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a  b  s  t  r  a  c  t

The  coordination  of overcurrent  relays  (OCRs)  is  essential  for improving  reliability  and  security  indicators
in  electrical  networks.  This  paper  proposes  a high-performance  hybrid  algorithm  (HPHA)  to solve  the
optimal  coordination  of  OCRs  in  radial  distribution  networks  (RDNs).  The  optimal  coordination  problem
is  formulated  as  a  mixed-integer  nonlinear  problem  (MINLP).  We  considering  as  decision  variables:  (1)
the pickup  current  (Ip);  (2)  time  dial  setting  (TDS);  (3)  relay  type;  (4)  curve  type.  The  HPHA  is  composed
eywords:
volutionary algorithm
vercurrent relays coordination
istribution networks
ptimization

of  a specialized  genetic  algorithm  (SGA)  and  an  efficient  heuristic  algorithm  (EHA).  Thus,  the  HPHA finds
the  optimum  combination  of Ip, TDS,  relay  types  and  curve  types  that  minimize  the  relays  operational
times,  ensuring  the selectivity  for  several  fault  levels.  The  proposed  algorithm  considers  discrete  values
of Ip and  TDS.  The  simulation  results  showed  that the  proposed  technique  is efficient,  fast,  reliable  and
improves  the  coordination  by decreasing  the  operational  times  of  OCRs.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The electrical system is not immune to failure, and its protec-
ion has a key role in the preservation of equipment (generators,
witchgears, conductors, capacitors, transformers etc.). In addition,
t is necessary to ensure maximum continuity of power supply
o consumers. Interruptions cause damage both for users and for
lectric utilities. For these, interruptions can mean revenue losses,
amage to the power utility image and fines [1]. In order to reduce
he number of users affected by the interruptions, the protection
evices must be coordinated. This allows a specific sequence of
perations when a fault occurs. The main goals of the coordination
re sensitivity, selectivity, reliability and speed [2].

During a fault condition, one of the main consequences for the
lectrical system is the elevation of current levels. Thus, it is natu-
al to use these levels as parameters to determine if the system is
aulty. The most common devices in this category are the overcur-
ent relays (OCR), fuses and circuit breakers. The OCR are typically
sed as backup protection, but in some cases, they may  be the only
Please cite this article in press as: A.A. Kida, L.A. Gallego, A high
nation of overcurrent relays in radial distribution networks cons
http://dx.doi.org/10.1016/j.epsr.2016.05.029

ype of protection available [3]. As most of the distribution systems
re radial, the protection using non-directional OCR is suitable and
s widely used because it is simple, effective and cheap. This paper

∗ Corresponding author. Tel.: +55 71991001595.
E-mail address: alexandrekida@gmail.com (A.A. Kida).

ttp://dx.doi.org/10.1016/j.epsr.2016.05.029
378-7796/© 2016 Elsevier B.V. All rights reserved.
focuses on the inverse definite minimum time overcurrent relay
(IDMT OCR). These relays have two  parameters: pickup current (Ip)
and time dial settings (TDS). However, some relays can have their
curve types modified (inverse, very inverse etc.). Wherein, each
relay type (IEEE [4], IEC [5], IAC [6], U.S. [7] etc.) has a different set
of standardized curves.

The coordination problem can be formulated as a mixed-integer
nonlinear optimization problem. The main objective consists in
minimizing the total operational times of the primary relays. These
times rely on the values of Ip, TDS, curve types and relay types. Ip is
treated as discrete but the variable TDS is often considered continu-
ous. However, some OCR does not have steps of TDS small enough to
be treated as continuous, and rounding them to the nearest possible
values can lead to miscoordination [8].

To solve the OCR coordination problem, classical optimization
techniques are used, such as linear programming (LP) [2,3,9] and
nonlinear programming (NLP) [10–12]. As well as, metaheuristics
algorithms (MHAs) have been used. The MHAs can find high-quality
solutions and, in some cases, the global optimal solution with less
computational effort [13]. In [14–16,8,17] genetic algorithms (GAs)
were used to solve the OCR coordination problem. In [8], the author
solved the problem with GA and considered Ip and TDS as discrete
-performance hybrid algorithm to solve the optimal coordi-
idering several curve shapes, Electr. Power Syst. Res. (2016),

variables. In [18,19] the problem was solved using particle swarm
algorithm. In [20,21] the artificial honey bee algorithms were used
to solve the coordination problem. In [22,23], a hybrid algorithm
that combines LP and evolutionary algorithms was  used to solve the

dx.doi.org/10.1016/j.epsr.2016.05.029
dx.doi.org/10.1016/j.epsr.2016.05.029
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
mailto:alexandrekida@gmail.com
dx.doi.org/10.1016/j.epsr.2016.05.029
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Table 1
Constants of curve types for the IEEE relay [4].

Curve type A B P

E.I 28.20 0.122 2.00
V.I  19.61 0.491 2.00
M.I  0.05 0.114 0.02

Table 2
Constants of curve types for the IEC relay [5].

Curve type A N

I 0.14 0.02
V.I  13.50 1.00
E.I  80.00 2.00
L.I  120.00 1.00

Table 3
Constants of curve types for the IAC relay [6].

