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Auxiliary Relays

Amin Yazdaninejadi, Daryoush Nazarpour, and Vahid Talavat

Abstract—Due to the swift expansion and the deployment of
distributed generation, protection systems of active distribution
networks are more expected to be fast. In loop-based active dis-
tribution networks, directional overcurrent relays (DOCRs) are
caught in different chains. These chains stand as the severe ob-
stacle to follow fast-response protection, which remains a signifi-
cant challenge. In this paper, to overcome this challenge, a fast
protection scheme is proposed to break the chains in the corre-
sponding loops by deploying auxiliary DOCRs. The most effec-
tive constraint associated with each chain is relaxed during the
coordination process. Then, the auxiliary relays are employed
to play the backup roles instead of conventional backup relays
in the relaxed constraints. To avoid the misoperation of relays
in the proposed scheme, low bandwidth communication links
are suitably employed. Furthermore, the auxiliary relays are op-
timally placed and adjusted. The proposed approach demon-
strates a mixed-integer nonlinear programming model which is
tackled by particle swarm optimization (PSO) algorithm. De-
tailed simulation studies are carried out to verify the perfor-
mance of the proposed approach.

Index Terms—TFast protection scheme, directional overcurrent
relays, active distribution network, backup relay, auxiliary relay.

[. INTRODUCTION

REGARDING the bidirectional power flow in distribu-
tion networks with loop-based structure, directional
overcurrent relays (DOCRs) are commonly deployed in
these networks [1]. However, their coordination poses a com-
plicated programming challenge [2], which results in higher
tripping time for the relays. Fast-response protection system
plays a vital role in minimizing the level of power equip-
ment damage, preventing disconnections of unintentional
feeder or distributed generation (DG), and decreasing the
probability of instability and even enhancing the power quali-
ty metrics [3]. Therefore, a fast protection scheme is of vital
importance in these networks.
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To date, several researchers have endeavored to tackle the
technical hurdles of overcurrent relays. In this way, trial and
error methods have been employed in [4], [5]. Due to the
high computation burden, these methods would not be suit-
able for practical implementations. Linear programming
methods are also examined in [6], [7]. The need for initial
guess is the key limitation of these methods which increases
the probability of trapping in local minima. [2]. In [8]-[10],
nature-inspired and artificial intelligence algorithms are ap-
plied to respond to the coordinated challenge. Furthermore,
in [11], a comparative study is explored to highlight the best
optimization algorithm for DOCR coordination. To escape lo-
cal minima and enhance the technical metrics of protection
coordination, different penalty methods are adopted in [12]-
[14] besides the main objective. Although these methods are
efficient in finding proper solutions, the obtained reductions
in tripping time of relays are not considerable.

Numerical relays render plenty of features that pave the
way for launching different coordination strategies. These re-
lays allow the users to graphically outfit arbitrary time-cur-
rent characteristics or in a table form [15], [16]. In [17],
based on the deployment of these relays, different standard
characteristics are employed in coordination process extend-
ed in [18]. By deploying these relays, the flexibility in relay
is augmented, which helps to yield a fast-response protection
system. However, these schemes require to replace all con-
ventional relays with digital ones. In [19], the performance
of the protection system is improved based on wide-area
monitoring. Meanwhile, the employment of communication
links increases the failure risk of backup relay.

In this paper, we aim to reduce the tripping time of
DOCRs in loop-based active distribution networks. At the
outset, this paper unveils that DOCRs are caught in different
chains of such networks. These chains stand as a severe ob-
stacle to follow fast-response protection. Therefore, a fast
protection scheme is proposed that exploits auxiliary relays
to break the chains in the corresponding loops. Auxiliary re-
lays help to relax the severest constraints of chains in the co-
ordination process and hence yield simpler optimization
space. Thereby, the simplification results in a faster protec-
tion system. Although the mentioned relaxation takes some
of the conventional backup relays away from the coordina-
tion process, the auxiliary relays stand as new backup relays
in the proposed scheme. Moreover, to avoid the misopera-
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tion of relays in the proposed scheme, low-bandwidth com-
munication links are employed properly. Instead of conven-
tional backup relays in the relaxed constraints, the auxiliary
relays are coordinated with corresponding primary relays in
the coordination process. Therefore, low-bandwidth commu-
nication links are considered to block conventional backups.
In the proposed scheme, the auxiliary relays are optimally
placed and adjusted. The main contributions of the proposed
scheme could be listed as follows:

1) An illustration-based analysis is carried out to show
that DOCRs are caught in different chains of loop-based net-
works, which stands as an obstacle to follow fast-response
protection.

