O [ v || |73
F4 O | va | va | va| Ve | e
F5 O [ | |||
F6 O | % | % | "% | % | 7

After evaluating " \; ;°, 'r; ;” and ’; ;°, using Eqs. (4.2)-(4.4), respectively, the sustained inter-
ruption cost due to permanent fault (/C'y) and momentary interruption cost due to temporary fault

(IC,) can be evaluated as,

nl  nbr

[C)\ - Z Z )\i,j[CPi,ij
7j=1 i=1
nl  nbr

1C, =) > %, ICT L,

j=1 i=1

where,

nl = total number of connected loads,

nbr = total number of feeder sections,

L; = mean value of the load connected at ;' node,

ICP; ; = sustained interruption cost of the load connected at j'* node due to the permanent fault in
it" feeder section for an outage duration of 7 ; ,

ICT; ; = momentary interruption cost at 4" load point due to temporary fault in i*" feeder section.

Thus, the total customer interruption cost (77C') for this scenario can be calculated as follows:

TIC = ICy + IC,

nl  nbr (48)
=Y Y (NGICP; + 7, ICT, )L,

j=1 i=1
Further, the total energy not supplied (£NS) is given by,

nl  nbr

ENS = Z Z )\iyjri,ij k:WhT/year (49)

j=1 i=1
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4.2.2 Placement of reclosers, switches and fuse-blow fuses (Fuse-blow scheme)

s
B | F1 | R R o Fb  F4 |
> | B o- <0—
1 % 1
L1 L2 L3 L4
F6
L5 L6

Figure 4.3: A 7-bus distribution system protected by a recloser, a switch and a

fuse-blow fuse

Consider the scenario when the system is additionally protected by a fuse-blow fuse ’ F'b’ placed
at feeder section ’ Fj’ apart from a switch °S” at *F'3’, a recloser "R’ at *F'2’ and a circuit breaker
*CB’ at the source point as shown in Fig. 4.3] For a fault (permanent or temporary) in ’ 4, the fuse-
blow fuse *Fb’ at ’ I}’ will trip before the upstream recloser * R’ at ’ ['2’ can operate (to interrupt the
fault current). This results in sustained interruption (\') of the customers downstream of the fuse-
blow fuse, even for temporary faults in the feeder sections downstream of the fuse-blow fuse while
the rest of the system operates uninterrupted. Thus, the placement of fuse-blow fuses in a distribution
system results in a reduction of momentary interruptions and an increase in sustained interruptions.

Let a binary variable Xp, ; represents a fuse-blow fuse in ith feeder section. Also, let

Xrp; = 0, 1f a fuse-blow fuse is placed in it" feeder section
(4.10)

=1, if afuse-blow fuse is not placed in i*" feeder section

For this case, the permanent failure rate (); ;) and outage time (r; ;) of j" load due to the perma-
nent fault in i feeder section, the temporary failure rate (7;, ;) of 4" load due to the temporary fault
in i*" feeder section and the permanent failure rate (/\;’ ;) of j th load due to a temporary fault in i

feeder section can be represented as,

Aig = bibe(i, 7)A; + (1 = bibe(i, 7)) Ai( H XprXrbk) (4.11)

keFd(i,j)
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Ny = bibe(i, (L= J]  Xeow)) + (1 = bibe(i, 5))

kEFSec(l Z)

(4.12)
H XRkXFbk 1— H XFbk
keFd(z 7) keG(3,5))
Yij = bibe(d, 3)vi( H Xppg) + (1 — bibe(i, 7))
keFsec(1,7) (4 13)
I XeC I Xeo)
keFd(i,j) keFseo(1,1)
rig = bibe(i, j)ri + (1= bibe(i, ) {ri( [[ Xsu) +
keFd(i,j) (4.14)
Tiso H XSk }( H XR,kXFb,k)
keFd(i,j) keFd(i,j)

Fd(i, j) is evaluated using Eq. (4.5). G(i, 7) is the common feeder sections between Fs..(1,4) and

Fsec(j, 1). Therefore, G(i, j) is given by,
G(i,]) = Fsee(1,7) N Fsee(4, 1) (4.15)

For the network shown in Fig feeder section I has a recloser, feeder section F5 has a switch

and feeder section F has a fuse-blow fuse. Hence,

Xp1=Xp3=Xpa=Xps=Xgpe=1, Xpo=0
Xs1=Xgo=Xga=Xgs=Xg6=1, Xg3=0 (4.16)

Xrv1 = Xppo2 = Xpps = Xpps = Xppe =1, Xppa =0

Using the elements of [BIBC| matrix (Eq. , expressions for J\; ; (Eq. ), /\;’j (Eq.
#.12)), vi; (Eq. @&.13)), 755 (Eq. (#.14)) and the values of Xg;, Xg; and Xpy; (Eq. (#.16)), the
calculated values of )\’, >\, >y and "7’ for the system of Fig are given in Tables
and[4.7] respectively.

For a temporary or permanent fault in feeder section F}, fuse-blow fuse F'b will blow and the
load L, will experience a sustained interruption. Hence, /\;74 = 4 (refer to Table . Since, the

temporary faults in feeder section F}; lead to permanent fault, hence, all the elements of the 4t row

of Table[4.6) are zero.
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Table 4.4: Values of *\” for the system of Fig

Fault | | L1 | L2 | L3 | L4 | L5 | L6
/N IO VIR D VNl I VIR D VIRl IO VI IO W
F2 | 0 [ X | Ao | X | Ao | Ao
F3 | 0 | X3 | A5 | A3 | Ag| A
FA | 0] 0|0 |X|0]O
F5 | 0 [ X5 | X5 | Xs | A5 | Xs
F6 | 0 | Xs| X6 | X6 | N6 | As

Table 4.5: Values of *\"” for the system of Fig

Fault| | L1 | L2 | L3 | L4 | L5 | L6
F1 Ojo0oj]O0 L 0/|0]O0
F?2 Ojo0j]O0L0/|0]O0
F3 Ojo0j]O0 L 0/|0]O0
F4 O] 0|0 |vwm|O0]O0
F5 Ojo0oj]O0,L0/[0]O0
F6 Ojo0oj]O0 L 0/[0]O0

Table 4.6: Values of "+’ for the system of Fig

Fault| | L1 | L2 | L3 | L4 | L5 | L6
F1 MMM M| MmN
F2 O 2|72 72|72
F3 O | v |7 |||
F4 Ojo0]O0 L 0|0]O0
F5 O | % | % |||
F6 O | % | % | %6 | Y% | V6

After evaluating ’\; ;’, ’)\;’j’, "5, and ’r; ;” using Egs. 1HD respectively, the sustained

interruption cost due to permanent fault (/C'y), sustained interruption cost due to temporary fault
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Table 4.7: Values of *r’ for the system of Fig.

Fault| | L1 | L2 | L3 | L4 | L5 L6
F1 1 T ry | T T Ty
2 0 Ty Ty | To ) Ty
F3 0 |r is0,3 | T3 T3 | Tiso,3 | Tiso,3
F4 0 0 0 | rq 0 0
F5 0 s rs | Ts 5 Ts
F6 0 g e | Te | Te 6

(IC),) and momentary interruption cost due to temporary fault (/C.,) can be evaluated as,

nl  nbr

j=1 i=1

nl  nbr

ICy =Y Y X ,ICPT;;L,
j=1 i=1

nl  nbr

j=1 i=1
where,

ICPT; ; = sustained interruption cost of the load connected at 5% load point due to the temporary
fault in 7' feeder section for an outage duration of r; (For all the calculations, r; is assumed to be 30

minutes).

Thus, the total customer interruption cost (7/C) for this scenario can be calculated as,

TIC = ICy + ICy + IC,

nl nbr ) (417)
=3 (NGICP,; + N ICPT,; + 7;,;ICT; )L,
j=1 i=1
Further, ENS due to permanent fault (£NS),) and ENS due to temporary fault (ENS/\E/) can be

written as,

nl  nbr

ENS)\E = Z Z )\i,jri,ij

j=1 i=1

(4.18)

nl  nbr

ENS,  => Y XL

j=1 i=1
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Therefore, the total energy not supplied (£NS) for this scenario can be calculated as,

ENS = ENS,, + ENS, -
nl nbr

= Z Z<)\i’jri’j + /\;’jr;)Lj EW hr /year

j=1 i=1

where, 7} is the fuse repair time of fuse-blow fuse placed at i*" feeder section.

4.2.3 Placement of reclosers, switches and fuse-save fuses (Fuse-save scheme)

(4.19)

Consider the scenario when the system is protected by a fuse-save fuse * F's’ placed at feeder section

"F6’ apart from a switch °S” at *F3’, a recloser "R’ at *F2’ and a circuit breaker *CB’ at the

source point as shown in Fig. {.4 For a fault (permanent or temporary) in ’F'6’, the upstream

recloser "R’ at *F'2’ will operate before the fuse-save fuse ’F's” at *F'6” can trip to interrupt the

fault current. This results in momentary interruption to all the customers downstream of the recloser

(even for permanent faults in the feeder sections downstream of the fuse-save fuse). On the other

hand, for all the temporary faults downstream of the fuse-save fuse, service to the customers can be

restored immediately by re-energizing the line, resulting in decreased sustained interruptions. Thus,

placement of fuse-save fuse in the system results in reduced sustained interruptions and increased

momentary interruptions.

F1 F2 F3 F4
\N/
3¢ | = o o-
A
L1 L2 L3 L4
Fs F6
L5 L6

Figure 4.4: A 7-bus distribution system protected by a recloser, a switch and a

fuse-save fuse

Let the binary variable X, ; represents fuse-save fuse in i'" feeder section. Also, let

Xps,i =0, if a fuse-save fuse is placed in it" feeder section

=1, if afuse-save fuse is not placed in i’ feeder section
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For this scenario, the permanent failure rate (); ;) and outage time (r; ;) of j* load due to the
permanent fault in i*" feeder section, the temporary failure rate (; ;) of 5" load due to the temporary
fault in i** feeder section and the temporary failure rate (7;’ ;) of j th Joad due to the permanent fault

n i*" feeder section can be represented as,

i = bibe(i, )i + (1= bibe(i, NN ] XraXror) (4.20)
keFd(i,5)
Yij = bibe(i, )i+ (1= bibe(i, ))vu( [ Xax) (4.21)
keFd(i,5)
7= (U= bibe(i, DN [T Xe)@ =TT Xrar)) (422)
k‘EFdZ]) keFd(i,5)

rig = bibe(i, j)ri + (1= bibe(i, )){ri( [[ Xsx) +
keFd(i,5)

Tiso H XSk }( H XR,kXFs,k>

keFd(i,5) keFd(i,j)

(4.23)

For the network shown in Fig. feeder section F5 has a recloser, feeder section F5 has a switch

and feeder section Fg has a fuse-save fuse. Hence,

Xp1=Xp3=Xpa=Xps=Xpe=1, Xpo=0
Xg1=Xgo=Xga=Xg5=Xg6=1, Xg3=0 (4.24)

XFS,I - XFS,Q - XFS,3 = XFSA = XFS,S = ]-7 XFS,G =0

Using the elements of [BIBC] matrix (Eq. (4.7), expressions for \; ; (Eq. (4.20)), v;; (Eq.

@21)). 7, (Eq. @.22)), ri; (Eq. (@.23)) and the values of Xp;, Xs; and Xp,; (Eq. (4.24)), the

calculated values of *\’, 7", *~'* and *r’ for the system of Fig. are given in Tables
and[4.T1] respectively.
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Table 4.8: Values of *\” for the system of Fig

Fault | | L1 | L2 | L3 | L4 | L5 | L6
F1 AL A A AN
2 O | Ao | A | Ao | Ao | Ao
F3 O | A3 | A3 | A3 | A3 | A3
F4 O | Add [ Ad | A | Ad | Mg
F5 O | A5 | A5 | A5 | A5 | As
F6 O] 0] 0|00 X

Table 4.9: Values of "4’ for the system of Fig.

Fault| | L1 | L2 | L3 | L4 | L5 | L6
FI. 'm|m | m|mn|n|m
F2 O | Y| Y| 7| 72|
F3 O | v |7 |||
F4 O | va | 7| va|Ya]| s
F5 O | % | % |||
F6 O | % | % | %6 | Y6 | V6

Table 4.10: Values of "~ for the system of Fig.

Fault| | L1 | L2 | L3 | L4 | L5 | L6
F1
F2
F3
F4
F5
F6

=N ol NeRE=N Rl )
o |l oo | o |Oo | O
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Table 4.11: Values of ’r’ for the system of Fig.

Fault | | L1 | L2 | L3 | L4 | L5 L6
F1 T T e | r1 T
2 0 Ty ro | T2 ) r2
F3 O | Tiso3 | 73 | T3 | Tiso3 | Tisos3
F4 O | Tiso3 | T4 | T4 | Tiso3 | Tiso3
F5 0 s rs | Ts 5 Ts
F6 0 0 010 0 6

After evaluating *; ;’, *vi; s ’7;73" and ’r; ;* using Egs. 1H| respectively, the sustained
interruption cost due to permanent fault (/C',), momentary interruption cost due to temporary fault

(IC,) and momentary interruption cost due to permanent fault (/C/) are given by,

nl nbr

IC\ =YY N,;ICP;L;

j=1 i=1

nl nbr

107 = Z Z ’%JIOEJLJ‘

j=1 i=1

nl nbr

IC, =Y ~,ICT;;L;

j=1 i=1

Thus, the total customer interruption cost (7/C') for this scenario can be calculated as,

TIC = ICy+ IC, + IC.

nl nbr / (4.25)
=3 > (NICPy; + (vij +7:,)ICT ;) L

j=1 i=1
and the total energy not supplied (FNS) for this scenario is given by,

nl  nbr

ENS =Y XyjrijL; kWhr/year (4.26)

j=1 i=1
4.3 Problem Formulation
In this section, three different models corresponding to the three scenarios of protective devices

placement in a distribution network (discussed in the previous section) have been developed for max-

imizing the profit of the utility by reliability improvement while reducing the outage and investment

costs.
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4.3.1 Objective function

The objective functions corresponding to the three scenarios (RS scheme, Fuse-blow scheme and
Fuse-save scheme) of protective devices placement in distribution system are aimed at revenue earn-
ing maximization of the utility due to reduction in CIC' and increase in extra energy supplied (due
to decrease in ENYS) to the customers while minimizing the associated investment cost such as cost
of installation, operation and maintenance of protective devices.

Consider the scenario when only reclosers and switches are to be placed in the distribution sys-
tem (RS scheme). As discussed in the previous section, presence of a recloser in a feeder section
saves all the upstream loads for all the permanent and temporary faults in the feeder section and
its downstream feeder sections. In other words, all the loads upstream of a feeder section having a
recloser will not experience any interruption for any fault in the feeder section (having a recloser)
and its downstream feeder sections.

Similarly, presence of a switch in a feeder section reduces the outage time of all the upstream
loads for all the permanent faults in the feeder section and its downstream feeder sections. In other
words, for a permanent fault in the feeder section (having a switch) and its downstream feeder sec-
tions, all the loads upstream of the feeder section will experience a reduced outage time equal to the
"switch isolation time’ of the feeder section.

Using the procedure discussed in the previous section, we can calculate the savings (due to re-
duction in ENS and TIC') of the system protected by reclosers and switches. When no reclosers and
switches are placed in the distribution system, the expressions [ [, d(i.5) Xp of Egs. — and
er Fd(i.j) Xg 1 of Egs. become unity. As a result, )\; ; becomes equal to )\;, 7; ; becomes equal
to 7; and r; ; becomes equal to r;. Therefore, from Egs. (@) and @), the TIC and ENS of the

unprotected system (represented by TICYs and ENSY, respectively) can be written as,

nl  nbr

TICYs = > (MICP; + wICT, )L, (4.27)
=1 i=1
nl nbr

ENSpg = Z Z(/\m)Lj kW hr [year (4.28)

j=1 i=1
where,
1 CP;U = sustained interruption cost of the load at j** bus due to outage duration of 'r;’ for the

permanent fault in i** feeder section.
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Now consider the case when the distribution system is protected by reclosers and switches (RS
scheme). Using Eqs. (4.8) and (4.9), the T/C and ENS of this protected system (represented by

TICp and ENSp, respectively) can be written as,

nl nbr
TICgs = Z Z()\z‘,jlopi,j +7i;1CT; ;)L (4.29)
j=1 i=1
nl  nbr
ENSJI%DS = Z Z()\i,jh,j)[zj (4.30)
j=1 i=1

Therefore, reduction in TIC (i.e. TICS;-TICES) due to placement of reclosers and switches in

the distribution system can be written as,

nl  nbr
TICHs — TIChs =Y Y ((MICP; +%ICT; ;) — (\ijICP; + i ICT;))L;  (431)

j=1 i=1
Similarly, reduction in ENS (i.e. ENSSs-ENSEs) due to placement of reclosers and switches in the
distribution system can be written as,

nl nbr

ENShs — ENSks =Y Y (i = Aigrij) L (4.32)

j=1 i=1

Therefore, for this scenario (RS scheme), the objective function (frg) is defined as follows:

Maximize frg = {i nzbr()\iri — Xijri)Li}CpFy + {”Zl anT(()\iIC'P;j +ICT, ;)
7j=1 =1 ;;1 =1
— (Mg ICPj + 7 ICT; )L} Fy — {(O (1= Xg,))Cr (4.33)
nbr Cm -
+ (;(1 — X54))Cs}(1 + mF:a)

where,

Cg = per unit energy cost,

N = life span of the protective devices (in years),

L¢ =rate of annual load growth (in percent),

1, = annual interest rate (in percent),

rp = annual incremental rate of energy cost (in percent),

1 CPZ-'J = sustained interruption cost of the load at j** bus due to outage duration of ’r;’ for the
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permanent fault in i** feeder section,

r., = annual incremental rate of maintenance cost (in percent),

1. = annual incremental rate of interruption cost (in percent),

(', = maintenance cost of switching devices (in percent),

Cr = cost of a recloser,

Cs = cost of a switch.

Fy, F5, and Fj are given by Egs. (3.11)-(3.13)) respectively. °A; ;°, *r;; and *v; ;°, used in Eq.
are calculated using Eqs. (#.2))-(.4)), respectively.

Now consider the scenario when the distribution system is to be protected with reclosers, switches
and fuse-blow fuses (Fuse-blow scheme). For any fault downstream of a fuse-blow fuse, first the
fuse-blow fuse will trip before the recloser upstream of the fuse-blow fuse can operate to interrupt
the fault current. This results in sustained interruption to all the customers downstream of the fuse-
blow fuse even for a temporary fault in any of the feeder sections downstream of the fuse-blow fuse,
while the rest part of the system is uninterrupted. It may be noted that, all the customers between
nearest upstream recloser and the fuse-blow fuse never experience momentary interruption for a
temporary fault in any of the feeder sections downstream of the fuse-blow fuse.

When no protective devices (for this scenario, reclosers, switches or fuse-blow fuses) are placed
in the distribution system, the expression [ [ .y ;) XreXrok of Eq. become unity (as can
be observed from Eqgs. (#.I) and (#.10)). As a result, ); ; becomes equal to \;. Similarly, in Eq.

ii H,%FS&C(M) XFb ks H,%Fd(i’j) XpxXrpr and erG(i,j) Xpp e all become unity. Hence, /\;’j
becomes zero. Further, in Eq. ll [L.r d(i.j) X R,k also becomes unity, hence 7; ; = ;. Finally, in

Eq. (4.14), T; rai ) X's also becomes unity (as can be observed from Eq. (4.1)), hence r;; = r.
Therefore, from Eqs. (@.17) and @.19)), the TIC and ENS of the unprotected system (represented

by TICH; and ENSYy, respectively) can be written as,

nl nbr
TICS s =Y > (MICP; +3ICT;)L; (4.34)
7j=1 =1
nl  nbr
ENSip =Y > ()L (4.35)
=1 i=1

Now consider the case when the distribution system is protected by reclosers, switches and fuse-

blow fuses (Fuse-blow scheme). Using Eqs. (@.17) and (4.19), the TIC and ENS of this protected
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system (represented by TICE, and ENSLy, respectively) can be written as,

nl  nbr

TICE, = Z Z(Amm&j + N\ jJICPT,j + 7 ;1CT; ;)L (4.36)
7j=1 =1
nl nbr
ENSfp =3 ) (Nijrig + Aiyri) Ly (4.37)
j=1 i=1

Therefore, reduction in TIC (i.e. TICS,-TIC}Ey) due to placement of reclosers, switches and

fuse-blow fuses in the distribution system can be written as,

nl nbr
TICY, —TICE, = Y (MICP; +%ICT, ) — (\ijICP,; + N jICPT, ; + 7;;ICT; ;)L

j=1 i=1

(4.38)
Similarly, reduction in ENS (i.e. ENSfz-ENS}y) due to placement of reclosers, switches and fuse-

blow fuses in the distribution system can be written as,

nl nbr

ENSiy— ENSpp=> Y (Ari — (Nigrij + Aiyri)) Ly (4.39)

2,7 %
j=1 i=1

Therefore, for this scenario (Fuse-blow scheme), the objective function (frp) is defined as fol-

lows:
nl  nbr nl nbr
Mazimize frpp= {Z Z(Am — (Nijrij + )\;JT;))LJ'}CEFl + {Z Z(()\JC’PZ-/J +vI1CT; ;)
j=1 i=1 j=1 =1
nbr

— (g ICP; + X jICPT ; + 7, ICT; ) L} Fy — {(D (1 = Xp4))Cr

=1

+ (Z(l — Xs))Cs + (Z(l — Xrpi))Crp (1 + %BFS)

(4.40)

"N ’)\;J’, "75,; and ’r; ;7 used in Eq. li are calculated using Egs. 1H| respectively.