Curve type A B C D E

E.I 0.004 0.638 0.620 1.787 0.246
V.I  0.090 0.796 0.100 −1.289 7.959

Kk
i,j =

Ai(
Icck

j
Ipi

)Pi

− 1

+ Bi (2)

Table 4
Constants related to the curve types for the U.S. relay [7].

Curve type A B N

M.I  0.023 0.010 0.020
ARTICLEPSR-4712; No. of Pages 9
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roblem. A methodology that optimizes each parameter indepen-
ently, considering discrete Ip and TDS, was proposed in [24]. The
roblem was also solved using binary integer programming, this
ay TDS and Ip were considered discrete [25]. In [26] there was

n addition of the curve types as decision variables. The authors
onsidered standardized and non-standardized curves types.

The electrical networks encouraged the industrial, commer-
ial and technology development, but most of them are old and
ot technologically developed. Nowadays, governments have been
ncouraging the electrical utility to make investments in their
etworks to make them more reliable, safe and technological. This
ay, utilities are developing the smart grids. These are electrical

rids that use advanced technologies to monitor and act based on
he information about the behavior of end-users and generation
ources. So, the smart grid coordinates the needs and capabilities
f all generators, grid operators, consumers and electricity market
takeholders. With the objective of operating all parts of the sys-
em as efficiently as possible, minimizing costs and environmental
mpacts while maximizing system reliability, security and stabil-
ty [27]. In the smart grids, the energy control centers need fast and
eliable techniques or computational algorithms, to be used in real-
ime applications. Hence, there is a great interest of electric utilities
o use techniques or computational algorithms to solve problems
n their power grids. One of these problems is the optimal coordi-
ation of protection devices in real-time. In this paper we propose
n efficient, fast and reliable methodology for the coordination of
CR in radial distribution networks (RDNs). Such procedures are
ssential for the optimal operation of the networks.

The Ip, TDS are usually considered as decision variables. This
aper considers the addition of curve and relay types as deci-
ion variables. A high-performance hybrid algorithm (HPHA) is
roposed to solve the coordination problem. This combines a GA
ith an efficient heuristic algorithm (EHA). The GA is responsible

or solving the nonlinear optimization problem, which consists in
etermining the Ip, relay types and curve types. This way is possi-
le to find the optimum TDS possessing these variables. If TDS are
reated as continuous variables, the problem of finding its optimal
alues is linear. Thus, LP techniques such as simplex, dual simplex,
wo-phase simplex and interior points are usually used to solve it.
n this paper, the EHA will be used instead of LP techniques. Since
he TDS are not encoded in the chromosome of the GA, its search
pace is greatly reduced. The HPHA also ensure the selectivity for
ultiple fault levels.
This paper is organized as follows: Section 2, presents the char-

cteristics of the OCR used in this paper. Section 4, the presents
CR coordination problem as an optimization problem. Section 5.5
resents the EHA for finding the optimal TDS, in RDN. Section 5,
resents the HPHA. Section 6, presents the test systems used in this
aper. Section 7 provides a critical analysis of the obtained results.
inally, Section 8 concludes the work presented in this paper.

. Overcurrent relay characteristics

The OCR operates when the input current exceeds a pre-
etermined value (Ip), sending a signal to the circuit breaker to

nterrupt the circuit. The non-directional IDMT OCR has an opera-
ion time that is inversely proportional to the intensity of the input
urrent. Moreover, it does not take into account the direction of
he current flow. One of its main applications is in the RDNs, where
he directions of the current flows are always known [28]. These
elays have their operational times (1) determined by international
Please cite this article in press as: A.A. Kida, L.A. Gallego, A high
nation of overcurrent relays in radial distribution networks cons
http://dx.doi.org/10.1016/j.epsr.2016.05.029

tandards, such as IEEE (Institute of Electrical and Electronics Engi-
eers) [4], IEC (International Electrotechnical Commission) [5], IAC
Inverse Alternate Current) [6], U.S. (United States) [7] etc. The oper-
tional time of a relay i (Ri) for each k fault inside the primary
I  0.208 0.863 0.800 −0.418 0.195
S.I  0.043 0.061 0.620 −0.001 0.022

protection zone of Rj (Icck
j ) is shown in (1), and it depends on the TDS

of Ri (TDSi) and Kk
i,j

. The term Kk
i,j

varies with the standard of Ri, and

it related to the values of Ip of Ri (Ipi), Icck
j and the curve constants

related to the curve types of Ri. For the IEEE, IEC, IAC and U.S. stan-
dards, Kk

i,j
is computed using (2)–(5), respectively. Tables 1–4 show

the constants related to the curve types for the IEEE, IEC, IAC and
U.S. standards, respectively. Where E.I, V.I, M.I, I, L.I and S.I refer
to extremely, very, moderately, standard, long and short inverse
curve types, respectively.

To improve the effectiveness of the protection scheme, the
selectivity must be guaranteed for a range of fault currents. For
selectivity purposes, is considered p fault current levels inside each
primary protection zone, as shown in (6). For instance, if p = 2,
the selectivity is guaranteed, for each OCR, for two expected fault
levels: the minimum and maximum. For p > 2, more fault levels
between the expected minimum and maximum are considered for
the selectivity. Eq. (7) shows the size of the discretization steps
of the selectivity interval (�Icck

j ), for faults within the primary
protection of Rj.

