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ABSTRACT This paper presents a mathematical model for simultaneous deployment of protective devices
(PDs) and controlling devices (CDs) in distribution networks. The PDs include fuses and reclosers and
the CDs are remote controlled switches (RCSs) and manual switches (MSs). The model is to minimize
equipment costs as well as sustained and momentary interruption costs. It considers the coordination of
fuses and reclosers during temporary faults involving fuse saving and fuse blowing schemes. The model is
in mixed integer programming (MIP) fashion which can be effectively solved with available solvers. The
performance of the proposed model is verified through applying it to Bus 4 of Roy Billinton test system and
areal-life distribution network. The results reveal the effectiveness of the model in reducing system costs as
well as in improving reliability level.

INDEX TERMS Electric power distribution system, fault management, mixed integer programming, power
distribution protection, power distribution reliability.

NOMENCLATURE )f ? ; Permanent/Temporary failure rate at
Indices and Sets: section i in feeder f at year ¢
. RCS/MS/R .
i,19¢/°  Index and set of all/even/odd fault locations cdf, ;. ,j/ X /R Customer damage function for customers
JsJ Index and set of load points with type k at load point j for a fault at
f.F Index and set of feeders section i in feeder f at year ¢, restored
k,K Index and set of customer types with remote switching/manual switching/
s, S Index and set of candidate locations repair action
t, T Index and set of years cdftn}l ik Customer damage function for customers
Parameters and Constants: with type k at load point j for a temporary
fault at section i in feeder f at year ¢
cic RSS/ Ms Capital investment and installation costs of caused a momentar inter{u ti)(,)n
RCS/MS in feeder f and location s . Y P
Fu/Re o ] ) d Discount rate
CIC, Capital investment and installation costs of I .
' . . tf Jik Load level of customers with type k at load
fuse/recloser in feeder f and location s int 7 in feed
RCS/MS ] : point j in feeder f at year ¢
McC Maintenance cost of RCS/MS in feeder f —Re .
s . Ny Maximum number of recloser deployments
and location s .
mch/ke Maintenance cost of fuse/recloser in in feeder f
S foed 4 locati Budget Total budget
eeder f and location s e, €/c, ¢’ Small/Large auxiliary constants

Variables and Functions:

eq 1
The associate editor coordinating the review of this article and approving ¢ int Cost of equlpment .
it for publication was Jahangir Hossain. C™  Expected total interruption cost
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CCP/PP Cost of CD/PD

cintp/t Expected interruption cost originated from
permanent/temporary faults

C{T ;t ik Customer interruption cost for customers with
type k at load point j for a permanent/
temporary fault at section i in feeder f at year ¢

Prij Integer variable indicating the number of PDs
between the faulted section i and load point j
in feeder f

by ij Binary variable indicating if load point j is
protected when a fault occurs at section 7 in
feeder f

Or.i Integer variable indicating the number of
reclosers between faulted section 7 in feeder
f and the upstream fuse or the beginning of
the feeder

Cfi Binary variable indicating if a temporary fault
occurs at section i in feeder f leads to
momentary interruption

RCS/MS . . e .

X, Binary variable indicating if RCS/MS is
installed on location s in feeder f

XfF";/ Re " Binary variable indicating if a fuse/recloser is

installed on location s in feeder f

I. INTRODUCTION

The majority of service interruptions in power systems
are originated from faults in distribution networks [1].
To enhance service reliability, distribution companies (Dic-
Cos) usually apply various approaches for reducing fre-
quency and duration of interruptions [2]. Among them,
installing protective and controlling devices has caught more
attention of DisCos. Protective devices (PDs) such as recloser
and fuse reduce the number of interruptions since they pro-
tect upstream consumers from downstream faults. In addi-
tion, reclosers clear downstream temporary faults, thereby
avoiding sustained interruptions. Apart from PDs, control-
ling devices (CDs) including remote controlled switch (RCS)
and manual switch (MS) speed up service restoration via
enabling prompt reconfiguring maneuvers. Therefore, PDs,
by decreasing interruption frequencies, and CDs, by decreas-
ing interruption durations, can improve reliability level of
the system. These devices, although bring numerous advanta-
geous to DisCos, impose significant investment, installation,
and maintenance costs. To economically justify the costs, it is
necessary to conduct a cost/benefit analysis to achieve the
optimal number and location of the devices [3]. This article
develops a model for the simultaneous placement of PDs and
CDs in a network.

In the literature, various algorithms and mathematical
models have been used for CD placement in distribution net-
works. Among heuristic algorithms, genetic algorithms [4],
simulated annealing algorithms [5], ant colony algo-
rithms [6], immune algorithms [7], and particle swarm opti-
mization algorithms [8] were introduced to solve the optimal
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CD placement problem. Although the heuristic algorithms are
easy to implement, they do not necessarily find the global
optimal solution since they may get stuck into local optimal
solutions. Along with these heuristic algorithms, mathemati-
cal optimization models in mixed integer programming (MIP)
fashion have been introduced. In [9], the CD placement prob-
lem was solved via a MIP model wherein system interruption
and RCS costs are minimized as objective. The model was
extended to consider the potential impact of earth fault events
in [10] and to consider the potential location of switches
on both the main feeder and laterals in [11]. To consider
annual monetary limits, [12] proposed a multi-stage model
to determine the optimal number, location, and installation
year of the switches. Due to the remote capability of RCS
in prompt isolation in comparison to MS and consequently
in improving system reliability, it makes sense to replace
some of the installed MSs with RCSs. To consider this issue,
[13], [14] proposed RCS placement models to upgrade MSs
to RCSs. References [15] and [16] extended the MIP models
to consider malfunction probability of the switches. Also,
financial risks caused by the stochastic nature of faults and
its impacts on the switch placement problem were studied
in [17]-[19].