C'ry 18 the cost of a fuse-blow fuse.

Now consider the scenario when reclosers, switches and fuse-save fuses are to be placed in the
distribution system (Fuse-save scheme). For any fault downstream of a fuse-save fuse, the recloser
upstream of the fuse-save fuse will operate before the fuse-save fuse can trip to interrupt the fault
current. This results in the momentary interruption to all the customers between the fuse-save fuse
and the upstream recloser even for permanent faults in any of the feeder sections downstream of the

fuse-save fuse. However, for all the temporary faults downstream of the fuse-save fuse, service to all
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the customers can be restored immediately by re-energizing the line, resulting in decreased sustained
interruptions. Thus, placement of protective devices in distribution system using this scheme results
in decrease in sustained interruptions and increase in momentary interruptions.

When no protective devices (for this scenario, reclosers, switches or fuse-save fuses) are placed
in the distribution system, the expression [ [ .y ;) XreXrsx of Eq. become unity (as can
be observed from Egs. and (4.10)). As a result, \; ; becomes equal to );. Similarly, in Eq.
, [Lieragi ;) X also becomes unity, hence 7; ; = ;. Further, in Eq. , [ierai) Xk
and [ [, pq(; ;) X s,k also becomes unity (as can be observed from Eq. and ), therefore 7;7 ;
becomes equal to zero. Finally, in Eq. , [Licr d(i ) Xg 1, also becomes unity (as can be observed
from Eq. (#.1)), hence r; ; = r;. Therefore, from Eqs. (#.25) and (#.26), the T/C and ENS of the

unprotected system (represented by T1CS, and ENS S, respectively) can be written as,

nl  nbr
TICH = > (MICF; +uICT, )L, (4.41)
j=1 i=1
nl  nbr
ENSfs =Y ) (Niri)Ly (4.42)
j=1 i=1

Now consider the case when the distribution system is protected by reclosers, switches and fuse-
save fuses (Fuse-save scheme). Using Eqs. (#.25) and (.26), the T/C and ENS of this protected

system, (represented by TIC}s and ENSF respectively) can be written as,

nl  nbr

TICss = ), Y (NiglCPij+ (v + 7 ) ICT )L, (4.43)
j=1 i=1
nl  nbr
ENSfs =) AijrigLy (4.44)
7j=1 =1

Therefore, reduction in TIC (i.e. TICY-TICE) due to placement of reclosers, switches and fuse-

blow fuses in the distribution system can be written as,

nl  nbr

TICEs—=TICps =Y Y ((MICP 4+ %ICT, ;)= (A ICP; j+Xi; ICP, j+ (747, ICT, ) L
j=1 i=1

(4.45)

Similarly, reduction in ENS (i.e. ENS }JS—ENS };S) due to placement of reclosers, switches and fuse-

blow fuses in the distribution system can be written as,

nl  nbr

ENSps— ENSpg =Y > (Ari — Aigrij)L (4.46)

7j=1 =1
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Therefore, for this scenario (Fuse-save scheme), the objective function (frg) is defined as fol-

lows:
nl  nbr nl nbr
Mazximize fFS = {Z Z(/\Z’I"Z — )\i,jri,j)Lj}CEFl + {Z Z(()\ZICR:] + ’)/7,[01—;7])
j=1 =1 7j=1 =1
nbr
— N ICP + (g + i) CT ) L} Fo = {() (1 = Xg))Ch (4.47)
=1
nbr nbr C
+ () (1= X6a))Cs + O_(1 = Xpea))Cra}(1+ o0

i=1 =1

N Vi s ’%/-J’ and ’r; ;” used in Eq. 1| are calculated using Eqgs. lHi respectively.

C'r, 1s the cost of a fuse-save fuse.

The first term in Eqs. (#.33), and accounts for the net present worth (NPW) of the
earned revenue due to increased energy supplied to the customers corresponding to the useful life
span of the protective devices (/N years). It is to be noted that optimal placement of switching devices
such as reclosers, switches, fuses etc. in distribution system results in reduction of * £NS’. Thus,
the protected system supplying additional energy to the customers increases the revenue collection
of the distribution system.

The second term in Eqs. (4.33), (4.40) and (4.47)) accounts for the ’ NPV’ of the earned revenue

due to reduced customer interruption cost. The damages caused due to supply interruptions to the
customers have to be compensated by the distribution companies. Typical values of the customer
interruption costs for different types of customers considered in this chapter are give in Table of
chapter 2.

The third term in Eqs. (@.33)), (¢.40) and (@.47)) accounts for the * NPW’ of the cost of protective

devices and their lifetime maintenance cost.
4.3.2 Constraints

The models of placement of various combinations of protective devices in distribution system de-

scribed in previous section consists of the following constraints:

1. The number of switching devices (such as reclosers, switches, fuse-blow fuses or fuse-save
fuses) to be placed in the distribution system should be within the specified numbers given by
the utility. From Eq. , it can be observed that if a recloser is placed in the ' feeder section
of the distribution system, than Xp; = 0, otherwise Xp; = 1. In other words, if a recloser is

placed in the i*" feeder section of the distribution system, than (1-Xz ;) = 1, otherwise (1-Xg)
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= (. The total number of reclosers to be placed among nbr branches of the distribution system
should be less than or equal to the number of available reclosers (/N4,z). This constraint is

modelled by the following inequality constraint:

nbr

Z(l — Xpi) < Navr (4.48)

i=1
Similarly, if a switch is placed in the i'" feeder section of the distribution system, than (1-X S.i)
= 1, otherwise (1-Xg;) = 0. The total number of switches to be placed among nbr branches
of the distribution system should be less than or equal to the number of available switches

(N avs)- This constraint is modelled by the following inequality constraint:

nbr

Z(l — Xsi) < Naws (4.49)

i=1
The other constraints corresponding to the maximum number of fuse-blow fuses and fuse-save

fuses that can be placed in the distribution system are given by the following inequalities.

nbr

Z(l — Xrbi) < Navrs (4.50)
=1
nbr
Z(l - XFs,i) S NAst (451)

i=1
where,

N 4,7 = Number of available fuse-blow fuses,

N 4,rs = Number of available fuse-save fuses.

. In RS scheme, reclosers and switches should not be installed simultaneously in the same feeder
section. In other words, a recloser and a switch can not be simultaneously placed on the same

feeder section. This constraint is modelled by the following inequality constraint.
Xpi+Xg;>1 i=1,2,..,nbr (4.52)
. In Fuse-blow scheme, two or more than two protective devices (reclosers, switches and fuse-

blow fuses) can not be simultaneously placed on the same feeder section. This constraint is

modelled by the following inequality constraint:
Xpi+Xgi+Xm;>2 i=1,2,...,nbr (4.53)
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4. In Fuse-save scheme also, two or more than two protective devices (reclosers, switches and
fuse-save fuses) can not be simultaneously placed on the same feeder section. This constraint

is modelled by the following inequality constraint:

Xpi+ Xgi+ Xpei =2 i=1,2, ... nbr (4.54)

5. Reclosers and switches may not be installed downstream of a fuse-blow fuse (in Fuse-blow
scheme) or fuse-save fuse (in Fuse-blow scheme) [35]. This constraint is modelled in only
Fuse-blow scheme and Fuse-save scheme which include fuse-blow fuses and fuse-save fuses,

respectively.

4.4 Case studies

The optimal placement of protective devices corresponding to the three scenarios viz. RS scheme,
Fuse-blow scheme and Fuse-save scheme has been carried out in the two test systems (58-bus and
IEEE 123-bus) by solving the optimization problems described in the previous section using MINLP
technique. The MINLP technique used for evaluating the objective functions (frs, frp and frg)
utilizes the sequential quadratic programming (SQP) through the MATLAB function *fmincon’ of
the MATLAB optimization toolbox. In this chapter, the various assumptions adopted and load data,
failure data for the two test systems and the system cost data are same as given in [67]. Further, the
temporary failure rates are assumed to be three times of the permanent failure rate of the correspond-
ing feeder section in all the calculations. Cost of a fuse and its annual maintenance cost (including
replacement cost) are assumed to be Rs. 30,000 and 40% (of the fuse cost), respectively. Uncer-
tainties in loading conditions, temporary failure rates, permanent failure rates and repair rates of the
system have been considered using the procedures given in Chapter 3.

To check the suitability of 3PEM method for calculating the expected value of total cost, the
expected cost values (of unprotected system) obtained from 3PEM method were compared with the
corresponding values obtained using sufficiently large number (50,000) of Monte Carlo simulations
(MC). The results are tabulated in Table[d.12] The 58-bus system has 57 feeder sections and 57 load
buses with a total load of 54.14 MW (with an average load of 0.95 MW/bus). The IEEE 123-bus
system has 118 feeder sections and 118 load buses with a total load of 5.41 MW (with an average
load of 0.046 MW/bus). Hence, using Eq. , total number of random variables associated with

58-bus system can be calculated as,
Nypss = 3 % D7 + 57 = 228
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Table 4.12: Comparison of cost values using 3PEM and MC

Test system — 58-bus IEEE 123-bus
Evaluation method — 3PEM MC 3PEM MC
No. of function evaluations 457 50,000 945 50,000
Total cost (CIC+ENS) (Rs.) | 16537709.08 | 16540747.81 | 874218.34 | 873516.99
Time (s) 5.83 81.15 38.51 392.89

From Eqgs. (3.24)-(3.26)), it can be observed that for using 3PEM, the total number of function
evaluations required for 58-bus system = 2*n,.53+1 = 457. Similarly, the total number of function

evaluations required for IEEE 123-bus system is calculated as 945.

From Table4.12] it can be observed that the 3PEM method is able to calculate the expected value
of total cost with an appreciable degree of accuracy (with errors of 0.018% and 0.080% for 58-bus
and IEEE 123-bus, respectively) within a reasonably shorter time as compared to MC. Therefore,
3PEM method has been used in this work to calculate the expected value of utility profit under an

uncertain environment.

The results for optimized placement of protective devices obtained for the three objective func-
tions (frs, fre and fpg) for 58-bus system are given in Table From this table, it can be
observed that the function values (profits) corresponding to the objective functions ’ frs’, ’ frp’ and
" frs’ are Rs. 367284312.64, Rs. 371360333.30 and Rs. 369064817.37, respectively. The details of
the locations of the protective devices obtained by all the three schemes are also given in Table [4.13]
Further, the optimal locations of the protective devices obtained by RS scheme, Fuse-blow scheme

and Fuse-save scheme are also shown in Figs. 4.’/ respectively.

Table [d.14]shows the results for optimized placement of protective devices for the three objective
functions (frs, frp and frg) for IEEE 123-bus system. From this table, it can be observed that
the objective function values for IEEE 123-bus test system corresponding to the objective functions
"frs’, ' frp’ and’ frg’ are Rs.34570048.40, Rs. 36208509.62 and Rs. 36291793.39, respectively.
The details of the locations of the protective devices obtained by all the three schemes are also
given in Table4.14] The optimal locations of protective devices for this system corresponding to RS

scheme, Fuse-blow scheme and Fuse-save scheme are also shown in Figs. 4.814.10] respectively.

As can be observed from Tables [4.13] and [4.14] for 58-bus system (heavily loaded system) the

maximum profit is obtained for Fuse-blow scheme (corresponding to objective frp) while for IEEE
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Table 4.13: Results of the three objective functions for 58-bus distribution sys-

tem
Function value (Rs.) 367284312.64
frs Reclosers F2 F4 F13 F14 F15 F18 F20 F22 F29 F33 F35 F38 F39 F43 F45 F47 F49 F50 F55
Switches F8 F9 F21 F25 F27 F28 F32 F37 F44 F53 F54
Function value (Rs.) 371360333.30
fre Reclosers F2 F13 F14 F20 F22 F33 F35 F38 F43 F49 F55
Switches F9 F21 F25 F37 F47
Fuse-blow fuses F4 F11 F15 F18 F23 F27 F28 F29 F30 F32 F39 F40 F44 F45 F46 F50 F51 F52 F53 F54 F57
Function value (Rs.) 369064817.37
frs Reclosers F2 F14 F20 F22 F33 F35 F38 F43 F49 F55
Switches F8 F9 F13 F21 F25 F37
Fuse-save fuses F4 F11 F15 F18 F23 F27 F28 F29 F30 F32 F39 F40 F44 F45 F46 F50 F51 F52 F53 F54 F57

Table 4.14: Results of the three objective functions for IEEE 123-bus distribu-

tion system

Function value (Rs.) 34570048.40
frs Reclosers F19 F54 F74 F99
Switches F2 F3 F9 F13 F15 F22 F37 F41 F51 F57 F64 F70 F79 F88 F108
Function value (Rs.) 36208509.62
fre Reclosers F19 F54
Switches F22 F41 F51 F57 F64 F79 F88 F99
Fuse-blow fuses F2 F3 F9 F13 F15 F37 F46 F60 F70 F75 F109 F112
Function value (Rs.) 36291793.39
frs Reclosers F19 F54
Switches F22 F41 F51 F57 F64 F79 F88 F99
Fuse-save fuses F2 F3 F9 F13 F15 F27 F37 F46 F60 F70 F75 F109 F112

123-bus system (lightly loaded system) the maximum profit is obtained for Fuse-save scheme (cor-

responding to objective frg). Protecting a system with only reclosers and switches (RS scheme

corresponding to objective frg) is least profitable for both the systems as the cost of protective

devices used is highest for this scheme with no tangible reduction in interruption and ENS costs.

The cost components for 58-bus and IEEE 123-bus radial distribution systems are shown in Ta-

bles4.15|and [4.16] respectively and the extreme (minimum or maximum) values of cost components

are shown in boldface font. From these tables, it can be observed that the total interruption cost is

least in Fuse-blow scheme (corresponding to the objective function frp). This is because, in Fuse-

blow scheme, on occurrence of permanent faults, fuses blow instantly and hence prevent momentary

interruptions (i.e. 7'= 0) of the customers between nearest upstream recloser and the fuse resulting
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Table 4.15: Cost components for 58-bus system

Cost components (Rs.) frs fre frs

1. Total interruption cost 25744291.99 | 24903889.09 | 28857793.82
2. Total ENS cost 22592897.72 | 22938030.39 | 21740335.80
3. Total cost (1+2) 48337189.71 | 47841919.49 | 50598129.62
4. Protective devices cost 15663602.76 | 12082852.32 | 11622158.12
5. Total cost of protected system (3+4) | 64000792.47 | 59924771.81 | 62220287.74
6. Total cost of unprotected system 431285105.11 | 431285105.11 | 431285105.11
7. Profit (6-5) 367284312.64 | 371360333.30 | 369064817.37

in reduced total interruption cost. Further, total ENS cost is least in Fuse-save scheme (correspond-
ing to the objective function frg). This is because, in Fuse-save scheme, fuses do not blow due to
momentary interruptions and hence prevent sustained interruptions due to momentary faults (i.e. \'=
0) resulting in zero contribution to the total ENS cost. However, in Fuse-save scheme, the customers
between the fuse-save fuse and nearest upstream recloser, additionally suffer with momentary inter-
ruptions due to permanent faults (7) in any of the feeder sections downstream of the fuse-save fuse.
This effect is more pronounced in heavily loaded system (here, 58-bus system). Thus, for 58-bus
system, Fuse-blow scheme gives minimum total combined interruption and ENS cost whereas for
lightly loaded system (here, IEEE 123-bus system), Fuse-save scheme gives minimum total com-
bined interruption and ENS cost. The cost of protective equipments may vary for either scheme
(Fuse-blow or Fuse-save) depending upon the optimal numbers of protective devices used for these
two schemes. For the heavily loaded 58-bus system, the total cost of protected system (sum total of
total interruption cost, total ENS cost and protective devices cost) is minimum for Fuse-blow scheme
whereas, for lightly loaded IEEE 123-bus system, the total cost of protected system is minimum for
Fuse-save scheme. Thus, for the 58-bus system, use of Fuse-blow scheme gives maximum profit
to the utility. Similarly, for lightly loaded IEEE 123-bus system, maximum profit to the utility is

obtained by employing Fuse-save scheme.
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Table 4.16: Cost components for IEEE 123-bus system

Cost components (Rs.) frs fre frs

1. Total interruption cost 1219310.03 | 1160905.44 | 1197318.45

2. Total ENS cost 7598620.39 | 7110411.74 | 6832159.60

3. Total cost (1+2) 8817930.42 | 8271317.18 | 8029478.05

4. Protective devices cost 6219371.68 | 5127523.70 | 5286079.06

5. Total cost of protected system (3+4) | 15037302.10 | 13398840.88 | 13315557.11
6. Total cost of unprotected system 49607350.50 | 49607350.50 | 49607350.50
7. Profit (6-5) 34570048.40 | 36208509.62 | 36291793.39

4.5 Conclusion

In distribution system, temporary faults are more frequent than permanent faults. Due to the in-
creased use of electronic and precision devices, damages due to momentary interruptions have in-
creased. To decrease the impact of momentary interruptions, Fuse-blow scheme is used by many
utilities. The main drawback of Fuse-blow scheme is that it increases sustained interruptions in the
system. Some utilities prefer Fuse-save scheme over Fuse-blow scheme as it decreases sustained
interruptions at the cost of increased momentary interruptions.

In this chapter, three different scenarios have been presented for placing the protective devices
in a radial distribution system for improving system reliability while reducing the outage and in-
vestment costs; (i) simultaneous placement of reclosers and switches (RS scheme) (ii) simultaneous
placement of reclosers, switches and fuse-blow fuses (Fuse-blow scheme) and (iii) simultaneous
placement of reclosers, switches and fuse-save fuses (Fuse-save scheme).

Three point estimate method (3PEM) has been used for incorporating the uncertainties in tem-
porary failure rates, permanent failure rates, repair rates and loading conditions of the system. All
the three objective functions have been evaluated for 58-bus and IEEE 123-bus radial distributions
systems using MINLP optimization technique. From the test results, it can be concluded that for
heavily loaded system, maximum profit is obtained when Fuse-blow scheme is used while for lightly
loaded system, maximum profit is obtained when Fuse-save scheme is adopted.

In the next chapter, a methodology for optimal placement of various combinations of protective
devices viz. reclosers, switches, fuse-blow fuses and fuse-save fuses, taking the uncertainties in
loading conditions, permanent failure rates, temporary failure rates and repair rates into account,

is described.
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Chapter 5

Development of a generalized model for placement of
various combinations of protective devices in a
distribution system considering system data

uncertainties

Abstract

In this chapter, a generalized model has been developed to solve the problems incorporating place-
ment of various combinations of protective devices (recloser, switch, fuse-blow fuse and fuse-save
fuse) in a distribution network. The uncertainties in temporary failure rates, permanent failure rates,
repair rates and load data have been considered in the problem formulation using three point esti-
mate method (3PEM). Various formulated problems developed from the generalized model have been
solved for 58-bus and IEEE 123-bus distribution networks using mixed-integer nonlinear program-
ming (MINLP) optimization technique. After analyzing the test results of the various scenarios for
the two test systems, it is concluded that maximum profit for the utility is obtained by using the
scenario corresponding to the combination of the four protective devices viz. reclosers, switches,

Jfuse-blow fuses and fuse-save fuses.

5.1 Introduction

N order to enhance the service security of the customers, distribution system reliability im-
I provement is the main aim of the power distribution utilities. Distribution system reliability is
improved by the optimal placement of various types of protective devices at optimal locations of the
distribution system. Utilities prefer to use a particular combination of available protective devices
for optimal placement in the distribution system for increasing their profit by improving system
reliability while reducing the outage and investment costs.

In this chapter, a generalized model has been presented for optimal placement of various com-

bination of protective devices (recloser, switch, fuse-blow fuse and fuse-save fuse) in a distribution
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system. From this generalized model, different objective functions corresponding to various feasible
combinations of the protective devices have been developed for optimal placement of these devices.
The effect of sustained and momentary interruptions as well as the uncertainties in loads, temporary
and permanent failure rates and repair rates have also been considered for deciding the optimal loca-
tions of the protective devices. Further, for placing the protective devices in the distribution system,

ten different scenarios have been considered.

This chapter is organized as follows: In Section [5.2] the procedure for reliability calculation
in a distribution system with different combination of protective devices is discussed. Section [5.3]
discusses the formulated problem in detail. Section gives the main results of this work followed

by the conclusion in Section[5.5]

5.2 Procedure for calculation of distribution system reliability for the generalized case (with

reclosers, switches, fuse-blow fuses and fuse-save fuses)

Placement of various types of protective devices at different locations of the distribution system
affects the system reliability. Fig. shows a 7-bus radial distribution network having 6 feeder

sections and 6 load points.