For phase OCRs, the maximum and minimum expected fault
currents are usually the close-in three-phase and the far-end
two-phase faults, respectively. For ground OCRs, the close-in phase-
to-ground and the far-end phase-to-ground (through a contact
impedance) faults might be used as maximum and minimum
expected fault currents.

Tk
i,j = TDSi · Kk

i,j (1)
-performance hybrid algorithm to solve the optimal coordi-
idering several curve shapes, Electr. Power Syst. Res. (2016),

V.I  0.097 3.880 2.000
S.I  0.003 0.003 0.020
I  0.180 5.950 2.000
E.I  0.035 5.670 2.000

dx.doi.org/10.1016/j.epsr.2016.05.029
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ig. 1. Radial system with three relays and their respective primary protection
ones.

k
i,j =

Ai(
Icck

j
Ipi

)Ni

− 1

(3)

k
i,j = Ai +

Bi

Icck
j

Ipi
− Ci

+ Di(
Icck

j
Ipi
− Ci

)2
+ Ei(

Icck
j

Ipi
− Ci

)3
(4)

k
i,j = Ai +

Bi(
Icck

j
Ipi

)Pi

− 1

(5)

cck
j = Iccj

min + (k − 1) · �Icck
j (6)

Icck
j =

Iccj
max − Iccj

min
p − 1

, p > 1 (7)

here Tk
i,j

is the operation time of Ri for Icck
j . TDSi is the TDS of Ri.

k
i,j

is related to the relay operational time and it varies with the

tandard of Ri. Icck
j is the k level of short-circuit where Rj act as

rimary protection. Ai, Bi, Ci, Di, Ei, Ni and Pi are constants related
o the curve types for, Ri. �Icck

j is the size of the discretization step

f the selectivity interval. Iccj
max and Iccj

min are the maximum and
inimum short-circuit currents inside the primary protection zone

f Rj, respectively.

. Coordination problem

In Fig. 1 is shown a RDN. Where R1, R2 and R3 refer to relays 1, 2
nd 3, respectively. F1, F2 and F3 correspond to the faults location
n the system. For the fault in F3, R3 and R2 will act as primary and
ack-up protection (PP and BP), respectively. For the fault in F2, R2
nd R1 will act as PP and BP, respectively. Finally, for the fault in F1,
1 will act as PP and it is the only protection available. The areas
ounded by dotted lines are the protection zones of each relay.

As the fault is sensed by both BP and PP simultaneously, the
ifference between their operational times must be greater or
qual than the coordination time interval (�Trelay), to guarantee
he selectivity. This way, the PP will have sufficient time to clear the
ault, wherein the BP must act only if the PP fails in clearing the fault.
sually, is adopted �Trelay = 0.4 s because the circuit breaker oper-
ting time, the manufacturing tolerances and the design of safety
ime are approximately 0.13, 0.10 and 0.17 s, respectively [1].

. Mathematical model

In this section, the coordination problem of OCRs is formulated
s an optimization problem, containing an objective function (OF),
esponsible for minimizing the operating times of the relays, and

 set of constraints. This problem is formulated as a nonlinear and
Please cite this article in press as: A.A. Kida, L.A. Gallego, A high
nation of overcurrent relays in radial distribution networks cons
http://dx.doi.org/10.1016/j.epsr.2016.05.029

on-convex optimization problem, with a high number of restric-
ions [23,29]. In this paper, Ip, TDS, curve type, and relay type are
onsidered as variables. If any of these parameters is treated as a
iscrete, the problem becomes mixed-integer, which has a greater
 PRESS
tems Research xxx (2016) xxx–xxx 3

complexity. The addition of curve and relay types as decision vari-
ables is supported by the fact that some microprocessor-based
OCRs accept several curve types and standards. For instance, the
SEPAM Series 20 (Schneider Electric) [30] and the 735/737 (Gen-
eral Electric) [6] accept multiple curve standards, such as IEEE, IEC
and IAC.

4.1. Objective function

In a fault situation, one of the consequences for the electrical
system is the sudden increase in current levels to dangerous val-
ues. The faster the fault is isolated, the lower is the thermal and
mechanical efforts in the system. In the optimal coordination of
OCRs, the objective is to obtain the settings (Ip, TDS, curve types
and relay types) that minimize the operational time of the primary
protection OCRs [3,31–33]. The optimal settings are directly related
to the speed criteria. The OF consists of minimizing the sum of all
operational times of the OCRs, for all the p fault levels considered
within its primary protection zone, as shown in (8).

min  z = 1
p

p∑
k=1

m∑
i=1

Tk
i,i (8)

where m, k and p are the number of OCRs, the index related to
the fault level analyzed and the number of fault levels considered
within the primary protection zones, respectively. Tk

i,i
is the opera-

tional time of Ri for a fault inside its primary protection zone, and
it can be computed by setting j = i in (1).