Beside the research focused on the optimal CD placement
problem, the optimal placement of PDs has attracted attention
of many researchers as well. In [20], [21], binary program-
ming (BP) models have been proposed for PD placement
problem such that system average interruption frequency
index (SAIFI) is minimized considering the permanent and
temporary faults. In [22], [23], non-linear binary program-
ming (NLBP) models were introduced to solve the problem.

Although the reviewed articles provided effective tech-
niques and models for either CD or PD placement problem,
but as mentioned before, PDs and CDs play complementary
roles in enhancing fault management process. Therefore,
it makes sense to consider both PDs and CDs in one problem
in order to reach a more effective and economic solution
rather than individual placement of the devices. Therefore,
some researchers have tried to propose models and algorithms
for solving this problem. Among the heuristic techniques,
particle swarm optimization algorithms [24], ant colony algo-
rithms [25], and reactive Tabu search algorithms [26] were
applied to solve joint PD and CD placement problem. In [27],
the authors proposed a mathematical model to determine the
location of fuse blowing and fuse saving fuses by minimizing
the combination of the SAIFI and the momentary average
interruption frequency index (MAIFI). In [28], [29], non-
linear models have been developed for placement of PDs
and CDs considering permanent faults. The proposed model
in [29] was extended in [30] by considering both temporary
and permanent faults. Although [28], [30] considered PDs
and CDs in one problem, the proposed models were formu-
lated in mixed integer non-linear programming format which
does not necessarily lead to the optimal solution, while our
proposed MIP model guarantees finding the global optimum
solution.
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As described heretofore, most of the reviewed literature
proposed effective approaches for either PD or CD placement
problem. A few articles developed heuristic approaches and
non-linear models for simultaneous placement of PD and
CD in distribution networks, but none of them proposed a
MIP model. It is worthwhile to mention that the proposed
placement problem is a combinatorial and complex optimiza-
tion problem and solving it using heuristic algorithms which
explore only a narrow region of the search space and have
a tendency of getting stuck into locally optimal solutions is
time-consuming. With this in mind and to find the global
optimum solution, as the main contribution of this paper,
the optimum placement of PD and CD is meticulously mod-
eled in one problem with MIP formulation which guarantees
the global optimum solution. In summary, major contribu-
tions of the paper are as follows.

« This paper presents one mathematical model for simul-
taneous placement of four devices including fuses,
reclosers, MSs, and RCSs.

o The impact of temporary and permanent faults on
interruption cost and how temporary faults may cause
momentary or sustained interruptions is considered.

o The coordination of fuses and reclosers during a tem-
porary fault including fuse saving and fuse blowing is
considered and is linearly formulated in the problem.

o The developed model is in MIP fashion which guaran-
tees convergence to the global optimum solution.

Il. METHODOLOGY

As mentioned earlier, PDs and CDs play a key role in
improving service reliability. The PDs are useful in decreas-
ing interruption frequencies, and the CDs are helpful in
reducing interruption durations. The interruption frequency
and interruption duration have a direct impact on customers
interruption cost. Therefore, installing PDs has effect on
CDs deployment and vice versa. In this regard, this section
presents a mathematical model to determine the optimum
number and location of PDs and CDs simultaneously. While
these equipment can make benefit via reducing customers
interruption cost, they impose some costs including invest-
ment, installation, and maintenance costs. In this regard,
a trade-off between the costs and service reliability is nec-
essary to reach the maximum benefits of the devices deploy-
ment. A well-known reliability index is the expected interrup-
tion cost to measure the service reliability which is used in
this work. The service reliability level of a system improved
when expected interruption cost is minimized. Also, its unit
is the same as that of the device cost. With this in mind,
the problem can be expressed with a single objective where
the objective is the summation of the equipment cost and the
interruption cost as follows:

Minimize C¢1 + C™ (1)

where C°? and C™ are the equipment cost and system inter-
ruption cost, respectively. In (1), The equipment cost consists
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of the costs of CDs and PDs as follows:
Cc¥ =Py ctP 2

where the CD cost, CP, including capital investment, instal-
lation, and maintenance costs for RCS and MS is as follows:

CP =33 xFScrcfSS + x5 ccs)
fEF seS

1 RCS RCS MS MS
+ ZZZ (1 +d) (Xf,s MC .S +Xf,S MCf,S)
teTfeF seS
3)

In (3), the first term indicates RCS and MS capital invest-
ment and installation costs, and the second one represents

present value of maintenance costs. The PD cost, C PD con-
sisting of fuse and recloser costs is defined as follows:
cPP =" xfucichy + xfcick)
fEF seS§
1 u Fu Re Re
+ ZZ Z (1+d) (Xf-,SMC ,s+Xf,sMCf,s
teT feF se§

4)

According to (3)-(4), capital investment and installation costs
as well as maintenance costs depend on the location of
equipment. In fact, various factors such as network types,
communication infrastructure, and capacity of equipment to
name just a few may affect the costs of equipment. There-
fore, it makes sense to consider different costs for different
candidate locations in networks.