Figure 5.1: A 7-bus distribution system protected by a recloser, a switch, a fuse-

blow fuse and a fuse-save fuse

Consider the scenario when the system is protected by a recloser 'R’ at feeder section *F'2°, a
switch ’S” at feeder section ’ F'3’, a fuse-blow fuse ’ F'b’ at feeder section ’ F'4’, a fuse-save fuse ’ F's’
at feeder section *F'6” and a circuit breaker * C'B’ at the source end as shown in Fig. For a fault

(permanent or temporary) in * F'2” and its downstream feeder sections, the upstream recloser at * F'2’
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will operate instead of * C'B’ to isolate the fault current. Consequently, load L1’ (upstream of * F'2”)
will not experience any interruption. Hence, permanent failure rate (\) and temporary failure rate
() for L1’ are set to zero for all permanent and temporary faults in ’ /'2” and its downstream feeder
sections, respectively. In general, A\’ and ’«’ for all the loads upstream of a feeder section having
a recloser are set to zero for all the permanent and temporary faults in the feeder section and its
downstream feeder sections, respectively. Further, A’ and ’+’ for all the loads downstream of " F'2’
(feeder section having a recloser) are set equal to *A;’ (the permanent failure rate of faulted feeder
section) and *v;’ (the temporary failure rate of faulted feeder section), respectively. For permanent
faults in * '3’ (having a switch) and its downstream feeder sections, all the loads upstream of " F'’
will experience an outage time of switch isolation time (7;4,) while all the loads downstream of > F'3’
will experience an outage time equal to '’ (time required to repair the faulted feeder section). For
any fault (permanent or temporary) downstream of fuse-blow fuse *F0’ at ’ F/’, first the fuse-blow
fuse will trip before the upstream recloser * R’ at * F'2’ can operate to interrupt the fault current. This
results in sustained interruption to all the downstream customers even for temporary faults, while the
rest of the system is uninterrupted. For any fault (permanent or temporary) downstream of fuse-save
fuse ’F's’ at’ F'6’, the upstream recloser * R’ at * F'2” will operate before the fuse-save fuse can trip to
interrupt the fault current. This results in momentary interruption to all the customers downstream
of the recloser even for permanent faults in the feeder sections downstream of the fuse-save fuse.
However, for all the temporary faults downstream of the fuse-save fuse, service to the customers
can be restored immediately by re-energizing the line, resulting in decreased sustained interruptions.
Thus, presence of fuse-blow fuse in the system contributes in reduction of momentary interruptions
and increase in sustained interruptions. On the other hand, presence of fuse-save fuse in the system
contributes in increase in momentary interruptions and reduction in sustained interruptions.

Let the binary variables Xp ;, Xg 1, Xp; and Xp,; represent recloser, switch, fuse-blow fuse

and fuse-save fuse in k" feeder section, respectively. Also, let

Xsi/Xpyr =0, if aswitch/recloser is placed in k" feeder section
5.1

— 1, if a switch/recloser is not placed in k" feeder section

X/ Xrs, = 0,  if a fuse-blow fuse/fuse-save fuse is placed in k" feeder section
(5.2)
— 1, if a fuse-blow fuse/fuse-save fuse is not placed in k™ feeder section

Using the procedures given in Chapter 4, the permanent failure rate of j* load due to the per-

manent fault in i*" feeder section ()\; ;), the permanent failure rate of ;% load due to the temporary
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fault in i'" feeder section (A; ;) the temporary failure rate of 4" load due to the temporary fault in
it feeder section (7; ;), the temporary failure rate of ' load due to the permanent fault in /' feeder
section (7;-7 j) and the outage time of j** load due to the permanent fault in i** feeder section (r;,7) can

be written as,

i = bibe(i, )N + (1= bibe(i, ))N( [] XeaXrowXror) (5.3)

keFd(i,j)

/\ = bibc(i, j)vi(1—( H Xrok))+ (1—=bibe(i, 7)) vi( H XpuXppge)(1—( H Xrog))
keFsec(1,2) keFd(i,5) keG(3,5))
(5.4)

;= bibe(i, j)vi( H Xppg) + (1 = bibe(i, 5))vi( H Xrx)( H Xrok) (5.5)

keFgec(1,7) keFd(i,5) keFgec(1,7)

’)/;-J = (1 — beC(’l ] H XRkXFbk 1 — H XFsk: (56)

keFd(z 7) keFd(i,5)

rig = bibe(i, j)ry + (1 = bibe(i, )N {ri( [ Xsu) + (riwo@ = J] Xsu))}

keFd(i,j) keFd(i,5)

H XR,kXFb,kXFs,k)

keFd(i,j)

(5.7)

where, bibc(i, j) = element corresponding to the i*" row and j** column of the [BIBC] matrix [67],
\; = permanent failure rate of " feeder section,

~; = temporary failure rate of i*" feeder section,

r; = outage time of i'" feeder section,

and

Fd(i,j) = Fsec(1,7) N Fsec(3, 1) (5.8)

Fsec(1,1) is the feeder sections between source node and it" feeder section (including " feeder
section) and Fls..(j, 1) is the feeder sections between j** node and " feeder (including ' feeder
section). F'd(i,j) represents feeder sections common to Fg..(1,7) and Fg..(j,7). G(i,j) is the

common feeder sections between Fs..(1,7) and Fis..(j, 1). G(i,j) is given by,

G(fluj) = FSec(L Z) N FSec(ju 1) (59)
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For the network shown in Fig. feeder section F; has a recloser, feeder section [3 has a

switch, feeder section £ has a fuse-blow fuse and feeder section Fg has a fuse-save fuse. Hence,
Xp1=Xp3=Xpa=Xps=Xpe=1, Xpa=0

Xs1=Xgo2=Xs4=Xs5=Xgs=1, Xg53=0

(5.10)
Xrp1 = Xppo = Xppz = Xpps = Xmpeg =1, Xppa=0
Xps1 = Xps2 = Xps3 = Xpsa = Xpss =1, Xpe=0
The [BIBC] matrix for this network is given below,
L1 L2 L3 L4 L5 L6
F1[ 1 1 1 1 1 1
F21 0 1 1 1 1 1
F31 0 0 1 1 0 0
BIBC — (5.11)
F41 0 0 O 1 0 0
E50 0 0 O O 1 1
F6e\ 0O O O O 0 1

Using the elements of [BIBC]| matrix (Eq. lb expressions for \; ; (Eq. ), )\;J (Eq.

G4 vi; EBa. (5.3)). 7, Eq. (-6)). ri; (Eq. (5.7)) and the values of Xp;, X5, Xpp; and Xy

(Eq. (5.10)), the calculated values of X*, ’A"”” >4, >+"” and ’r for the system of Fig. are given in
Tables [5.1] [5.2][5.3] [5.4]and [5.5] respectively.

Table 5.1: Values of ’\” for the system of Fig.

Fault | | L1 | L2 | L3 | L4 | L5 | L6
/N IO VIR D VIRl ID VIR D VIRl AP VIR IO W
F2 0 [ X | da | A2 | Ao | Ao
F3 | 0 [ X3 x| A3 | A3 | A3
FA | 0] 0|0 |X|0]O
F5 L0 | XA | A | X5 | X5 | Xs
F6 | 00|00/ 0\

. / / . . .
After evaluating *A; ;°, °A; ;7 i, 'y;;7 and 1y 57, the sustained interruption cost due to perma-

nent fault (/C')), sustained interruption cost due to temporary fault (/C,), momentary interruption

91



Table 5.2: Values of *\” for the system of Fig.

Fault| | L1 | L2 | L3 | L4 | L5 | L6
F1 |o/o0o|o0o|o0o|o0]oO
F2 lo|lo|o|o|o]o
F3 o |o|o|o0|o0]oO
F4 |0 |00 |v]|0]oO
F5 o |o0o|o0o|o0o|o0]oO
F6 o |o0|0|0]|o0]oO

Table 5.3: Values of *+’ for the system of Fig.

Fault] | L1 | L2 | L3 | L4 | L5 | L6
F1 MM MMM
F2 O v 72|72 7|7
F3 O | v | |||
F4 0O/,0]0]O0|0]O0
F5 O v ||| |k
FG6 O | 7% | % | 7% | % |

Table 5.4: Values of ”y/’ for the system of Fig.

Fault | | L1 | L2 | L3 | L4 | L5 | L6
F1

2
F3
F4
F5
F6

S| o ||| O

S| oo | o | OO
S| oo | OO | O

cost due to temporary fault (/C,), momentary interruption cost due to permanent fault (/ Cv’)’ ENS
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Table 5.5: Values of "r’ for the system of Fig.

Fault| | L1 | L2 | L3 | L4 | L5 L6
F1 1 T | T Ty Ty
2 0 Ty Ty | T2 ) T2
F3 0 Tiso,3 | T3 T3 | Tiso,3 | Tiso,3
F4 0 0 0 | ry 0 0
F5 0 5 s | T35 s 5
F6 0 0 0] 0 0 T6

due to permanent fault (ENS,,) and ENS due to temporary fault (ENS /\El) can be evaluated as,

nl nbr nl - nbr

1C, =" S NGICP Ly, 10y =YY N ICPT,L;
j=1 i=1 j=1 =1
nl nbr nl - nbr

IC, =3 > ndCT;Ly, IC, =) % %,ICT,;L;
j=1 i=1 j=1 =1
nl nbr nl - nbr

ENSy, =Y > NigrigLy,  ENS, » =YY X L

=1 i=1 =1 i=1

where,

nl = total number of connected loads,

nbr = total number of feeder sections,

r; = fuse repair time of fuse-blow fuse placed at i'* feeder section,

L; = mean value of the load connected at 5" node,

IC'P; ; = sustained interruption cost of the load connected at j'" node due to the permanent fault in
i*" feeder section for an outage duration of r;  ,

ICPT; ; = sustained interruption cost of the load connected at ;% load point due to the temporary
fault in 5*" feeder section for an outage duration of r; (For all the calculations, r; is assumed to be 30

minutes),

ICT; ; = momentary interruption cost at ;%" load point due to temporary fault in 7' feeder section.
Thus, the total energy not supplied (EN.S) and the total customer interruption cost (7/C') for this
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scenario can be calculated as follows:

ENS = ENSy, + ENS,

nl  nbr / , (512)
— Z Z()\iyjri,j + )\i,jri)Lj kW hr [year

j=1 i=1

TIC = IC\+ ICy + IC, + IC,,

nl nbr , / (5.13)
=Y NICP; + N ICPTj + (i + %) ICTi )L

j=1 i=1
5.3 Problem Formulation

In this section, a generalized model has been developed to solve the optimization problems incor-
porating placement of various combinations of protective devices (recloser, switch, fuse-blow fuse
and fuse-save fuse) in a distribution network for increasing the profit of the utility by reliability

improvement while reducing the outage and investment costs.
5.3.1 Objective Function

The objective functions corresponding to the different scenarios of protective devices (different com-
binations of reclosers, switches, fuse-blow fuses and fuse-save fuses) placement in distribution sys-
tem are aimed at revenue earning maximization of the utility due to reduction in C/C and increase
in extra energy supplied (due to decrease in ENS) to the customers while minimizing the associated
investment cost such as cost of installation, operation and maintenance of protective devices.
Consider the generalized case when all the four types of protective devices viz. reclosers,
switches, fuse-blow fuses and fuse-save fuses are to be placed in the distribution system. As dis-
cussed in the previous section, presence of a recloser in a feeder section saves all the upstream loads
for all the permanent and temporary faults in the feeder section and its downstream feeder sections.
In other words, all the loads upstream of a feeder section having a recloser will not experience any
interruption for any fault in the feeder section (having a recloser) and its downstream feeder sections.
Similarly, presence of a switch in a feeder section reduces the outage time of all the upstream loads
for all the permanent faults in the feeder section and its downstream feeder sections. In other words,
for a permanent fault in the feeder section (having a switch) and its downstream feeder sections, all
the loads upstream of the feeder section will experience a reduced outage time equal to the ’switch
isolation time’ of the feeder section. For any fault downstream of a fuse-blow fuse, first the fuse-

blow fuse will trip before the recloser upstream of the fuse-blow fuse can operate to interrupt the
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fault current. This results in sustained interruption to all the customers downstream of the fuse-blow
fuse even for a temporary fault in any of the feeder sections downstream of the fuse-blow fuse, while
the rest part of the system is uninterrupted. On the other hand, for any fault downstream of a fuse-
save fuse, the recloser upstream of the fuse-save fuse will operate before the fuse-save fuse can trip
to interrupt the fault current. This results in the momentary interruption to all the customers between
the fuse-save fuse and the upstream recloser even for permanent faults in any of the feeder sections
downstream of the fuse-save fuse. However, for all the temporary faults downstream of the fuse-save
fuse, service to all the customers can be restored immediately by re-energizing the line, resulting in
decreased sustained interruptions. Thus, placement of protective devices in distribution system using

this scheme results in trade-off between sustained interruptions and momentary interruptions.

Using the procedure discussed in the previous section, we can calculate the savings (due to reduc-
tion in KNS and TIC') of the system protected by reclosers, switches, fuse-blow fuses and fuse-save
fuses. When no reclosers, switches, fuse-blow fuses and fuse-save fuses are placed in the distri-
bution system, the expression [],. Fd(i.j) XprXrprXrsk of Eq. becomes to unity. As a re-
sult, \; ; becomes equal to );. Similarly, in Eq. , [hers.. 10y XFvks [era jy XraXrox and
erg(i’j) Xpp i all become unity. Hence, )\;’j = 0. Further, in Eq. , H,%Fd(i’j) Xp also reduces
to unity, hence v; ; = 7;, and in Eq. , as all product terms are unity, 7;’ ; becomes zero. Finally, in
Eq. , [Ti.craq. ;) X5, also becomes unity, hence r; ; =r;. Therefore, from Eqgs. (5.12) and (5.13),

the ENS and TIC' of an unprotected system (represented by KNS and TICy, respectively) can be

written as,

nl  nbr

ENSy =Y (\ri)L; kWhr/year (5.14)
j=1 i=1
nl nbr

TICy = Y (MICP,; +yICT )L, (5.15)
j=1 i=1

When reclosers, switches, fuse-blow fuses and fuse-save fuses are placed in the distribution sys-

tem, then from Eqs. (5.12) and (5.13)), the ENS and TIC' of this protected system (represented by

ENSp and TICp, respectively) can be written as,

nl  nbr

ENSp = Z Z(Ai,ﬂ“i,g‘ + )\;,jT;)LJ (5.16)

j=1 i=1
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nl nbr
T[Op = Z Z[)\i,j[CPiJ + )\;J[OPT;'J’ + (’Yi,j + ")/;J)[CT‘%]}L] (517)

j=1 i=1
Therefore, reduction in ENS (i.e. ENSy-ENSp) due to placement of reclosers and switches in

the distribution system can be written as,

nl  nbr

ENSy — ENSp =Y > (A — (Aigrij + Ay ) L (5.18)

2,7 %
j=1 i=1
Similarly, reduction in TIC (i.e. TICy-TICp) due to placement of reclosers and switches in the

distribution system can be written as,

nl  nbr
TICy—TICp =Y > ((MICPj4+7ICT )~ (NigICPj+ X, ICPT, j+ (i +7 ) ICT: ;) L
j=1 i=1
(5.19)
Therefore, using above equations, the objective function ( fy.,,) for the generalized case is defind
as follows:
nl nbr nl nbr
Mazximize  fyen = {Z Z(Aﬂ’i — (Nigrij + X mi)) L YCpFY + {Z Z((AJC’PM
j=1 i=1 j=1 i=1
+7ICT ;) — (AijICP;j + N jICPTj + (vig + %) ICT, ) Ly} F
nbr nbr nbr (520)
—{Q (1= Xp)Cr+ O (1= X5:))Cs + (O _(1 = Xpi))Cry
i=1 i=1 i=1
nbr C
1 — Xpi))Crs H1 + —2F
+(;( F,))F}(+1OO 3)
where,

N, = life span of the protective devices (in years),

L¢ =rate of annual load growth (in percent),

1, = annual interest rate (in percent),

rp = annual incremental rate of energy cost (in percent),

C'g = per unit energy cost,

e PZ»: ; = sustained interruption cost of the load j " bus due to outage duration of *r;” for the perma-
nent fault in ;' feeder section,

r,, = annual incremental rate of maintenance cost (in percent),
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1. = annual incremental rate of interruption cost (in percent),

C,, = maintenance cost of switching devices (in percent),

Cr = cost of a recloser,

C's = cost of a switch,

C'ry = cost of a fuse-blow fuse,

Crs = cost of a fuse-save fuse.

Fy, F5, and F3 are given by Eqgs. —, respectively. ’\;;’, ’/\;’j’, Vi s ’%fd.’ and ’r; ;’°
used in Eq. (5.20) are calculated using Eqgs. (5.3)-(5.7), respectively. The first term in Eq. (5.20)
accounts for the net present worth (NPW) of the earned revenue due to increased energy supplied
to the customers corresponding to the useful life span of the protective devices (Vg years). It is
to be noted that optimal placement of switching devices such as reclosers, switches, fuses etc. in
distribution system results in reduction of * KNS’. Thus, the protected system supplying additional
energy to the customers increases the revenue collection of the distribution system. The second term
in Eq. accounts for the NP’ of the earned revenue due to reduced customer interruption
cost. The damages caused due to supply interruptions to the customers are compensated by the dis-
tribution companies. The values of the customer interruption costs for different types of customers
of the two test systems considered in this chapter are same as given in chapter 3. The third term in
Eq. accounts for the * NP’ of the cost of protective devices and their lifetime maintenance
cost.

The various possible scenarios corresponding to the different combinations of reclosers and/or
switches in conjunction with other protective devices (fuse-blow fuses and/or fuse-save fuses) are
listed in Table @ From Eqs.@ and @), it can be observed that the presence of at least one re-
closer or a switch or a fuse-blow fuse or a fuse-save fuse in the distribution system, respectively
makes the expressions ([[,.... Xrk)s (Iecnsr Xsk)s (Iiensr Xrok) and ([1,..., Xrsk) as zero.
Similarly, absence of a recloser or a switch or a fuse-blow fuse or a fuse-save fuse in the distri-
bution system, respectively makes the expressions ([ [,...., Xr.x)> (I uensr <X5.k)> (I pensy < #o,x) and
(ITeensr XFsk) as unity.

The objective function fy,, (Eq. (5.20)) is the generalised equation for all the ten different sce-
narios of the protective devices placement depicted in Table[5.6] This generalised objective function
enables one to simulate any scenario of protective device placement. For example, if one needs to
simulate the scenario of placement of reclosers and switches only (objective function f; from the

generalised equation, then one can modify ’J; ;’, ’X-J’, Vi s ’fy;,j’ and ’r; ;” of Eq. lb by substi-

()
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tuting (T Xros) = 1 and ([T, Xrsk) = 1 in Egs. (5.3)-(5.7) (as the scenario corresponding

to objective function f; does not has either fuse-blow fuses or fuse-save fuses). Thus, *J; ;, ’)\Z e

/ .
i iy; and’r;;’ are modified as follows:

/\le = bibc(i, j)N; + (1 — bibe(i, 7)) H Xrk) (5.21)
keFd(i,5)
AE=0 (5.22)
iy = bibe(i, j)vi + (1 = bibe(i, 7)) i ) (5.23)
keFd(i,5)
"f1 _
Vi =0 (5.24)

rft = bibe(i, )ri + (1= bibe(i, D))l ] Xow)
keFd(i,j)

+ Tiso(1 = ( H Xsr)) }H H Xp.k)

keFd(i,5) kel'd(i,j)

(5.25)

Further, it can be noted that for the scenario of placement of only reclosers and switches in a
distribution system (objective function f;), there will not be any fuse-blow fuse or fuse-save fuse in

the system. Hence the sum of all the fuse-blow fuses and fuse-save fuses in the system will be zero,

ie.
nbr nbr
Y (1=Xmi)=0 > (1-Xp,)=0 (5.26)
=1 =1

L . 7f7’f’7f”f’ ’f’
Now substituting all these modified values *A;%7, "\, ;57,777 and 'r;” (from Egs. (5.21)-

(5.26)) into the generalised model (Eq. (5.20)), the objective function f; is given by,

Mazximize f; = {i nf:(m ALY OpFy + {inf: NICP,; +yICT, )
— (\LICP,; + 45 ICT, )L} Fy — {(O (1 = Xg,))Cr (5.27)
nbr C -
+ (;(1 — Xs,:))Cs 1+ sza)

The same procedure can be adopted to get the objective function (corresponding to any of the

scenarios listed in Table from the Eq. (5.20) (the generalised objective function f,).
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5.3.2 Constraints

The models of placement of various combinations of protective devices in distribution system de-

scribed in previous section consists of the following constraints.

1. The number of switching devices (such as reclosers, switches, fuse-blow fuses or fuse-save
fuses) to be placed in the distribution system should be within the specified numbers given by
the utility. From Eq. , it can be observed that if a recloser is placed in the i feeder section
of the distribution system, than Xp; = 0, otherwise Xp; = 1. In other words, if a recloser is
placed in the 7! feeder section of the distribution system, than (1-X r,i) =1, otherwise (1-Xp ;)
= (. The total number of reclosers to be placed among nbr branches of the distribution system
should be less than or equal to the number of available reclosers (/V4,z). This constraint is
modelled by the following inequality constraint.

nbr

Z(l — Xgi) < Nawr (5.28)
i=1
Similarly, if a switch is placed in the i*" feeder section of the distribution system, than (1-Xg ;)
= 1, otherwise (1-Xg;) = 0. The total number of switches to be placed among nbr branches
of the distribution system should be less than or equal to the number of available switches
(N ays). This constraint is modelled by the following inequality constraint.

nbr

Z(l — Xsi) < Naws (5.29)

=1

The other constraints corresponding to the maximum number of fuse-blow fuses and fuse-save

fuses that can be placed in the distribution system are given by the following inequalities.

nbr
Z(l — Xrpi) < Navry (5.30)
i=1
nbr
Z(l - XFs,i) S NAUFS (531)

i=1

where,
N 4, = Number of available fuse-blow fuses,

N 4,rs = Number of available fuse-save fuses.
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2. Reclosers, switches, fuse-blow fuses and fuse-save fuses should not be installed simultane-
ously in the same feeder section. In other words, two or more than two protective devices can
not be simultaneously placed on the same feeder section. This constraint is modelled by the

following inequality constraint.
XR,i+XS,i+XFb,i+XFs,i >3 1=1,2,...,nbr (5.32)

For example, if a recloser is present in the i*" feeder section, then X r,= 0. For this case, each

of Xg,;, Xpp; and X, ; must be unity.

3. Reclosers and switches may not be installed downstream of a fuse-blow fuse or fuse-save
fuse [35]. This constraint is modelled in only those scenarios of protective devices placement

which include either fuse-blow fuses or fuse-save fuses or both.