2) A fast protection scheme is devised for distribution net-
works with loop-based structure based on the deployment of
auxiliary DOCRs.

3) Auxiliary relays are optimally placed to relax the most
severe constraint without imperiling reliability.

4) To avoid the compromising of the compatibility curves,
multi-point coordination approach is employed.

5) Remarkable reduction in overall times of relay tripping
is achieved.

The proposed scheme demonstrates a mixed-integer non-
linear programming fashion which is solved by particle
swarm optimization (PSO) algorithm. Detailed simulation
studies are carried out to verify the performance of the pro-
posed scheme.

This paper has been structured in the following way. Sec-
tion II describes the problem by an illustration-based analy-
sis. Proposed protection scheme is prepared in Section III.
Section IV presents the problem formulation. The obtained
results are discussed in Section V. Finally, Section VI draws
the conclusion.

II. PROBLEM DESCRIPTION: ILLUSTRATION-BASED ANALYSIS

In this section, an illustration-based analysis is carried out
to show that DOCRs in chains of loop-based networks stand
as an obstacle to follow fast-response protection. Figure 1
shows a simple 3-bus loop-based test system to investigate
the mentioned inefficiency. In this network, the pairs of re-
lays (R5, R1), (R1, R3), and (R3, RS5) are in a series at
chain 1 and the pairs of relays (R2, R6), (R4, R2), and (R6,
R4) are in a series at chain 2. Assume that all the lines, gen-
erators, loads, and feeders are the same. Consequently, the
associated power flow in the lines and the short-circuit ca-
pacity in the same points of the lines would be the same, e.g.,
points A, B, and C. As a simple solution, if the pickup cur-
rent of DOCRs 7, is considered the same, it would be impos-
sible to satisfy coordination tasks among the relays. For clar-
ity, consider the coordination of relays pertains to the direc-
tion indicated in Fig. 1, in which the relays are colored
green, and are directional. Therefore, the chains are in oppo-
site directions. The direction of each arrow is from a backup
relay to the corresponding primary one. Therefore, arrow di-
rections are from R3 to R1, R5 to R3, and R1 to R5 in
chain 1. Likewise, arrow directions are from R2 to R4, R4
to R6, and R6 to R2 in chain 2. Therefore, for a projected
fault at point A, R1 should operate as the primary relay
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which is backed up by R3.

Chain 2

Fig. 1. Simple 3-bus loop-based test system.

Hence, to satisfy critical time interval C77 between these
relays, time-current characteristic of R3 must be placed
above that of R1, which is shown in Fig. 2.

5
Fault current by Fault current by
4’, backup relay primary relay — Initial R1
—R3
R5
@ 3k ——R ]
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E >ex
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Multiple of pick-up current (A)
Fig. 2. Time-current characteristics of relays in chain 1.

Due to the assumption mentioned above, for faults at
points A, B, and C, all pairs of relays experience the same
fault currents. Therefore, for a fault injected at point C, R3
should operate as the primary relay which is backed up by
RS5. Later, to guarantee selectivity task between these relays,
time-current characteristic of R5 must be placed above that
of R3 as shown in Fig. 2. Under the same circumstance, R1
should be placed above R5. However, the characteristic of
R1 is under R3. Likewise, R3 is under R5. Therefore, it is
impossible for the characteristic of R1 to be in two different
places at once. Away from the critical condition, the coordi-
nation among relays will be possible because of two rea-
sons. Firstly, in practical networks, fault currents are differ-
ent in coordination points. Secondly, it is possible to choose
different 7, for relays. However, this kind of protection
scheme brings three drawbacks. Firstly, relay coordination is
impossible for the networks with the close feature to the ex-
plained network. Secondly, it poses higher 7, for relays,
which does not offer a fast-response protection. Furthermore,
the increase in [, of relays will decrease the sensitivity.
Thirdly, a time-current characteristic is provided. This can be
under a characteristic for a specific fault current and over an-
other characteristic for another fault current, which results in
curve crossing. Curve crossing imperils the coordination of
relays in other points along each line, which is illustrated in
Fig. 3. In this figure, zone | is associated with the fault at
point D. Likewise, zone 2 is associated with the fault at
point E. Moreover, zone 3 is just considered to show curve
crossing in mid-point faults at point A. As can be seen, Rl
is under R3 in zone 1, and R5 is under R1 in zone 2. How-
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ever, R1 has two intersections with R3 and R5 in zone 3.
Therefore, by changing the fault point from near-end (D) to
mid-point (A) or far-end (F), selectivity task is not satisfied.
Furthermore, to provide such characteristic, it is necessary to
increase the slope of the curve by increasing time dial set-
ting 7DS which ends in higher tripping time for relays. To
guarantee the selectivity in this situation, it is necessary to
increase the coordination points which augment the complex-
ity of coordination problem [14]. Therefore, a powerful coor-
dination approach will be supportive in minimizing the trip-
ping time for relays.

