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ABSTRACT The model of directional over current relays (DOCRs) coordination is considered as an
optimization problem. It is generally formulated as linear programming (LP), non-linear programming (NLP)
and mixed integer non-linear programming (MINLP), according to the nature of the design variables. For
each kind of formulation, the main goal is to minimize the summation of operating times of primary relays,
by setting optimal values for decision variables as time dial setting (TDS) and pickup current setting (IP) or
plug setting (PS). In this paper, we proposed an oppositional Jaya (OJaya) algorithm with distance-adaptive
coefficient (DAC), to effectively solve the DOCRs coordination problem. Firstly, by oppositional learning
(OL), the searching space of Jaya is expanded and the diversity of its population is strengthened; secondly,
by DAC, the population’s trends of running towards the best position and escaping from the worst position
is accelerated. The performance of OJaya is evaluated by 3-bus, 8-bus, 9-bus and 15-bus testing systems,
in aspects of convergence rate, objective function value, robustness and computation efficiency. The results
indicate the effectiveness and superiority of OJaya in solving DOCRs coordination problems compared with
standard Jaya.

INDEX TERMS Jaya, oppositional learning, distance-adaptive coefficient, over current relays coordination.

I. INTRODUCTION
Relays coordination problem is of great importance for the
operation of power systems. The aim of relays coordination
is to efficiently protect the power systems by quickly isolat-
ing the faulted sections to preserve services throughout the
remaining sections. Over the last 40 years, great progress has
been achieved in the development of relays for the protection
of power systems. Directional over current relays (DOCRs)
have been applied to the design of economical alternatives
for the primary and backup protection of power systems. The
operating times of DOCRs are depended on two parameters
as time dial setting (TDS) and pickup current setting (IP) or
plug setting (PS). Optimal coordination between the DOCRs
is able to maintain the reliability of the overall protection
system.

The mathematical model of DOCRSs coordination problem
is generally formulated in three ways. Firstly, as a linear
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programming (LP) problem. In LP, the value of IP or PS
is assumed to be fixed, hence the operating time of each
relay (7;) is calculated as a linear function of TDS. Even
though LP is a simple formulation, it requires experts for
setting the initial values of IP or PS, and it is easily get
stuck in local minima [1]. Secondly, as a non-linear pro-
gramming (NLP) problem. In NLP, both the TDS and IP
are considered as variables and calculated to minimize the
relay operating time (7;), where IP takes continuous values.
By NLP, the total operational time of the primary relays can
be reduced and the coordination can be maintained well.
Thirdly, as a mixed integer non-linear programming (MINLP)
problem. In MINLP, both the parameters of TDS and PS are
calculated and optimized. The difference between NLP and
MINLP is that, the parameter of PS takes discrete values in
MINLP, while IP takes continuous values in NLP.

Modern optimization algorithms were used to solve the
DOCRs coordination problems. Genetic algorithm (GA),
Hybrid GA and Hybrid GA-NLP were used in [2]-[4]. Two
modified particle swarm optimization (PSO) algorithms were
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used in [5], [6], where the repair algorithm and non-random
technique for initialization were introduced to the standard
version. Teaching learning-based optimization (TLBO) and
modified adaptive TLBO (MATLBO) were used in [7], [8].
Chaotic firefly algorithm (CFA), modified swarm firefly
algorithm (MSFA) and improved firefly algorithm (IFA)
were used in [9]-[11]. The new developed whale optimiza-
tion algorithm (WOA) and hybridized whale optimization
algorithm (HWOA) were used in [12], [13]. In [14], two
different two-phase solution approaches (IPM-BBM and
IPM-IPM) are proposed to solve the coordination prob-
lem. Lately, an adaptive coordination scheme of numerical
DOCRs is proposed in [15] by utilizing a mathematical pro-
gramming language (AMPL) based interior point optimiza-
tion (IPOPT) solver. Furthermore, in [16], optimum settings
of DOCRs considering different characteristic curves for AC
microgrids is presented. Recently, there are new published
articles on DOCRs coordination problems, such as ant lion
optimizer (ALO), invasive weed optimization (IWO) and
water cycle algorithm (WCA) [17]-[19], all of them achieve
good results, but they are faced with disadvantages of adjust-
ing the algorithm-parameters.

Jaya algorithm is a newly developed yet advanced heuris-
tic algorithm proposed by Rao in [20]. It is totally free
from algorithm-specific parameters and only two common
parameters are required, which are maximum number of
iteration (Max_iter) and population size (N_pop). This sig-
nificant benefit makes it popularly applied in various real-
world optimization problems, such as photovoltaic cell and
module [21], economic load dispatch problems [22], Li-ion
battery model [23], isolated microgrid with electric vehicle
battery swapping stations [24], parameter estimation of pro-
ton exchange membrane fuel cells [25] and flexible job-shop
rescheduling problem (FJRP) [26].

In this paper, an oppositional Jaya (OJaya) algorithm with
distance-adaptive coefficient (DAC) is proposed to solve
the optimal coordination problem of DOCRs. Compared
with standard Jaya, there are two improvements in OJaya.
Firstly, by oppositional learning (OL), the searching space is
expanded and the diversity of its population is strengthened.
Secondly, with the help of DAC, which is determined by the
best position and the worst position in Jaya, the population’s
trends of running towards the best position and escaping from
the worst position is accelerated. The main contributions of
this paper can be summarized as follows:

« Jaya algorithm has been used to solve the DOCRSs coor-

dination problem;

o OlJaya algorithm has been proposed to expand the
population diversity and to accelerate the con-
vergence rate of Jaya, without adding any more
parameters.

o The performance of OJaya has been assessed by stan-
dard test systems of DOCRs with 3-bus, 8-bus, 9-bus and
15-bus;

o The results verified that, with the introduction of OL and
DAC, OlJaya outperforms Jaya in all testing systems.
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Rest of this paper is arranged as follows. In Section 2,
the formulation of DOCRs coordination problem is
constructed. Related works on Jaya, OJaya and the proce-
dures of solving DOCRs coordination problem are described
in Section 3. Experimental results and comparisons are
presented in Section 4. Finally, conclusions are given in
Section 5.

Il. PROBLEM FORMULATION

A. OBJECTIVE FUNCTION

The coordination problem of DOCRs in a ring fed distribution
system can be formulated as an optimization problem, where
the objective function is the sum of the operating times of the
primary relays in a system, as expressed below:

N
OF = Z Wi T; )]
i=1

where N is the number of the primary relays, W; is the weight

assigned for relay R; which is equal to 1 for all the relays, T;

is the operating time of relay R; calculated by the following
formulations:

o

T; = TDS; x AF PP — +L 2

IP,' = PSI' X CT,' (3)

where ¢, 8, y and L are constant parameters which, according
to the IEC curves, are assumed to be 0.14, 0.02, 1.0 and
0. TDS; is the time dial settings of relay R;. IF; is the fault
current, /P; is the pickup current flowing through relay R; for
a particular fault located in a particular zone. PS; stands for
the plug setting, CT; stands for the CT ratio, so the pickup
current /P; is calculated by Eq.(3).

B. CONSTRAINED FUNCTIONS

1) RELAY COORDINATION CONSTRAINTS

In a power system, when fault happens, it is sensed by primary
and backup relays simultaneously. To avoid mal-operation,
backup relay should takeover the tripping action, only after
primary relay fails to operate. The operating time of backup
relay (T°9kP) is decided by the operating time of primary
relay (TP plus the coordination time interval (CTI).
This is necessary for maintaining the selectivity of primary
and backup relays. This relay coordination constraint can be
stated as:

Tbackup _ Tprimaiy > CTI )

The value of CTI varies from 0.30s to 0.40s for elec-
tromechanical relays while it varies from 0.10s to 0.20s for
numerical relays.