4. A fuse-save fuse may not be installed downstream of a fuse-blow fuse [35]. This constraint is
modelled in only those scenarios of protective devices placement which include both fuse-blow

fuses and fuse-save fuses.

5.4 Case studies

The optimal placement of protective devices corresponding to all the ten scenarios listed in Table[5.6]
has been carried out for the two test systems (58-bus and IEEE 123-bus) by solving the optimization
problems described in the previous section using MINLP technique. The MINLP technique used
for evaluating the objective functions (fi, fs, ...f10), utilizes the sequential quadratic programming
(SQP) through the MATLAB function ’fmincon’ of the MATLAB optimization toolbox. In this
chapter, the various assumptions adopted and load data, failure data for the two test systems and the
system cost data are same as given in [67]. Further, the temporary failure rates are assumed to be
three times of the permanent failure rate of the corresponding feeder section in all the calculations.
Cost of a fuse and its annual maintenance cost (including replacement cost) are assumed to be Rs.
30,000 and 40% (of the fuse cost), respectively. Uncertainties in loading conditions, temporary
failure rates, permanent failure rates and repair rates of the system have been considered using the
procedures given in Chapter 3. To calculate the expected value of utility profit under an uncertain
environment, 3PEM method has been used.

The results for optimized placement of protective devices obtained for the ten objective functions

(f1, f2, ... f10) for 58-bus system are given in Table The details of the locations of the protective
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Table 5.7: Individual effect of different protective devices on various compo-

nents of interruption and ENS costs

Protective devices IC, IC, I1C, I, ENS, ENS,/
Recloser Decreases | No effect | Decreases | No effect | Decreases | No effect
Switch Decreases | No effect | No effect | No effect | Decreases | No effect
Fuse-blow fuse | Decreases | Increases | Decreases | No effect | Decreases | Increases
Fuse-save fuse | Decreases | No effect | No effect | Increases | Decreases | No effect

devices obtained by all the ten schemes are also given in Table Further, the optimal locations
of the protective devices for this system corresponding to some representative schemes are shown in

Figs. [5.2}5.5] respectively for ready reference.

Table [5.9) shows the results for optimized placement of protective devices for the ten objective
functions (f1, fa, ...f109) for IEEE 123-bus system. The details of the locations of the protective de-
vices obtained by all the ten schemes are also given in Table The optimal locations of protective
devices for this system corresponding to some representative schemes are shown in Figs. [5.6{{5.9]

respectively for ready reference.

From Tables[5.8/and[5.9] it can be observed that, the objective function value (profit) is maximum

for RSFBFS scheme for both the test systems (58-bus and IEEE 123-bus systems).

Table [5.7| shows the individual effect of different protective devices in a distribution system on
various components of interruption and ENS costs. As explained in Section 5.2, presence of a re-
closer in a feeder section results in reduction of sustained interruptions (A) and momentary interrup-
tions (vy) of all the upstream loads, thereby decreasing sustained interruption cost due to permanent
fault (IC), momentary interruption cost due to temporary fault (/C.,) and ENS cost due to per-
manent fault (£NS)). However, it does not have any effect on sustained interruption cost due to
temporary fault (/C)/), momentary interruption cost due to permanent fault (/C/) and ENS cost
due to temporary fault (ENS,/). This is because, it prevents sustained interruptions due to temporary
faults and momentary interruptions due to permanent faults. Similarly, the presence of a switch in
a feeder section results in reduction of outage time (r) of the upstream loads, which reduces ENS).
This reduction in r also results in decrease in /C), due to a reduction in interruption costs given in

Eqs. (2.13)-(2.15). It however, has no effect on A, A, 7 and ' of upstream feeder sections and
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Figure 5.3: 58-bus system protected by RFB scheme
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Figure 5.7: IEEE 123-bus system protected by SFS scheme
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Figure 5.9: IEEE 123-bus system protected by SFBFS scheme
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hence has no impact on ICy/, IC,, IC., and ENS,,. When a fuse-blow fuse is present in a feeder
section, it decreases \ and vy of upstream loads, but increases A" of downstream loads due to its op-
eration even under temporary faults. Hence, it decreases /C), IC, and ENS), but at the same time it
increases /C'y, and ENS) . However, it does not have any effect on /C' ;. When a permanent fault
occurs downstream of a fuse-save fuse, then the nearest upstream recloser tries to clear the fault till
the fuse-save fuse blows. This results in the loads between the upstream recloser and fuse-save fuse
experiencing momentary interruptions . Thus, it decreases /Cy and ENS, but at the same time it
increases /C /. However, it does not have any effect on IC'y/, IC, and ENS,/. The overall impact of
a combination of protective devices will be an amalgamation of the effects of individual devices and
will depend on their locations, numbers and placement with respect to each other as can be observed
in Tables and

The various cost components of all the objective functions (fi, fs, ... f19) for 58-bus and IEEE
123-bus radial distribution systems are shown in Tables[5.10]and [5.T1] respectively. The values (Rs.)
of ICy, IC,/, IC,, ]Cv" ENS\ and ENS,: for 58-bus unprotected system are 185177487.86, O,
45886274.61, 0, 200221342.64 and O, respectively whereas for IEEE 123-bus unprotected system,
these values are 7550933.40, 0, 195468.88, 0, 41860948.21 and 0, respectively. From the tables, it
can be observed that the cost components /C,: and NS, are zero for objective functions f1, f3, fs
and fg as these scenarios do not include fuse-blow fuses. Presence of fuse-blow fuses in objective
functions fa, f4, f5, f7, fo and fio results in increase in IC,, and ENS,: but decrease in IC), IC,
and ENS,. Similarly, /C. for objective functions fi, f2, f5 and f7 is zero as these functions do
not include fuse-save fuses. Presence of fuse-save fuses in objective functions f3, f4, f, fs, fo and
Jf10 results in increase in /C., but decrease in ICy and ENS). Presence of switches in objective
functions fi, fo, f3, f1, f7, fs and fig results in reduction of /C), and ENS). Presence of reclosers
in objective functions fi1, fa, f3, f1, f5, f6 and fo results in reduction of /C, IC,, and ENS,.

From these tables, the combined effects of the various combinations of the protective devices
on total reduction of interruption and ENS costs can be observed. It can be seen that for both the
test systems, the combined effect of all the four protective devices (RSFBFS scheme) results in the

maximum profit to the utility.
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Table 5.8: Results of the ten objective functions for 58-bus distribution system

Function value (Rs.)

367284312.64

f1 Reclosers F2 F4 F13 F14 F15 F18 F20 F22 F29 F33 F35 F38 F39 F43 F45 F47 F49 F50 F55
Switches F8 F9 F21 F25 F27 F28 F32 F37 F44 F53 F54
Function value (Rs.) 371360333.30
f2 Reclosers F2 F13 F14 F20 F22 F33 F35 F38 F43 F49 F55
Switches F9 F21 F25 F37 F47
Fuse-blow fuses F4 F11 F15 F18 F23 F27 F28 F29 F30 F32 F39 F40 F44 F45 F46 F50 F51 F52 F53 F54 F57
Function value (Rs.) 369064817.37
f3 Reclosers F2 F14 F20 F22 F33 F35 F38 F43 F49 F55
Switches F8 F9 F13 F21 F25 F37
Fuse-save fuses F4 F11 F15 F18 F23 F27 F28 F29 F30 F32 F39 F40 F44 F45 F46 F50 F51 F52 F53 F54 F57
Function value (Rs.) 371629767.62
Reclosers F2 F13 F14 F20 F22 F33 F35 F38 F43 F49
fa Switches F8 F9 F21 F25 F37 F47 F55
Fuse-blow fuses F4 F15 F18 F23 F27 F28 F30 F32 F39 F40 F44 F45 F46 F51 F52 F53 F54 F57
Fuse-save fuses F11 F29 F50
Function value (Rs.) 370669780.20
fs Reclosers F2 F9 F13 F14 F20 F22 F25 F33 F35 F38 F43 F47 F49 F55
Fuse-blow fuses F4 F11 F15 F18 F23 F27 F28 F29 F30 F32 F39 F40 F44 F45 F46 F50 F51 F52 F53 F54 F57
Function value (Rs.) 368299918.44
Jo Reclosers F2 F9 F13 F14 F20 F22 F25 F33 F35 F38 F43 F49 F55
Fuse-save fuses F4 F11 F15 F18 F23 F27 F28 F29 F30 F32 F39 F40 F44 F45 F46 F50 F51 F52 F53 F54 F57
Function value (Rs.) 333681252.35
fr Switches F2 F8 F9 F13 F14 F20 F21 F22 F25 F33 F35 F37 F38 F43 F47 F49 F55
Fuse-blow fuses F4 F11 F15 F18 F23 F27 F28 F29 F30 F32 F39 F40 F44 F45 F46 F50 F51 F52 F53 F54 F57
Function value (Rs.) 306245700.40
13 Switches F2 F8 F9 F13 F14 F20 F21 F22 F25 F33 F35 F37 F38 F43 F47 F49 F55
Fuse-save fuses F4 F11 F15 F18 F23 F27 F28 F29 F30 F32 F39 F40 F44 F45 F46 F50 F51 F53 F54 F57
Function value (Rs.) 370853984.82
Reclosers F2 F9 F13 F14 F20 F22 F25 F33 F35 F38 F43 F47 F49 F55
fo Fuse-blow fuses F4 F15 F18 F28 F30 F32 F39 F40 F44 F45 F46 F51 F52 F53 F54 F57
Fuse-save fuses F11 F23 F27 F29 F50
Function value (Rs.) 333681252.35
f Switches F2 F8 F9 F13 F14 F20 F21 F22 F25 F33 F35 F37 F38 F43 F47 F49 F55
10

Fuse-blow fuses
Fuse-save fuses

F4 F11 F15 F18 F23 F27 F28 F29 F30 F32 F39 F40 F44 F45 F46 F50 F51 F52 F53 F54 F57
Nil
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Table 5.9: Results of the ten objective functions for IEEE 123-bus distribution

system
Function value (Rs.) 34570048.40
fi Reclosers F19 F54 F74 F99
Switches F2 F3 F9 F13 F15 F22 F37 F41 F51 F57 F64 F70 F79 F88 F108
Function value (Rs.) 36208509.62
f2 Reclosers F19 F54
Switches F22 F41 F51 F57 F64 F79 F88 F99
Fuse-blow fuses F2 F3 F9 F13 F15 F37 F46 F60 F70 F75 F109 F112
Function value (Rs.) 36291793.39
f3 Reclosers F19 F54
Switches F22 F41 F51 F57 F64 F79 F88 F99
Fuse-save fuses F2 F3 F9 F13 F15 F27 F37 F46 F60 F70 F75 F109 F112
Function value (Rs.) 36294825.08
Reclosers F19 F54
fa Switches F22 F41 F51 F57 F64 F79 F88 F99
Fuse-blow fuses F2 F13
Fuse-save fuses F3 F9 F15 F27 F37 F46 F60 F70 F75 F109 F112
Function value (Rs.) 34515010.89
I Reclosers F22 F41 F54 F57 F64 F79 F88 F99
Fuse-blow fuses F2 F3 F9 F13 F15 F20 F37 F46 F60 F70 F75 F113
Function value (Rs.) 34590054.77
fs Reclosers F22 F41 F54 F57 F64 F79 F88 F99
Fuse-save fuses F2 F3 F9 F13 F15 F20 F37 F46 F60 F70 F75 F113
Function value (Rs.) 35293106.25
fr Switches F19 F22 F41 F51 F54 F57 F64 F74 F79 F88 F99
Fuse-blow fuses F2 F3 F9 F13 F15 F20 F27 F37 F46 F60 F70 F75 F86 F105 F109 F112
Function value (Rs.) 35131692.03
fs Switches F19 F24 F41 F51 F57 F59 F64 F79 F88 F99
Fuse-save fuses F2 F3 F9 F13 F15 F20 F23 F27 F37 F46 F60 F70 F75 F86 F105 F109 F112
Function value (Rs.) 34576703.89
Reclosers F22 F41 F54 F57 F64 F79 F88 F99
791 Fuse-blow fuses F2 F13 F70
Fuse-save fuses F3 F9 F15 F20 F37 F46 F60 F75 F113
Function value (Rs.) 35374981.81
f Switches F19 F22 F41 F51 F54 F57 F64 F74 F79 F88 F99
10

Fuse-blow fuses

Fuse-save fuses

F2 F13 F46
F3 F9 F15 F20 F27 F37 F60 F70 F75 F86 F105 F109 F112
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Table 5.10: Cost components of objective functions for different scenarios of

placement of protective devices (58-bus system)

Cost components (Rs.) fi fa fs fa fs fo fr fs fo fio

1. Sustained interruption cost due to permanent fault (1C)) 20247271.21 | 19260108.75 | 19434326.02 | 19267073.39 | 19277077.39 | 19561675.03 | 32064429.69 | 32121074.35 | 1927707739 | 32064429.69
2. Sustained interruption cost due to temporary fault (/Cy/) 0 1220439.24 0 851210.19 1220439.24 0 1220439.24 0 704349.80 1220439.24
3. Momentary interruption cost due to temporary fault (I1C.) 5497020.78 4423341.10 8329800.64 5079749.11 4145188.15 8025095.11 23323410.30 | 45886274.61 4760497.41 23323410.30
4. Momentary interruption cost due to permanent fault (/C./) 0 0 1093667.16 106053.93 0 1093667.16 0 7358385.14 138631.79 0

5. Energy not supplied cost due to permanent fault (ENS)) 22592897.72 | 21699064.41 | 21740335.80 | 21563544.78 | 21729413.45 | 21991549.96 | 32511044.33 | 32586662.74 | 21729413.45 | 32511044.33
6. Energy not supplied cost due to temporary fault (ENS)) 0 1238965.98 0 935200.87 1238965.98 0 1238965.98 0 816909.70 1238965.98
7. Decrease in IC\ (ICx;,,, orecred = LCONproected) 164930216.65 | 165917379.11 | 165743161.84 | 165910414.47 | 165900410.48 | 165615812.83 | 153113058.17 | 153056413.51 | 165900410.48 | 153113058.17
8. Increase in ICy/ QQ&:%:; s;a:iv 0 1220439.24 0 851210.19 1220439.24 0 1220439.24 0 704349.8 1220439.24
9. Total reduction in SIC (7-8) 164930216.65 | 164696939.87 | 165743161.84 | 165059204.28 | 164679971.24 | 165615812.83 | 151892618.93 | 153056413.51 | 165196060.64 | 151892618.93
10. Decrease in IC, (IC,;,, oecred = LCprotected 40389253.83 | 41462933.51 | 37556473.97 | 40806525.50 | 41741086.46 | 37861179.50 | 22562864.31 0 41125777.19 | 22562864.31
11. Increase in IC.; QQ&:QE; - ~Q,\M.§.o:aav 0 0 1093667.16 106053.93 0 1093667.16 0 7358385.14 138631.79 0

12. Total reduction in MIC (10-11) 40389253.83 | 41462933.51 | 36462806.81 | 40700471.57 | 41741086.46 | 36767512.34 | 22562864.31 | -7358385.14 | 40987145.41 | 22562864.31
13. Decrease in ENS\ (EN Sy, om0 = ENS\protectea) 177628444.92 | 178522278.23 | 178481006.84 | 178657797.86 | 178491929.19 | 178229792.68 | 167710298.31 | 167634679.90 | 178491929.19 | 167710298.31
14. Increase in ENS);/ Am»%m»wégza -FE sEogzav 0 1238965.98 0 935200.87 1238965.98 0 1238965.98 0 816909.70 1238965.98
15. Total reduction in ENS cost (13-14) 177628444.92 | 177283312.25 | 178481006.84 | 177722596.99 | 177252963.22 | 178229792.68 | 166471332.33 | 167634679.90 | 177675019.49 | 166471332.33

16. Total savings (9+12+15) 382947915.40 | 383443185.62 | 380686975.49 | 383482272.84 | 383674020.92 | 380613117.86 | 340926815.58 | 313332708.27 | 383858225.53 | 340926815.58
17. Recloser installation cost 8550000.00 4950000.00 4500000.00 4500000.00 6300000.00 5850000.00 0 0 6300000.00 0

18. Switch installation cost 1650000.00 750000.00 900000.00 1050000.00 0 0 2550000.00 2550000.00 0 2550000.00
19. Fuse-blow fuse installation cost 0 630000.00 0 540000.00 630000.00 0 630000.00 0 480000.00 630000.00
20. Fuse-save fuse installation cost 0 0 630000.00 90000.00 0 630000.00 0 600000.00 150000.00 0

21. Maintenance cost of protective devices 5463602.76 5752852.32 5592158.12 5672505.22 6074240.71 5833199.42 4065563.23 3937007.87 6074240.71 4065563.23
22. Total protective devices cost (17+18+19+20+21) 15663602.76 | 12082852.32 | 11622158.12 | 11852505.22 | 13004240.71 | 12313199.42 | 7245563.23 7087007.87 13004240.71 7245563.23
23. Profit (16-22) 367284312.64 | 371360333.30 | 369064817.37 | 371629767.62 | 370669780.21 | 368299918.44 | 333681252.35 | 306245700.40 | 370853984.82 | 333681252.35
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5.5 Conclusion

In this chapter, a generalised objective function for calculating the utility profit for any combination
of protective devices has been developed. A detailed analysis of various cost components of inter-
ruption and ENS costs has also been carried out to investigate the contribution of different protective
devices under the scenarios studied.

The performance of ten different combinations of protective devices has been evaluated for 58-
bus and IEEE 123-bus radial distribution systems using MINLP optimization technique. Three point
estimate method (3PEM) has been used for incorporating the uncertainties in temporary failure rates,
permanent failure rates, repair rates and loading conditions of the system. From the study carried
out on the two test systems, it can be concluded that maximum profit is obtained when simultaneous
placement of reclosers, switches, fuse-blow fuses and fuse-save fuses is adopted.

In the next chapter, a model has been developed to solve the problem of optimal placement of pro-
tective devices (recloser, switch, fuse-blow fuse and fuse-save fuse) in various zones of a distribution

system with distributed generation (DG).
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Chapter 6

Placement of protective devices in distribution system
with distributed generation considering system data

uncertainties

Abstract

In this chapter, a model has been developed to solve the problem of optimal placement of protective
devices (recloser, switch, fuse-blow fuse and fuse-save fuse) in various zones of a distribution system
with distributed generation (DG). The uncertainties in temporary failure rates, permanent failure
rates, repair rates and load data have been considered in the problem formulation using three point
estimate method (3PEM). The formulated problem has been solved for 69-bus and 118-bus distri-
bution systems using mixed-integer nonlinear programming (MINLP) optimization technique. After
analyzing the test results of the two test systems, it is concluded that considerable profit for the utility
is obtained by optimal placement of protective devices in various zones of the distribution system

with DG.

6.1 Introduction

HE major aim of distribution network planners and utilities is to provide electrical power to
T the customers with high efficiency and reliability. Placement of protective devices in distri-
bution system reduces the frequency and duration of customer interruptions at the cost of increased
investment. Optimal placement of protective devices in distribution system increases the system re-
liability by isolating the faulty feeder section of the system and supplying power to healthy feeder
sections of the system (upstream of the faulty feeder section). However, in the absence of an alter-
nate supply, the healthy feeder sections downstream of the faulty feeder section remain de-energized
until the faulty feeder section is repaired and re-energized.
DG can further improve the system reliability by supplying power to the downstream isolated

healthy part of the protected system in case of a fault in the system. This necessitates the DG to be
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operated in an islanding mode. For the formation of island, the DG capacity should be sufficient to
avoid load shedding or load prioritization [22]]. However, the presence of DG in distribution system

makes the problem of optimal placement of protective devices in distribution system more complex.

In this chapter, various zones have been formed for the operation of DGs (present in the sys-
tem) in islanding mode. Further, a model has been developed to solve the problem of placement of
protective devices (recloser, switch, fuse-blow fuse and fuse-save fuse) in various zones of a distri-
bution system with DG for increasing the profit of the utility through reliability improvement while
reducing the outage and investment costs. The uncertainties in temporary failure rates, permanent
failure rates, repair rates and load data have been considered in the problem formulation using three
point estimate method (3PEM). The formulated problem has been solved for 69-bus and 118-bus

distribution systems using mixed-integer nonlinear programming (MINLP) optimization technique.

This chapter is organized as follows: In Section [6.2] the procedure for reliability calculation of
an islanded portion of a distribution system with reclosers, switches, fuse-blow fuses and fuse-save
fuses is discussed. Section [6.3|discusses the formulated problem. Section [6.4] gives the main results

of this work followed by the conclusion in Section[6.3]

6.2 Reliability calculation of an islanded portion of a distribution system with reclosers, switches,

fuse-blow fuses and fuse-save fuses

Fig. shows an islanded portion of a distribution system. The island has 13 buses, 12 feeder
sections and 13 load points with a DG connected at node 1 and an alternate supply at node 7. The
DG is capable of supplying all the loads connected at all the 13 load points. A recloser at alternate

supply point isolates the island from alternate supply for any external fault to the island.

Consider the scenario when the island has to be protected by reclosers, switches, fuse-blow fuses
and fuse-save fuses for reliability improvement. It is assumed that the protective devices in any
feeder section can be placed at the beginning of the feeder section (from DG side). For instance, a
fault in any of the feeder sections (within the island), supply from the DG and alternate supply is
tripped with the help of reclosers present at these two sources (DG and alternate supply) [23]]. As
soon as the fault is cleared (or the faulty feeder section is removed with the help of protective devices
present at various feeder sections), the healthy feeder sections are energized with the DG or alternate

supply as applicable.