4.2. Constraints

The constraint shown in (9) refers to the �Trelay needed to
ensure the selectivity between BP and PP. The constraint shown in
(10) prevents that the relay takes a long time to operate, avoiding
the equipment damage and the instability of the power system. The
constraints related to the minimum and maximum boundaries of
TDS and Ip are shown in (14) and (11), respectively. The relays must
not act during the normal operation of the system, as it is shown in
(12). Ri cannot act as BP if the minimum short-circuit current inside
its protection zone (Iccprotected,i

min ) is less or equal than Ipi, as shown
in (13).

Tk
BPi,i
− Tk

i,i ≥ �Trelay (9)

Tk
i,j ≤ Tmax (10)

Ipmin
i ≤ Ipi ≤ Ipmax

i (11)

Ipi > LGF · Ii
load (12)

Ipi < Iccprotected,i
min (13)

TDSmin
i ≤ TDSi ≤ TDSmax

i (14)

where Tk
BPi,i

is the operational time for the BP of Ri, for Icck
i . TDSi,min

and TDSi,max are the minimum and maximum possible TDS for Ri,
respectively. Tmax is the maximum operational time of the OCR, for
Icck

j . Ipmin
i and Ipmax

i are the minimum and maximum possible Ip for

Ri, respectively. Iccprotected,i
min is the minimum short-circuit inside the

protection zone of Ri. LGF is the load growth factor that includes
a possible increase on the system demand. Ii

load
is the maximum

expected load current in the system.
-performance hybrid algorithm to solve the optimal coordi-
idering several curve shapes, Electr. Power Syst. Res. (2016),

5. The high performance hybrid algorithm

The proposed algorithm is based in the main ideas of the
GA presented in [34], which was initially developed to solve the

dx.doi.org/10.1016/j.epsr.2016.05.029
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Fig. 2. Flowchart of the proposed HPHA.

eneralized assignment problem. This algorithm has several dif-
erences when compared to the classical GA: (1) in each generation
ycle, only one offspring is generated and it can enter in the current
opulation if it satisfies the acceptation criteria; (2) the OF is com-
osed by fitness and unfitness functions; (3) a local search is used to

mprove the OF of the offspring.
Some modifications in the GA proposed in [34] were made to

dapt it to the coordination problem. The codification, population
nitialization, OF computation and local search are performed in

 different way. The proposed method combines EHA with a GA,
n order to reduce the dimension of the problem, making this a
ybrid technique. The flowchart for the HPHA is shown in Fig. 2. The
arameters kps and MaxIter refers to the size of the initial population
nd the stop criteria, respectively. The HPHA stops if the incumbent
olution does not change after MaxIter generation cycles.

.1. Codification

In this paper, the TDS, Ip,  relay and curve types are consid-
red decision variables. The TDS are not coded in the chromosome
ecause its optimal values are determined using the EHA. An exam-
le of a chromosome for a system containing five OCR is shown in
ig. 3. Where Ipgene, Relaygene and Curvegene are Ip, relay type and
urve types genes, respectively. Each chromosome is divided into
hree parts: one for selecting Ip, one for curve types, and the other
or relay types. A decimal codification is considered. Each gene
ssigned in Ipgene will correspond to a feasible Ip value accepted
y the respective OCR. Each value Relaygene is related to one relay
ype (IEEE, IEC, IAC or U.S.), so it vary from one to four. Each value of
Please cite this article in press as: A.A. Kida, L.A. Gallego, A high
nation of overcurrent relays in radial distribution networks cons
http://dx.doi.org/10.1016/j.epsr.2016.05.029

urvegene is related to one standardized curve type of the respective
CR and it may  vary from one to five.

2 6 1 5 7 2 3 2 1 2 1 1 3 2 2

Fig. 3. Example of a chromosome of the proposed algorithm.
 PRESS
tems Research xxx (2016) xxx–xxx

5.2. Initial population

The initial population of HPHA can be created randomly, but this
can lead to having a population of poor quality (very high opera-
tional times of the relays or unfeasible proposals). To solve this
issue, the initial population can be created using a heuristic algo-
rithm that takes some characteristics of the problem to be solved.
In this paper, is proposed a heuristic constructive algorithm for
the population initialization (HCA-PI). This algorithm is shown in
Pseudocode 1, where Ipgene are limited by (12) and (13), and the
Curvegene are limited by the respective Relaygene. The main idea of
this algorithm consists in to eliminate some infeasible proposals in
the population initialization.

Pseudocode 1. Heuristic constructive algorithm for the popula-
tion initialization (HCA-PI).

1: for (All individuals on the population) do
2:  for (i = 1 to number of relays) do
3: Ipgene(i) ← random integer value that correspond to a Ip that

satisfies Ii
load
· LGF < Ip < Iccprotected,i

min
;

4: Relaygene(i) ← random integer value that vary from 1 to 4;
5:  Curvegene(i) ← random integer value that vary from 1 to the

number of available curve types of Ri;
6:  end for
7: end for

5.3. Objective function

First, it is necessary to decode the information of Ip, relay types
and curve types of the chromosome, in order to compute the TDS
using the EHA (more details in Section 5.5). This way, the fitness
function is evaluated using (8). The unfitness function is propor-
tional to the number of constraints (11)–(14) violated, multiplied
by a penalization factor. The fitness and unfitness functions are com-
bined and form the OF. During the iterative process of the HPHA,
the OF is computed several times. Therefore, the EHA is interesting
due to its speed.