Time
Zone 1 | Fault current of | Zone2x | 7 R1
|+ primary relay -=#-R3
Fault current of — RS
- |_+ backup relay A/j/T
Zone3 I | ] Fault current of
T || M/ |_+ primary relay
I"I_I._T 25 L] | Fault current of
loin backup relay
R

Fault at point D Fault at point E Distance

Fig. 3. Curve crossing in coordination process.

III. PROPOSED SCHEME

In this section, the proposed protection scheme for loop-
based distribution networks is explained. The proposed
scheme relies on auxiliary DOCRs. These relays are de-
ployed to break the chains in each loop. Each chain requires
one auxiliary relay. Hence, each loop requires two axillary
DOCRs. Figure 4(a) demonstrates the 3-bus distribution test
system with auxiliary relays. The auxiliary DOCRs are iden-
tified by AR1 and AR2 which are deployed here to break
the chain 1 and chain 2, respectively. Assume that ARI1 is
placed between R1 and RS which protects on the reverse
side of R6. AR2 is placed between R2 and R6 which pro-
tects on the reverse side of RI. In case of the conventional
scheme, R2 is the primary relay and R6 is the backup one
for a fault at point C. In the proposed scheme, different pair
of relays are assigned. During the fault at the same point,
R2 is the primary relay which is backed up with AR2. Simi-
larly, during the fault at point B, R5 is the primary relay
which is backed up with ARI. AR1 and AR2 relax the con-
straints associated with the pairs of relays (R5, R1) and (R2,
R6), respectively. Furthermore, the proposed scheme targets
the most effective constraints to reduce the complexity of
the problem. Therefore, auxiliary relays are optimally placed
during the coordination process.

In the proposed scheme, by employing auxiliary DOCRs,
there are some relays with two backups. By considering the
example mentioned above, after deploying AR1 and AR2,
R2 and R5 face with two backup relays. R6 and AR2 can
play the backup role for R2. And on the other side, R1 and
ARI1 can play backup role for RS. Conventional relays are
blocked and the newly added auxiliary relays are coordinat-
ed with primary relays. Therefore, to avoid any misoperation
of the conventional backups, low-bandwidth communication
links are considered among the conventional pairs of relays.
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When the primary relay detects any fault, it sends a blocking
signal to the conventional backup relay. For the injected
faults at line 3, e.g., point B, R5 sends the blocking signal
to R1. Consequently, R1 will not act for the faults at line 3.
Likewise, during the faults at line C, R6 sends the blocking
signal to R2. Consequently, the coordination constraints be-
tween R2 and R6 as well as between R1 and R5 are relaxed.
Consequently, the proposed scheme needs low-bandwidth
communication links among these relays to prevent misoper-
ation by blocking the conventional backup relays as shown
in Fig. 4(a) and (c).
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Fig. 4. Protection scheme and relay characteristics. (a) Proposed

protection scheme on 3-bus system. (b) Relay characteristics in chain 1. (c)
Relay characteristics in chain 2.

Hence, the proposed approach will be able to maintain the
achieved reduction in the tripping time of relays while satis-
fying the requirements of protection coordination. Note that
in the case of failures in communication links, the primary
relay is not affected and the protection scheme clears the
fault in a timely manner. In a more severe case, the commu-
nication link might be lost and the primary relay might fail
to operate due to a malfunction. However, either the auxilia-
ry relay or conventional backup can successfully clear the
fault. And the fault clearance would not be imperiled which
preserves reliable fault isolation. Figure 4(b) facilitates the
understanding of the communication link arrangements be-
tween the auxiliary and conventional DOCRs. For faults at
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first zone 1 (point D), R1 clears the fault and AR1 is blind.
However, for a fault at zone 2 (point E), AR1 clears the
fault and R1 is blocked. The proposed scheme can be imple-
mented on the networks with the close feature to the worst
situations of the network, which has been explained previ-
ously. Moreover, the time-current characteristic of R1 does
not need to be at two places at once, which reduces the prob-
ability of curve crossing and helps to fast clear the faults. Fi-
nally, the proposed scheme alleviates the complexity of the
problem and helps to further reduce the tripping time of re-
lays. The conducted study attempts to relax one constraint in
each chain to simplify the optimization space and provide
more flexibility. Therefore, each chain requires one auxiliary
relay to relax the most severe constraint. Thereby, two auxil-
iary relays are required in each loop of the network.