Using Egs. (3.1) and (5.2), the permanent failure rate of j' load due to the permanent fault in **
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feeder section (J\; ;) can be written as,

Nij = bibe(i, 7)Ni( H XriXrorXrsk) + (1 — bibe(i, 7)) Ai( H XppXropXrs)

keDFd(i,j) keFd(i,j)

( H XpkXrokXFs k)

keDFd(i,5)

6.1)

where,

bibe(i, j) = element corresponding to the i row and j** column of the [BIBC] matrix [67]. If j*
load is downstream of " feeder (from DG side) then bibc(i, j) = 1 otherwise bibc(i, j) = 0. The
[BIBC] matrix for the system shown in Fig|[6.1]is given by Eq. (6.2).

Ly Ly L3 Ly Ls Ls¢ Ly Lg Lo Lyy Li1 Lo Ligs

F 0 1 1 1 1 1 1 1 1 1 1 1 1
5 0 0 1 1 1 1 1 1 1 1 1 1 1
F3 0 0 0 1 1 1 1 0 0 0 0 1 1
Fy 0 0 0 0 1 1 1 0 0 0 0 1 1
Fy 0 0 0 0 0 1 1 0 0 0 0 0 0
BIBC — 6 0 0 0 0 0 0 1 0 0 0 0 0 0 62)
Fr 0 0 0 0 0 0 0 1 1 1 1 0 0
Fy o o o o0 o0 o0 o0 o0 1 1 1 0 0
Fy 0 0 0 0 0 0 0 0 0 1 1 0 0
Fiol O 0 0 0 0 0 0 0 0 0 1 0 0
Fi;| O 0 0 0 0 0 0 0 0 0 0 1 1
Fio\ 0 0 0 0 0 0 0 0 0 0 0 0 1
DFd(i,§) = DFs.u(Sn, ) N DFs..(j, ) (6.3)

DFs..(Sy,1) is the set of feeder sections between alternate supply node and the end node of ith
feeder section. DFs,.(j,4) is the set of feeder sections between ;" node and end node of ' feeder

section. DFd(i, j) represents feeder sections common to DFs..(S,, %) and DFs..(j, ).

Fd(Zm?) = FSec(L Z) M FSec(j7 2) (64)
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Figure 6.1: An islanded portion of a distribution system having 13 buses, and

13 load points

Fsec(1,7) is the set of feeder sections between DG node and i'" feeder section (including 7"
feeder section) and Fl..(j, %) is the set of feeder sections between j** node and i*" feeder section (in-

cluding i** feeder section). F'd(i,]) represents feeder sections common to Fis..(1,7) and Fie.(j, 7).

The permanent failure rate of i'* feeder section is \;.
The failure rate of a load point due to fault in a feeder section depends on its location vis-a-vis the

feeder section location. The load point can be either downstream or upstream to the feeder section

The failure rate for the two cases can be evaluated as follows:

(i) Load downstream to faulted feeder:
For evaluating A3 13, the permanent failure rate of load L3 due to the permanent fault in feeder

section F3, it can be observed from Eq. (6.2) that bibc(3,13) = 1 because load L;3 is down-

stream of feeder section F3 (from DG side).
After substituting the value of bibc(3, 13) in Eq. 1| , A3.13 can be written as,

I XesXroaXeor) (6.5)

Az13 = As(
keDFd(3,13)

The set of feeder sections between alternate supply node and the end node of the F3 feeder

section, D Fg..(S,,3) is given by,
DFSeC<Sn7 3) = {F47 F57 F6}
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Similarly, the set of feeder sections between 13" node and the end node of the Fy feeder

section, DFs..(13,3) is given by,
DFSec(l?), 3) = {F4a Flla Fl?}

Therefore, feeder sections common to DFs,.(S,,3) and DFs..(13,3) i.e. DFd(3,13) can be
written as,

DFd(3,13) = DFge(Sn,3) N DFs..(13,3) = {Fy} (6.6)

From Egs. (6.5)) and (6.6), it can be concluded that, if a recloser or a fuse (fuse-blow fuse or
fuse save fuse) is present in feeder section F} i.e. if any of the Xg 4, Xpp4 or Xps 4 1s zero,
then, X 4Xpp4Xps4 =0 and hence, A3 13 = 0. This implies that the fault (in feeder section
F3) is cleared by either a recloser or a fuse present in feeder section F); and supply to the load

Lq3 is maintained through the alternate supply.

Further, if a recloser or a fuse (fuse-blow or fuse save) is not present in feeder section F} i.e.
XRraXppaXrsa=1then, A\313 = A3 (permanent failure rate of feeder section F3). In this case,

supply to the load L;3 can be resumed only after the faulted feeder section Fj is repaired.

(ii) Load upstream to faulted feeder:

Further, for calculating \;3 4, the permanent failure rate of load L, due to the permanent fault
in feeder section Fs, it can be observed from Eq. (6.2)) that bibc(12,4) = 0 because load L, is

upstream of feeder section F'j (from DG side).

After substituting the value of bibc(12,4) in Eq. (6.1), A2,4 can be written as,

A24 = Ao H XrpXropXrsi)( H XppXropXFs) (6.7)
keFd(12,4) keDFd(12,4)
Further,
Fsee(1,12) = {Fy, Fy, F3, Fy, Fi1, Fia}
Fsee(4,12) = {Fy, Fi1, Fia}
Therefore,

Fd(127 4) == FSec<17 12) ﬂ FSec<47 12) == {F4, Fll; F12} (68)

From Egs. and (6.8)), it can be concluded that, if a recloser or a fuse (fuse-blow or fuse

save) is present in any of the feeder sections F}, F7; or [, then, A\j24 = 0, as in this case,
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the fault (in feeder section F7,) is cleared by the recloser or fuse present in any of the feeder

sections Fy, F; or F5 and the supply to the load L, is continued through the DG source.

On the other hand, if a recloser or a fuse (fuse-blow or fuse save) is

not present in any of the

feeder sections F}, Fy; or Fi, then, A\j2 4 = A1 (permanent failure rate of feeder section [75).

In this case, supply to the load L, can be resumed only after the repair of faulted feeder section

F5 is completed.

The permanent failure rate of j** load due to the temporary fault in i feeder section (>\ ;) can

be written as,

>\i,j = bibe(i, j)yi(1 — ( H Xrok))( H XrxXrpr) (1 —(

keFsee(1,9) keDFd(i,5) keG' (i,5))
(1 — bibc(i, 7))yi( H XrieXrox) (1 — H Xrvg))( H XrpXrok) (6.9)
keFd(i,5) keG(i,5)) keDFd(i,5)

H Xrv))

keG' (i.))
where,
~; = temporary failure rate of i*" feeder section.

G(4, j) = common feeder sections between Fls..(1,4) and Fs..(j, 1).

G’ (i, j) = common feeder sections between DF,.(S,, i) and DFg,, (4, Sy).

DFg,.(j, S,) = feeder sections between ;%" node and alternate supply node.

Therefore, G(i, j) and G’ (i, j) can be written as,

G(Zaj) = FSec(L Z) N FSec(ja 1)

G (i,7) = DFg¢ee(Sn, i) N DFg,.(j, Sy)

(6.10)

(6.11)

For evaluating O‘i%,s)’ the permanent failure rate of load Lg due to the temporary fault in feeder section

F3, it can be observed from Eq. (6.2) that bibc(5, 8) = 0 because load Lg is upstream of feeder section

F5 (from DG side).

After substituting the value of bibc(5, 8) in Eq. (6.9), As s can be written as,

N =0 [] XeaXpw) X = I Xeo)( [T XraXens)(
keFd(5,8) keG(5,8)) ksDFd(B 8)
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The set of feeder sections between DG node and Fj; feeder section including F5 feeder section

(Fsec(1,5)) can be written as,
FSec<175) = {F17F27F3>F47F5}

and the set of feeder sections between 8" node and Fj feeder section including Fj feeder section
(Fsec(8,5)) can be written as,
FSec(87 5) = {F37 F47 F57 F7}

therefore, feeder sections common to Fls..(1,5) and Fs..(8,5) can be written as,
Fd(5,8) = Fso(1,5) N Fseo(8,5) = {Fy, Fy, Fs) (6.13)

Also, the set of feeder sections between 8 node and Fj feeder section including F feeder section
(Fsec(8, 1)) can be written as,

FSGC(SJ 1) = {F17 F27 F7}
therefore, the common feeder sections between Fls..(1,5) and Fs..(8, 1) can be written as,
G(5,8) = Fsee(1,5) N Fsee(8,1) = {Fy, Fy} (6.14)

For this system, 7"* node is the alternate supply node (S,). The set of feeder sections between

alternate supply node (7" node) and the end node of Fj feeder section is given by,
DFSec(S’rzy 5) - DFS@C<77 5) - {Fﬁ}

also, the set of feeder sections between 8" node and the end node of Fj feeder section (DF 5ec(8,5))
can be written as,

DFSec<8a 5) = {F3a F4a F57 F7}
hence, feeder sections common to DFs.(S,,5) and DFs..(8,5) is given by,
DFd(5,8) = DFs¢e(Sn,5) N DFs..(8,5) = {} = Nil (6.15)

Finally, feeder sections between 8" node and the alternate supply node (DFy,, (8, S,)) can be written
as,

DFse.'(8,5n) = {Fs, Fy, Fy, Fg, Fr}
hence, the common feeder sections between DF,.(S,, 5) and Fg,_ (8, S, ) is given by,
G'(5,8) = Fsee(Sn,5) N Fa, (8,S,) = {Fs} (6.16)
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From Egs. (6.12) and (6.13)), it can be concluded that, if a recloser or a fuse-blow fuse is present

in any of the feeder sections F3, Iy or I i.e. if any of the Xgr3, Xra4, Xrs5, Xrp 3, Xppa or Xpps
is zero then, )\'5’8 = 0. This implies that the load Lg is safe for any fault in feeder section [ due to
presence of recloser(s) or fuse-blow fuse(s) in any of the feeder sections Fj, F}; or F5.
From Eqgs. (6.12), (6.14) and (6.16)), it can be concluded that, if a fuse-blow fuse is present in
feeder section F§ as well as in any of the feeder sections F} or I then, )\:,,78 =5, otherwise, )\:,,78 =0.
Now, the temporary failure rate of ;' load due to the temporary fault in " feeder section (v, ;)

can be written as,

Yij = bibe(i, j)vi[l — (1 —( H Xrog)) (1 —( H Xrok))( H XrxXrok)

keFsee(1,7) keG' (i,5) keDFd(i,j)
+ (U =bibe(i, )l [ XeaXm)l == C [T XeoDQ = C IT Xroi))] 6.17)
keFd(i,j) keG(i,5) keG' (i,5)
I XesXrw)
keDFd(i,5)

For calculating 711 10, the temporary failure rate of load L;, due to the temporary fault in feeder
section Fy, it can be observed from Eq. (6.2) that bibc(11, 10) = 0 because load Ly is upstream of
feeder section F'; (from DG side).

After substituting the value of bibc(11, 10) in Eq. (6.17), 711,10 can be written as,

yo=m [ XeaXmw)l=Q = J] Xea)@=C [ Xrea))
keFd(11,10) keG(11,10) keG' (11,10) (6.18)
( TI  XesXreor)
keDFd(11,10)
Further,
FSCC(17 11) = {F17 F27 F37 F4a Fll}
FSec(107 11) - {F37 F47 F77 F87 F97 Fll}
FSeC(1071) = {F17F27F77F87F9}
DFSeC(Sn7 11) = {F57 F67 Fll}
DFSec(loa 11) = {F37 F47 F77 F8> F97 Fll}
DF4, (10, 8,) = {Fs, Fy, Fs, Fy, Fy, Fs, Fy}
Therefore,
Fd(11,10) = Fsec(1,11) N Fse.(10,11) = {F3, Fy, F11} (6.19)
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G(11,10) = Fosee(1,11) N Fee(10,1) = { F, Fy} (6.20)

G'(11,10) = DFgee(S,,11) N DFy, (10, 8,) = {Fs, Fy} (6.21)

DFd(11,10) = DFs..(S,, 11) N DFs..(10,11) = {F,} (6.22)

From Eqgs. (6.18)), (6.19) and (6.22)), it can be concluded that, if a recloser or a fuse-blow fuse
is present in any of the feeder sections F3, Fy or I, then, 11,19 = 0. This implies that the load L1

is safe for any fault in feeder section F;. Further, from Egs. (6.18)), (6.20) and (6.21)), it can be

concluded that, if a fuse-blow fuse is present in any of the feeder sections Fj or F5 as well as in (any
of the feeder sections) F5 or Iy then, 11 10 =0, as in this case, for a temporary fault in feeder section
Fi1, load Ly, experiences a sustained interruption instead of momentary interruption.

Now, the temporary failure rate of ;% load due to the permanent fault in i"* feeder section ('y;’ )

can be written as,

’}/Z{’j = beC(Z j H XR kXFb k 1 — H XFs k ( H XFka> + (1 — blbc(l,j))
keDFd(z 7) keDFd(z 7) keG (i,5)
i I XeaXeo) = [ Xea)( I XeaXemw) A= J]  Xrew))
kst(z 7) keFd(i,5) keDFd(i,5) keDFd(i,5)
(6.23)

For evaluating 7;,6, the temporary failure rate of load Lg due to the permanent fault in feeder

section Fy, it can be observed from Eq. (6.2) that bibc(2,6) = 1 because load Lg is downstream of
feeder section F5 (from DG side).

After substituting the value of bibc(2, 6) in Eq. 1| 74,6 can be written as,

Yog =l [T XeaXen) 0= [T Xea)C T Xews) (6.24)
keDFd(2,6) keDFd(2,6) ke (2,6)

Further,

DFSeC(‘Sn; 2) = {F?)a F47 F57 Fﬁ}
DFSec<6a 2) = {F?n F47 F5}
DFéec(67 Sn) = {F6}
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Therefore,

DFd(2,6) = DFsec(Sn,2) N DFsec(6,2) = {F3, Fy, F5} (6.25)

G'(2,6) = DFs..(S,,2) N DFg,,(6,S,) = {Fs} (6.26)

From Egs. (6.24) and (6.25]), it can be concluded that, if a recloser or a fuse-blow fuse is present

in any of the feeder sections Fj3, Fy or Fj then, 7;’6 = (0. This implies that the load Lg is safe for
any fault in feeder section F, and uninterrupted supply to load Lg is continued from the alternate
supply. Further, if a fuse-save fuse is present in any of the feeder sections F3, Fy or Fj then, 7;76 =
~o otherwise 7;’6 =0.

From Egs. (6.24) and (6.26), it can be concluded that, if a fuse-blow fuse is present in feeder

section Fj then, 7;,6 = (. This is because, if a fuse-blow fuse is present in feeder section Fj then load
Lg experiences a sustained interruption for a permanent fault in feeder section F5.
Now, the outage time of ;™ load due to the permanent fault in :"" feeder section (r; ;) can be

written as,

iy = bibe(i, 5){r:( H Xsi) + (riso(1 = ( H Xsk)) H XrpXropXrsk)+

keDFd(i,5) keDFd(i,5) keDFd(i,5)
(1 =bibe(i, )){ri( [T Xs)( [T Xsw)+ (il = ] Xon)
keFd(i,5) keDFd(i,5) keFd(i,5)
I Xe)¥ I XeaXeoasXeaw) JI  XeaXroaXror)
keDFd(i,5) keFd(i,5) keDFd(i,j)

(6.27)

Where,
r; = outage time of i*" feeder section.
T'iso = sWitch isolation time.

For evaluating r3 12, the outage time of load L;5 due to the permanent fault in feeder section F3, it
can be observed from Eq. that bibc(3, 12) = 1 because load L5 is downstream of feeder section
F5 (from DG side).

After substituting the value of bibe(3,12) in Eq. , 312 can be written as,

rsiz ={rs( [ X+ =C ] Xe)I I XesXroaXrer) (6.28)
keDFd(3,12) keDFd(3,12) keDFd(3,12)
Further,
DFsee(Sn,3) = {Fy, Fs, Fg}
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DFSCC(12a 3) = {F4a Fll}

Therefore,

DFd(3,12) = DFs.0(Sn,3) N DFs.0(12,3) = {Fy} (6.29)

From Eqgs. (6.28)) and (6.29), it can be concluded that, if a recloser or a fuse (fuse-blow fuse or
fuse save fuse) is present in feeder section F} then, r3 12 = 0 (as in this case, the permanent fault in
feeder section Fj is cleared by the recloser or fuse present in feeder section F; and supply to the load
L4, is continued through the alternate source), else if a switch is present in feeder section £ then,
312 = Tiso- 1f none of the protective devices viz recloser, switch, fuse-blow fuse or fuse-save fuse is

present in feeder section Fy, then r3 15 = r3.
6.3 Problem Formulation

In this chapter, a model has been developed for optimal placement of reclosers, switches, fuse-blow
fuses and fuse-save fuses in an islanded zone of a distribution network for increasing the profit of the

utility by reliability improvement of the zone while reducing the outage and investment costs.
6.3.1 Objective Function

The objective function for optimal placement of reclosers, switches, fuse-blow fuses and fuse-save

fuses in an islanded zone of a distribution network is given by,

nl  nbr nl  nbr
Mazimize f={> > (\ri = (Aigrij + \,r)Li}CeF + D) (MICP,; + 4ICT )
j=1 i=1 j=1 i=1

nbr
— (MigICPij+ N ICPT, j + (ij + %) ICT ) L} Fo — {(O (1 = Xg4))Cr

i=1

nbr nbr nbr Cm
+ (;(1 — Xg,))Cs + (;(1 — X)) Crp + (;(1 — Xpsi))Crs (1 + mpg)
(6.30)

The values of the parameters *\; ;’, ’)\;J’, Vi s ”y;j’ and 'r; ;° used in Eq. 1| are calculated

using Eqgs. (6.1), (6.9), (6.17), (6.23)) and (6.27), respectively. Values of factors Fi, F5, and F; are
calculated using Eqgs. (3.11)-(3.13)), respectively. The procedure for calculation of these parameters

are explained in the previous section.
6.3.2 Constraints

The objective function f (Eq. (6.30)) consists of the following constraints:
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1. The number of reclosers, switches, fuse-blow fuses or fuse-save fuses to be placed in the
distribution system should be within the specified numbers given by the utility. The total
number of reclosers to be placed among nbr branches of the distribution system should be less
than or equal to the number of available reclosers (/Nz). This constraint is modelled by the

following inequality constraint.

nbr

> (1~ Xri) < Ng 6.31)

i=1
Similarly, The total number of switches to be placed among nbr branches of the distribution

system should be less than or equal to the number of available switches (/Ng). This constraint

is modelled by the following inequality constraint.

nbr

D (1-Xg,) < Ns (6.32)

i=1
The other constraints corresponding to the maximum number of fuse-blow fuses and fuse-save

fuses that can be placed in the distribution system are given by the following inequalities.

nbr
> (1= Xpm,) < Npy (6.33)
=1
nbr
S (1= Xpi) < Np, (6.34)

i=1
where,

Npr, = Number of available fuse-blow fuses,

Np, = Number of available fuse-save fuses.

2. Reclosers, switches, fuse-blow fuses and fuse-save fuses should not be installed simultane-
ously in the same feeder section. In other words, two or more than two protective devices can
not be simultaneously placed on the same feeder section. This constraint is modelled by the

following inequality constraint.

(1_XR,i)+(]-_XS,i)+(]-_XFb,i)+(]-_XFs,i) S 1 7= ]_,2,...,’/’Lb7“ (635)

3. Reclosers and switches may not be installed downstream of a fuse-blow fuse or fuse-save

fuse [35]].
4. A fuse-save fuse may not be installed downstream of a fuse-blow fuse [35].
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6.4 Case study

Fig. shows a 69-bus radial distribution system with total loads of 3.80 MW and 2.69 MVAr,
respectively [[68]]. The bus data and line data of this system are adopted from [69] and are given in
Appendix B. The system failure data for this system is also given in Appendix B. Further, the tem-
porary failure rates are assumed to be three times of the permanent failure rate of the corresponding
feeder section in all the calculations. Cost of a fuse and its annual maintenance cost (including re-
placement cost) are assumed to be Rs. 30,000 and 40% (of the fuse cost), respectively. Uncertainties
in loading conditions, temporary failure rates, permanent failure rates and repair rates of the system
have been considered using the procedures given in Chapter 3. To calculate the expected value of

utility profit under an uncertain environment, 3PEM method has been used.

In [[70]], an improved multi-objective harmony search (IMOHS) technique is proposed for optimal
allocation and sizing of DGs in a radial distribution system for power loss minimization and voltage
profile improvement. Using this technique, the optimal sizes and locations of 3 DGs (DG, DG and
DG@Gj at 0.85 lagging power factor) in 69-bus radial distribution system (shown in Fig. for power
loss minimization and voltage profile improvement have been determined as 0.4769 MW, 0.3124

MW and 1.4552 MW at buses 11, 21 and 61, respectively [[70]].

The first step towards the placement of protective devices in presence of DGs is to form islands
or zones for each DG. An island or zone is the region in the vicinity a of DG in which the sum of
total loads can be easily supplied by the DG alone. For this, a load flow analysis of the system is

carried out to identify the zones for each DG.

The load flow result of the 69-bus system of Fig. considering average values of DG genera-
tions and loads, is shown in Table @ From this table, the direction of power flow in various feeder
sections can be observed. Negative power flow (highlighted by boldface font) indicates the upstream

power (or reverse power) flow (due to presence of DGs) in the system.