5.4. Local search

After the phases of selection, recombination and mutation, a
new offspring is generated and it can be feasible or infeasible. In
both cases, a local search is performed to improve its OF by perform-
ing a neighborhood search in Ipgene and Curvegene. The algorithm is
shown in Pseudocode 2.

Pseudocode 2. Local search algorithm.

1: for i = 1 to number of relays do
2: Perform a neighborhood search in the Ipgene(i) by incrementing and

decrementing one unit;
3:  If the neighborhood search in the Ipgene(i) improved the OF, update

the  Ipgene;
4: Perform a neighborhood search in the Curvegene(i) by incrementing

and decrementing one unit;
5:  If the neighborhood search in the Curvegene(i) improved the OF,

update the Curvegene;
6: end for

5.5. Efficient heuristic algorithm (EHA) to calculate the optimum
TDS

The LP is a well known technique used to find the optimal TDS
-performance hybrid algorithm to solve the optimal coordi-
idering several curve shapes, Electr. Power Syst. Res. (2016),

[2]. In this paper, is proposed an alternative method entitled “effi-
cient heuristic algorithm (EHA)” to find the optimal TDS in RDN.
This algorithm can work with discrete and continuous TDS, unlike
the LP techniques.

dx.doi.org/10.1016/j.epsr.2016.05.029
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Fig. 4. OCRs renumbering in a RDN (test system II).

R1

R3

R2

1

2                      3                       5

R5

R4

4                      6

Fig. 5. Test system I.

Table 5
OCR data for the test system I.

R1 R2 R3 R4 R5

Iload(A) 199.5 130.8 68.7 100.7 50.0
CTR  300/5 300/5 100/5 200/5 100/5
Iccmax(A) 3115.0 2010.7 2010.7 1512.5 878.4
Iccmin(A) 1510.5 1046.3 975.1 500.3 325.1

16 16 31 7 7

Ip1 Ip2 Ip3 Ip4 Ip5

the 16th available Ip available at R1 (Ip1← 375 A). The remaining
ARTICLEPSR-4712; No. of Pages 9
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The proposed algorithm is divided into two steps: relay num-
ering and iterative process. In the first step, the branches where
CR are located are arranged in layers. In the next step the optimal
DS is computed.

.5.1. Relay numbering
In [35] is proposed a methodology for branches numbering

ased in layers to solve the three-phase power flow. The same ideas
re applied for the OCR numbering. This way, the OCR in one layer
s numbered only after all OCR from the previous layer was  num-
ered. In Fig. 4 is shown an example of a system with ten OCR after
he numbering. In the case of R10, R9,. . .,  R1 were analyzed in that
articular order, the PP will always be analyzed before the BP. This
ethodology allows a systematic way to analyze the OCR only once,

uring the EHA. This procedure is performed only once for a fixed
DN.

.5.2. Iterative process
The algorithm is showed in Pseudocode 3. In this step, it is

ssumed that all the OCR are previously numbered as shown above.
he variables Kk

i,i
and Kk

BPi,i
are computed with (2)–(5), depending

n the type of Ri and RBPi
, respectively. Moreover, it is necessary to

heck if the new TDS does not violate the bound of TDSmax in the
teps 10 and 12.

In this algorithm, each backup OCR has the minimum TDSs
ecessary to be coordinated with their primary protections. This
ondition is achieved with the step 6 of the Pseudocode 3. The pro-
ess begins in the relays further from the substation and ends in
t. When are considered discrete settings, it is necessary to per-
orm rounding as shown in step 10 of Pseudocode 3 to avoid

iscoordination.

seudocode 3. Efficient heuristic algorithm (EHA).

: Initialize all relays with TDSmin;
: for i = m to 0 do �m is the number of relays.
: if Ri has a backup relay then
: RBPi

← backup relay of Ri;
: for k = 1 to p do � p is the number of faults inside

each protection zone.
:

Taux ← TDSi · Kk
i,i
+ �Trelay;

� the minimum operational time
required of Ri for the considered
fault level plus �Trelay .

:  TDSaux ← Taux/Kk
BPi,i

; � TDSBPi
required for RBPi

to have
an operational time of Taux for the
considered fault level.

: if TDSaux > TDSBPi
then

: if TDS is considered discrete then
0: TDSBPi

← round TDSaux to the next available setting;
1:  else � for continuous TDS.
2: TDSBPi

← TDSaux;
3: end if
4: end if
5: end for
6: end if
7: end for

. Methods

The proposed HPHA is applied in two test systems: I (Fig. 4) and II
Fig. 5). The maximum current load, current transformer ratio (CTR),
he initial relay and curve types and the maximum/minimum short-
ircuit currents inside the protection zone of each OCR, for both
ystems, are shown in Tables 5 and 6, respectively. Initially, all OCR
re IEC with inverse curve type. It is assumed that all relay and curve
Please cite this article in press as: A.A. Kida, L.A. Gallego, A high
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ypes can be changed (either by replacement or input parameters).
t is considered TDSmin = 0.1, TDSmax = 10, Tmax = 5 s, LGF = 150% and

 = 2. The TDS steps is 0.05 and 0.01 for the test systems I and II,
espectively. The Ip varies from 50 to 200% of the CTR, with steps
Fig. 6. Chromosome used for example.

of 15%. Also, the GA parameters kps and MaxIter are set to 100 and
1500, respectively.