2) RELAY CHARACTERISTIC CONSTRAINTS
The relay characteristic constraints are the physical and oper-
ational bounds of the relay parameters as follows:

Timin < Ti < T[max (5)
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TDS™" < TDS; < TDS"" (6)
IPMM < [P; < P 7
PS"" < PS; < PS™M (8)

where Timi" and 7" in Eq.(5) are the minimum and max-
imum operating time of relay R; for the fault at any point;
TDS{""’ and TDS"™*" in Eq.(6) are the minimum and maxi-
mum values of TDS; of relay R;; IP"" and IP{"™ in Eq.(7)
are the minimum and maximum values of IP; for relay R;;
PSI-’"i” and PS"*" in Eq.(8) are the minimum and maximum
values of PS; for relay R;.

C. CONSTRAINTS HANDLING

In this paper, penalty method is used to handle the constrained
functions. It consists of adding a penalty term to the objective
function to penalize the unfeasible solutions that violate the
constraints. A comprehensive survey of the most popular
penalty functions is given in [27].

In DOCRs coordination problem, the relay coordina-
tion constraints and the relay characteristic constraints, are
included in the objective function using penalty method,
as shown in Eq.(9). If any constraint is violated, a value of
penalty is added to the value of objective function. Since the
objective function is of minimization type, a large number is
taken as the penalty factor.

N M
OF =Y T/ + " Penalty(k) 9)
i=1 k=1
where N is the number of primary relays and M is the number
of relay pairs, the penalty term Penalty(k) is given by the
following equation:

0, lf (Tfackup _ Tlfrimary) > CTI
Penalty(k) = { £|CTI — (T{“M? — ™)), (10)

otherwise

where £ is the penalty factor for penalty method to make
the value of the objective function more significant during
minimisation. £ is usually given a relatively high value, with
the aim to achieve zero penalties in optimal solutions [28].

lIl. OJAYA ALGORITHM
A. JAYA ALGORITHM
Jaya algorithm is a newly developed yet powerful heuristic
algorithm for solving constrained and unconstrained opti-
mization problems [20]. Compared with most of the other
heuristic algorithms that requiring for algorithm-specific
parameters, Jaya is totally free from the algorithm-specific
parameters, and only two common parameters named max-
imum number of iteration (Max_iter) and population size
(N _pop) are required, whose values can be initialised easily.
Pseudo code of Jaya is shown in Algorithm 1. The working
principle is explained as follows.

Suppose the objective function OF (X) is required to be
minimized or maximized. Let the design variable number is
N _var where the index u € [1, N_var], let the population
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size is N_pop where the index v € [1, N_pop], let the
maximum iteration number is Max_iter where the index w €
[1, Max_iter]. Then let X,, , ,, be the value of the u™ variable
for the v candidate population during the w iteration, then
the new modified value X”¢" is calculated by:

u,v,w
[ Xuvwl)
— I X (Xu,worst,w - |Xu,v,w|) (11)
where X"

o is the updated value of X, , . r1 and ry are
two uniformly generated random numbers ranged in [0, 1].
Xy best,w 15 the best population with the best fitness value and
Xy, worst,w 18 the worst population with the worst fitness value.
It should be explained that, in Eq.(11), the first term
“Xu,vw represents the original position, which provides the
necessary start point for each population (each population can
be seen as a moving particle) to roam among the fitness space.
The second term *“+ry X (X pest,w— |Xu,v,w|)”” €ncourages the
population to fly toward the spot of the best position found so
far. The third term " *“—r2 X (Xy worst.w — | Xu,v.w|)” r€presents
the tendency of the population to run far away from the worst
position found so far.

ew
X = Xu,v,w +r X (Xu,best,w -

u,v,w

Algorithm 1 Jaya

Initialize N_var, N_pop and Max_iter;

Generate initial population X;

Evaluate the fitness value OF (X);

Setw =1;

while w < Max_iter do

Identity X, pess,w and X, worss,w Within current X;
forv=1— N_pop do

foru=1— N_var do

Generate updated population X" ' by

u,v,w
Eq.(11);
end

Calculate OF (X"

u,v,w >
if OF (X,/",) is better than OF (X, ,,y) then

* ynew
‘ Xu,v,w—X

u,v,w
OF (Xu,v.w) = OF (X",
else

| Keep the old value;

end

end
w=w-++1;

end

B. OPPOSITIONAL LEARNING (OL)

Oppositional learning (OL) is usually utilized by population-
based algorithm by calculating and evaluating the current
population and its opposite population simultaneously, and
choose the better one for going to next generation. By OL,
the searching space is expanded and the diversity of the
population is strengthened. It has successfully obtained bet-
ter results in biogeography-based optimization (BBO) [29],
whale optimization algorithm (VOA) [30] and krill herd
algorithm (KH) [31].
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Here goes the working principle. Suppose X = (X1,
Xp,---,X,) and X;;, € [Ay, Bul, where m = 1,2,...,u.
Then the oppositional X is represented as X° =
(X, Xg, .-+, X?), which is calculated by:

X, =Am + Bn — X (12)

In this paper, Eq.(12) is applied to the current popu-
lation {X} to generate the oppositional population {X?}.
To illustrate it in details, we suppose the current popula-
tion Xu,v,w = (Xl,v,WvXZ,v,vw ce 7XN_var,v,w)’ the corre-
sponding opposite solution can be defined as X?

u,v,w
(x? X9 X? ), which is obtained by the fol-

1,.v,w’ 2,v,vy’ AN varv,w
lowing equation:
X;,v,w =85 X (Au,w + Bu,w) - Xu,v,w (13)

where s is a random number in [0, 1]. A, and B, are
the dynamic bounds of u* variable in the w" iteration for
all the population, which can be obtained by the following
equations:

Au,w = min(Xu,v,w)a Bu,w = maX(Xu,v,w) (14)

As we know the searching space is shrinking with iteration,
this may cause the population stuck in local minimum. Thus,
we will update the dynamic bounds A, , and B, , every
50 generations. Even though the dynamic bounds are good at
restoring searching experiences, they can make Xy, , jump
out of [XZZ””, X1, where [X,:"i", X/**] are the minimum
and maximum limits in constrained functions of the u™” relay.
If that happens, equation below should be used to reset X/

u,v,w*

X° = rand(Au,w, Bu,w) (15)

u,v,w

where rand(Ay,w, By,w) is a random number within in
[Au,w» Bu,w]~

In this work, OL is combined with Jaya in two aspects.
The first one, when we are generating the initial population,
we apply OL simultaneously to get its oppositional popu-
lation. Then by comparing the current population with its
oppositional population, we keep the better one as the initial
population. The second one, OL is applied to the current
population during the whole iteration process, with the aim
of jumping to a new position which may have greater oppor-
tunity to get closer to the optimal solution. By comparing
its fitness value, the fittest N_pop solutions are saved to the
next iteration and the others are removed. Pseudo code of OL
learning is shown in Algorithm 2.

C. DISTANCE-ADAPTIVE COEFFICIENT (DAC)
It can be observed from Eq.(11) that, searching process
towards better positions by Jaya is mainly guided by two
stochastic terms, one is the best position X, pess,w and the
other one is the worst position X, ,yorsr, - Therefore, reason-
able control of these two terms is of crucial importance in
searching for optimum solution efficiently and accurately.
Generally speaking, at the early stage of searching pro-
cess, the populations are expected to approach the promis-
ing regions as fast as possible; at the latter stage, since the
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Algorithm 2 OL_Learning (X)

Calculate the fitness value of current population OF (X) ;
s=rand(0,1) ;
forv=1— N_pop do
foru=1— N_var do
Calculate the opposite population X° by Eq.(13)

end
Calculate OF (X?) ;
end
Order{OF (X), OF (X°)} ;
Select N_pop fittest population from {X, X°} as new
population X ;

populations have converged to the promising regions, fine-
tuning should be implemented around the neighborhood to
find the global optima. In order to meet this requirements,
distance-adaptive coefficient (DAC) (d,,) is introduced. The
mathematical representation of d,, is given by:

OF(XM best w) 2 .
—_Jwbestw) 2 i OF (X ) #£0
OF(Xu,worst,w)) f ( u,worsl,w) 75 (16)

1, otherwise

dy =

where OF (X, pest.w) and OF (X, worst,w) are the fitness values
of the best solution and worst solution in Eq.(11). Then we
introduce Eq.(16) to Eq.(11):

Xnew

u,v,w

- Xu,v,w +rp X (Xu,best,w - |XL1,V,W|)
—dyw x r2 X Xuworst,w — 1 Xuywl)  (17)

We can tell that, d,, has self-adaptive feature and its value
increases gradually, since the distance between X, peg, v and
Xy, worst w18 becoming closer as the search process. Therefore,
when d,, is small at the early stage, a relatively small term of
Xy, worst,w» compared with Xy, pesr w, Will result in significantly
accelerated speed in approaching Xy, peg,,. In contrast, when
d,, is gradually increasing to 1, it will fairly make the balance
between X, worst,w and Xy pesr.w, SO the population would
make use of both of the two sides to refine the X, , ,, at the
latter stage. In addition, since the value of d,, is calculated
adaptively, thus no additional parameter is introduced [32].