From the analysis of direction of power flow in various feeder sections and sum of loads in the
vicinity of DG, it is concluded that DG, is capable of supplying all the loads present at buses 10,
11, 12, 13, 14, 15, 16, 66, 67, 68 and 69, thus forming *Zone 1’ as shown in Fig. @ Similarly,
DG is capable of supplying all the loads present at buses 17, 18, 19, 20, 21, 22, 23, 24, 25, 26 and
27, thus forming *Zone 2’. It may be noted that D3 can not form any zone due to its low capacity.
Remaining loads (outside Zone 1’ and *Zone 2’) of the system form ’Zone 0’, which can only

be supplied by the substation and D(G3. Any two zones are separated by a recloser (known as zone
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recloser) so that the healthy zones can be isolated from the faulty zone as soon as a fault occurs in any
of the zones and the DG of the faulty zone is also disconnected immediately. Using this philosophy,
two zone reclosers have been placed in feeder sections F'9 and ['16 towards the load buses 10 and
17, respectively (as shown in Fig. [6.3). This will ensure that for faults in feeder section F'9 (or any
other upstream feeder section), Zone 1 will be disconnected from Zone 0 and will continue to operate
in islanded mode. Similarly, for faults in feeder section £'16 (or any other upstream feeder section),
Zone 2 will be disconnected from Zone 1 and will continue operating in islanded mode. After the
isolation of the faulty feeder section(s), the remaining healthy feeder sections of the faulty zone are
supplied by the DG of that zone operating in islanding mode [71].

To be able to operate in the islanding mode, DGs have to be capable of serving loads within the
island and therefore, keep both the voltage and frequency within acceptable ranges. With islanding

operation, the sequence of events after occurrence of a fault in the islanded zone are as follows:
1. DG is tripped and the fault is detected and isolated by one or more protection devices.
2. DG reconnects to serve the healthy feeder sections of the zone.
3. After the fault is cleared, zone recloser synchronizes its reclosing operation with DG.

After forming these zones, the optimal placement of protective devices in each zone is carried out
by solving the objective function (Eq. (6.30)) using MINLP technique. The MINLP technique used
for evaluating the objective function, utilizes the sequential quadratic programming (SQP) through
the MATLAB function *fmincon’ of the MATLAB optimization toolbox. The results of optimized
placement of protective devices in three zones of 69-bus system of Fig. [6.3] are given in Table [6.5]
From this table, it can be observed that in Zone 0, the optimal locations of switches are in feeder
sections F'4 & F'61, the optimal locations of fuse-blow fuses are in feeder sections F'27, F'35 &
F'50 and the optimal location of fuse-save fuse is in feeder section F'46. However, no recloser can
optimally be placed in Zone O since the high cost of a recloser makes it economically unviable for
placing it in this zone. Further, in Zone 1, no protective devices can be placed optimally. This
is because, the profit to the utility obtained by placing any protective device in this zone is lesser
than the expenditure due to installation and maintenance of the protective device(s) for the given
loads and customer types (Residential, Commercial, Industrial) of the zone. Further, no recloser or
a switch or a fuse-save fuse can be optimally placed in Zone 2 for the similar reason. However, the

optimal location of fuse-blow fuse in Zone 2 is in feeder section £'20. The costs of the protected

130



Table 6.1: Cost components for optimized placement of protective devices in

three zones of the 69-bus system of Fig. @

1. Cost of original unprotected system without zoning (Rs.) | 27026816.41
2. Cost of the system with protected zones (Rs.) 6901682.91
3. Cost of the 2 zone reclosers (Rs.) 900000.00
4. Total profit in Rs. (1-2-3) 19225133.50

zones (interruption and outage costs) for Z0, Z1 and Z2 are Rs. 5903811.62, Rs. 621861.78 and
Rs. 376009.51, respectively. Therefore, the total cost of the system with protected zones (sum of the
costs of three protected zones) is Rs. 6901682.91. The cost of original unprotected 69-bus system
of Fig. is Rs. 27026816.41. The cost of two zone reclosers at feeder sections ['9 and F'17 of
the 69-bus system of Fig. [6.3]is Rs. 900000. The various cost components of 69-bus system of
Fig. is given in Table From this table, it can be observed that the total profit to the utility
corresponding to the optimal placement of protective devices in three zones of 69-bus system of Fig.

[6.3]is determined as Rs. 19,225,133.50.

Now, for taking into account the uncertainty of DG generations and loads, consider the worst
condition when generation from DGs are at lowest levels and the loading conditions are at highest
levels. For this purpose, the lowest values of DG generation is taken as (ipa — 30 pg) and highest
possible values of loads is selected as (t1.0aq + 30 Load), Where ppe and op are the mean and stan-
dard deviation of DG generation, respectively, whereas fi1,q,q and 0,4 are the mean and standard
deviation of loads, respectively. For calculation purpose, opg and op,.44 are assumed to be 10% of
their mean value. For this worst combination of DG generation and load levels, the load flow result
of the 69-bus system of Fig. is shown in Table From this table, the direction of power flow

in various feeder sections can be observed.

From the analysis of direction of power flow in various feeder sections and the worst (highest
possible) capacity of loads in the vicinity of D@5, it is concluded that D(G5 is capable of supplying
all the loads present at buses 19, 20, 21, 22, 23, 24, 25, 26 and 27, thus forming *Zone 1’ as shown
in Fig. [6.4] It may be noted that for the present scenario, DG4 and DG can not form any zone due
to their low capacities. The remaining loads (outside Zone 1°) of the system form *Zone 0’, which
can only be supplied by the substation, DG, and DG's. The two zones ("Zone 0° and *Zone 1°) are
separated by a zone recloser so that the healthy zone can be isolated from the faulty zone as soon as

a fault occurs in any of the zones. The zone recloser has been placed in feeder sections F'18 towards
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Table 6.2: Power flow of 69-bus system with average values of DG generations

and loads
Feeder Number | Power flow (MW) | Feeder Number | Power flow (MW)
1 1.630215809 35 0.185765635
1.630215809 36 0.159764251
3 1.352907876 37 0.133760476
4 0.502058434 38 0.133760476
5 0.502058434 39 0.109752994
6 0.499439308 40 0.085745469
7 0.458495629 41 0.084544474
8 0.337638207 42 0.084544474
9 -0.012343989 43 0.078537641
10 -0.040844349 44 0.078537641
11 0.25618987 45 0.039268827
12 0.050820447 46 0.850849442
13 0.042636159 47 0.850849442
14 0.034437679 48 0.771784167
15 0.034437679 49 0.38594987
16 -0.012259186 50 0.044747552
17 -0.073773655 51 0.003654441
18 -0.135288277 52 0.319511669
19 -0.135288277 53 0.315081684
20 -0.13631386 54 0.288161683
21 0.063031846 55 0.26361675
22 0.057589592 56 0.26361675
23 0.057589592 57 0.26361675
24 0.028799061 58 0.26361675
25 0.028799061 59 0.158537031
26 0.014399698 60 0.158537031
27 0.091542298 61 0.337492105
28 0.065541009 62 0.303601763
29 0.039538701 63 0.303601763
30 0.039538701 64 0.062657794
31 0.039538701 65 0.036686906
32 0.039538701 66 0.018343461
33 0.025528836 67 0.057232044
34 0.006007105 68 0.02861604

the load bus 19 (as shown in Fig. [6.4). This will ensure that for faults in feeder section £'18 (or any
other upstream feeder section), Zone 1 will be disconnected from Zone 0 and will continue operating

in islanded mode.
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Table 6.3: Cost components for optimized placement of protective devices in

two zones of the 69-bus system of Fig. @

1. Cost of original unprotected system without zoning (Rs.) | 27026816.41
2. Cost of the system with protected zones (Rs.) 8232901.43
3. Cost of the zone recloser (Rs.) 450000.00
4. Total profit in Rs. (1-2-3) 18343914.98

After forming these zones, the optimal placement of protective devices in each zone is carried
out by solving the objective function (Eq. (6.30)) using MINLP technique. The results of optimized
placement of protective devices in the two zones of 69-bus system of Fig. are given in Table
[0.6] From this table, it can be observed that in Zone 0, the optimal location of recloser is in feeder
section F'9, the optimal locations of switches are in feeder sections F'4 & F'12, the optimal locations
of fuse-blow fuses are in feeder sections F'27, '35, ['50, F'61 & F'65 and the optimal locations of
fuse-save fuses are in feeder sections F'46 & F'52. However, in Zone 1, no protective device can be
optimally placed as the profit to the utility obtained by placing any of the protective devices in this
zone is lesser than the expenditure due to installation and maintenance of the protective device(s)
for the given loads and customer types of the zone. The costs of the protected zones for Z0 and Z1
are Rs. 8024897.46 and Rs. 208003.97, respectively. Therefore, the total cost of the system with
protected zones of Fig. [6.4] (sum of the costs of two protected zones) is Rs. 8232901.43. The cost
of original unprotected 69-bus system of Fig. [6.2]is Rs. 27026816.41. The cost of one zone recloser
at feeder section 18 of the 69-bus system of Fig. is Rs. 450000. The various cost components
of 69-bus system of Fig. [6.4] are given in Table [6.3] From this table, it can be observed that the total
profit to the utility corresponding to the optimal placement of protective devices in the two zones of

69-bus system of Fig. [6.4]is determined as Rs. 18,343,914.98.

From Tables[6.5]and [6.6] it can be observed that there is a considerable reduction in the total cost
(interruption and outage costs) of the system (with protected zones) with the increase in number of
zones. Further, from Tables and it can be observed that the profit to the utility is more with
more number of zones. This is because, as number of islands increases, more and more loads can be

served by DGs or substation in case of a fault in the system.

Fig. [6.5] shows a 118-bus radial distribution system with total loads of 22.709 MW and 17.041
MVAr, respectively [[72]]. The bus data and line data of this system are adopted from [7/0] and are

given in Appendix B. The system failure data for this system is also given in Appendix B.
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Table 6.4: Power flow of 69-bus system with 3 DGs considering uncertainties

in DG generations and loads

Feeder Number | Power flow (MW) | Feeder Number | Power flow (MW)
1 3.510680755 35 0.241541847
3.510680755 36 0.207739893
3 3.150118738 37 0.173933894
4 2.043077619 38 0.173933894
5 2.043077619 39 0.142721596
6 2.039662197 40 0.111509225
7 1.98608566 41 0.109947564
8 1.827798695 42 0.109947564
9 0.446770643 43 0.102136094
10 0.409326388 44 0.102136094
11 0.508706327 45 0.051068058
12 0.238344071 46 1.10704112
13 0.227553062 47 1.10704112
14 0.216727071 48 1.004233377
15 0.216727071 49 0.502214601
16 0.154950373 50 0.058608063
17 0.073517984 51 0.004785803
18 -0.007915024 52 1.341106645
19 -0.007915024 53 1.335298595
20 -0.009273301 54 1.299955895
21 0.083495859 55 1.267681739
22 0.076286893 56 1.267681739
23 0.076286893 57 1.267681739
24 0.038151104 58 1.267681739
25 0.038151104 59 1.126959768
26 0.019075853 60 1.126959768
27 0.119020169 61 0.454895942
28 0.085218377 62 0.409261942
29 0.05141486 63 0.409261942
30 0.05141486 64 0.084482285
31 0.05141486 65 0.048223193
32 0.05141486 66 0.02411161
33 0.033198389 67 0.07535193
34 0.007811934 68 0.037675997

In [73], an efficient technique is proposed for optimal allocation and sizing of DGs in a radial
distribution system for power loss minimization and voltage stability improvement. Using this tech-

nique, the optimal sizes and locations of 5 DGs (DG, DGy, DGs, DG4 and DG at unity power
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Table 6.5: Optimized placement of protective devices in three zones of 69-bus

distribution system of Fig. @

Location of | Location of | Location of Location of | Cost of protected
Zones reclosers switches | fuse-blow fuses | fuse-save fuses zone (Rs.)
Zone 0 Nil F4 Fo61 F27 F35 F50 F46 5903811.62
Zone 1 Nil Nil Nil Nil 621861.78
Zone 2 Nil Nil F20 Nil 376009.51
Total cost of the system with protected zones (Rs.) = 6901682.91
Table 6.6: Optimized placement of protective devices in two zones of 69-bus
distribution system of Fig. @
Location of | Location of Location of Location of | Cost of protected
Zones reclosers switches | fuse-blow fuses | fuse-save fuses zone (Rs.)
Zone 0 F9 F4 F12 F27 F35 F50 F46 F52 8024897.46
F61 F65
Zone 1 Nil Nil Nil Nil 208003.97
Total cost of the system with protected zones (Rs.) = 8232901.43

factor) in a 118-bus radial distribution system shown in Fig. [6.5] have been determined as 4.5353
MW, 1.1329 MW, 2.1318 MW, 4.9452 MW and 0.7501 MW at buses 35, 43, 72, 88 and 118, respec-
tively [[73]]. The load flow result of this 118-bus system with optimal placement of the 5 DGs (with
average values of DG generations and loads) is shown in Table [6.9] From this table, the direction of

power flow in various feeder sections can be observed.

From the analysis of direction of power flow in various feeder sections and capacity of loads in
the vicinity of DG, itis concluded that D is capable of supplying all the loads present at buses 30,
31, 32, 33, 34, 35, 36, 37, 38, 39, 61 and 62, thus forming *Zone 1’ as shown in Fig. @ Similarly,
Zone 2’, "Zone 3’ and "Zone 4’ are formed with DG,, DG3 and DGy, respectively. DG can not
form any zone due to its low capacity. Remaining loads (other than *Zone 1°, Zone 2’, ’Zone 3’ and

"Zone 4°) of the system form *Zone 0°, which can only be supplied by the substation and DG5.

After forming these zones, the optimal placement of protective devices in each zone of Fig. [6.6]
is carried out by solving the objective function (Eq. (6.30)) using MINLP technique. The results of
optimized placement of protective devices in five zones of 118-bus system of Fig. [6.6| are given in
Table [6.10] From this table, it can be observed that in Zone 0, the optimal locations of reclosers are

in feeder sections F'3, F'9, F'20, F'48, F63 & F'99, the optimal locations of switches are in feeder
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Table 6.7: Cost components for optimized placement of protective devices in

the five zones of the 118-bus system of Fig. @

1. Cost of original unprotected system without zoning (Rs.) | 259268632.09
2. Cost of the system with protected zones (Rs.) 25462557.30
3. Cost of the 4 zone reclosers (Rs.) 1800000.00
4. Total profitin Rs. (1-2-3) 232006074.79

sections F'2, F43, F'62, F93, F'101, F'104 & F'110, the optimal locations of fuse-blow fuses are
in feeder sections F'4, F'11, F'52 & F'56 and the optimal locations of fuse-save fuses are in feeder
sections F'96, F'112 and F'117. In Zone 1, the optimal locations of recloser and switch are in feeder
sections F'32 and F'30, respectively. However, no fuse-blow fuse or fuse-save fuse can be optimally
placed in Zone 1 because, the profit to the utility obtained by placing any of these protective devices
in this zone is lesser than the expenditure due to their installation and maintenance for the given
loads and customer types of the zone. In Zone 2 and Zone 3, no protective device can be optimally
placed for the similar reason. Similarly, in Zone 4, no recloser or a switch or a fuse-blow fuse can
be optimally placed. However, the optimal location of fuse-save fuse in Zone 4 is in the feeder
section £'80. The costs of the protected zones for Z0, Z1, Z2, Z3 and Z4 are Rs. 19790134.26, Rs.
2714355.79, Rs. 120506.70, Rs. 910781.08 and Rs. 1926779.46, respectively. Therefore, the total
cost of the system with protected zones (sum of the costs of five protected zones) is Rs. 25462557.30.
The cost of original unprotected 118-bus system of Fig. [6.5]is Rs. 259268632.09. The cost of the
four zone reclosers at feeder sections F'29, F'39, F'64 and F'70 of the 118-bus system of Fig. @] is
Rs. 1800000. The various cost components of 118-bus system of Fig. [6.6] are given in Table
From this table, it can be observed that the total profit to the utility corresponding to the optimal
placement of protective devices in the five zones of 118-bus system of Fig. is determined as Rs.

232,006,074.79.

Now, for taking into account the uncertainty in DG generations and loads for the 118-bus system
of Fig. [6.5] consider the worst condition when generations from the 5 DGs are at lowest levels
(tpa — 30pe) and the loading conditions are at highest levels (1000 + 30 10aq)- For this case, the
load flow result of the 118-bus system of Fig. @] is shown in Table From this table, the

direction of power flow in various feeder sections can be observed.
From the analysis of direction of power flow in various feeder sections and the worst (highest
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possible) capacity of loads in the vicinity of D, it is concluded that DG is capable of supplying
all the loads present at buses 32, 33, 34, 35, 36, 37, 38, 39 and 40, thus forming *Zone 1’ as shown
in Fig. Similarly, "Zone 2’ and *Zone 3’ are formed with DG, and DGy, respectively. In this
scenario, D('s and D5 can not form any zone due to their low capacities. Remaining loads (outside
Zone 1°, Zone 2’ and *Zone 3’) of the system form ’Zone 0’, which can only be supplied by the
substation, D5 and DG5.

Again, after forming these zones, the optimal placement of protective devices in each zone of
Fig. is carried out by solving the objective function (Eq. (6.30)) using MINLP technique. The
results of optimized placement of protective devices in the four zones of the 118-bus system of Fig.
are shown in Table From this table, it can be observed that in Zone 0, the optimal locations
of reclosers are in feeder sections F'3, F'9, F'43, F'62, F'88 & F'99, the optimal locations of switches
are in feeder sections F'2, F'20, F'93, F'101, F'108 & F'110, the optimal locations of fuse-blow fuses
are in feeder sections F'4, F'11, F'52, F'56, F'60 & F'74 and the optimal locations of fuse-save fuses
are in feeder sections F'29, F'64, F'66, F'71, F'96 and F'112. In Zone 1, the optimal locations of fuse-
blow fuse and fuse-save fuse are in feeder sections F'32 and F'34, respectively. However, no recloser
or switch can be optimally placed in Zone 1 because, the profit to the utility obtained by placing
any of these protective devices in this zone is lesser than the expenditure due to their installation and
maintenance for the given loads and customer types of the zone. In Zone 2, no protective device
can be optimally placed for the similar reason. Similarly, in Zone 3, no recloser or a fuse-blow
fuse or a fuse-save fuse can be optimally placed as they are economically unviable. However, the
optimal location of switch in Zone 3 is in the feeder section ['84. The costs of the protected zones
for Z0, Z1, Z2 and Z3 are Rs. 25358781.33, Rs. 1349663.06, Rs. 46855.44 and Rs. 679244.52,
respectively. Therefore, the total cost of the system with protected zones (sum of the costs of four
protected zones) is Rs. 27434544.35. The cost of original unprotected 118-bus system of Fig. [6.5]
is Rs. 259268632.09. The cost of the three zone reclosers at feeder sections F'31, F'40 and F'77 of
the 118-bus system of Fig. is Rs. 1350000. The various cost components of 118-bus system of
Fig. are given in Table From this table, it can be observed that the total profit to the utility
corresponding to the optimal placement of protective devices in the four zones of 118-bus system of
Fig. is determined as Rs. 230,484,087.74.

From Tables and it can be observed that for this system also, there is considerable
reduction in the total cost (interruption and outage costs) of the system (with protected zones) with

the increase in number of zones. Further, from Tables [6.7] and [6.8] it can also be observed that the
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Table 6.8: Cost components for optimized placement of protective devices in

the four zones of the 118-bus system of Fig.

1. Cost of original unprotected system without zoning (Rs.) | 259268632.09
2. Cost of the system with protected zones (Rs.) 27434544.35
3. Cost of the 3 zone reclosers (Rs.) 1350000.00
4. Total profit in Rs. (1-2-3) 230484087.74

profit to the utility is more with more number of zones. This is because, as the number of islands

increases, more and more loads can be served by DGs or substation in case of a fault in the system.
6.5 Conclusion

In this chapter, a formulation for calculation of distribution system reliability in the presence of DG
has been developed. The formulated problem has been applied to 69-bus and 118-bus test distribution
systems considering uncertainties in loads, temporary failure rates, permanent failure rates and repair
rates. Zoning of the test systems has been done in order to ensure successful operation of DGs in
islanded mode. Zone boundaries have been determined considering (i) mean values of both loads and
DG generations and (i1) worst case loading conditions (41,044 +30 Loeq) and minimum DG generations
(tpe — 30p¢). From the analysis of the test results, it is concluded that profit to the utility can be
increased by optimal placement of protective devices in various zones of the test systems which
enables the DGs of corresponding zones to operate in islanding mode and supply loads in the island,
in case a fault occurs in any part of the system. The profit to the utility increases as the number of
zones increase. This is because, as the number of islands increases, more and more loads can be
served by DGs or substation in case of a fault in the system.