It bears mentioning that, usually, the main goal of utilities
is to reach the highest profit of a equipment installation. With
this in mind, the profit of device allocation is the reduc-
tion of system interruption cost after placement minus the
equipment cost. Since the system interruption cost before
installing devices is constant, maximization of the net profit
is equivalent to minimization of the total system cost in the
presence of devices (see (1)).

The interruption cost depends on the customer interruption
duration following a fault. Interruptions can be categorized
into two main groups involving momentary and sustained
interruptions. A report published by Lawrence Berkeley
National Lab indicates that momentary interruptions account
for about 67% of total system interruptions in the USA [31].
So, it makes sense to consider the impact of temporary faults
in the problem. In this regard, in this paper, interruption costs
for both types of faults are considered as follows:

Ci}’ll — Cint,p + Cilll‘,t (5)

where

‘ 1
cintp — Z Z Z Z Z m)»[;’f’ilzt,f,j,k Cﬁf,i,j,k

teT feF iel® jeJ keK
(6)

' 1
cintt — Z Z Z Z Z mki,f‘,ib,ﬂj,kCtt,f,i’jqk

teT feF iel® jeJ keK
(7N
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In the above expressions, the system interruption costs
originated from permanent and temporary faults are deter-
mined based on (6) and (7), respectively. In the expressions,
the interruption cost depends on failure rate, load level of
customers, and the interruption cost imposed on customers
following a fault. The failure rate and load level are known
and predefined parameters, while customer interruption cost
depends on the interruption duration. Also, the interruption
duration relies on the network topology, the location of both
PDs and CDs, and the time needed for switching and repair
actions. It is worthwhile to point that, as aforementioned,
PDs affect the failure rate, while CDs influence on the inter-
ruption duration. In this paper, the impact of PD installation
is modeled via an interruption with duration equal to zero.
The impact of permanent faults on system interruption cost
is studied firstly, then that of temporary faults is taken into
consideration.

A. IMPACT OF PERMANENT FAULTS

To clarify the impact of PDs and CDs on the duration of
interruptions, a representative feeder is shown in Figure 1.
As can be seen, the feeder feeds n load points and is equipped
with a circuit breaker (CB) at the beginning of the feeder. The
feeder is also equipped with a tie switch (TS) which enables
serving customers from the neighboring feeder in emergency
situations. In the figure, candidate locations for installing PDs
and CDs are specified in both the main feeder and laterals. For
simplicity of notation, the subscript f is dropped in the loca-
tion of equipment in the figure, i.e., Xy ; — X;. Assume that
a permanent fault occurs in section i € I¢ = {1,2,---,2n}
where 14 = [° U I°. According to the numbering strategy
in the figure, i € I°, on the main feeder, is equal to 2j — 1
where j indicates the first load point located downstream of
the faulted section. Likewise, i € I¢, on the lateral, is equal
to 2j where j specifies the load point in the faulted section.
To determine customers affected by the fault, the following
expression is formulated.

Py ij

P..
ﬂ—efbf,i,jfTJrl—e;

¢

VfeF, Viel’, VjeJ (8)

where by ;; is equal to one if there is any PD, either
fuses or reclosers, between the faulted section and the load
point, zero otherwise. Also, Py ;; indicates the number of
PDs installed between the two. The value of Py ;; can be
mathematically determined as follows:

Si N
Prij=Y X[+ Y X vfeF, viel', ¥2j<i

5=5j 5=5j
(%92)
Prij=X4+X% NfeF, Viel, ¥V2j>i s=s
(9b)
Pf’,',jzo; VfeF,VYiel®, V2j=i
vViel® V2j>i (9¢)
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FIGURE 1. A representative feeder.

where XfF, ' and Xiji are the binary variables that are equal

to one if the associated PD is installed at the indicated
location, zero otherwise. Also, s; and s;, respectively, indicate
the location of the first equipment adjacent to load point j
and faulted section i. In (9a), it is assumed that the fault
occurs downstream of the load points (i.e., 2j < i). In this
situation, if any PDs exist between the faulted section and
load points, the customers connected to the load points do
not suffer from interruption, while other customers located
downstream of the first PD near the faulted section are inter-
rupted. In (9b), if there is any PD at the beginning of the
faulted lateral (i.e., 2j > i,i € I¢), customers hosted by
downstream load points can be isolated from the fault and
remain energized. In (9c), if the fault and load point are at
the same section (i.e., 2j = i,i € I°) or the fault occurs
upstream of the load point on the main feeder (i.e., 2j >
i,i € 1°), the customers are interrupted, therefore Py ;;
would be equal to zero. In nutshell, if any PD is available
between the faulted section and load points and senses the
fault current, the load points do not experience interruption,
and consequently their interruption duration would be equal
to zero, otherwise the load points should be restored through
fault management process to determine the interruption
duration.