D. OJAYA ALGORITHM

According to the previous work, an oppositional Jaya (OJaya)
algorithm with distance-adaptive coefficient (DAC) is pro-
posed. Pseudo code of OJaya is shown in Algorithm 3. It starts
by setting values for N_var, N_pop and Max_iter. Then the
initial population is created by OL_Learning (X) according to
Algorithm 2. Then we use DAC to modify the Jaya function.
After that, the modified function is applied to update the
current population. Then OL_Learning (X) is re-utilised to
select the better value. Finally, if Max_iter is reached, stop the
iteration and record the best solution. Otherwise, re-calculate
d,, and go to the next iteration.
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Algorithm 3 OJaya
Initialize N_var, N_pop and Max_iter;
Generate initial population X;
X = OL_Learning (X);
Evaluate the fitness value OF (X);
Setw =1;
while w < Max_iter do

Identify X, pest,w and Xy, worss,w Within current X;
Calculate d,, by Eq.(16);
forv=1— N_pop do
foru=1— N_var do
Generate updated population X", by
Eq.(17);
end
X7, = OL_Learning (X<Y,,):
Calculate OF (X,,",);
if OF ( ,:‘evww) is better than OF (X,,,y,,») then
‘ Xu,v,w = X,,}Zﬁ:j}W
OF(Xu,v,w) = OF(XIZevvfw
else
| Keep the old value;
end
end
w=w+1;
end

The main procedures of using OJaya algorithm to solve
the DOCRs coordination problem are illustrated with further
details below, and the flowcharts are shown in Fig.1.

1. Set parameters. Common parameters of N_var, N_pop

and Max_iter are given.

2. Initialization. Initial population X is generated in the

form of:
Xl,l,w X2,1,w XN_var,l,w
X = X1,2,w X2,2,w XN?var,2,w
Xu,v,w XN_var,v,w

Xl,N_pop,w X2,N_pop,w XN_var,N_pop,w

where
Xu,v,w — X}:nin + (X’;nax _ X;nin)
xrand(N_pop, N_var)

where X, ., is the u variable in the v candidate
solution where u € [1,N_var] and v € [1, N_pop].
w is the iteration index number, which actually can be
ignored in the initialization step. X" and X/"** are the
lower and upper limits of the " variable given by relay
characteristic constraints, as shown in Eq.(6), Eq.(7) or
Eq.(8).

3. Apply OL_Learning. The Initial population X is
updated according to Algorithm 2.

4. Evaluation. Fitness value OF (X,,,.,,) is calculated by
the objective function given in Eq.(1).

5. Identity Xy, pest,w and Xy, yorsr,w Within X according to
the best and worst OF value.
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TABLE 1. Primary/Backup relay pairs and related parameters for 3-bus
system [33].

Primary Relay IF(A) Backup IF(A)
Relay No CT PS (Primary) Relay (Backup)
1 300/5 5.0 1978.90 5 175.00
2 200/5 15 1525.70 4 545.00
3 200/5 5.0 1683.90 1 617.22
4 300/5 4.0 1815.40 6 466.17
5 200/5 2.0 1499.66 3 384.00
6 400/5 2.5 1766.30 2 145.34

6. Apply DAC. Calculate d,, by Eq.(16).

7. Update the population. The updated population X",
is calculated by Eq.(17).

8. Apply OL_Learning. The current population X,/ is
updated according to Algorithm 2.

9. Evaluation. The updated fitness value OF(X}7',) is
calculated by the objective function, which is as the
same as in step 4.

10. Comparison. Compare OF (X", ) with OF (Xy,y.») and
keep the better value.

11. Check the stopping condition. If the Max_iter 1is
reached, stop the loop and report the best solution;
otherwise set w = w+ 1 and go to step 6 to re-calculate
d,, and continue the loop.

IV. NUMERICAL EXPERIMENTS

To evaluate the effectiveness of Jaya and OJaya in solving
DOCRs coordination problem, test systems of 3-bus, 8-bus,
9-bus and 15-bus have been investigated in this section. All
the systems are developed using MATLAB software (version
R2018b) and executed on a computer under windows 7 on
Intel(R) Core(TM) i5-6500 CPU 3.20GHz with 8GB RAM
environment.

Moreover, since the proposed OJaya algorithm is the
hybridization of Jaya, OL learning and DAC, it is quite
necessary to observe the relative effectiveness of each con-
stituent, hence three different algorithms are experimented
respectively.

o Jaya: The standard Jaya algorithm.

« DJaya: Jaya with DAC.

o OlJaya: Jaya with OL learning and DAC.

A. 3-BUS SYSTEM

This 3-bus system consists of 3 buses, 3 generators, 3 lines
and 6 relays, as shown in Fig.2. 3¢ fault at the midpoint
of each line is considered. The CT ratio, the listed pri-
mary/backup (P/B) relay pairs and the 3¢ fault current of
each line are given in Table.l. All the relays have IDMT
characteristic. This system is experimented by LP, NLP and
MINLP formulations to make fair comparison with other
conducted studies in the literature.

1) CASE 1: 3-BUS SYSTEM WITH LP FORMULATION
In this case, CTI is 0.2s, IF, PS and CT are fixed con-
stants given in Table.1. The only variable is TDS, which is
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Id = OF(Xy peat,w)
| OF( Xy worat,wl) '

_______ IR |

|xu.n,m|)'L”*{
.

"

TEw
1 X e = Xuwaw + 11 X (X best,w —
I

—dy X r2 X (Xu,worst,w — | Xu,v,wl)

I OL.Learning (X% ) Lo-o--_--_
1

YW

‘
'Is OF(X5Y,) better than OF (X v, ? -

U

FIGURE 1.

FIGURE 2. IEEE 3-bus DOCRs coordination problem model.

continuous lying in [0.1,1.1]. For Jaya and its variants,
the common parameters of variable number (N_var) is 12,
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1
Fm———

Start

»{ Input the DOCRs data ‘

l

Input the OJaya data ‘

|

a{lnilialize the population X by OL ‘

l

—){ Calculate the value of objective function

l

‘ Setiter =1 ‘

l
|

Calculate the DAC ‘

Update X by DAC ‘

Update X '™ by OL ‘

U, W

|

Is X 75  better than X, w7

[T

——
X = X ‘

T W

‘ Keep X, v,

|

iter = iter + 1

End

Solution process of DOCRs coordination problem by OJaya algorithm.

population size (N_pop) is 5, maximum iteration number
(Max_iter) is 20. The optimum settings of TDS obtained by
Jaya, DJaya and OJaya are given in Table.2. Simultaneously,
simplex method [1], LP using matlab [5], PSO [5] and seeker
algorithm [33] have also been presented to be compared.
Table.2 shows that, all the compared algorithms give the
same objective function value as 1.9258(s), but Jaya, DJaya
and OJaya are able to give more optimized value as 1.7804(s).
Fig.3 depicts the convergence curves, from which we can
observe OJaya shows super fast convergence rate and reaches
its best value within 4 iterations. Fig.4 provides the OF values
distribution over 20 running times. We can see that, most
of the runs are able to reach optimum result in this case.
But there exist some ““outliers” with extreme values by Jaya
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TABLE 2. Time dial setting for 3-bus system by LP formulation.