7. Results and discussions

7.1. An example of the HPHA

An example of the procedure used for calculation of the TDSs and
OF of the proposed algorithm in the test system I is shown as fol-
lows. This procedure takes place in stages for the creation of initial
population, mutation, recombination and local search. For simplic-
ity, only the values of Ip are decision variables. Thus, the curve and
relay types are fixed, where all relays are IEC with inverse curve
type. The chromosome of the GA used in this example is shown
in Fig. 6. Each gene corresponds to Ip available in the correspond-
ing relay. For example, as the gene related to Ip1 is 16, so Ip1 gets

1

-performance hybrid algorithm to solve the optimal coordi-
idering several curve shapes, Electr. Power Syst. Res. (2016),

decoded Ips are Ip2 = 375, A, Ip3 = 200, A, Ip4 = 160, A and Ip5 = 70, A.

1 The Ips available at R1 are {150, 165, 180, 195, . . .,  600A}.
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Table  6
OCR data for the test system II.

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10

Iload(A) 399.5 120.8 278.7 50.7 70.1 79.2 199.5 199.5 100.7 99.2
CTR  600/5 200/5 500/5 100/5 150/5 600/5 200/5 500/5 100/5 150/5
Iccmax(A) 3115.0 2010.7 2010.7 1512.5 1512.5 1190.0 1190.0 950.4 780.1 780.1

599.
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T
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Iccmin(A) 1510.0 1046.3 975.1 630.3 

First, all relays are initialized with TDSmin. The counters i and
 are initialized with the number of relays (i ← 5) and (k ← 1),
espectively.

.1.1. Step 1 – coordination between R3 and R5

The coordination is performed for 325.1 A (Icc1
5), which is one

f the considered fault levels inside the primary protection zone
f R5. In this case, Ri← R5 and RBPi

← R3. Taux is computed as the
inimum operational time of R3 for faults inside its protection zone

lus �Trelay, as shown in (15).

aux = TDS5 · K1
5,5 + �Trelay = 0.1 · 4.9228 + 0.4 = 0.8923 s (15)

The variable Taux has the minimum operational time required
or the backup protection (R3) to be coordinated with the primary
rotection (R5). The necessary TDS for the backup protection have
n operational time of Taux is TDSaux, and it is calculated as shown
n (16).

DSaux = Taux

K1
3,5

= 0.8923
14.3389

= 0.0622 (16)

Since TDSaux < TDS3, the TDS3 is not updated. The counter k is
ncreased (k ← 2) and the coordination is held for 878.4 A (Icc2

5), for
he same pair of OCRs, as shown in (17) and (18).

aux = TDS5 · K2
5,5 + �Trelay = 0.1 · 2.8520 + 0.4 = 0.6852 s (17)

DSaux = Taux

K2
3,5

= 0.6852
4.6608

= 0.1470 (18)

The TDSaux > TDS3, so TDS3← 0.15, because 0.1470 is not avail-
ble at the relay.2 The coordination between R3 and R5 is finished,
he counter i is decremented (i ← 4) and (k ← 1).

.1.2. Step 2 – coordination between R2 and R4
The coordination is realize for the fault level of 500.3 A (Icc1

4),
i← R4 and RBPi

← R2. The variables Taux and TDSaux are computed
s shown in (19) and (20).

aux = TDS4 · K1
4,4 + �Trelay = 0.1 · 6.0704 + 0.4 = 1.0070 s (19)

DSaux = Taux

K1
2,4

= 1.0070
24.2119

= 0.0416 (20)

As TDSaux < TDS2, the TDS2 is not updated. The counter k is
ncreased (k ← 2) and the coordination is held for 1512.5 A (Icc2

4), for
he same pair of OCRs. The Taux and TDSaux are computed as shown
n (21) and (22).

aux = TDS4 · K2
4,4 + �Trelay = 0.1 · 3.0467 + 0.4 = 0.7047 s (21)

DSaux = Taux

K2
2,4

= 0.7047
4.9497

= 0.1424 (22)

In this case, TDS > TDS , so TDS ← 0.15. The coordination
Please cite this article in press as: A.A. Kida, L.A. Gallego, A high
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aux 2 3
etween R2 and R4 is ended and the counter i is decremented (i ← 3)
nd (k ← 1).

2 The TDS available at the relay are 0.1, 0.15, 0.20, 0.25, . . .,  10.
1 510.5 699.3 519.1 398.3 372.1

7.1.3. Step 3 – coordination between R1 and R3
The coordination is performed for 975.1 A (Icc1

3), Ri← R3 and
RBPi
← R1. The variables Taux and TDSaux are computed as shown

in (23) and (24).

Taux = TDS3 · K1
3,3 + �Trelay = 0.15 · 4.3489 + 0.4 = 1.0523 s (23)

TDSaux = Taux

K1
1,3

= 1.0523
7.2554

= 0.1450 (24)

As TDSaux > TDS1, so TDS1← 0.15. The counter k is increased
(k ← 2) and the coordination is performed for 2010.7 A (Icc2

3), for
the same pair of OCRs. The variables Taux and TDSaux are computed
as shown in (25) and (26).