Fault management process is referred to as the set of
actions taken by operators to restore service to as much
interrupted customers as and as fast as possible [32]. In this
regard, if there is neither recloser nor fuse between the two,
three restoration actions involving remote switching, manual
switching, and repair actions are applied to re-energize the
interrupted customers. It should be mentioned that in this
work, it is assumed that the system operator uses a manage-
ment model to make the best and most reasonable actions
using the installed devices [33] and the coordination between
different protection devices is perfect.

1) REMOTE SWITCHING ACTION

Even in optimistic situation, the customers can be restored
after the time required for remote switching actions. In this
regard, if there is any RCS between the faulted section and
the load point, the customers connected to the load point
can be remotely isolated from the faulted section via open-
ing the RCS. This situation is mathematically formulated as
follows:

Clrijw = cdff (L =bgip); VieT, NfeF,
Viel’, Vjel,VkeK (10)
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2) MANUAL SWITCHING ACTION

If there is no RCS between the faulted section and load
points, the existence of any MS between the two provides an
opportunity to restore the customers through manual switch-
ing actions. This situation is formulated in (11a)-(11b) as
follows:

i
MS RCS .
Coriji = Cdfnf,i,./,k(l - > XK )“ = br.iy);

S:Sj

VieT, VfeF,Viel

V2j <i, Vkek (11a)
5j

MS RCS .

Clrijk = Cdft,f,i,j,k<1 - ZX s >(1 — by i)

S=S;

VieT, VfeF,Viel

V2j>i, VkekK (11b)

where (11a) and (11b) are applied for customers whose
connection points are located upstream (i.e., 2j < 1)
and downstream (i.e., 2j > i) of the faulted section,
respectively.

3) REPAIR ACTION

If there is neither RCS nor MS between the two, the customers
should remain interrupted until the faulted section is repaired.
This circumstance is expressed as follows:

Si RCS
= ZH/ Xf.s
Si MS
- ZS:S]' Xf’s
VfeF,Viel, V2j<i, VkeK
(12a)
N\ W RCS
1 ZFSI,X 5
_ j MS
2 X
_ J Re
Zs:s,'x S
VfeF,Viel?, V2j>i, VkeK
(12b)

R .
Czp,f',i,j,k > cdfyy ik (I = by.ij);

VieT,

c? > cdﬁ{},,.,j,k (1 — by i)

t.f,ij.k =
VieT,

R )
Ctp,f,i,j,k = cdfyy (1 — brij);
VieT, VfeF,Viel®, V2j=i, VkeK
(12¢)

where (12a) and (12b) are used for customers located
upstream and downstream of the faulted section, respec-
tively. (12c¢) is considered for customers located in the faulted
section (i.e., 2j = 7). Since the customers cannot be isolated
from the faulted section in this situation, they should retain
interrupted until the repair action is over. It is worthwhile to
point that since PDs located between the faulted section and
downstream customers (i.e., 2j > i) cannot sense the fault
current, they can be used as a switching device to isolate the
customers out of the faulted zone. So, a recloser has the same
impact on the reduction of interruption duration as a MS has.
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This issue is considered in (12b) where a summation associ-
ated with the number of reclosers between the faulted section
and load point is implemented in the constraint. Needless to
mention, according to (9c), when a fault occurs in a load
point section, by ; ; would be equal to zero, and therefore this
variable can be removed from (12c).

To better clarify the above-mentioned expressions, con-
sider that a few RCSs are deployed between the faulted
section and the upstream load point (i.e., 2j < i). In this
situation, the summation terms associated with RCS in (11a)
and (12a) are equal to one or more, which makes the right-
hand-side of the constraints equal to zero or less. So, by con-
sidering constraints (10), (11a), and (12a), the time required
for remote switching action is imposed on the customers
hosted by the load point. As another example, assume that
a fault occurs upstream of a load point (i.e., 2j > ).
If neither RCS nor MS exists between the faulted section
and load point, while any recloser exists between the two,
the right-hand-side of constraint (12b) would be equal to
zero or a negative value, while constraint (11b) would not.
Hence, by taking into consideration constraints (10), (11b),
and (12b), the time needed for manual switching action is
imposed on the customers connected to the load point. So,
the customers experience longer interruption duration in com-
parison with those restored remotely. Note that, since the
recloser, located downstream of the faulted section, cannot
sense the fault current, by ; ; would be equal to zero.

B. IMPACT OF TEMPORARY FAULTS

In this subsection, the impact of temporary faults on sys-
tem interruption cost is considered. As mentioned in IEEE
Standard 1366 [34], interruptions with duration shorter than
5 minutes are considered as momentary interruptions, oth-
erwise they are deemed as sustained interruptions. A tem-
porary fault may cause either a sustained or a momentary
interruption based on the coordination of available fuses and
reclosers between the faulted section and power sources [35].
The coordination between fuses and reclosers when a tem-
porary fault occurs is divided into two schemes involving

fuse blowing and fuse saving schemes which are discussed

and formulated hereinafter. It bears mentioning that the two
schemes are linearly formulated in the placement problem.
To determine whether a temporary fault leads to a momen-
tary or sustained interruption, the following expression is
considered.