TABLE 3. Coordination time interval for 3-bus system by LP formulation.

Rela Time Dial Setting (TDS)
y Simplex — LPusing  pso Seeker
Method [1] Matlab [5] [5] [33] Jaya DJaya OJaya
1 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000
2 0.1364 0.1364 0.1364 0.1364 0.1000 0.1000 0.1000
3 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000
4 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000
5 0.1298 0.1298 0.1298 0.1298 0.1000 0.1000 0.1000
6 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000
Pop - - - 50 5 5 5
Tter - - 1000 45 20 20 20
Time - 0.4370 0.5129 6.45 0.0218 0.0114 0.0179
OF 1.9258 1.9258 1.9258 1.9258 1.7804 1.7804 1.7804
5.5 ! ! ! ! ! ! ! ! !
Jaya
5- DJaya |
—— OJaya
—45F ]
)
S a4 ]
2
i35 i
2
g0 1
2
O s} 4
2k J
1.5 L : . . L : : : L
0 2 4 6 8 10 12 14 16 18 20
Iteration

FIGURE 3. Convergence characteristics for 3-bus system by LP
formulation.

4.5 T T T T T T T T T T
E Jaya
4r [ pJaya |
I OJaya
35 1
g
c 3f ]
L
k7]
€25 i
S
r
-]
3
215t 1
(e}
16 1
0.5 1
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FIGURE 4. Independent runs for 3-bus system by LP formulation.

and DJaya, which illustrates that, different from OJaya, Jaya
and DJaya are suffering problems of falling into local optima
which is far away from the global optima.

Table.3 shows the value of coordination time interval
(CTI), we can see that, the constraints are satisfied in every
P/B relay pair.

2) CASE 2: 3-BUS SYSTEM WITH NLP FORMULATION

In this case, the design variables are TDS and IP, which lies
in [0.1,1.1] and [1.5,5.0] respectively, and both of them are
continuous values. System data is obtained from Table.1. The
common parameters of N_var is 12, N_pop is 20, Max_iter
is 50. The optimum settings of TDS and IP are presented
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Primary Backup CTI

Relay Relay Jaya DJaya OJaya
1 5 0.5232 0.5232 0.5232
2 4 0.6371 0.6371 0.6371
3 1 0.6417 0.6417 0.6417
4 6 0.4812 0.4812 0.4812
5 3 0.8342 0.8342 0.8342
6 2 0.4698 0.4698 0.4698

TABLE 4. Time dial setting and pickup current for 3-bus system by NLP
formulation.

Relay GSO IGSO Analytic ~ Jaya DJaya  OJaya
[34] [34] [35]
TDS_1  0.100 0.100 0.100 0.100 0.100 0.100
TDS_2  0.100 0.100 0.100 0.100 0.100 0.100
TDS_3  0.100 0.100 0.100 0.1453  0.100 0.100
TDS_4  0.100 0.148 0.100 0.100 0.112 0.100
TDS_5  0.100 0.100 0.100 0.100 0.100 0.100
TDS_6  0.100 0.100 0.100 0.100 0.100 0.100
IP_1 161.6507 117.7491  162.00 90.00 90.00 90.00
IP_2 97.6290  29.995 85.00 119.12 11912 119.12
IP_3 88.8888  62.9982 115.00 60.00 122.61 12424
IP_4 133.0546  35.7398 140.00 107.046  90.00 106.75
IP_5 53.7883  36.7397 91.00 74404  74.40 77.74
IP_6 134.8014 101.5602  140.00 120.00  120.00  120.00
Pop - - - 20 20 20
Iter - - - 50 50 50
Time - - - 0.0225  0.0127  0.0204
OF 1.4807 1.2918 1.5108 15019 14794 14718
9 : : : : : : . : :
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FIGURE 5. Convergence characteristics for 3-bus system by NLP
formulation.

in Table.4. Simultaneously, GSO [34], IGSO [34] and Ana-
lytic [35] algorithms have been provided to be compared.

From Table.4, we can observe that IGSO [34] achieves
the best OF value as 1.2918(s), the proposed OJaya ranks
the second place as 1.4718(s). But it needs to mention that,
even though IGSO provides better OF value than OJaya, it is
not strictly-satisfying all the constraints of CTI, because there
are some CTIs a little bit less than 0.2(s), which is underlined
in Table.5. However, all the CTI constraints are fully-satisfied
by Jaya, DJaya and OlJaya.

Fig.5 shows that, both DJaya and OJaya converge faster
than Jaya. Fig.6 shows the outlines of OF value by 20 running
times. As in Case 1, there are extreme “‘outliers” by Jaya and
DlJaya, but none by OJaya. It illustrates the robustness of Jaya
and DJaya is not as good as OJaya.
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TABLE 5. Coordination time interval for 3-bus system by NLP formulation.

Primary  Backup CTI

Relay Relay IGSO [34] Jaya DJaya OJaya
1 5 0.2003 0.2000 0.2000 0.2117
2 4 0.1987 0.2012 0.2001 0.2004
3 1 0.2095 0.7507 0.7854 0.7841
4 6 0.1988 3.4064 3.3942 3.4066
5 3 0.1985 0.2001 0.2000 0.2001
6 2 0.1985 0.2000 0.2000 0.2000

TABLE 6. Time dial setting and pickup current for 3-bus system by MINLP
formulation.

Relay SBB Seeker BBO BBO-LP  Jaya
[33] [33] [36] [36]

DJaya OJaya

TDS_1 0.1510 0.1070 0.1043  0.1067 0.100 0.100 0.100
TDS_2 0.1280 0.1080 0.1128 0.1083 0.100 0.100 0.100
TDS_3 0.1300 0.1000 0.1008 0.1000 0.100 0.100 0.100
TDS_4 0.1040 0.1000 0.1080  0.1000 0.1119  0.1119  0.100
TDS_5 0.1060 0.1000 0.1008  0.1000 0.100 0.100 0.100
TDS_6 0.1000 0.1120 0.1030  0.1119 0.100 0.100 0.100
PS_1 1.5 2.5 3.0 25 1.5 1.5 1.5
PS_2 1.5 2.0 2.0 2.0 3.0 3.0 3.0
PS_3 2.0 3.0 3.0 3.0 5.0 3.5 35
PS_4 2.5 25 3.0 2.5 15 15 2.0
PS_5 25 25 2.5 2.5 20 2.0 2.0
PS_6 2.0 1.5 2.0 1.5 1.5 1.5 1.5
Pop - 50 50 20 20 20 20
Iter - 85 1000 20 50 50 50
Time - 10.45 16.23 2.99 0.0286  0.0275  0.0331
OF 1.727 1.599 1.68375 1.59871 1.5477 1.5006  1.4984

3) CASE3: 3-BUS SYSTEM WITH MINLP FORMULATION

In this case, TDS is continuous in [0.1,1.1], PS is discrete in
steps of 0.5 within [1.5,5.0]. System data is obtained from
Table.1. Common parameters of N_var is 12, N_pop is 20,
Max_iter is 50. Optimum settings of TDS and PS are shown
in Table.6. The standard branch-and-bound (SBB) [33],
Seeker [33], BBO [36] and BBO-LP [36] algorithms are
provided to be compared.

We can observe from Table.6 that, the minimum value of
OF is achieved by OJaya as 1.4984(s), followed by DJaya
as 1.5006(s). The average time spent by OJaya and DJaya is
0.0331(s) and 0.0275(s), which are super short times com-
pared with Seeker, BBO and BBO-LP.

In Fig.7, DJaya and OJaya show better convergence capa-
bility than Jaya, because Jaya needs more times of iteration
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FIGURE 8. Independent runs for 3-bus system by MINLP formulation.