The auxiliary DOCRs must be optimally placed in the net-
work. Optimal placement of auxiliary relays entails employ-
ing some binary variables. The number of binary variables is
equal to the number of pairs of relays. To explain the prob-
lem of optimal placement of auxiliary relays, an illustration-
based example is presented. Consider that AR1 is the auxilia-
ry relay to break chain 1 in Fig. 1. In this case, there are
three scenarios depicted in Fig. 5.

Fig. 5. Breaking chain 1 in different scenarios. (a) Scenario 1. (b) Senario
2. (c) Scenario 3.

Figure 5(a)-(c) shows the scenarios when AR1 is the back-
up relay for R1, R3, and RS, respectively. In scenario 1, the
selectivity constraint associated with the pair of relay (RI,
R3) is relaxed and a new constraint is established for the
pair of relay (R1, AR1). Likewise, in scenarios 2 and 3, the
selectivity constraints associated with the pairs of relays
(R3, RS) and (RS, R1) are relaxed, and new constraints are
established for the pairs of relays (R3, AR1) and (R5, AR1).
Therefore, three binary variables L, L and L, , are
considered for locating ARI and identifying associated con-
straints. Thereby, all the conventional selectivity constraints
multiply these variables as:

ax1,2>

(=L )t; =1, =CT)20 (1)
(I_LaxLZ)(tS —l; = CT[)ZO (2)
(=L 3)t, —ts=CT)=20 3)

where ¢, is the tripping time of relay i (i=1,3,5). The new
selectivity constraints are established as:

Laxl,l(ta)cl_tl_CTI)ZO (4)
Laxl.,Z(taxl _t3 _CT[)ZO (5)
LaxLS(ta.rl _ts _CTI)ZO (6)

where ¢, is the tripping time of the auxiliary relay. When
L, is 1, the constraint in (1) is relaxed and the constraint
in (4) is selected as the new selectivity constraint. Therefore,

the mentioned scheme in the scenario 1 is supported. More-
over, when L, and L, , are 1, the mentioned schemes in
scenarios 2 and 3 are supported. Note that one of these vari-
ables is able to be 1. Consequently, the summation of the bi-
nary variables has to be 1, which is presented as:

Laxl,] +Laxl,2 +L =1 (7)

The optimization algorithm searches different scenarios
and offers the solution with the minimum tripping time for
relays. And the optimal locations of auxiliary relays are iden-
tified. The proposed scheme can be perused by standard co-
ordination strategy and user-defined coordination strategy.
The tripping time of an overcurrent relay is formulated by:

DS - o

(ISC)/S
.
I

where 7, is the fault current which is seen by the relay; and
o and f are coefficients. Typically, 7DS and I, are optimally
determined in overcurrent relay, namely standard coordina-
tion strategy. To extend the flexibility of overcurrent relay, a
and f are also optimized through the coordination process,
namely user-defined coordination strategy. In this paper, the
proposed scheme is assisted with both the mentioned coordi-
nation strategies.

axl1,3

®)

IV. PROBLEM FORMULATION

In the standard coordination strategy, the variable sets in-
clude 7DS and [, Therefore, the coordination problem aims
to optimally determine 7DS and I, In user-defined coordina-
tion strategy, a and f are also optimally determined. The fi-
nal aim is to minimize the overall tripping time of relays
which is declared in (9).

min 7 = Z[Z(Eﬁ Zt,,&,.)+ G} )
feF ses

iel
where f, i, and s are the indices of fault points, all primary
relays, and backup relays, respectively; F, I, and S are the
sets of fault points, all primary relays, and backup relays, re-
spectively; and G is the penalty value for violations. There
are two kinds of backup relays, i.e., conventional backup re-
lay and auxiliary relay, which are indicated by B and A4X,re-
spectively.

beB (10)

ax e AX (11)

where B and AX are the sets of conventional backup relays
and auxiliary relays, respectively. The union and closure of
these sets should satisfy:

AxUB=S (12)
AXNB=Q (13)
AXNI=Q (14)

Bcl (15)

The tripping time of primary relay i (¢,) for a fault at
point fis:
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DS, - a,
ty=——— ielfeF

sc ﬂl
L
11’[

The tripping time of conventional and auxiliary backup
DOCRs is defined by (17) and (18), respectively.