+1-—¢€;

= _¢ <gﬂ,‘5Q§f;’ YfeF,Yiel® (13)

In (13), if Oy ; takes zero, ¢y ; is forced to get zero, which
means that the temporary fault causes a sustained interrup-
tion. Otherwise, c¢r; is equal to one, which implies that the
fault leads a momentary interruption. Qr ; represents the
number of available fuses and reclosers between the faulted
section and the power source. The value of Oy ; depends on
the scheme considered for the coordination of reclosers and
fuses.
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1) FUSE BLOWING SCHEME

In fuse blowing scheme, fuses operate faster than the
upstream recloser, and therefore the customers located down-
stream of the fuses suffer from sustained interruption.
To determine whether the fault leads to momentary or sus-
tained interruption in this scheme, Qr; is mathematically
formulated as follows:

S K
Qf,,:Zij( [T @ Xf@)); Vf eF, Viel® (14)

S=5o §'=s+1

where s, represents the location of the equipment at the
beginning of the feeder (e.g., see X in Figure 1). Also, s’ is
the index of potential fuse locations between the upstream
recloser and faulted section. Therefore, the product term
represents the impact of fuses installed between the faulted
section and upstream recloser. According to (14), when the
closest PD adjacent to the faulted section is a recloser,
[, o= Xﬁ %) is equal to one, and consequently Qr ;
takes a positive value, therefore (13) forces c¢ ; to be equal to
one. This means that the temporary fault leads to momentary
interruption. However, if the nearest PD adjacent to the fault
is a fuse or if there is no recloser between the faulted section
and the beginning of the feeder, Oy ; is equal to zero, which
indicates that the fault causes sustained interruption.

2) FUSE SAVING SCHEME

In fuse saving scheme, the recloser operates before the down-
stream fuse blows, so the customers located downstream of
the recloser are interrupted momentarily. In other words,
fuses operate only for permanent faults in this situation.
In this scheme, the formulation of Qr ; in (14) is revised as
follows:

Si
Qri=Y X VfeF viel (15)

S=So

According to the above expression, if there is any recloser
between the faulted section and the beginning of the feeder,
Oy i takes a positive value, zero otherwise.

By considering the impact of temporary faults on the type
of interruptions, the following expression is used to determine
the interruption duration of customers when the fault causes
a momentary interruption.

VteT, Vf €F,
V2j=1i, Yk e K (16)

Cdf;f ij, KCf i>
Viel?,

thz]k

where, cdfl{‘}[’i’ ik is the momentary interruption cost imposed
on customers due to the occurrence of a temporary fault.
In (16), when ¢f ; is equal to one, customers experience a
momentary interruption. However, when the temporary fault
leads to a sustained interruption, the customer interruption
duration is calculated through expressions (17)-(19c) formed
by using expressions (10)-(12c) wherein the right-hand-side
of (10)-(12c) is multiplied by binary variable 1 — ¢ ;, and
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Cff’i’j’k is also replaced by Ct”f’i’j’k ().
(10) — (12¢) = (17) — (19¢)

Besides the formulas, there are some technical and eco-
nomic constraints which restrict the solution space of the
problem. These constraints are described in the following
subsections.

C. TECHNICAL CONSTRAINTS

The technical constraints represent the coordination between
PDs and the candidate locations for both PDs and CDs. In this
paper, it is assumed that all equipment operates properly
and are fully coordinated. In addition, to avoid deploying
two kinds of equipment at the same location, the following
constraint is adopted in the model.

XFO+ XM x4+ X% <1, VfeF, ¥seS  (20)

In practice, the coordination of PDs is always the important
issue in power systems. To consider this issue, the number of
allowable reclosers in each feeder is restricted to a predefined

number as follows:
Xk <N @

seS

D. ECONOMIC CONSTRAINTS

The budget limits may affect the number of allowable equip-
ment that can be installed in the network. Therefore, the fol-
lowing constraint can be embedded in the model as follows:

X;?CS CIC;?CS

+X cic’s
>3 il rs ere 55 | < Budget (22)
feF seS§ fis

+XJR’;CICRE

where (22) restricts the total budget allocated by the DisCo.
Needless to mention, the constraint can be translated to a cap
over the number of devices that can be installed.

It should be pointed out that constraints (11a)-(12b), (14),
and (16) contain the product of binary and integer variables as
well as the product of multiple binary variables, and therefore
they are non-linear. To linearize the product of binary and
integer variables, the method applied in [36] is used. Also,
the method applied in [37] is used to linearize the product
of multiple binary variables. It is worthwhile to point that
the methods convert the non-linearities into linear inequality
constraints.

Considering the objective function (1) and the related con-
straints (2)-(22), the simultaneous placement of PDs and CDs
is formulated in MIP format which can be effectively solved
via available solvers. The proposed model deems the impact
of permanent and temporary faults as well as their conse-
quences based on the coordination of fuses and reclosers.
The main input data consists of the equipment costs data,
set of candidate locations for equipment installation, network
configuration, reliability parameters, as well as technical and
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FIGURE 2. Single line diagram of RBTS-Bus4.

economic constraints. The decision variable is the location of
devices. The output data is the number and location of PDs
and CDs as well as the system costs and reliability indices.

1ll. CASE STUDY

In this section, the performance of the proposed model is
examined through applying it to a standard test system and
a real distribution network. A brief description over the stan-
dard test system is followed by discussion over the simulation
results and sensitivity analyses. Then, the model is applied on
a real-life distribution network.