In the next chapter, the major contributions made in this thesis and suggestions for futute work

are presented.
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Table 6.9: Power flow of 118-bus system with average values of DG generations

and loads

Feeder Number

Power flow (MW)

Feeder Number

Power flow (MW)

Feeder Number

Power flow (MW)

1 0.000000000 40 -0.00574912 79 -0.0330419
2 0.049077066 41 -0.006466603 80 0.002644881
3 0.026472642 42 -0.006923422 81 0.001490417
4 0.004407621 43 0.016864504 82 0.000667601
5 0.003671747 44 0.015720346 83 0.000350121
6 0.002220608 45 0.015167731 84 -0.03632458
7 0.001168794 46 0.011130415 85 -0.041603256
8 0.000881576 47 0.007761896 86 -0.046700314
9 0.021098182 48 0.002186377 87 -0.046960573
10 0.019100818 49 0.001391686 88 0.022535411
11 0.003116123 50 0.000833815 89 0.02007517
12 0.002852716 51 0.000413238 90 0.012297449
13 0.002325561 52 0.008722954 91 0.007240929
14 0.000888345 53 0.008093323 92 0.004701121
15 0.000666664 54 0.007148369 93 0.002158746
16 0.000328579 55 0.006276241 94 0.000754781
17 0.014501419 56 0.00270826 95 0.000516608
18 0.014296101 57 0.002475924 96 0.00472773
19 0.012699813 58 0.001644302 97 0.000747039
20 0.007129285 59 0.000650965 98 0.000232923
21 0.005289633 60 0.009131734 99 0.045619298
22 0.004337464 61 0.004524941 100 0.039331789
23 0.003459658 62 0.007149198 101 0.034703362
24 0.001725071 63 0.002346716 102 0.029366476
25 0.000434101 64 -0.021413815 103 0.025152901
26 0.000268703 65 0.009261509 104 0.023662749
27 0.021719526 66 0.005267548 105 0.022559095
28 0.015714859 67 0.004980233 106 0.021520125
29 -0.011090701 68 0.004433823 107 0.016188108
30 -0.021273617 69 0.003735581 108 0.013740596
31 -0.026569523 70 -0.001295014 109 0.008166788
32 -0.031517883 71 -0.00758234 110 0.00396211
33 -0.033105166 72 0.013096078 111 0.000600193
34 -0.035227214 73 0.012535945 112 0.005277085
35 0.009305591 74 0.003133835 113 0.003147498
36 0.008609365 75 0.002790639 114 0.002471354
37 0.007827368 76 0.00071225 115 0.00083517
38 0.006621948 77 -0.032092133 116 0.000342433
39 -0.003506907 78 -0.032728175 117 0.002116902
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Table 6.10: Optimized placement of protective devices in five zones of 118-bus

distribution system of Fig. @

Location of Location of Location of Location of | Cost of protected
Zones reclosers switches fuse-blow fuses | fuse-save fuses zone (Rs.)
Zone 0 | F3F9F20 | F2F43 F62 F93 F4 F11 F96 F112 19790134.26

F48 F63 F99 | F101 F104 F110 F52 F56 F117
Zone 1 F32 F30 Nil Nil 2714355.79
Zone 2 Nil Nil Nil Nil 120506.70
Zone 3 Nil Nil Nil Nil 910781.08
Zone 4 Nil Nil Nil F80 1926779.46

Total cost of the system with protected zones (Rs.) = 25462557.30

Table 6.11: Optimized placement of protective devices in four zones of 118-bus

distribution system of Fig.

Location of Location of Location of Location of | Cost of protected
Zones reclosers switches fuse-blow fuses | fuse-save fuses zone (Rs.)
Zone 0 | F3 F9 F43 F2 F20 F93 F4 F11 F52 F29 F64 F66 25358781.33
F62 F88 F99 | F101 F108 F110 | F56 F60 F74 | F71 F96 F112
Zone 1 Nil Nil F32 F34 1349663.06
Zone 2 Nil Nil Nil Nil 46855.44
Zone 3 Nil F84 Nil Nil 679244.52

Total cost of the system with protected zones (Rs.) = 27434544.35
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Figure 6.5: 118-bus radial distribution system
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Table 6.12: Power flow of 118-bus system with five DGs considering uncertain-

ties in DG generations and loads

Feeder Number | Power flow (MW) | Feeder Number | Power flow (MW) | Feeder Number | Power flow (MW)
1 0 40 -0.0007498 79 -0.015421305
2 0.098297669 41 -0.001708084 80 0.003528168
3 0.068722636 42 -0.002317775 81 0.001985852
4 0.005751771 43 0.022183733 82 0.000887668
5 0.004791429 44 0.020685979 83 0.000462366
6 0.002897817 45 0.019961309 84 -0.019797784
7 0.001525235 46 0.014663783 85 -0.026886027
8 0.00115044 47 0.010238179 86 -0.033711019
9 0.027613268 48 0.002883976 87 -0.034061469
10 0.025008416 49 0.001836095 88 0.029622933
11 0.004069703 50 0.001100202 89 0.026400912
12 0.003725802 51 0.000545392 90 0.016173423
13 0.003037419 52 0.011456622 91 0.009530976
14 0.001160341 53 0.010633025 92 0.006188397
15 0.000870802 54 0.009395496 93 0.002841273
16 0.000429197 55 0.008251775 94 0.000994037
17 0.019002683 56 0.003562398 95 0.000681307
18 0.018734337 57 0.003256931 96 0.006216266
19 0.016646371 58 0.002163201 97 0.000983508

20 0.009354577 59 0.000856385 98 0.0003065

21 0.006946313 60 0.01194664 99 0.065363967
22 0.005698992 61 0.005922634 100 0.05716868
23 0.004545895 62 0.051534373 101 0.051130134
24 0.00226643 63 0.045288348 102 0.044153109
25 0.000570367 64 0.014064348 103 0.038618252
26 0.000353102 65 0.026363454 104 0.036650311
27 0.062520021 66 0.021084906 105 0.035188294
28 0.054681471 67 0.020704144 106 0.033805819
29 0.019450044 68 0.019971574 107 0.026694864
30 0.00613129 69 0.019030016 108 0.02341532
31 -0.00082874 70 0.012164593 109 0.015934931
32 -0.007325425 71 0.003514118 110 0.005336091
33 -0.009414642 72 0.018088489 111 0.000808344
34 -0.012238793 73 0.017313704 112 0.006880019
35 0.019227631 74 0.004333454 113 0.004104165
36 0.018300008 75 0.003860838 114 0.003222693
37 0.017257746 76 0.000984962 115 0.001089185
38 0.015641765 77 -0.014161584 116 0.000446595
39 0.002253096 78 -0.015005585 117 0.007788974
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Chapter 7

Conclusion and scope for future work

This chapter highlights the major findings of the work included in this thesis and suggests directions
for future works in the area of protective devices’ placement in distribution systems.

To begin with, a formulation for optimal placement of switches and reclosers in a distribution
system has been proposed in Chapter 2, for maximizing distribution system reliability, while min-
imizing the associated investment and outage costs. The proposed formulation has been tested on
13-bus, 58-bus and IEEE 123-bus test systems using evolutionary programming (EP), genetic algo-
rithm (GA), differential evolution (DE) and mixed-integer nonlinear programming (MINLP) meth-
ods. The results obtained establish the superiority of MINLP method over the other optimization
methods for the said purpose. Further, it has been observed that the [BIBC] matrix is extremely
effective in simplifying the identification of loads upstream and downstream of a feeder section.

The basic optimization problem, formulated in Chapter 2, considers only deterministic values
of loads and system data. However, in order to carry out more realistic reliability calculations, un-
certainties associated with system components’ data need to be taken into account. To address this
issue, a formulation for an optimal placement of switches and reclosers in a distribution system for
maximizing the distribution system reliability considering uncertainties in load data, system failure
and repair rates, has been presented in Chapter 3. The uncertainties have been incorporated in the
formulation using 3PEM. The proposed formulation has been tested on 13-bus, 58-bus and IEEE
123-bus test systems using DE and MINLP methods. The results so obtained establish the effective-
ness of inclusion of the data uncertainties in maximizing utilities’ profits by providing the bounds of
profit, and also in improving the distribution system reliability.

The formulation presented in Chapter 3, considered sustained interruptions (caused by perma-
nent faults) only. However, due to the increased use of electronic and precision devices, damages
due to the momentary interruptions have become a cause of concern. To address this issue, the effect
of temporary faults has been incorporated, in Chapter 4, for optimizing the placement of protective
devices in the distribution system. Three different scenarios, for optimal placement of protective
devices (switches, reclosers, fuses) in a distribution system, considering uncertainties in loads, tem-

porary and permanent failure rates and repair rates have been formulated. The three versions of
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the formulated problem (RS scheme, Fuse-blow scheme and Fuse-save scheme) have been solved
for 58-bus and IEEE 123-bus distribution networks using MINLP optimization technique. To de-
crease the impact of momentary interruptions, Fuse-blow scheme is employed, while for reducing
the impact of sustained interruptions, Fuse-save scheme is used. From the analysis of results for the
test systems considered, it is concluded that for heavily loaded system (58-bus system), maximum
profit is earned by the utility when Fuse-blow scheme is used, while for lightly loaded system (IEEE
123-bus system), maximum profit is obtained when Fuse-save scheme is adopted.

Apart from the above three scenarios of protective devices’ placement in distribution system,
other scenarios involving different combinations of protective devices are also feasible. Each sce-
nario will yield a different optimal profit value for a given system. Hence, in order to identify the best
scenario, a generalized model has been developed in Chapter 5. This model facilitates the placement
of various combinations of protective devices (recloser, switch, fuse-blow fuse and fuse-save fuse) in
a distribution network for maximizing utilities’ profit. The formulated problems have been solved for
58-bus and IEEE 123-bus distribution networks using MINLP optimization technique. The results
indicate that maximum profit is earned by the utility when the scenario employing the combination
of the four protective devices viz. reclosers, switches, fuse-blow fuses and fuse-save fuses is used.

Distribution system reliability can be improved by connecting DGs to the system. It can be
further enhanced through optimal placement of protective devices in various zones/islands of a dis-
tribution system with DGs. This enables the DGs of corresponding zones to operate in islanded
mode in case a fault occurs in any part of the system. Chapter 6 incorporates the effect of DGs
in the formulation of optimal placement problem of protective devices (recloser, switch, fuse-blow
fuse and fuse-save fuse) in the distribution system. A model has been developed first to ascertain
the system reliability in the presence of DGs and protective devices. Thereafter, optimal placement
of the protective devices in various zones of a distribution system with DGs has been carried out.
The uncertainties in temporary failure rates, permanent failure rates, repair rates and load data have
been considered in the problem formulation using 3PEM. The formulated problem has been solved
for 69-bus and 118-bus distribution systems using MINLP optimization technique. Analysis of the
results for the two test systems, leads to the conclusion that the profit to the utility can be increased
by the optimal placement of the protective devices in the zones associated with the DGs connected
in the system. As the number of islands increases, more and more loads can be served by DGs or
substation in case a fault occurs in the system. Therefore, profit to the utility increases as the number

of zones increases.
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7.1 Conclusions

Based on the work reported in this thesis, the major contributions in the area of placement of protec-

tive devices in the distribution system can be summarized as follows:

e For improving the distribution system reliability, switches and reclosers are to be optimally
placed in the distribution system. The presence of switches/reclosers in the distribution system
reduces the duration/frequency of interruptions. Comparison of the results obtained using EP,
GA, DE and MINLP optimization methods establishes the effectiveness of the MINLP method
in maximizing utilities’ profit and improving the distribution system reliability. Further, it has
been observed that the [BIBC] matrix is extremely effective in simplifying the identification

of loads upstream and downstream of a feeder section.

e The uncertainties in load data, system failure rates and repair rates also need to be taken into
account in order to perform more realistic reliability calculations. PEM based distribution
system reliability evaluation method can efficiently incorporate these uncertainties in system
parameters. Further, the calculated statistical parameters (mean and variance) of the objective
function can be very useful in estimating the bounds of profit expected from planned switch
and recloser placement project. This method can also help the utilities in taking a realistic
investment decision based on the calculated values of robust profit (RFs) and conditional

robust profit (C'RPp).

e Momentary interruptions (due to temporary faults) should also be included in the formulation
for the optimal placement of protective devices as they increase outage costs. To reduce the
impact of momentary interruptions, Fuse-blow scheme is used, while for reducing the impact
of sustained interruptions, Fuse-save scheme is preferred. From the analysis of results for the
test systems considered, it is concluded that for heavily loaded system, maximum profit for the
utility is obtained when Fuse-blow scheme is used. On the other hand, adoption of Fuse-save

scheme for lightly loaded system, results in maximum profit.

e Various scenarios for placement of protective devices (recloser, switch, fuse-blow fuse, fuse-
save fuse), in different combinations, in the distribution system are possible. For a given
system, each scenario will give different optimal profit value to the utility. The results indicate
that maximum profit to the utility is achieved by using the combination of all the four protective

devices viz. reclosers, switches, fuse-blow fuses and fuse-save fuses.
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e Reliability of distribution system can be improved further by optimal placement of protective
devices in various zones of the system with DGs operating in islanding mode. The profit to the
utility increases with the number of zones since as the number of zones increases, more and

more loads can be served by DGs or substation in case of a fault in the system.

7.2 Scope for future work

e The optimal placement problem of protective devices in distribution system can be extended

to include non-normal loads as well.

e The formulation of the problem of placement of protective devices can be modified to evaluate

the reliability of the system having correlated normal/ non-normal loads.

e For finding the optimal locations and number of the protective devices in distribution system
with DGs, the probability distribution function (p.d.f.) of DG can be considered along with

p.d.f. of non-normal loads.
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Appendix A

Optimization Techniques

A.1 Evolutionary Programming (EP)

In this section of appendix, a brief overview of evolutionary algorithms (EAs) has been presented
and then, evolutionary programming (EP) approach has been discussed. EAs are artificial intelli-
gence methods, which mimic the natural evolutionary principles to constitute search and optimiza-
tion problems. EAs have gained much popularity for solving different optimization problems due to
their abilities of finding global optima efficiently at a rapid and robust convergence rate, regardless
of nature/complexity level of the problem. EAs have following advantages over the existing classical

optimization techniques [56]:

e EAs use multiple point search instead of single point search, thereby identifying more hills

and valleys, and reducing the probability of getting stuck in local optima.

e EAs use payoff (fitness) functions directly for the search direction and do not require deriva-
tives or any other auxiliary knowledge. Therefore, EAs can efficiently deal with non-smooth,

non-continuous, and non-differentiable functions.

e EAs do not require any approximation in the optimization problems, which are quite often

required in traditional optimization methods

e EAs uses probabilistic transition rules to select generations instead of deterministic rules, and

hence, can search a complicated and uncertain area to find the global optima.

e Computation of each individual in the population is independent of others, and hence, EAs

have inherent computational ability.
e EAs are more flexible and robust than the conventional optimization methods.

The EAs are based on the mechanics of natural selection such as: mutation, recombination, repro-
duction, selection, etc. Mutation randomly perturbs a candidate solution; recombination randomly

mixes their parts so as to produce a novel solution; reproduction replicates the most optimal solution
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found in a population; and selection purges the poor solutions form a population. Starting form an
initial generation of candidate solutions, EAs produce advanced generations with candidates, which
are successively better suited to their environment.

EP is one type of EAs like Genetic Algorithm, Evolutionary Strategy, etc. EP algorithms use
vectors, which contain a specified number of solutions. The solution vector is termed as population;
number of solutions in a population represents population size; and each solution in a population is
referred to as an individual, which contains the values of different variables for the problem under
consideration. The various computational steps, involved in minimizing the optimization problems

using an EP algorithm, are as following:

Step L. Initialization : An EP algorithm is initiated by generating a population of individuals and
each variable of an individual is selected randomly from a uniform random number distribution
within its feasible range. For example, if any variable j is bounded by its minimum value and

maximum value, then this variable can be initialized using the following expression:
[Py = X" 4+ Uy * (X1 — X M) (A.1)

where,

IP;; = j* variable in i*" individual of the initial population,
X Min = Minimum value of ;' variable,

X JM 2 — Maximum value of j'* variable,

Uo,1) = A uniformly distributed random number between 0 and 1.

Step II. Calculation of fitness for initial population : In this step, the value of fitness function is

calculated for each individual of the initial population, as generated in step 1. The fitness func-
tion represents the desired objective function. Sometimes, the penalty terms reflecting the

constraints, are also added to the objective function so as to develop the fitness function.

Step III. Creation of offspring population : The offspring population of solutions is created from

the existing population through a mutation operator. Mutation operator randomly perturbs a
candidate solution by adding a normally distributed noise. The degree of imposed random
perturbation on any variable of an individual depends on the associated fitness of individual.

Mathematically, it can be written as:

OP; = IP; + NORM(0,07;) (A.2)
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where,
OP;; = j™ variable in i"" individual of the offspring population,
NORM(0, afj) = A normally distributed random number with a mean value of zero and a

standard deviation of ;.

The value of 0;; can be calculated as:

fi _ me

oij = (XJ.MW - X;W”){—fMM i +a"} (A.3)

where,
f; = Value of fitness function corresponding to " individual of the existing population,

fMin = Minimum value of fitness function within the existing population,

fMaz = Maximum value of fitness function within the existing population,
a = A positive number slightly less than unity,

r = [teration number.

Step IV. Competition and selection : After generating the offspring population, the fitness is cal-

culated for each individual in the offspring population in a similar manner as discussed in step
IL. The next stage in an EP based technique is the competition stage. In this stage, a new pop-
ulation is created from two existing (initial and offspring) populations by tournament scheme.
In this scheme, each individual from initial population as well as offspring population under-
goes a series of tournament with randomly selected opponents and gets a score. The score for

an individual is calculated as:
NTour

Si=> q (A.4)
j=1
where,
S; = Score for i*" individual,
N1,ur = Number of tournaments faced by an individual,
The value of «; is given as:

=0, otherwise

where,
fr = Fitness value for k' individual, which is chosen randomly from initial and offspring

populations.
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After competition, the different individuals from initial and offspring populations are arranged
according to the descending order of their scores and best individuals, equal to population size
in count, are selected as parent for the next generation along with their fitness values. This

completes one iteration of an EP based technique.

Step V. Checking the stopping criterion : At the end of each iteration, the difference between min-

imum and maximum values of parent population is calculated. If the difference is found to be
lesser than a pre-specified tolerance, then the algorithm terminates, otherwise, steps Il to V
are repeated. EP algorithm can also be terminated when the optimal solution is not obviously

improved or the number of iterations exceeds a pre-defined value.

The main stages of an EP based approach are illustrated in Fig. with the help of a flow chart.
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( Start )

Generation of Initial population, as described in step |

Evaluation of fitness function for each individual in initail population, as described in step |l

Creation of offspring population, as described in step Il

Evaluation of fitness function for offspring population

Competition and Selection, as described in step IV

Assignment of best individuals as parent for the next generation

Satisfy Stopping
Rule?

No

Yes

Vi

Output the best individual from the existing population as the desired solution

End

Figure A.1: Flow chart for Evolutionary Programming
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A.2 Genetic Algorithm (GA)

Genetic algorithm (GA) is the heuristic optimization technique that mimics the process of natu-
ral evolution. Thus, GA implements the optimization strategies by simulating evolution of species
through natural selection. GA is a global optimization technique that can be used for constrained
as well as unconstrained optimization problems [74-77]. The three main rules employed by GA are

selection, crossover and mutation [S8|]. The steps for implementing GA are as follows:

Step 1 Initialize the population (set of solutions).

Step 2 Calculate fitness value (quality of a solution) for each individual (solution to a problem) in
the population. A fitness function value quantifies the optimality of a solution. The value is
used to rank a particular solution against all the other solutions. A fitness value is assigned to

each solution depending on how close it is actually to the optimal solution of the problem.

Step 3 Reproduce selected individuals to form a new population. Reproduction consists of forming
a new population with the same total number of individuals by selecting from members of the

current population with a stochastic process that is weighted by each of their fitness values.

Step 4 Perform Crossover and Mutation on the population.

Crossover is the process of exchanging portions of the strings of two parent individuals. An
overall probability is assigned to the crossover process, which is the probability that, given two
parents, the crossover process will occur. This crossover rate is often in the range of 0.65 to

0.80.

Mutation is the occasional introduction of new features in to the solution strings of the popula-
tion pool to maintain diversity in the population. Mutation consists of flipping bits at random,
generally with a constant probability for each bit in the population. The probability of mu-
tation can vary widely according to the application and the preference of the user. Values of
between 0.001 and 0.01 are usual for the mutation probability. This means that the bit at each
site on the bit string is flipped, on average, between 0.1 and 1.0 percent of the time. One fixed

value is used for each generation and often is maintained for an entire run.

Step S Move to step 2 until the stopping condition (convergence criterion) is met.
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Initialize
Population

\ 4

Evaluate
Solutions

T=0

No

Optimum

Solution?

Selection

T =T+1

Crossover

Mutation

Figure A.2: Flow chart for Genetic Algorithm

A single encoding of part of the solution space is called Gene and a string of genes” is known
as Chromosome. The number of chromosomes available to test form a Population. The main stages

of a GA based approach are illustrated in Fig. with the help of a flow chart.
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A.3 Differential Evolution (DE)

In this section, the various steps of differential evolution (DE) algorithm is briefly discussed whose
detailed explanation can be found in [59]. DE algorithm was first proposed by Price and Storn
in 1995 [78]]. It is a simple, robust and effective optimization algorithm having only few control
parameters [/9]. However, like other conventional evolutionary algorithms, DE also has the defect of
quick performance deterioration for large dimension of search space [80]]. The steps of DE algorithm

are as follows:

Step 1. Population initialization : The initial population is randomly chosen which is a set of N,

D-dimensional vectors,

Til, 1= 1,2,...7Np, (A6)

covering the entire parameter space. Here, [V, is the number of populations and D is the

number of decision variables.

Step II. Mutation : Corresponding to each vector, T; gen, ¢ = 1,2,..., N,
Gen = 1,2, ..., G, known as target vector, a new modified vector known as mutant vector

is generated as follows:

Vi, Gen+1 = Lky,Gen + F(ku,Gen - xkg,Gen) (A7)

Where, G, is the maximum number of generations. k;, ks and k3 are mutually exclusive
integers other than 7 and between 1 and V,,. " is a constant known as mutation factor having a
value between 0 and 2 [59]]. The process of generation of v; gen+1 for 2-dimensional parameter

vectors are depicted in Fig. [A.3][59].
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X NP Parameter vectors from generation G
© Mutated parameter vector y, .