(16)

DS, - a,
tbﬁfziﬁh beB,feF
L\ (17)
IPb
D8, -a,,
Lus= axe AX,f e F
(18)

sc ﬂw‘
ax.f 1
1 Pax

The coordination constraints should be carefully satisfied
in reliable and accurate protection schemes. In this manner,
selectivity constraints should satisfy C77 among all pairs of
relays. These constraints are denoted by (19) and (20).

(=L Nty —t,,—CTI)20 ielbeB,feF,keK (19)

Ly @—t,,—CIN20 ielbeBfeFkekKaxeAdX

(20)
where k is the pair of relays; K is the set of all pairs of re-
lays; 2, is the tripping time of auxiliary relay in pair of re-
lay k during the fault at f; ¢, ,, is the tripping time of backup
relay in pair of relay & during the fault at f; and L, is the
binary variable to relax the selectivity constraint associated
with auxiliary relay ax in pair of relay k. This binary vari-
able helps to optimally locate the auxiliary DOCRs and iden-
tifies the new selectivity constraint. These statements are the
main running constraints to prevent any miscoordination. As
mentioned above, the summation of binary variables should
be 1 in each chain.

2 2 L=l

axe AXkeC;

jeJ 1)
where ;j is the indice of chains; J is the set of all chains; and
C; is the set that includes the pairs of relays in the chain j
which is governed in (22).
Gk (22)
To prevent double relaxation among pairs of relays, the
following constraint should be included:
GNGC., =9 (23)

The other technical constrains regarding the relay coordi-
nation process are as:

jeJ

7DS,..<TDS,<TDS,,. i€l (24)
DS...<TDS, <TDS,. axeAX (25)
Ip i <Ip <l .. i€l (26)

L in 1 poe < p e ax e AX (27)

Constraints (24)-(27) are the main basis for extracting the
required settings of standard coordination strategies. In user-
defined coordination strategies with non-standard inverse-
time characteristics, a and f are also included in the optimi-
zation process. These coefficients are defined as the optimi-
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zation variables and associated constraints are elaborated by
(28)-(31):

Opin SO S0 iel (28)
Obpin S0y < O ax € AX (29)
Poin <Pi<Pux 1€l (30)
Pain SPux <Pmw  axeAX (31)

Protection system needs to meet the constraints (32)-(34)
to assure the stability and security.

t.<t<t.. el (32)
tmingtﬂ,bgtmax l € [’b EB (33)
Loin St St ielaxe AX (34)

V. TEST SYSTEM DESCRIPTION, NUMERICAL STUDY AND
VERIFICATION

A. Testbed

Extensive numerical studies are considered to assess the
effectiveness of the proposed scheme in optimal protection
coordination problem. P. M. Anderson 9-bus system is con-
sidered as the testbed to verify the proposed protection
scheme. The single line diagram of this system is shown in

Fig. 6(a).
Line 3
F3 R%Jl%%
i 8

3 Particles

‘ @ @ TDS of conventional relays
1, of conventional relays

o of conventional relays

f of conventional relays
TDS of auxiliary relays

Ip of auxiliary relays

o of auxiliary relays

p of auxiliary relays

(b)
Fig. 6. Relays. (a) Locations on 9-bus test system. (b) Variable set.

Detailed data of the system are also given in [20]. The
system is equipped with 12 DOCRs, modeled in DIgSI-
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LENT PowerFactory 14.3.1, and analyzed through different
case studies. The coordination process is performed based on
bolted 3-phase faults. Typically, C7T takes a value between
0.2 and 0.5 s [14]. In this paper, CT1 is considered to be 0.3
s. The minimum and maximum /, will depend on the load
currents and short-circuit levels of the system. It is consid-
ered between 1.1/, a0d 1.57 v Lipsamae 1S the maxi-
mum load current. 7DS' could take a value between 0.1 and
3. Regarding standard time inverse characteristics, a,,; and
Puin are 0.14 and 0.02, respectively, whereas a,,, and £, are
assigned as 13.5 and 1, respectively [21]. Moreover, ¢,,, and
t..x for relays are assumed as 0.1 and 2.5 s, respectively [14].

Figure 6(b) shows the form of variable set. As can be
seen, binary variables L, , are included in the variable set as
a particle which determines the location of corresponding
auxiliary relay in the proposed scheme. Moreover, 7DS,,
Ip.o @, and B are also included in the variable set as other
particles to adjust auxiliary relays. By searching and updat-
ing these particles, PSO algorithm aims to find a proper solu-
tion with lower tripping time for relays. The method of
searching and updating particle by PSO is presented in [25].
The lower- and upper-side values of the settings associated
with auxiliary relays are the same as the conventional relays.