A. RBTS-BUS4

In this subsection, the effectiveness of the proposed model
is verified by applying it to the 11 kV network connected to
Bus 4 of Roy Billinton test system (RBTS-Bus4). The single
line diagram of the system is shown in Figure 2. In the net-
work, 4700 residential customers, 70 commercial customers,
and 9 small-user customers are fed through 38 load points
from 7 feeders. Each load point is specified with a number
following a letter. The number indicates the load point num-
ber and the letter designates the load point type (defined in
the figure). The network data including permanent failure rate
of feeder sections, load level, and the number and type of
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TABLE 1. System costs, reliability indices, and runtime in Case I.

Costs (US k$) Reliability indices Runtime
Eq. Int. Total | MAIFI SAIFI SAIDI AENS (sec.)
— 410275 410275] 0 1.26 0.77 231 [ 036
MAIFI(int./cust.yr.): Momentary Average Interruption Frequency Index
SAIFI(int./cust.yr.): System Average Interruption Frequency Index
SAIDI(h./cust.yr.): System Average Interruption Duration Index
AENS(kWh/cust.yr.): Average Energy Not Supplied
int.: interruption, cust.: customer, yr.: year, h.: hour, sec.: second

customers is borrowed from [38]. The customer damage func-
tions (CDFs) for sustained and momentary interruptions are
extracted from [39]. The temporary failure rates are assumed
to be four times more than the permanent failure rates. The
capital investment and installation costs of recloser, fuse,
RCS, and MS are considered US $6000, 500, 4700, and 500,
respectively. Also, the annual maintenance cost is considered
as 2% of the capital investment and installation costs [9],
[19]. The simulation is conducted for 15-year study horizon in
which annual load growth and discount rates are 3% and 8%,
respectively. The time needed for remote switching, manual
switching, and repair actions are assumed to be 5, 60, and
180 minutes, respectively [40]. To model the coordination
between fuses and reclosers during temporary faults, fuse
blowing scheme is considered. Also, for considering the
reclosing capability of CBs, it is assumed that only recloser
can be installed at the beginning of the feeder. Furthermore,
it is assumed that fuses are not allowed to be installed in
the main feeder and at most two reclosers can be installed
in each feeder. It should be noted that every branches in
the test system either equipped with a transformer or not is
considered as laterals. Also, the impact of normally open
switches at the end of the feeders, i.e., tie-points, is con-
sidered in the simulations. The proposed formulation is per-
formed in the GAMS software [41] and solved using the
CPLEX 11.0 solver [42], where it uses the branch and cut
algorithm [42].

Here, three cases are simulated, and the results are put
under investigation.

Case I: Here, the original network is considered wherein
neither PDs, i.e., reclosers and fuses, nor CDs, i.e., MSs and
RCSs, are deployed, while a CB is already placed at the begin-
ning of each feeder. The case is simulated, and the achieved
results are provided in Table 1. As can be seen, the total
interruption cost is about US k$4103 in which the interruption
cost induced by temporary faults is four times more than the
cost originated from permanent faults. This is derived from
the fact that there is no available PD in the network, and thus
any temporary fault results in sustained interruption. In other
words, there is no momentary interruption in this situation,
therefore, MAIFI is zero. Meanwhile, the runtime for this
case is 0.36 seconds.

Case II: In this case, sequential placement of PDs and CDs
is considered. To do so, first, PD placement is conducted.
Then, CD placement is considered in which the location of
PDs is obtained from the PD deployment problem. In other
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TABLE 2. Optimal location of equipment in Case Il

Feeder Location
RCS MS Fuse Recloser
1 13 48,11 - 1,14
2 4,7 2,8 - 1,5
3 13 5,8,10 - 1,14
4 13 5,7,10 - 1,14
5 4,8 2,7 - 1,5
6 4,8 2,5 - 1,7
7 13 5,8,10 - 1,14

TABLE 3. System costs, reliability indices, and runtime in Case II.

Costs (US k$) Reliability indices Runtime
Eq. Int. Total | MAIFI SAIFI SAIDI AENS (sec.)

166.44 283.77 45021 ] 0.88 0.22 0.29 072 ] 118

words, in this case, two sub-problems are solved sequentially,
where in the first one only the placement of PDs is regarded
and CDs are not allowed to be placed; and in the second
one the deployment of CDs is considered in the presence of
the PDs obtained from the first sub-problem. This case is a
comparison benchmark illustrating that the placement of CDs
in the presence of PDs may not reach the optimum solution.
The obtained results are shown in Tables 2 and 3. Accord-
ing to the results, two reclosers are installed in each feeder
to alleviate the impact of temporary and permanent faults.
Also, the system interruption and total costs are considerably
decreased by about 93% and 89%, respectively, compared
to those in Case I. In addition, installing the PDs results in
reduction of SAIFI index by about 83%. Also, installing CDs
in this case as compared with Case I leads to a significant
decrement in SAIDI and AENS indices. It should be noted
that, in this case, all temporary faults result in momentary
interruptions because of the deployment of a recloser at the
beginning of each feeder. That is why MAIFI is not zero in
this case compared with that in Case 1. The runtime for the
first and second sub-problems are 0.65 and 0.53 seconds,
respectively. In total, the simulation time in this case is
1.18 seconds which is greater than that in Case I since the
number of variables and constraints in Case II grows.