TABLE 7. Coordination time interval for 3-bus system by MINLP
formulation.

Primary Backup CTI

Relay Relay Jaya DJaya OJaya
1 5 0.2197 0.2197 0.2197
2 4 0.2001 0.2001 0.2405
3 1 0.7241 0.7712 0.7712
4 6 3.3938 3.3938 3.3960
5 3 0.3823 0.2330 0.2330
6 2 0.2022 0.2022 0.2022

to reach its optima. In Fig.8, we can observe that, OF value
varies in large range by Jaya and Djaya, but it is kept relatively
stable by OJaya.

Table.7 illustrates that, the CTI constraints are satisfied in
all P/B pairs by Jaya, DJaya and OJaya.

B. CASE 4: 8-BUS SYSTEM

This 8-bus system is considered as MINLP formulation. It is
composed of 8 buses, 2 generators, 2 transformers, 7 lines
and 14 relays, as shown in Fig.9. The near-end 3¢ fault is
considered. The CT ratio and 3¢ short circuit current for each
P/B pair are given in Table.8. CTI is selected to be 0.3(s).

In this case, the design variables are TDS and PS, where
TDS is continuous ranged in [0.1,1.1], PS is discrete from
{0.5,0.6,0.8,1.0,1.5,2.0,2.5}. Common parameters of N_var
is 28, N_pop is 50, Max_iter is 2000. The optimized TDS
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TABLE 8. Primary/Backup relay pairs and related parameters for 8-bus

system [37].

Primary Relay IF(A) Backup IF(A)
RelayNo  CT (Primary) Relay (Backup)
1 1200/5 3232 6 3232
2 1200/5 5924 1 996
2 1200/5 5924 7 1890
3 800/5 3556 2 3556
4 1200/5 3783 3 2244
5 1200/5 2401 4 2401
6 1200/5 6109 5 1197
6 1200/5 6109 14 1874
7 800/5 5223 5 1197
7 800/5 5223 13 987
8 1200/5 6093 7 1890
8 1200/5 6093 9 1165
9 800/5 2484 10 2484
10 1200/5 3883 11 2344
11 1200/5 3707 12 3707
12 1200/5 5899 13 987
12 1200/5 5899 14 1874
13 1200/5 2991 8 2991
14 800/5 5199 1 996
14 800/5 5199 9 1165
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FIGURE 10. Convergence characteristics for 8-bus system by MINLP

formulation.

and PS are displayed in Table.9, and the results are compared
with Seeker [33], GA [3], GA-LP [3].
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TABLE 9. Time dial setting and plug setting for 8-bus system by MINLP
formulation.

Relay Seeker GA GA-LP Jaya DJaya OJaya

[33] [3] [3]
TDS_1 0113 029 0.3043 01000 01703  0.1000
TDS2 0260 031 02917 04409 02719  0.3169

TDS_3 0.225 0.26 0.2543 0.4585 0.2971 0.2506
TDS_4 0.160 0.19 0.1851 0.1900 0.1634 0.3572
TDS_5 0.100 0.18 0.1700 0.1030 0.1031 0.1024
TDS_6 0.173 0.26 0.2711 0.3447 0.2664 0.1968
TDS_7 0.243 0.54 0.5316 0.2776 0.3348 0.2998
TDS_8 0.170 0.24 0.2387 0.2638 0.2288 0.3040
TDS_9 0.147 0.17 0.1865 0.2482 0.1790 0.1936
TDS_10  0.176 0.19 0.1895 0.3507 0.2324 0.1952
TDS_11 0.187 0.21 0.2014 0.2665 0.2096 0.4453
TDS_12  0.266 0.30 0.2890 0.3163 0.4386 0.3121
TDS_13 0.114 0.23 0.2207 0.2555 0.2517 0.2529

TDS_14  0.246 0.51 0.5278 0.3205 0.4426 0.2765
Ps_1 2.00 1.00 2.00 2.50 1.50 2.50
PS_2 2.50 2.50 1.50 1.00 2.50 2.00
PS_3 2.50 2.50 2.50 0.50 1.50 2.50
PS_4 2.50 2.50 2.50 2.00 2.50 0.50
PS_5 2.50 1.50 1.50 2.50 2.50 2.50
PS_6 2.50 2.50 2.50 0.50 1.50 2.00
PS_7 2.50 0.50 0.50 2.50 1.50 2.00
PS_8 2.50 2.50 2.50 2.00 2.50 1.50
PS_9 2.50 2.00 2.00 1.50 2.50 2.00
PS_10 2.50 2.50 2.50 1.00 2.00 2.50
PS_11 2.50 2.50 2.50 2.00 2.50 0.50
PS_12 2.50 2.50 2.50 2.50 1.00 2.50
PS_13 2.00 1.50 1.50 1.00 1.00 1.00
PS_14 2.50 0.50 0.50 2.00 1.00 2.50
Pop 100 100 100 50 50 50
Iter - 100000 30 2000 2000 2000
Time - 36000 300 2.1031 1.5546 2.1021
Std - - - 3.4972 3.1145 1.7749
OF 84270  11.001  10.9499 10.2325  9.9661 9.8520
Feasible  Not No No Fully Fully Fully
Fullly

TABLE 10. Coordination time interval for 8-bus system by MINLP
formulation.

Primary  Backup CTI

Relay Relay Seeker [33]  Jaya DJaya OJaya
1 6 0.3002 0.3000 0.3000 0.3000
2 1 0.2990 0.4421 0.3472 0.5134
2 7 0.3017 0.3000 0.3001 0.3000
3 2 0.2995 0.3000 0.3000 0.3002
4 3 0.3005 0.3000 0.3000 0.3000
5 4 0.2987 0.3000 0.3002 0.3000
6 5 0.4967 0.4469 0.3976 0.5028
6 14 0.5881 0.6567 0.5882 0.7061
7 5 0.3614 0.3000 0.3001 0.3000
7 13 0.4538 0.5098 0.4908 0.5036
8 7 0.5769 0.5236 0.4373 0.4296
8 9 0.4507 0.3739 0.4846 0.3041
9 10 0.3017 0.3000 0.3000 0.3003
10 11 0.3001 0.3000 0.3001 0.3000
11 12 0.2982 0.3000 0.3001 0.3001
12 13 0.3028 0.3000 0.3000 0.3002
12 14 0.3017 0.3000 0.3000 0.3000
13 8 0.3007 0.3000 0.3001 0.3000
14 1 0.4214 0.5918 0.3002 0.6387
14 9 0.2980 0.3000 0.3002 0.3000

Although this case has a small dimension, it is a
highly constrained network with limited number of dis-
crete PS values, so it can not get a feasible and optimal
solution easily. As shown in Table.9, GA and GA-LP are
not capable of achieving feasible solutions, which is also
mentioned in [36]. However, Jaya, DJaya and OJaya are able
to obtain feasible solutions, and the OF value keeps decreas-
ing from 10.2325 (s) to 9.8520(s). Even though Seeker [33]
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FIGURE 12. IEEE 9-bus DOCRs coordination problem model.

provides the least OF value as 8.4270 (s), it is not strictly-
satisfying all the constraints of CTI, because there exist
some CTIs a little bit less than 0.3(s), which is underlined
in Table.10. On the contrary, all the CTIs are fully-satisfied
by OlJaya.

The convergence behaviours are represented in Fig.10.
We can observe that, all the algorithms converge in similar
trends, but OJaya reaches lower OF value than Jaya and
DlJaya. The amplitudes of OF values are shown in Fig.11,
it can be seen that Jaya and DJaya fluctuate in quite
large ranges, which means their robustness still need to be
improved further. But OJaya is always able to keep the OF
value minimum and stable.