B. Numerical Results

Two scenarios are considered to verify the performance of
the proposed scheme. In the first scenario, relays are coordi-
nated with the conventional coordination strategy. Therefore,
standard inverse characteristics are adopted for DOCRs. In
this scenario, 7DS and I, of DOCRs are optimally deter-
mined. In the second scenario, the user-defined coordination
strategy is followed based on numerical relays. In addition
to the conventional settings, time-current characteristics of
relays are also optimized in the second scenario. Therefore,
the variable set includes 7DS, I, a, and f.

1) First Scenario

In this scenario, all of the relays are considered as conven-
tional DOCRs. As mentioned above, the conventional coordi-
nation process aims to determine 7DS and /. In this scheme,
standard values are assigned to a and . Here, the obtained
optimal results are given in Table I. The tripping time of
DOCRs is listed in Table II. These values are derived for the
faults located at F1-F6. The total tripping time of the prima-
ry and backup relays is 17.8430 s. Additionally, the average
and variance of the tripping time is also given in Table II.
Selectivity constraints are properly satisfied, as listed in Ta-
ble II.

The 9-bus test system has one loop. Hence, it involves
two chains which are shown in Fig. 7(a). The settings of
conventional and auxiliary relays are determined, and the
auxiliary relays are also optimally placed. The 9-bus test sys-
tem requires two auxiliary relays. In this scenario, ARI is
placed beside R2 to relax the constraint between R1 and R3,
and the location of AR1 is shown in Fig. 7(b). ARl and R2
are in opposite directions. Moreover, AR2 is placed beside
R7 to relax the constraint between R8 and R6, and the loca-
tion of AR2 is shown in Fig. 7(c). AR2 and R7 are in oppo-
site directions, too. Figure 7(d) shows the broken chains.
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TABLE I
OPTIMAL RESULTS FOR RELAYS ON 9-BUS TEST SYSTEM BASED ON
CONVENTIONAL SCHEME
Relay No. DS (s) I, (kA) Relay No. DS (s) I, (kA)
1 0.2168 0.1400 7 0.2120 0.0954
2 0.1126 0.1811 8 0.3290 0.0650
3 0.1000 0.2276 9 0.1862 0.1694
4 0.1312 0.2617 10 0.1110 0.1987
5 0.2111 0.2123 11 0.1479 0.1203
6 0.1046 0.2438 12 0.2776 0.0856
TABLE 11
TRIPPING TIME OF RELAYS FOR DIFFERENT FAULTS BASED ON PRESENTED
SETTINGS
. Operation time of relays (s)
Fault location -
Primary Backup
R1: 0.5899 R11: 0.8899
Fl R2: 0.5322 R4: 0.8322
R3: 0.6161 R1: 0.9277
k2 R4: 0.4311 R6: 0.7396
R5: 0.6879 R3: 0.9879
3 R6: 0.5535 R8: 0.8535
R7: 0.5991 RS5: 0.8991
4 R8: 0.7309 R10: 1.0309
- R9: 0.6417 R7:0.9417
R10: 0.5147 R12: 0.8147
R11: 0.5729 R9: 0.8964
Fe R12: 0.6297 R2: 0.9297
Total tripping time (s) 7.0997 10.7433
R3
5
R2| 0101 AR
Line 1
4
(b)
. AR2
Line3 | Linc4 ) T 5 '6'1'{;;" .
F3 RD{"E F4 1%'8—‘ ARIB_-N “R2
DAR2 8 Ro RIZe 10
8 9 RIIR3 R8

© (d)

Fig. 7. Chains and location of auxiliary relays. (a) Initial chains. (b) Loca-
tion of AR1. (¢) Location of AR2. (d) Broken chains.

Table III points out the optimal settings of the convention-
al and auxiliary relays. The tripping time of relays, average,
and variance of them are listed in Table IV. The total trip-
ping time of relays is 14.7076 s, which shows a considerable
reduction of around 17.5%. Due to different fault currents
experienced by relays, the maximum load current, the situa-
tion of backup relays, the obtained reductions are different
for different relays. The tripping time of R8 is reduced by
0.8 s though the tripping time of R7 is reduced by 0.12 s.
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TABLE III
OPTIMAL RESULTS FOR RELAYS ON 9-BUS TEST SYSTEM BASED ON
PROPOSED SCHEME

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 8, NO. 3, May 2020

ping time of relays in loop-based networks.