Case III: In this case, simultaneous placement of PDs
and CDs is considered. The case illustrates that the opti-
mum solution of equipment deployment is achieved when the
placement of both PDs and CDs is modeled in one problem.
The obtained results are provided in Tables 4 and 5. As can be
seen in Table 3, each feeder is equipped with four CDs. Also,
a few PDs are installed at the begining of each feeder except
Feeder 2 in which a recloser is employed in the middle of
the feeder. According to Table 5, the simultaneous placement
results in a much more economic and reliable solution in
comparison with the base case where PDs and CDs are not
installed in the network. More accurately, system interruption
cost and total cost in this case are decreased by about 93%
and 90%, respectively, in comparison with the costs in Case I.
In addition, the reclosers are mostly installed at the beginning
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TABLE 4. Optimal location of equipment in Case Il

Feeder Location
RCS MS Fuse Recloser

1 14 58,11 - 1

2 5 2,48 - 1,7

3 14 2,8,10 3

4 14 5,7,10 - 1

5 2,7 5,8 - 34

6 2,8 5,7 - 34

7 14 4,8,10 - 1

TABLE 5. System costs, reliability indices, and runtime in Case IIl.

Costs (US k$) Reliability indices Runtime
Eq. Int. Total | MAIFI SAIFI SAIDI AENS (sec.)

13356 270.73 40429 ] 0.95 0.27 0.30 073 ] 130

of the feeders to lessen the impact of temporary faults, and
the RCSs are employed near the location of load points with
higher load levels and CDFs. The simulation in this case is
executed in 1.30 seconds.

By comparing Case I with Cases II and III, it can be con-
cluded that installing both PDs and CDs remarkably reduces
the system cost and improves the reliability level of the
network. This occurs due to the capability of PDs in pro-
tection and CDs in prompt service restoration to customers
in emergency situations. Comparing the achieved results in
Cases II and III, it is revealed that the investment cost of
equipment in Case III is about US k$32.88 (reduction from
US $166.44 to US $133.56) less than the investment cost
in Case II, in the sense of 20% saving. Also, the system
interruption cost is reduced from US $283.77 in Case II
to US $270.73 in Case III, which is equivalent to 4.6%
reduction (i.e., US $13.04). This observation indicates that
the simultaneous placement of PDs and CDs results in about
10% increment in the benefit accomplished from the device
placement (reduction from US $450.21 to US $404.29 in total
system cost). This means that DisCos must make decision
about placement of PDs and CDs simultaneously. To better
illustrate the effectiveness of the proposed model, the runtime
of the cases is also provided in Tables 1, 3, and 5. As can be
seen, the runtime in Case III is longer than the runtime in the
other cases. This occurs because the number of variables and
constraints rises when making decision about both PDs and
CDs is the target. However, needless to mention, the runtimes
are tolerable since the problem is solved as a planning study.

1) RECLOSER-FUSE COORDINATION MODE

Here, to scrutinize the impact of fuse saving scheme, Case II1
is simulated again, and the results are shown in Tables 6 and 7.
As can be seen, by using fuse saving scheme, the number
of fuses is increased as compared with the number of fuses
achieved when fuse blowing scheme is used. This occurs since
installing fuses at the beginning of laterals restricts conse-
quences of the downstream faults. Therefore, in fuse saving
scheme, both momentary and sustained interruption costs
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TABLE 6. Impact of fuse saving on location of equipment in Case IIl.

Feeder Location
RCS MS Fuse Recloser
1 14 5,10 3,6,9,12 1
2 5 2,4,7,8 3,6,9 1
3 14 5,10 2,6,9,12 1
4 14 5,10 3,6,9,12 1
5 5 2,4,7,8 3,6,9 1
6 5 2,478 3,69 1
7 14 5,10 3,6,9,12 1

TABLE 7. Impact of fuse saving scheme on system costs, reliability
indices, and runtime in Case Il

Costs (US k$) Reliability indices [ Runtime

Eq. Int. Total | MAIFI SAIFI SAIDI AENS | (sec.)
115.79  246.58 362.38 ‘ 1.03 0.18 0.26 0.66 ‘ 0.93
220 —

175 177 i MFuse Blowing |

176 i Fuse Saving !

132

88

Cost (k$)

44

0

Permanent faults
Interruption cost caused by

Temporary faults

FIGURE 3. Impact of fuse saving scheme on interruption costs caused by
permanent and temporary faults in Case III.

are reduced. Also, the investment cost is slightly decreased
as compared to that of fuse blowing scheme, and more
importantly less system cost (reduction from US k$404.29 to
US k$362.38) is imposed on the DisCo.

To be more accurate, the interruption costs caused by
permanent and temporary faults for fuse blowing and fuse
saving schemes are depicted in Figure 3. As can be seen,
although the interruption cost resulted from permanent faults
is slightly increased, the interruption cost originated from
temporary faults is reduced by 27.1% when the fuse saving
scheme is applied. This reveals the huge impact of fuse saving
scheme in comparison to fuse blowing scheme on reduction
of interruption cost caused by temporary faults. Along with
the less imposed cost, the results in Table 7 verify that fuse
saving mode can greatly improve service reliability. Hence,
applying fuse saving scheme leads to a more cost-effective
and reliable strategy.