C. CASE 5: 9-BUS SYSTEM

In this case, the coordination problem is modeled as NLP
problem. It is with one single-end fed and equal impedances
for all of the lines, as shown in Fig.12. This system has 3¢
fault at the midpoint of each line. The P/B pairs, the fault cur-
rent passing through the relays, the maximum and minimum
fault current are given in Table.11. All the DOCRs have same
CT ratio of 500:1, the CTI is selected to be 0.2s. It is to be
noted that, no backup relay for relays {17, 19, 21, 23}, and
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Fault Primary Ip araz(A)  If max(A) It min(A)  Backup
point relay relay
A R1 121.74 4863.6 1361.6 R15,R17
R2 212.74 1634.4 653.6 R4
B R3 21.74 2811.4 1124.4 R1
R4 21.74 2610.5 1044.2 R6
C R5 78.26 1778.0 711.2 R3
R6 78.26 4378.5 1226.0 R8,R23
D R7 78.26 4378.5 1226.0 R5,R23
R8 78.26 1778.0 711.2 R10
E R9 21.74 2610.5 1044.2 R7
R10 21.74 2811.4 1124.4 R12
E R11 121.74 1634.4 653.6 R9
R12 121.74 2811.4 787.2 R14,R21
G R13 30.44 3684.5 1031.7 R11,R21
R14 30.44 4172.5 1168.3 R16,R19
H R15 30.44 4172.5 1168.3 R13,R19
R16 30.44 3684.5 1031.7 R2,R17
I R17 4413 7611.2 1293.9 -
R18 441.3 2271.7 1953.7 R2,R15
I R19 410.87 7435.8 1264.1 -
R20 410.87 2624.2 2256.8 R13,R16
K R21 4413 7611.2 1293.9 -
R22 441.3 2271.7 1953.7 R11,R14
L R23 506.52 7914.7 1345.5 -
R24 506.52 1665.5 1432.3 R5,R8
20 . : : : : : : : .
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FIGURE 13. Convergence characteristics for 9-bus system by NLP

formulation.
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FIGURE 14. Independent runs for 9-bus system by NLP formulation.

the minimum operating time of each relay (Tl-’""”) is taken as
0.2s. For each relay, TDS is continuous ranged in [0.025, 1.2],
and the minimum and maximum limits of PS are calculated
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TABLE 12. Time dial setting and plug setting for 9-bus system with NLP

TABLE 13. Coordination time interval for 9-bus system by NLP

formulation. formulation.
Relay NLP GA- DE SOA Jaya DJaya  OJaya Primary Backup CTI
[4] NLP [38] [38] Relay Relay Jaya DJaya OJaya
4] 1 15 0.7968 0.5683 0.2716
TDS_1 00010 00805 01241 02662 0.0635 0.0642 0.0774 1 17 0.6748 0.6313 0.7367
TDS2 00010 00266 01000 02076 0.0521 0.0552 0.0398 2 4 0.3455 0.3623 0.5506
TDS.3 00362 00560 01370 02928 0.0863 0.0614 0.0434 3 1 0.4111 0.3757 0.4567
TDS_.4 00131 00492 01089 03192 0.0958 0.0710 0.0481 4 6 0.5281 0.5577 0.3595
TDS.5 00643 00472 01237 02879 0.0559 00641 0.0575 5 3 0.4270 0.3634 0.4093
TDS_6 00203 00764 01277 03677 0.0720 0.0984 0.0739 6 8 0.6621 0.3935 0.4831
TDS_7 00203 00764 01277 03006 0.0541 0.1026 0.0842 6 23 0.8937 0.8545 0.7560
TDS.8 00251 00472 01237 02905 0.0800 0.0648  0.0665 7 5 0.4436 0.4338 0.3718
TDS9 00131 00492 01089 02476 0.0765 0.0797 0.0451 7 23 0.9591 0.9040 0.6756
TDS_10 00391 0.0557 01370 02480 0.0528 0.0748 0.0648 8 10 0.2719 0.4750 0.5300
TDS_11 0.0010 00305 01000 02578 0.0809 0.0780  0.0657 9 7 0.3343 0.2068 0.8524
TDS_12 0.0010 00802 01241 03665 0.0789 0.0551 0.0556 10 12 0.6517 0.3200 0.5860
TDS_13 0.0010 00492 01000 02581 0.1154 0.0672 0.0546 11 9 03077 04741 0.4243
TDS_14 00062 00637 01090 03117 0.0662 0.0746  0.0724 12 14 05119 0.5663 0.4437
TDS_15 0.0062 00639 01090 02921 0.1170 0.0974 0.1152 12 21 0.8513 0.8161 0.8058
TDS_16 0.0010 0.0593 01000 03633 0.1638 0.0876  0.0520 13 11 0.5902 0.7021 0.4537
TDS_17 12000 0.0974 01000 02560 0.0749 0.0680  0.0651 13 21 0.8311 0.7893 0.8114
TDS_18 0.0016 0.0295 01000 0.1038 0.0385 0.0348 0.0452 14 16 0.4232 0.5991 0.5686
TDS_19 1.2000 0.0787  0.1000 02589 0.0709 0.0743 0.0819 14 19 0.6019 0.6581 1.0085
TDS_20 0.0074 00964 01000 01002 0.0515 0.0456  0.0540 15 13 0.2305 0.3201 0.5693
TDS_21 07669 00972 01000 02758 0.0939 0.0817 0.0872 15 19 0.4587 0.6070 0.9712
TDS_22 00016 00921 01000 01010 0.0414 00353  0.0439 16 2 0.2468 0.3797 0.4041
TDS_23 12000 0.1011 01000 0.1757 0.0922 0.0897  0.0659 16 17 0.5319 0.5515 0.7850
TDS_24 0.0108 0.0435 01000 0.1014 0.0411 00250 0.0405 17 - - - -
PS.1  9.0720 1.8150 25000 12732 15008 13633 1.2293 18 2 0.2802 0.3627 0.2952
PS2 65540 12988  2.0899 15200 07306 07448  0.8309 18 15 0.6873 04716 02111
PS_3  1.0687 14980 25000 1.1975 09324 1.1644 1.4368 19 - - - -
PS4 69794 13920 25000 0.6701 0.6729 09431 1.3374 20 13 0.2530 0.2000 0.5278
PS5 01760 09480 25000 1.0785 07770 07575 0.7968 20 16 0.3025 0.4279 0.4898
PS_6 81739 1.6430 25000 0.6311 1.3588 1.0905 1.0480 21 - - - -
PS_7 81739 1.6430 25000 09637 13636 0.6818 1.4258 2 11 0.5617 05777 0.2973
PS_8 06555 09480 25000 1.1393 0.7805 0.7586  0.7492 2 14 0.4632 04152 0.2929
PS_9 69794 1.3920 25000 1.1994 09438 1.0734 1.3399 23 - - - -
PS_10 07596 14980 25000 17451 12611 1.1382 1.3010 24 5 0.2456 0.4593 0.2747
PS_11 65540 1.1369 20899 0.8454 0.6985 07297  0.6622 24 8 0.5296 0.4684 0.3056
PS_12  9.0940 1.8150 25000 0.6461 0.8530 0.8666 1.0194
PS_13 68778 13740 22969 09784 05695 09882  1.3203
PS_14 77996 1.5560 2.5000 0.8860 1.3133 1.1905 1.0996 TABLE 14. CT ratio for the relays of 15-bus system [33].
PS_15 77838 15560 25000 0.8993 1.0621 09953  0.5193
PS_16 68778 09639 22969 05004 03827 1.0178 1.3214
PS_17 17200 17200 21606 09197 14577 14878 1.6389 Relay No CT ratio
PS_18 18715 1.6347 05000 05003 2.0809 2.1396 1.6927
PS_19  1.6800 1.6800  1.6462 07629 14125 14416 1.6038 18-20-21-29 1600/5
PS20  2.3447 02006 05000 05041 19831 2.5285 1.6553 2-4-8-11-12-14-15-23 1200/5
PS 21 14735 17200 21606 0.8902 14581 14810 1.4358 1-3-5-10-13-19-36-37-40-42 800/5
PS22 18715 02000 05000 05008 19307 22709 2.0137 6-7-9-16-24-25-26-27-28-31-32-33-35 600/5
PS23 17900 17900 19435 15724 15465 15835 1.6959 17-22-30-34-38-39-41 400/5
PS24 09989 07441 05000 05017 1.6236 1.6566 1.6917
Pop - - - - 30 30 30 0
Tter - - - - 200 200 200
Time - - 729 3020 06016 04755  0.7930 10 - Jaa
Std - - 01233 12133 2.8335 22792 14472 ol — own
OF 194041 61786  8.6822 142338 7.1378 68319 63713
Feasible No Different Fully  Fully Fully Fully Fully 9%
% 80
L
. . E 70
by the following equations: Z e
Q
>
. I.i x OLF 5
PSmin - CTR (18) 'g 40
. . 2 30
1 min
PSmax = If,i X 3CTR (19) 20

where I, ; is the nominal current rating of the circuit protected
by the relay R;, OLF is the overload factor equal to 1.25, I ”ff”
is the minimum fault current detected by R;.