TABLE V
OPTIMAL RESULTS FOR RELAYS ON 9-BUS TEST SYSTEM BASED ON
CONVENTIONAL USER-DEFINED STRATEGY

Relay No.  7DS (s) I, (kA) | Relay No.  7DS (s) 1, (kA)
1 0.1000 0.1265 8 0.1000 0.0649
Relay No. TDS (s) I, (kA) a p
2 0.1198 0.1586 9 0.1344 0.1779
1 0.1281 0.1580 7.5765 0.6262
3 0.1000 0.2178 10 0.1000 0.1661
2 0.2508 0.1914 1.9936 0.8032
4 0.1139 0.2971 11 0.1003 0.1105
3 0.2375 0.2453 2.4743 0.9748
5 0.1860 0.2075 12 0.2464 0.0828
4 0.1721 0.2599 6.0726 0.9804
6 0.1151 0.2079 ARI1 0.1911 0.1599
5 0.1623 0.2200 3.2781 0.4182
7 0.1627 0.1058 AR2 0.3247 0.0649
6 0.1012 0.2431 7.3380 0.9856
7 0.2442 0.1001 5.4102 0.7519
TABLE IV 8 0.2031 0.0782 7.2360 0.5103
TRIPPING TIME OF RELAYS FOR DIFFERENT FAULTS BASED ON OPTIMIZED
SETTINGS 9 0.2057 0.1883 3.3061 0.5930
10 0.1747 0.1895 5.0958 0.9906
. Operation time of relays (s) 11 0.1917 0.1074 7.0895 0.9549
Fault location -
Primary Backup 12 0.5783 0.0915 8.0303 0.9927
Fl R1: 0.2613 R11: 0.8926
R2: 0.5181 R4: 0.8527 o . X TABLEQVI e s 5
PTIMAL RESULTS FOR RELAYS ON Y-BUS ST SYSTEM BASED ON
2 R3: 0.5926 ARI: 0.9293 PROPOSED USER-DEFINED STRATEGY
R4: 0.3988 R6: 0.8181
- R5: 0.5994 R3: 0.7808 Relay No. DS (s) I, (kA) o B
R6: 0.5418 AR2: 0.6988 1 0.4426 0.1472 3.3400 0.8856
4 R7:0.4808 R5:0.7752 2 0.4022 0.1767 1.5160 0.8770
R8:0.2221 R10:0.8418 3 0.2846 0.2290 1.4184 1.0000
Fs R9: 0.4752 R7:0.6704 4 0.6114 0.2671 1.5054 0.9419
R10: 0.4129 R12: 0.7476 5 0.1558 0.2404 3.4027 0.9296
6 R11:0.3704 R9:0.5613 6 0.6647 0.2384 1.1786 1.0000
R12: 0.5527 R2:0.7129 7 0.9395 0.1044 1.6882 0.9057
Total tripping time (s) 5.4261 9.2815 8 0.9653 0.0782 0.8196 0.7621
9 0.4027 0.1930 2.8620 0.8844
2) Second Scenario 10 0.3183 0.1896 1.5278 1.0000
At the outset, all the relays are coordinated based on the 11 0.4903 0.1090 2.0434 0.8926
user-defined strategy without using auxiliary relays. In this 12 1.0039 0.0928 2.1644 0.7973
strategy, coupled with 7DS and /,, the parameters o and f in AR1 0.2906 0.2101 4.4232 0.8789
(8) are also included in the variable sets. These variables AR2 0.1891 0.0649 3.6911 0.3788

help to sweep the time-current page better than before.
Therefore, more time-current characteristics are available for
DOCRs by including these variables in the optimization pro-
cess. Here, the obtained settings are given in Table V. Fur-
thermore, based on these settings, the total tripping time of
relays is 10.62 s. As can be seen, employing user-defined co-
ordination strategy offers lower tripping time for relays.