Taux = TDS3 · K2
3,3 + �Trelay = 0.15 · 2.9636 + 0.4 = 0.8445 s (25)

TDSaux = Taux

K2
1,3

= 0.8445
4.0988

= 0.2060 (26)

Once again, the TDSaux > TDS1, so TDS1← 0.25. The coordination
between R3 and R1 is finished and the counter i is decremented
(i ← 2) and (k ← 1).

7.1.4. Step 4 – coordination between R1 and R2
The coordination is realized for 1046.3 A (Icc1

2), Ri← R2 and
RBPi
← R1. The Taux and TDSaux are computed as shown in (27) and

(28).

Taux = TDS2 · K1
2,2 + �Trelay = 0.15 · 6.7523 + 0.4 = 1.4128 s (27)

TDSaux = Taux

K1
1,2

= 1.4128
6.7523

= 0.2092 (28)

As TDSaux < TDS1, the TDS1 is not updated. The counter k is
increased (k ← 2) and the coordination is held for 2010.7 A (Icc2

2), for
the same pair of OCRs. The Taux and TDSaux are computed as shown
in (29) and (30).

Taux = TDS2 · K2
2,2 + �Trelay = 0.15 · 4.0988 + 0.4 = 1.0148 s (29)

TDSaux = Taux

K2
1,2

= 1.0148
4.0988

= 0.2476 (30)

Due to TDSaux < TDS1, the TDS1 is not updated. The coordination
between R1 and R2 is finished and the counter i is decremented
(i ← 1) and (k ← 1). As Ri← R1 and it does not have backup protec-
tion, the iterative process ends. The optimum TDSs are TDS1 = 0.25,
TDS2 = 0.15, TDS3 = 0.15, TDS4 = 0.10 and TDS5 = 0.10. The OF in this
case is 3.231 s.

7.2. Results for test systems I and II

For both systems, the OCR coordination will be done for three
cases: A, B and C. In the case A, TDS and Ip are considered decision
variables. In case B, there is an addition of the curve types as deci-
sion variables. In case C, there is an addition of the relay types as
-performance hybrid algorithm to solve the optimal coordi-
idering several curve shapes, Electr. Power Syst. Res. (2016),

decision variables. The results are shown in Tables 7 and 8.
When the results of cases A and B are confronted, the addition

of curve types as decision variables improved the OF by 25.63 and
35.74% for the systems I and II, respectively. When the results of
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Table  7
Results for test system I.

Case A Case B Case C

Ip (A) TDS Relay Curve Ip (A) TDS Relay Curve Ip (A) TDS Relay Curve

R1 375 0.25 IEC I 375 0.20 IEC I 420 6.15 U.S. S.I
R2 375 0.15 IEC I 375 0.10 IEC I 240 2.35 IAC E.I
R3 200 0.15 IEC I 170 0.15 IEC E.I 125 0.25 IEC E.I
R4 160 0.10 IEC I 160 0.10 IEC E.I 160 0.10 IAC S.I
R5 80 0.10 IEC I 80 0.10 IEC E.I 80 0.10 IAC S.I
OF  3.231 s 2.403 s 1.394 s

Table 8
Results for test system II.

Case A Case B Case C

Ip (A) TDS Relay Curve Ip (A) TDS Relay Curve Ip (A) TDS Relay Curve

R1 440 0.28 IEC I 500 0.17 IEC E.I 500 2.02 U.S. M.I
R2 160 0.21 IEC I 160 0.14 IEC I 160 8.14 IAC S.I
R3 370 0.21 IEC I 310 0.18 IEC I 250 3.17 IAC E.I
R4 80 0.10 IEC I 80 0.10 IEC V.I 80 0.10 IAC S.I
R5 80 0.10 IEC I 80 0.10 IEC E.I 80 0.10 IAC S.I
R6 65 0.10 IEC I 65 0.10 IEC E.I 65 0.10 IAC S.I
R7 250 0.19 IEC I 130 0.47 IEC E.I 160 0.30 IEC E.I
R8 280 0.10 IEC I 130 0.20 IEC E.I 160 1.59 IAC E.I
R9 65 0.10 IEC I 65 0.10 IEC E.I 65 0.10 IAC S.I
R10 65 0.10 IEC I 65 0.10 IEC E.I 65 0.10 IAC S.I
OF  6.539 s 4.202 s 3.465 s

Table 9
Relay operational times (case C), for the test system I.

PP BP Iccmin Iccmax

TPP TBP TBP − TPP Icc(A) TPP TBP TBP − TPP Icc(A)

R1 – 0.827 – – 1510.5 0.531 – – 3115.0
R2 R1 0.722 1.158 0.436 1046.3 0.274 0.677 0.404 2010.7
R3 R1 0.334 1.254 0.920 975.1 0.078 0.677 0.600 2010.7
R4 R2 0.007 3.175 3.168 500.3 0.005 0.406 0.401 1512.5

3

c
v
a
f
a
s
o
O
t

T
R

R5 R3 0.006 3.470 3.464 

ases B and C are confronted, the addition of relay types as decision
ariables improved the OF by 41.99 and 17.54% for the systems I
nd II, respectively. A greater improvement happened when con-
ronted cases A with C, which the addition of relay and curve types
s decision variables improved the OF by 56.86 and 47.01% for the
ystems I and II, respectively. The results showed that the addition
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f more decision variables into the problem greatly reduced the
CR operational times. The consideration of the relays and curves

ypes as decision variables, result in a wide range of curves shapes

able 10
elay operational times (case C), for the test system II.