Common parameters of N_var is 48, N_pop is 30,
Max_iter is 200. The optimum settings of TDS and PS
are presented in Table.12. It is noticed that, no feasible
solution can be found by NLP [4]. The best result is
obtained by GA-NLP [4] with values of 6.1786 (s), fol-
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FIGURE 15. Convergence characteristics for 15-bus system with NLP

formulation.

lowed by OJaya, DJaya and Jaya with values as 6.3713(s),
6.8319(s) and 7.1378(s), respectively. But the authors found
that, the system data used in [4], is a little different from the
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TABLE 15. Primary/Backup relay pairs and related parameters for 15-bus
system [33].

Primary IF(A) Backup IF(A) Primary IF(A) Backup IF(A)

Relay Relay Relay Relay

R1 3621 R6 1233 R20 7662 R30 681
R2 4597 R4 1477 R21 8384 R17 599
R2 4597 R16 743 R21 8384 R19 1372
R3 3984 R1 853 R21 8384 R30 681
R3 3984 R16 743 R22 1950 R23 979
R4 4382 R7 1111 R22 1950 R34 970
R4 4382 R12 1463 R23 4910 R11 1475
R4 4382 R20 1808 R23 4910 R13 1053
R5 3319 R2 922 R24 2296 R21 175
R6 2647 R8 1548 R24 2296 R34 970
R6 2647 R10 1100 R25 2289 R15 969
R7 2497 R5 1397 R25 2289 R18 1320
R7 2497 R10 1100 R26 2300 R28 1192
R8 4695 R3 1424 R26 2300 R36 1109
R8 4695 R12 1463 R27 2011 R25 903
R8 4695 R20 1808 R27 2011 R36 1109
R9 2943 R5 1397 R28 2525 R29 1828
R9 2943 R8 1548 R28 2525 R32 697
R10 3568 R14 1175 R29 8346 R17 599
R11 4342 R3 1424 R29 8346 R19 1372
R11 4342 R7 1111 R29 8346 R22 642

R11 4342 R20 1808 R30 1736 R27 1039
R12 4195 R13 1503 R30 1736 R32 697
R12 4195 R24 753 R31 2867 R27 1039
R13 3402 R9 1009 R31 2867 R29 1828
R14 4606 R11 1475 R32 2069 R33 1162
R14 4606 R24 753 R32 2069 R42 907
R15 4712 R1 853 R33 2305 R21 1326
R15 4712 R4 1477 R33 2305 R23 979
R16 2225 R18 1320 R34 1715 R31 809
R16 2225 R26 905 R34 1715 R42 907
R17 1875 R15 969 R35 2095 R25 903
R17 1875 R26 905 R35 2095 R28 1192
R18 8426 R19 1372 R36 3283 R38 882
R18 8426 R22 642 R37 3301 R35 910
R18 8426 R30 681 R38 1403 R40 1403
R19 3998 R3 1424 R39 1434 R37 1434
R19 3998 R7 1111 R40 3140 R41 745
R19 3998 R12 1463 R41 1971 R31 809
R20 7662 R17 599 R41 1971 R33 1162
R20 7662 R22 642 R42 3295 R39 896

50 T T T T T T T T T T

i I Jaya | |
[ bJaya
Pt I ovaya| |
35 1
) i
c 30r 4
]
k]
S 25 g
@
s 20 1
2
k]
850 1
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Number of independent runs

FIGURE 16. Independent runs for 15-bus system with NLP formulation.

commonly-used system data given in Table.11. Because the
primary relay 13 and 14 in [4] has only one backup relay;
actually, the primary relay 13 and 14 has two backup relays,
as showed in Table.11. This difference may lead to the OF
value of GA-NLP is less than OJaya. In fact, [38] uses the
same system data as Table.11, which shows that, OJaya is not
only better than the algorithms of DE and SOA, but also better
than GA (14.5426), PSO (13.9472) and HS (9.2339) [38].
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TABLE 16. Time dial setting and plug setting for 15-bus system by NLP
formulation.

Relay Jaya DJaya OJaya

No TDS PS TDS PS TDS PS
1 0.1360 1.6418 0.1534 1.0202 0.1000 2.5000
2 0.1281 1.4431 0.1145 1.4195 0.2024 0.5000
3 0.2509 1.3918 0.1982 1.1228 0.1898 0.9608
4 0.1991 0.5000 0.1000 1.7873 0.1000 1.9786
5 0.2471 1.4670 0.1767 2.5000 0.1766 1.0276
6 0.1343 2.0841 0.1517 1.4721 0.1317 1.7451
7 0.4165 0.5000 0.4189 0.5000 0.1118 2.5000
8 0.1889 2.0939 0.1000 2.5000 0.1139 1.5890
9 0.3224 1.2985 0.2299 0.5000 0.2016 0.5027
10 0.2666 1.0800 0.1811 1.9185 0.2212 0.5000
11 0.1570 1.2341 0.1190 1.6042 0.1828 0.5000
12 0.1693 1.7420 0.1306 1.5998 0.1367 1.2163
13 0.2847 0.5000 0.1336 1.4281 0.1036 1.8025
14 0.1353 1.7261 0.1815 0.8812 0.1000 1.7457
15 0.1003 1.8131 0.1000 2.5000 0.1000 2.5000
16 0.2701 1.3631 0.2335 0.5000 0.1873 0.8423
17 0.2080 1.2502 0.2886 0.5000 0.1955 0.5000
18 0.2506 0.8661 0.1160 1.3582 0.1000 1.5670
19 0.4109 0.5000 0.2649 0.5000 0.2054 0.5000
20 0.1000 2.5000 0.1910 0.5000 0.1000 1.6987
21 0.2555 0.5776 0.1000 2.4099 0.1000 1.6129
22 0.1994 1.3496 0.4440 0.5000 0.1000 2.5000
23 0.1649 1.2801 0.1000 2.5000 0.1011 1.9898
24 0.2973 0.5000 0.1745 0.9559 0.1335 1.4626
25 0.2740 1.1780 0.2467 0.7803 0.1536 1.8839
26 0.4096 0.5000 0.1426 1.9197 0.1629 1.2080
27 0.2046 1.7175 0.1837 1.0760 0.2263 0.5000
28 0.1952 2.4996 0.1644 1.9984 0.1972 1.7005
29 0.2630 1.0095 0.1000 2.5000 0.1000 2.5000
30 0.2499 0.7583 0.1533 1.1962 0.1000 2.5000
31 0.3096 1.0174 0.1316 2.5000 0.1000 2.5000
32 0.2342 0.8759 0.1332 1.5971 0.1000 2.5000
33 0.3666 0.5083 0.4259 0.5000 0.2815 0.5000
34 0.4147 0.5000 0.2258 2.5000 0.1852 1.3265
35 0.2593 1.5769 0.1654 1.7953 0.2887 0.5000
36 0.1417 2.5000 0.1470 1.5630 0.1024 24614
37 0.3029 1.3072 0.2094 1.5171 0.2685 0.5000
38 0.2022 1.4777 0.1703 1.5302 0.2507 0.5000
39 0.2676 1.5963 0.2409 1.2030 0.1620 1.3475
40 0.2475 1.3711 0.1536 2.0988 0.1983 1.1987
41 0.2486 1.2939 0.2449 1.8541 0.1644 1.7779
42 0.3215 1.0521 0.2061 1.4120 0.1000 2.5000
Pop 50 50 50
Iter 10000 10000 10000
Time 30.42 24.39 22.70
Std 4.332 2.579 1.996
OF 23.5579 18.8404 15.5233
Feasible Fully Fully Fully

TABLE 17. Comparison of the results for 15-bus system with NLP
formulation.