Like the previous scenario, the auxiliary relays are de-
ployed to improve quality metrics of the protection coordina-
tion in looped structure networks based on user-defined ap-
proach. After executing the proposed scheme based on user-
defined coordination strategy, the optimized settings for all
relays and auxiliary relays are presented in Table VI. In this
case, the optimal place for ARI is between R4 and RO, in
the reverse direction of R5. Moreover, the optimal place for
AR2 is between R4 and R6, in the reverse direction of RS.
Additionally, the total tripping time of relays in this case is
8.3 s, which shows a reduction of around 21.84%. This shows
the superiority of the proposed scheme in decreasing trip-

C. Result Validation

As a multi-source distribution network, IEEE 14-bus test-
bed is employed to assess the scalability of the proposed
scheme. The single-line diagram of this testbed is shown in
Fig. 8. This system includes 16 DOCRs, 22 pairs of relays,
6 synchronous-based DGs, and 2 loops. Detailed data of an
IEEE 14-bus testbed can be found in [26]. Moreover, the
size and locations of DGs are chosen based on the planning
in [26]. The coordination process is performed based on the
conventional and proposed schemes. In both cases, standard
inverse characteristics are adopted. Table VII shows the ob-
tained results associated with the conventional scheme.
Based on these settings, the total tripping time of relays is
78.03 s. Likewise, the obtained results associated with the
proposed scheme is listed in Table VIII. In this case, the to-
tal tripping time of relays is 48.8 s, which shows a reduction
of around 37.5%. Moreover, the solution vector includes
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AR1, AR2, AR3, and AR4. These auxiliary relays are locat-
ed beside and in reverse direction of R3, R4, R5, and R6, re-
spectively, which are highlighted in green color in Fig. 8.

Fig. 8.
bed.

Single-line diagram of distribution system for an IEEE 14-bus test-

TABLE VII
OPTIMAL RESULTS FOR RELAYS ON 14-BUS TEST SYSTEM BASED ON
CONVENTIONAL SCHEME

Relay No.  TDS (s) I, (kA) | Relay No. TDS (s) 1, (kA)
1 0.5228 0.1995 9 0.3997 0.2520
2 0.2942 0.1995 10 0.2823 0.2394
3 0.4352 0.1706 11 0.4707 0.1020
4 0.1000 0.1474 12 0.5172 0.1020
5 0.3510 0.4695 13 0.4930 0.0435
6 0.1141 0.4695 14 0.2784 0.0435
7 0.5237 0.1680 15 0.4268 0.1470
8 0.3929 0.1232 16 0.3830 0.1470
TABLE VIII

OPTIMAL RESULTS FOR RELAYS ON 14-BUS TEST SYSTEM BASED ON
PROPOSED SCHEME

Relay No.  TDS (s) I, (kA) | Relay No.  7DS (s) 1, (kA)
1 0.3170 0.1995 11 0.3633 0.1020
2 0.2230 0.1612 12 0.2674 0.1020
3 0.1000 0.1474 13 0.2743 0.0422
4 0.1000 0.1474 14 0.2784 0.0435
5 0.2109 0.4695 15 0.1000 0.1078
6 0.1000 0.3777 16 0.1000 0.1078
7 0.4295 0.1680 ARI 0.1000 0.1470
8 0.1576 0.1232 AR2 0.2960 0.1470
9 0.1000 0.1848 AR3 0.2818 0.3443

10 0.2655 0.1994 AR4 0.4256 0.3443

Moreover, [23] and [24] conduct studies on developing a
protection scheme to meet transient stability constraints in
active distribution systems. Furthermore, the effect of other
protection strategies such as distance relay and deployment
of wide-area protection [25] needs to be assessed to end in a
pertinent protection scheme.

VI. CONCLUTION

This study aims to tackle fast-response overcurrent relay
in active distribution networks with loop-based structure.
DOCRs are in chains with different loops, which restricts
minimal tripping time for relays. Afterward, a fast protection
scheme is presented which breaks the chains in the corre-
sponding loops. The most effective constraint associated
with each chain is relaxed during the coordination process
by using the auxiliary DOCRs. These relays are also optimal-
ly adjusted and placed. The proposed method is modeled
based on conventional and user-defined coordination strate-
gies. The following points are observed as the major conclu-
sions:

1) The conventional scheme for loop-based distribution
networks is in line with higher tripping time for DOCRs.
Therefore, it might result in disconnections of DG or feeder.

2) The coordination of DOCRs in different chains is high-
lighted as one of the most important obstacles in obtaining
fast-response protection.

3) The deployment of auxiliary relays is helpful in break-
ing the chains. Furthermore, it contributes to faster protec-
tion.

4) The deployed auxiliary DOCRs should be adjusted and
optimally placed. Therefore, to end in optimal set-points for
DOCRs, a proper model is launched which satisfies the con-
straints associated with the selectivity of DOCRs and place-
ment of auxiliary relays.

5) Moreover, by employing the proposed method with
both conventional and user-defined coordination strategies,
the tripping time of relays decreases more than 17% and
22%, respectively.

The conducted survey is still an open topic to be ex-
plored. The consideration of configuration variations for the
network in the coordination process would be the subject of
future research work.
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