IF(&Q.G * Xr,.6)

Vige =%4.6+ F(Xs,6- Xs.6)

X1

Figure A.3: Contour lines of a 2-dimensional cost function

Step III. Crossover : To increase the diversity of the parameter vectors, a new vector known as trial

vector is generated as follows:

Wi Gent+1 = (U1i,Gent1s U2iGent1s - UWDi Gent1) (A.8)

Where,

Wji Gent1 = VjiGent1, it rand(j) < CRor j = ranbk(i)

otherwise, uj; Gen+1 = Zji.Gent1» VJ = 1,2,...,D.

rand() is a uniform random number between 0 and 1, ranbk() is randomly chosen index
between 1 and D and C'R is a constant known as crossover rate. Generally, the values of F
and C'R are taken as 0.5 and 0.4, respectively [62]. Fig. [A.4]shows the crossover process for

7-dimensional parameter vectors [[59].
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j=1 j=1 § j=1
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3 3 __NI : randb(3)<= I_!I:E
4 4 randb(4)<=CR
5 % 5 5
6 6 B :randb(6)<=CH 2
7 7 BB 7
—~ N~ —
Target vector containing  Mutant vector Trial vector

the parameters in,G'
i=1,2, ..., D=7

Figure A.4: Crossover process in DE

Step IV. Selection : The fitness values of ’target vector’ and ’trial vector’ are compared. If the
fitness value of ’trial vector’ is better than the ’target vector’, then the ’target vector’ is re-

placed by ’trial vector’, otherwise fitness of the ’target vector’ is retained, thereby generating

an updated population.

Step V. Stopping criteria : Move to step II until the stopping condition (convergence criterion) is

met.
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A.4 Mixed-Integer Nonlinear Programming (MINLP)

In this section, mixed-integer nonlinear programming (MINLP) algorithm is briefly discussed whose
details can be found in [81-84]. MINLP problems combine the mixed-integer linear programming
(MILP) and nonlinear programming (NLP) as subproblems. It has continuous and discrete variables

in the objective function and/or the constraints. The general form of a MINLP is given by,

minimize  f(z,y)

subjectto  g(z,y) <0
(A9)

e X Continuous

y €Y Integer

The functions f and g are nonlinear objective function and nonlinear constraint function, re-
spectively. The two decision variables = and y are having bounding-box type restrictions. z is a
continuous variable, whereas y is required to have integer values. The algorithm build for solv-
ing MINLP include the combination of Integer Programming (IP), Linear Programming (LP) and
NLP, e.g., outer approximation, branch and bound, global optimization. The commercially available

solvers used for MINLP are as follows [83]]:
1. fminconset
2. alphaBB
3. AlphaECP
4. ANTIGONE
5. AOA
6. BARON
7. bnb
8. BONMIN
9. Couenne

10. CPLEX
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11. DICOPT

12. FICO Xpress-Optimizer
13. FICO Xpress-SLP
14. FiIMINT

15. Gurobi

16. Knitro

17. LaGO

18. LindoAPI

19. MIDACO

20. MILANO

21. MINLP BB

22. MINOTAUR

23. MISQP

24. MOSEK

25. OQNLP

26. SBB

27. SCIP

fminconset solver was developed by I. Solberg, and is available as MATLAB source. For convex
MINLP, this solver guarantees for global optimal solution. It utilizes a branch-and-bound algorithm
and for the bounding step, it makes use of nonlinear relaxations. The NLP subproblems of MINLP

are solved by fmincon function available in the MATLAB optimization toolbox [85].

174



Appendix B
Data for 69-bus and 118-bus test systems
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Table B.1: Line data for 69-bus test system

Feeder | From | To r X Feeder | From | To r X
section | bus | bus | () (Q) | section | bus |bus | (Q) (Q)

F1 1 2 | 0.0005 | 0.0012 F35 3 36 | 0.0044 | 0.0108
F2 2 3 | 0.0005 | 0.0012 F36 36 | 37 | 0.064 | 0.1565
F3 3 4 10.0015 | 0.0036 F37 37 | 38 | 0.1053 | 0.123

F4 4 5 10.0251 | 0.0294 F38 38 | 39 | 0.0304 | 0.0355
F5 5 6 | 0.366 | 0.1864 F39 39 | 40 | 0.0018 | 0.0021
F6 6 7 | 03811 | 0.1941 F40 40 | 41 | 0.7283 | 0.8509
F7 7 8 |0.0922 | 0.047 F41 41 42 | 031 |0.3623
F8 8 9 |0.0493 | 0.0251 F42 42 | 43 | 0.041 | 0.0478
F9 9 10 | 0.819 | 0.2707 F43 43 | 44 | 0.0092 | 0.0116
F10 10 11 | 0.1872 | 0.0619 F44 44 | 45 | 0.1089 | 0.1373
F11 11 12 | 0.7114 | 0.2351 F45 45 | 46 | 0.0009 | 0.0012
F12 12 13 1.03 0.34 F46 4 47 | 0.0034 | 0.0084
F13 13 14 | 1.044 | 0.345 F47 47 | 48 | 0.0851 | 0.2083
F14 14 15 | 1.058 | 0.3496 F48 48 | 49 | 0.2898 | 0.7091
F15 15 16 | 0.1966 | 0.065 F49 49 | 50 | 0.0822 | 0.2011
F16 16 17 | 0.3744 | 0.1238 F50 8 51 | 0.0928 | 0.0473
F17 17 18 | 0.0047 | 0.0016 F51 51 52 | 0.3319 | 1.1114
F18 18 19 | 0.3276 | 0.1083 F52 9 53 | 0.174 | 0.0886
F19 19 | 20 | 0.2106 | 0.0696 F53 53 | 54 | 0.203 | 0.1034
F20 20 | 21 | 0.3416 | 0.1129 F54 54 | 55 | 0.2842 | 0.1447
F21 21 22 | 0.014 | 0.0046 F55 55 | 56 | 0.2813 | 0.1433
F22 22 | 23 | 0.1591 | 0.0526 F56 56 | 57| 159 | 0.5337
F23 23 | 24 | 0.3463 | 0.1145 F57 57 | 58 | 0.7837 | 0.263

F24 24 | 25 | 0.7488 | 0.2475 F58 58 | 59 | 0.3042 | 0.1006
F25 25 | 26 | 0.3089 | 0.1021 F59 59 | 60 | 0.3861 | 0.1172
F26 26 | 27 | 0.1732 | 0.0572 F60 60 | 61 | 0.5075 | 0.2585
F27 3 28 | 0.0044 | 0.0108 F61 61 62 | 0.0974 | 0.0496
F28 28 | 29 | 0.064 | 0.1565 F62 62 | 63 | 0.145 | 0.0738
F29 29 | 30 | 0.3978 | 0.1315 F63 63 | 64 | 0.7105 | 0.3619
F30 30 | 31 | 0.0702 | 0.0232 F64 64 | 65 | 1.041 | 0.5302
F31 31 32 | 0351 | 0.116 F65 11 66 | 0.2012 | 0.0611
F32 32 | 33 | 0.839 | 0.2816 F66 66 | 67 | 0.0047 | 0.0014
F33 33 | 34 | 1.708 | 0.5646 F67 12 | 68 | 0.7394 | 0.2444
F34 34 | 35 | 1.474 | 0.4873 F68 68 | 69 | 0.0047 | 0.0016
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Table B.2: Bus data for 69-bus test system

Bus | Pyuq | Customer || Bus | Pq | Customer || Bus | Pj,.q | Customer || Bus | P, | Customer
No. | (kW) type No. | (kW) type No. | (kW) type No. | (kW) type
2 0 1 19 0 1 36 26 2 53 | 4.35 2
3 0 1 20 1 3 37 26 2 54 | 264 3
4 0 1 21 | 114 3 3831 0 1 55 | 24 2
5 0 1 22 5.3 1 39 24 2 56 0 1
6 2.6 1 23 0 1 40 24 1 57 0 2
7 | 404 1 24 | 28 2 41 | 12 2 581 0 3
8 75 2 25 0 1 42 0 2 59 | 100 1
9 30 1 26 14 2 43 6 1 60 0 2
10 | 28 1 27 | 14 1 41 0 1 61 | 1244 1
11 145 2 28 26 1 45 |39.22 3 62 32 2
12 | 145 2 29 | 26 1 46 | 39.22 2 63 0 3
13 8 1 30 0 2 47 0 3 64 | 227 2
14 | 8 1 31 0 3 48 | 79 1 65 | 59 3
15 0 2 32 0 1 49 | 384.7 2 66 18 2
16 | 45.5 1 33 14 2 50 | 384.7 1 67 18 1
17 | 60 3 34 | 195 1 51 | 405 2 68 | 28 2
18 | 60 2 35 6 1 52 | 3.6 3 69 | 28 3
Table B.3: System failure data for 69-bus test system
Feeder A r Feeder A r Feeder A r Feeder A r
section | (f/yr) | (hrs) || section | (f/yr) | (hrs) || section | (f/yr) | (hrs) || section | (f/yr) | (hrs)
F1 0.1 4 F18 0.1 2 F35 0.15 2 F52 0.1 4
F2 0.15 5 F19 0.1 4 F36 0.1 2 F53 0.15 5
F3 0.2 6 F20 0.15 5 F37 0.1 4 F54 0.2 6
F4 0.25 3 F21 0.2 6 F38 0.15 5 F55 0.25 3
F5 0.15 2 F22 0.25 3 F39 0.2 6 F56 0.15 2
F6 0.1 2 F23 0.15 2 F40 0.25 3 F57 0.1 2
F7 0.1 4 F24 0.1 2 F41 0.15 2 F58 0.15 2
F8 0.15 5 F25 0.1 4 F42 0.1 2 F59 0.1 2
F9 0.2 6 F26 0.15 5 F43 0.1 4 F60 0.25 3
F10 0.25 3 F27 0.2 6 F44 0.15 5 F61 0.15 2
F11 0.15 2 F28 0.25 3 F45 0.2 6 F62 0.1 2
F12 0.1 2 F29 0.15 2 F46 0.25 3 F63 0.1 4
F13 0.1 4 F30 0.1 2 F47 0.15 2 F64 0.15 5
F14 0.15 5 F31 0.1 4 F48 0.1 2 F65 0.2 6
F15 0.2 6 F32 0.15 5 F49 0.25 3 F66 0.25 3
F16 0.25 3 F33 0.2 6 F50 0.15 2 F67 0.15 2
F17 0.15 2 F34 0.25 3 F51 0.1 2 F68 0.1 2
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Table B.4: Line data for 118-bus test system

Feeder | From | To r X Feeder | From | To r X Feeder | From | To r X

section | bus | bus | (Q) (Q) section | bus | bus | (Q) Q) section | bus | bus | () (Q)
F1 1 2 0 0 F40 40 | 41 | 0.12 | 0.0789 F79 79 80 | 0.266 | 0.1227
F2 2 3 10.036 | 0.01296 F41 41 42 | 0.405 | 0.1458 F80 80 81 | 0.266 | 0.1227
F3 3 4 10.045 | 0.0162 F42 42 43 | 0.405 | 0.1458 F81 81 82 | 0.266 | 0.1227
F4 4 5 10015 ] 0.054 F43 29 44 | 033 | 0.194 F82 82 83 | 0.233 | 0.115
F5 5 6 | 0.015] 0.054 F44 44 | 45 | 0.31 | 0.194 F83 83 84 | 0496 | 0.138
F6 6 7 10.015 | 0.0125 F45 45 46 | 0.13 | 0.194 F84 80 85 | 0.196 0.18
F7 7 8 |0.018 | 0.014 F46 46 | 47 | 0.28 0.15 F85 85 86 | 0.196 0.18
F8 8 9 10.021 | 0.063 F47 47 48 | 1.18 0.85 F86 86 87 | 0.1866 | 0.122
F9 3 10 | 0.166 | 0.1344 F48 48 49 | 042 | 0.2436 F87 87 88 [ 0.0746 | 0.318
F10 10 11 | 0.112 | 0.0789 F49 49 50 | 0.27 | 0.0972 F88 64 89 | 0.559 | 0.3687
F11 11 12 | 0.187 | 0.313 F50 50 51 | 0.339 | 0.1221 F89 89 90 | 0.186 | 0.1227
F12 12 13 | 0.142 | 0.1512 F51 51 52 | 0.27 | 0.1779 F90 90 91 | 0.186 | 0.1227
F13 13 14 | 0.18 0.118 F52 29 53 | 0.391 | 0.141 Fo1 91 92 0.26 0.139
F14 14 15 | 0.15 0.045 F53 53 54 | 0.406 | 0.1461 F92 92 93 | 0.154 | 0.148
F15 15 16 | 0.16 0.18 F54 54 55 | 0.406 | 0.1461 F93 93 94 0.23 0.128
F16 16 17 | 0.157 | 0.171 F55 55 56 | 0.706 | 0.5461 Fo4 94 95 | 0.252 | 0.106
F17 11 18 | 0.218 | 0.285 F56 56 57 | 0.338 | 0.1218 F95 95 96 0.18 0.148
F18 18 19 | 0.118 | 0.185 F57 57 58 | 0.338 | 0.1218 F96 90 97 0.16 0.182
F19 19 20 | 0.16 0.196 F58 58 59 | 0.207 | 0.0747 F97 97 98 0.2 0.23
F20 20 21 | 0.12 0.189 F59 59 60 | 0.247 | 0.8922 F98 98 99 0.16 0.393
F21 21 22 | 0.12 | 0.0789 F60 30 61 | 0.187 | 0.261 F99 2 100 | 0.0625 | 0.0265
F22 22 23 | 141 0.723 F61 61 62 | 0.133 | 0.099 F100 100 | 101 | 0.1501 | 0.234
F23 23 24 1 0.293 | 0.1348 F62 2 63 | 0.028 | 0.0418 || F101 101 | 102 | 0.1347 | 0.0888
F24 24 25 | 0.133 | 0.104 F63 63 64 | 0.117 | 0.2016 | F102 102 | 103 | 0.2307 | 0.1203
F25 25 26 | 0.178 | 0.134 Fo64 64 65 | 0.255 | 0.0918 | F103 103 | 104 | 0.447 | 0.1608
F26 26 27 | 0.178 | 0.134 F65 65 66 | 0.21 | 0.0759 || F104 104 | 105 | 0.1632 | 0.0588
F27 4 28 | 0.015 | 0.0296 F66 66 67 | 0.383 | 0.138 F105 105 | 106 | 0.33 0.099
F28 28 29 | 0.012 | 0.0276 F67 67 68 | 0.504 | 0.3303 | F106 106 | 107 | 0.156 | 0.0561
F29 29 30 | 0.12 | 0.2766 F68 68 69 | 0.406 | 0.1461 | F107 107 | 108 | 0.3819 | 0.1374
F30 30 31 | 0.21 0.243 F69 69 70 | 0.962 | 0.761 F108 108 | 109 | 0.1626 | 0.0585
F31 31 32 | 0.12 0.054 F70 70 71 | 0.165 | 0.06 F109 109 | 110 | 0.3819 | 0.1374
F32 32 33 1 0.178 | 0.234 F71 71 72 | 0.303 | 0.1092 || F110 110 | 111 | 0.2088 | 0.0753
F33 33 34 10178 | 0.234 F72 72 73 | 0303 | 0.1092 | F111 111 | 112 | 0.2301 | 0.0828
F34 34 35 1 0.154 | 0.162 F73 73 74 | 0.206 | 0.144 F112 100 | 113 | 0.6102 | 0.2196
F35 35 36 | 0.21 | 0.1383 F74 74 75 | 0.233 | 0.084 F113 113 | 114 | 0.1866 | 0.127
F36 36 37 | 0.12 | 0.0789 F75 75 76 | 0.591 | 0.1773 | F114 114 | 115 | 0.3732 | 0.246
F37 37 38 | 0.15 | 0.0987 F76 76 77 | 0.126 | 0.0453 | F115 115 | 116 | 0.405 | 0.367
F38 38 39 | 0.15 | 0.0987 F77 65 78 | 0.669 | 0.2412 | F116 116 | 117 | 0.489 | 0.438
F39 39 40 | 0.24 | 0.1581 F78 78 79 | 0.266 | 0.1227 | F117 110 | 118 | 0.2445 | 0.0879
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Table B.5: Bus data for 118-bus test system

Bus Pioua Customer || Bus | Pyuq | Customer || Bus | P,eq | Customer || Bus | P,eq | Customer
No. | (kW) type No. | (kW) type No. | (kW) type No. | (kW) type
2 0 1 32 | 475.25 2 62 | 440.52 3 92 | 243.53 1
3 | 150.054 1 33 | 15143 1 63 | 478.8 2 93 | 243.53 1
4 | 34315 1 34 | 205.38 1 64 | 120.94 3 94 | 134.25 1
5 73.016 1 35 | 131.6 2 65 | 139.11 2 95 | 22.71 1
6 144.2 1 36 | 66.195 2 66 | 391.78 1 96 | 49.513 1
7 104.47 2 37 | 73.904 1 67 | 27.741 2 97 | 383.78 1
8 28.547 1 38 | 114.77 2 68 | 52.814 3 98 | 49.64 1
9 87.56 1 39 | 918.37 1 69 | 66.89 1 99 | 22473 1
10 198.2 2 40 | 2103 2 70 | 467.5 1 100 | 100.66 1
11 146.8 2 41 | 66.68 2 71 | 594.85 1 101 | 456.48 1
12 | 26.04 1 42 | 42.207 1 72 | 1325 1 102 | 522.56 1
13 52.1 1 43 | 433.74 1 73 | 52.699 1 103 | 408.43 1
14 141.9 2 44 | 112.54 3 74 | 869.79 1 104 | 141.48 1
15 21.87 1 45 | 53.963 2 75 | 31.349 1 105 | 104.43 1
16 | 33.37 3 46 | 393.05 3 76 | 192.39 1 106 | 96.793 1
17 3243 2 47 | 326.74 1 77 | 65.75 1 107 | 493.92 1
18 | 20.234 1 48 | 536.26 2 78 | 62.93 1 108 | 225.38 1
19 | 156.94 3 49 | 76.247 1 79 | 30.67 1 109 | 509.21 1
20 | 546.29 3 50 | 53.52 2 80 | 62.53 1 110 | 188.5 1
21 | 180.31 1 51 | 40.328 3 81 | 114.57 1 111 | 305.08 1
22 | 93.167 1 52 | 39.653 2 82 | 81.292 1 112 | 54.38 1
23 85.18 2 53 62.1 3 83 | 31.733 1 113 | 211.14 1
24 168.1 1 54 | 92.46 2 84 | 33.32 1 114 | 67.009 1
25 | 125.11 2 55 | 85.188 1 85 | 531.28 1 115 | 162.07 1
26 16.03 1 56 | 3453 2 86 | 507.03 1 116 | 48.785 1
27 26.03 1 57 22.5 3 87 | 26.39 1 117 | 339 1
28 | 594.56 1 58 | 80.551 1 88 | 45.99 1 118 | 918.03 1
29 | 120.62 2 59 | 95.86 2 89 | 238.15 1
30 | 102.38 3 60 | 62.92 1 90 | 294.55 1
31 513.4 1 61 | 4484 2 91 | 485.57 1
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Table B.6: System failure data for 118-bus test system

Feeder A r Feeder A r Feeder A r Feeder A r
section | (f/yr) | (hrs) || section | (f/yr) | (hrs) || section | (f/yr) | (hrs) || section | (f/yr) | (hrs)
F1 0.1 4 F31 0.15 5 F61 0.15 2 FI1 0.15 2
F2 0.15 5 F32 0.2 6 F62 0.1 2 F92 0.1 2
F3 0.25 3 F33 0.25 3 F63 0.1 4 F93 0.1 4
F4 0.15 2 F34 0.15 2 Fo64 0.15 5 Fo4 0.15 5
F5 0.1 2 F35 0.1 2 F65 0.2 6 F95 0.2 6
F6 0.1 4 F36 0.1 4 F66 0.25 3 F96 0.25 3
F7 0.15 5 F37 0.15 5 F67 0.15 2 F97 0.15 2
F8 0.2 6 F38 0.2 6 F68 0.1 2 F98 0.1 2
F9 0.25 3 F39 0.25 3 F69 0.1 4 F99 0.1 4
F10 0.15 2 F40 0.15 2 F70 0.15 5 F100 | 0.15 5
F11 0.1 2 F41 0.1 2 F71 0.2 6 F101 0.2 6
F12 0.1 4 F42 0.1 4 F72 0.25 3 F102 | 0.25 3
F13 0.15 5 F43 0.15 5 F73 0.15 2 F103 | 0.15 2
F14 0.2 6 F44 0.2 6 F74 0.1 2 F104 0.1 2
F15 0.25 3 F45 0.25 3 F75 0.1 4 F105 | 0.25 3
F16 0.15 2 F46 0.15 2 F76 0.15 5 F106 | 0.15 2
F17 0.1 2 F47 0.1 2 F77 0.2 6 F107 0.1 2
F18 0.1 4 F48 0.25 3 F78 0.25 3 F108 0.1 4
F19 0.15 5 F49 0.15 2 F79 0.15 2 F109 | 0.15 5
F20 0.2 6 F50 0.1 2 F80 0.1 2 F110 0.2 6
F21 0.25 3 F51 0.1 4 F81 0.1 4 F111 | 0.25 3
F22 0.15 2 F52 0.15 5 F82 0.15 5 F112 | 0.15 2
F23 0.1 2 F53 0.2 6 F83 0.2 6 F113 0.1 2
F24 0.1 4 F54 0.25 3 F84 0.25 3 F114 0.1 4
F25 0.15 5 F55 0.15 2 F85 0.15 2 F115 | 0.15 5
F26 0.2 6 F56 0.1 2 F86 0.1 2 F116 0.2 6
F27 0.25 3 F57 0.1 4 F87 0.1 4 F117 | 0.25 3
F28 0.15 2 F58 0.15 5 F88 0.15 5
F29 0.1 2 F59 0.2 6 F89 0.2 6
F30 0.1 4 F60 0.25 3 Fo0 0.25 3
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