As another observation, comparing the reliability indices in
the fuse blowing and fuse saving schemes (see Tables 5 and 7),
it is clear that MAIFI increases from 0.95 to 1.03 in exchange
for a decrease in SAIFI from 0.27 to 0.18 when fuse saving
scheme is used. This is because the operation of the upstream
recloser of the fuse saving fuse affects much more customers
than if only the fuse operates. For a fault downstream of the
fuse saving fuse, either permanent or temporary, the recloser
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FIGURE 4. Number of equipment for different budget limits in Case III.

recloses, therefore, many customers experience a momentary
interruption. This is in contrast with a fuse blowing scheme,
wherein despite the interruptions guaranteed to be always sus-
tained, it is localized downstream of the fuse. This means that
other customers downstream of the recloser do not experience
a momentary interruption. As a result of the above trade-off,
MAIFI s increased and SAIFI is decreased when fuse saving
scheme is applied. The obtained results are consistent with
the discussion on fuse saving fuses in [21].

2) BUDGET LIMITATION

DisCos are usually confronted with limited budget to equip
their networks, so it makes sense to install equipment based
on the allocated budget. With this in mind, the budget in (22)
is increased from US k$5 to US k$150, and Case III is
simulated again. The achieved results are shown in Figure 4.
As can be seen, tightening the budget constraint leads to
install more MSs and fuses because of their low prices in
comparison with the price of the other equipment. Though,
when there is no restriction on the budget allocated to Dis-
Cos, installing RCS, due to its advantages in prompt service
restoration, and reclosers, owing to their protective charac-
teristic, is more preferable. As another observation, when the
budget is increased, reclosers are installed firstly, and RCSs
are then employed. The number of MSs and fuses depends
on the number of reclosers and RCSs such that when the
number of either reclosers or RCSs rises, the number of
MSs or fuses is decreased. This occurs because reclosers
also have the manual capability of MSs and the protective
characteristic of fuses. Also, RCSs are able to isolate and
restore the interrupted load points from the faulted zone much
faster than MSs. So, when a recloser or an RCS is installed,
there is no need for further MSs or fuses.

B. FINNISH DISTRIBUTION NETWORK

In this subsection, to examine the performance of the pro-
posed model on larger distribution networks, a Finnish 20 kV
urban distribution network is considered as shown in Figure 5.
In the network, 144 load points are fed through 6 feed-
ers originated from the main substation. The network data
involving network configuration and customers information
are taken from [43]. Other information and assumptions are
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FIGURE 5. Single line diagram of Finnish distribution network.

TABLE 8. Optimal number of equipment in different cases for finnish
distribution network.

Case Number
RCS MS Fuse Recloser
i — — — _
I 14 36 5 12
I 12 40 1 10

TABLE 9. System costs, reliability indices, and runtime in different cases
for finnish distribution network.

Costs (US k$) Reliability indices Runtime
Eq. Int. Total |MAIFI SAIFI SAIDI AENS| (sec.)
1 - 6450.12 6450.12 0 0.79 048 49.71 2.34
II [188.34 457.13 64547 | 044 0.13 0.08 12.65| 1342
IIT [162.88 462.17 625.05| 044 0.13 0.08 12.75| 149.72

Case

the same as those considered for RBTS-Bus4. The three
cases are simulated, and the obtained results are provided
in Tables 8 and 9.

The results in Table 8 reveal that simultaneous placement
can thoroughly change the number of equipment when they
are installed sequentially. Also, in Case III, only one fuse is
installed in the network. This occurs because of the man-
ual capability and cost-effectiveness of MS in comparison
with fuse when decision making about the placement of the
devices is done simultaneously. As can be see in Table 9,
the simultaneous placement leads to 13.5% and 3.2% sav-
ings in investment cost (reduction from US k$188.34 to US
k$162.88) and total cost (reduction from US k$645.48 to
US k$625.04), respectively, as compared with the sequential
placement. Hence, the simultaneous placement of the devices
leads to a cost-effective solution with suitable reliability
level. It is worthwhile to mention that considering both PDs
and CDs in simultaneous placement problem increases the
computational time. This is because of the large number of
122836

variables and inequalities which grows the complexity of the
placement problem.

IV. CONCLUSION

The paper proposed a mathematical model for decision mak-
ing about the optimal deployment of reclosers, fuses, RCSs,
and MSs in one placement problem. The model was devel-
oped in MIP fashion which can reach the global optimal
solution. The aim of the model is to minimize equipment
and system interruption costs. The model considers both
sustained and momentary interruptions as well as the coor-
dination between fuses and reclosers when a temporary fault
occurs. To examine the performance of the proposed model,
it was applied to a test system and a real-life distribution net-
work. The results revealed that simultaneous placement of the
devices leads to a more economical solution with proper ser-
vice reliability. In addition, using fuse saving scheme in com-
parison with fuse blowing scheme may reduce the system cost
and improve service reliability. Also, the MAIFI is increased
while SAIFI is decreased if fuse saving scheme is applied.
In addition, it was illustrated that in case of budget limits,
installing MSs and fuses results in a better solution, while
when there is no restriction on the budget, installing RCSs and
reclosers brings a better solution. Also, applying the proposed
model on a real distribution system revealed the effectiveness
and capability of the method on larger systems.
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