PP BP Iccmin

TPP TBP TBP − TPP Ic

R1 R0 0.985 – – 1
R2 R1 0.432 1.457 1.024 1
R3 R1 1.177 1.607 0.430 

R4 R2 0.005 0.501 0.496 

R5 R2 0.005 0.512 0.506 

R6 R3 0.005 4.507 4.502 

R7 R3 1.325 2.212 0.886 

R8 R7 0.827 2.519 1.692 

R9 R8 0.005 1.421 1.416 

R10 R8 0.005 1.656 1.651 
25.1 0.005 0.413 0.409 878.4

that can be chosen. This flexibility improved the coordination of
OCR.

For the case C, the coordination graphics for the OCR for the test
system I and II are shown in Fig. 7. Also, the operational times for
both PP and BP are shown in Tables 9 and 10. The selectivity was
achieved for the considered fault levels, because of the differences
-performance hybrid algorithm to solve the optimal coordi-
idering several curve shapes, Electr. Power Syst. Res. (2016),

between TBP and TPP are greater than �Trelay, for all OCRs pairs. Also,
the OCR did not take too long to operate, since all the TBP and TPP

are less than Tmax.

Iccmax

c(A) TPP TBP TBP − TPP Icc(A)

510.5 0.609 – – 3115.0
046.3 0.389 0.789 0.400 2010.7
975.1 0.389 0.789 0.400 2010.7
630.3 0.004 0.404 0.400 1512.5
599.1 0.004 0.404 0.400 1512.5
510.5 0.004 0.842 0.838 1190.0
699.3 0.441 0.842 0.400 1190.0
519.1 0.300 0.700 0.400 950.4
398.3 0.004 0.406 0.401 780.1
372.1 0.004 0.406 0.401 780.1

dx.doi.org/10.1016/j.epsr.2016.05.029


ARTICLE IN PRESSG Model
EPSR-4712; No. of Pages 9

8 A.A. Kida, L.A. Gallego / Electric Power Systems Research xxx (2016) xxx–xxx

r
s
m
i
T
d
n
L
t
d
s

T
T
o

Fig. 7. Coordination graphics for the case C.

A performance benchmark between EHA and LP techniques was
ealized, thus, the TDS were treated as continuous values. Two LP
olvers were utilized: the state-of-the-art CPLEX® and the opti-
ization tool of Matlab®. The tests were done in a Intel® CoreTM

5-3317U CPU@1.7 GHz, and the results are shown in Table 11.
he EHA and the LP solvers provided the same answers, but they
emanded different computational times. In the worst case sce-
ario (test system II), the EHA was 2.69 times faster than the fastest
P solver (CPLEX®). The Matlab® solver was the slowest alternative
Please cite this article in press as: A.A. Kida, L.A. Gallego, A high
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o solve this problem. In addition, the EHA can handle discrete TDS
ifferently from LP techniques. This way, the EHA showed to be a
uperior technique to find the optimum TDS in RDN (Fig. 8).

able 11
ime comparison for finding the optimum TDS for the case A (considering continu-
us TDS).

Test system EHA (ms) PL (CPLEX®) (ms) PL (Matlab®) (ms)

I 0.39 1.21 15.25
II  0.58 1.56 15.87
Fig. 8. Convergence of the HPHA.

8. Conclusion

This paper presented a high-performance hybrid algorithm
(HPHA) to solve the problem of overcurrent relays (OCRs) coordi-
nation in radial distribution networks (RDNs). The HPHA combines
a genetic algorithm (GA) with an efficient heuristic algorithm (EHA)
to decrease the search space of the GA, as the optimum time dial
settings (TDS) are computed with the EHA. Several advantages are
obtained using the EHA: (1) it can handle discrete and continu-
ous TDS; (2) it does not depend on commercial solvers; (3) it is
faster than the linear programming (LP) techniques and (4) it has a
simple implementation. The EHA showed to be a more interesting
approach than LP techniques for RDN.

Several decision variables are considered in the optimization
problem: TDS, pickup current (Ip), curve types and relay types.
-performance hybrid algorithm to solve the optimal coordi-
idering several curve shapes, Electr. Power Syst. Res. (2016),

For each decision variables added to the problem, the OCR oper-
ational times were reduced. Therefore, it is interesting to consider
in the optimization problem the adjusts that do not imply addi-
tional costs, like TDS, Ip and curve types. The addition of relay

dx.doi.org/10.1016/j.epsr.2016.05.029
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ypes as decision variable can be held in a system which lies in the
esign phase or if the relays accept multiple curve standards. Other-
ise, a cost-benefit analysis must be held. When the relay types are

onsidered as decision variables, more curve shapes are available
o choose. Results showed that the added flexibility significantly
mproved the coordination.
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