Method OF (s)

MINLP(SBB) [33] 15.335

Seeker [33] 12.227

GA [38] 18.9033
PSO [38] 26.8093
DE [38] 11.7591
HS [38] 12.6225
SOA [38] 20.4068
Jaya 23.5579
DJaya 18.8404
OJaya 15.5233

Because of limited space of the table, we did not show all
the algorithms from [38], but the comparison illustrates that,
OlJaya is still the best performer in this case.

The convergence characteristics could be seen in Fig.13,
from which we can observe that, both OJaya and DJaya
converge faster than Jaya, and obtained lower OF values as
well, while OJaya obviously achieves the lowest OF value.
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TABLE 18. Coordination time interval for 15-bus system by NLP
formulation.

CTI CTI
PB Jaya DJaya OJaya roB Jaya DJaya OJaya
1 6 02265 02001 0.2000 20 30 04032 0.2038 0.3067
2 4 02035 02591 02353 21 17 0.3478 0.4400 0.2479
2 16 0.8926 03333 02696 21 19 05324 0.3477 0.2475
3 1 02073 02047 05223 21 30 02548 0.2498 0.3202
3 16 06389 01994 02492 22 23 05160 0.6538 0.6783
4 7 0594 06814 02819 22 34 04132 02163 0.2726
4 12 05607 03800 02761 23 11 02686 02858 0.2007
4 20 04779 02439 02674 23 13 0.3484 0.2767 0.2561
5 2 02711 02248 02816 24 21 03394 0.8889 0.3807
6 8 07730 03498 02069 24 34 03313 0.5898 0.2188
6 10 0.006 0.5988 02212 25 15 0.2002 0.9302 0.9996
7 5 01994 02192 02039 25 18 04366 0.2000 0.2625
7 10 02365 02231 02139 26 28 02187 02823 0.3672
8 3 03505 0.3231 02740 26 36 02048 0.2567 0.2840
8 12 03557 03410 02745 27 25 0.4007 0.2892 0.3303
8 20 02729 02048 02658 27 36 03483 0.2250 0.2498
9 5 02069 05792 02164 28 29 04161 0.3627 0.3051
9 8 04165 03341 02121 28 32 02225 0.2355 0.2883
10 14 03011 02240 02794 29 17 02510 04349 0.2005
11 3 05307 03208 0.2397 29 19 04356 0.3425 0.2001
11 7 05716 0.6401 02460 29 22 0.2211 0.7973 0.3017
11 20 04531 02026 02316 30 27 03669 0.2442 0.2228
12 13 02513 02295 0.2032 30 32 0.3460 0.3532 0.5064
12 24 02999 02638 0.2828 31 27 02059 0.2049 0.2366
13 9 06740 02172 02003 31 29 03787 04411 0.5369
14 11 02898 02121 02123 32 33 0.3114 0.5938 0.2899
14 24 04182 02372 03473 32 42 07799 0.6409 0.4925
15 1 05110 03060 0.5847 33 21 0.2087 0.4968 0.2143
15 4 02536 02265 02772 33 23 03033 0.6351 0.4582
16 18 04009 02866 0.3051 34 31 0.3808 0.1998 0.2456
16 26 03226 02834 02002 34 42 05701 0.3037 0.3950
17 15 03876 09482 1.1112 35 25 02783 0.2473 0.2169
17 26 05459 02145 02691 35 28 0.2398 0.2087 0.2196
18 19 04872 03682 02505 36 38 02289 0.2024 0.2191
18 22 02727 08231 03521 37 35 03902 0.2450 0.2365
18 30 0209 02703 0.3232 38 40 0.3583 0.2643 0.2078
19 3 02222 02006 0.2303 39 37 03243 0.2031 0.2056
19 7 02631 05199 02366 40 41 02306 0.5748 0.2007
19 12 02274 02185 0.2308 41 31 0.5511 0.2737 0.2723
20 17 04961 03941 02345 41 33 02720 0.3308 0.2190
20 22 04662 0.7565 03356 42 39 0208 0.2151 0.1996

Fig.14 shows 20 times of independent runs, we can observe
that OJaya shows the strongest ability in maintaining the
minimum value of OF (with Std equals to 1.4472), while
DJaya suffers several times of premature problem (with Std
equals to 2.2792), and Jaya has the worst robustness (with Std
equals to 2.8335).

Table.13 shows the operating time and CTI, we can see that
there is no selectivity constraint is violated.

D. CASE 6: 15-BUS SYSTEM

This 15-bus system is experimented as NLP formulation,
which consists of 15 buses, 21 branches, 42 DOCRs and
82 P/B relay pairs. 3¢ close-in fault is considered in all
the lines. This case is a highly distributed generation (DG)
penetrated distribution networks, where CTI is 0.2 (s), TDS
is from 0.1 to 1.1, PS is from 0.5 (A) to 2.5 (A). The CT
ratios, P/B relay pairs and currents for 3¢ faults are available
in Table.14 and Table.15.

Common parameters of N_var is 84, N_pop is 50,
Max_iter is 10000. The optimum settings of TDS and PS
are given in Table.16. We can observe that, OJaya is the
best performer among Jaya, DJaya and OJaya in terms of
OF value (15.5233). However, when we compare OJaya with
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other published algorithms for this case, OJaya is not the best
one, as shown in Table.17. It means that, OJaya still has space
for improvements.

The convergence characteristics are given in Fig.15, we can
observe that, all the algorithms converge in a similar trend,
but OJaya achieves much lower OF value than Jaya and
DJaya. The distribution of OF value by 20 times runs is given
in Fig.16, the comparison confirms that, OJaya maintains the
best robustness with Std equals to 1.996.

Table.18 shows the operating time and CTI, we can see that
there is no selectivity constraint is violated.

V. CONCLUSION

This paper proposed an oppositional Jaya (OJaya) algorithm
with distance-adaptive coefficient (DAC). With the help of
oppositional learning (OL) and DAC, the searching space of
standard Jaya is expanded, the diversity of its population is
strengthened, the convergence speed in approaching promis-
ing regions is accelerated as well. To compare the perfor-
mances of Jaya and OJaya in solving real-world optimization
problems, they are applied to the DOCRs coordination prob-
lem including 3-bus, 8-bus, 9-bus and 15-bus. Then we get
conclusion that, OJaya has improved Jaya’s performance in
aspects of convergence rate, objective function value, robust-
ness and computation efficiency in all the testing cases.

It worth mentioning that, there are three attractive prop-
erties of OJaya. The first one is, even though the concepts
of OL and DAC are introduced, no more parameter is added
throughout the whole implementation. The second one is,
the working principle of OJaya is easy to understand. Thirdly,
the overall frame of OJaya can be easily transported to other
population-based evolutionary algorithms (EAs), such as
PSO, teaching-learning-based optimization (TLBO), cuckoo
search (CS) and artificial bee colony algorithm (ABC), which
is one of the authors’ interests in research in the future.

In the future study, the authors will mainly focus on two
aspects. Firstly, how to improve the performances of OJaya in
larger test systems as 30-bus or 42-bus in DOCRs coordina-
tion problem. Secondly, how to expand OJaya’s applications
in power system, such as apply OJaya to the overcurrent
protection of AC microgrids by DOCRs.
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