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ARTICLE INFO ABSTRACT

To improve the transient stability of synchronous generators, overcurrent relays should react to electrical faults
as fast as possible. In some cases, the backup relays cannot be coordinated properly with their primary relays
using non-communication overcurrent protection schemes. In this study, a highly reliable overcurrent protection
scheme is proposed to overcome this problem. Firstly, criteria are proposed to identify the pairs in which the
backup relays fail to react to faults in some fault locations and communication links are used for preserving the
coordination. Then, a novel optimization method is proposed, which consists of metaheuristic and deterministic
parts. Although a well-known equation is used to obtain critical clearing time for overcurrent coordination in the
literature, only fault at busbar is taken into account using this equation. Moreover, the postfault network to-
pology has a significant effect on the transient stability of synchronous generators. In this research, the transient
stability is analyzed for faults at different distances from overcurrent relays. Moreover, the circuit breaker op-
eration and network reconfiguration are taken into account for finding the critical clearing time. As a result, the
transient stability of the synchronous generator is improved. The proposed algorithm is applied to both the 33 kV
distribution part of the 30 and 39-bus transmission IEEE standard test systems. It is shown that the relays
operating and pairs discrimination times are significantly reduced. For the 30-bus power system, the obtained
total relays operating time using the proposed method satisfying a highly reliable coordination is less than 1/10
of those obtained from conventional coordination methods. It is shown that, the total relays operating time
obtained for the 39-bus power system considering non-zero fault impedance was dropped, and it came to the
range of the obtained results for the 30-bus system using conventional methods and zero fault impedance.
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1. Introduction

The increase in the number and capacity of DGs has led to several
changes in the direction and magnitude of fault currents, and conse-
quently, the priority of relay operation has changed. Thus, overcurrent
relays have become directional, but changes in the magnitude of fault
currents have led to destructive effects on power protection [1-4].
Generally, sensitivity, selectivity and reliability are important scopes of
all overcurrent coordination schemes. That is, directional overcurrent
relays (DOCRs) should be sufficiently sensitive to electrical faults to
mitigate the propagation of fault damage to the other parts and to avoid
transient instability of DGs [1,5-8]. In addition, all relays should op-
erate in their corresponding zones to avoid an unnecessary outage. In
fact, DOCRs should be coordinated such that the backup relay operates
subsequent to its primary relay after the elapse of a specific time called
the coordination time interval (CTI), which is 0.3 s in this paper.
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Promising research on this topic has been published, and the reported
methods can be categorized into two optimization-based groups. The
first proposed group includes new protection schemes (adaptive, com-
munication based dual setting, planning, etc.) [1-3,7,9-16] or some
modifications in the power system (DG and fault current limiter sizing
and locating, fault ride through control of inverters, etc.) [4,13,17-29].
These methods are occasionally followed by new optimization algo-
rithms applied to obtain relay time setting multipliers (TSMs) and plug
setting multipliers (PSMs). In the second group, only new optimization
algorithms are applied to the non-communication overcurrent co-
ordination problem [14,30-51]. However, non-communication based
methods cannot make DOCRs enough sensitive and fast for large power
networks considering transient stability issues. Thus, new algorithms
using communication infrastructure [52] without any need for opti-
mization at the expense of higher costs have been proposed to improve
relay sensitivity [7,8]. In addition, a fast relaying structure based on
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fault current direction is proposed in [53]. In summary, all of these
methods suffer from at least one of the following six issues.

First, the optimizer should be selected such that primary relay
operating times are minimized while the discrimination times ap-
proach zero. Consequently, the global best solution should be found.
This is a challenging task considering the nonconvex and nonlinear
properties of the overcurrent coordination problem. Moreover, the
weaknesses of nonlinear programming (NLP), linear programming
(LP) and metaheuristic methods (which are discussed in more detail in
Section 3.1) make the situation more complicated [14,30-38].
Second, in case of large power networks and high DG penetration, in
all non-communication schemes, DGs cannot be rescued from in-
stability after clearing the fault. Third, considering only near-end
faults cannot guarantee the coordination of relay pairs for far-end
faults [1,13,32-36]. Fourth, although the pickup current of DOCRs has
frequently been considered lower than the minimum fault current, in
some cases (especially for backup relays in the case of far-end faults),
the measured fault current can be even lower than the relay load
current. Thus, coordination is even impossible in this case. Fifth,
overcurrent coordination based on only the fault current magnitude
without any attention to the fault current direction may lead to the
creation of an invisible or a blocked zone for the backup relay. Thus,
the backup relay senses no fault current in this invisible zone, and
consequently, no command is sent to the backup circuit breaker. Sixth,
for the sake of increasing relay sensitivity, communication-based ap-
proaches have been proposed in some papers; however, utilizing
communication infrastructure for all relays increase costs and lead to
a variety of reliability issues [7,8].

These issues are individually focused in this paper, and notable
improvements are achieved by both the proposed optimization method
and the proposed coordination scheme. The first problem is eliminated
by combining metaheuristic and NLP methods in a suitable manner.
The gravitational search algorithm (GSA) [33], differential evolu-
tionary algorithm (DE) [10] and conventional genetic algorithm (GA)
are selected as the metaheuristic part. On the other side, Rosen's gra-
dient projection (RGP) and Zoutendijk's method [54] are chosen for the
NLP part of the optimizer engine. Although these algorithms may in-
crease the complexity of the proposed method, they augment both ex-
ploration and exploitation of the optimizer, significantly. Thus, both
primary relay operation times and the discrimination times between
relay pairs are effectively minimized. The advantages of the RGP and
Zoutendijk's optimization methods and their combination with meta-
heuristic approaches are thoroughly discussed in [38,55] and they are
out of this study discussion. To overcome the second problem, a valu-
able nonstandard relay curve proposed by [56] is deployed in this
paper. However, in the following sections, it will be discussed that
utilizing the recent nonstandard relay characteristic is not sufficient to
preserve desirable coordination between the relay pairs. An ancillary
protection scheme is required to support the pair coordination against
unpredicted changes in fault current magnitude. To satisfy the third
problem, both near-end and far-end coordination constraints are con-
sidered. Thus, more reliable results can be achieved. The last three
protection problems can only be removed by communication links,
which are demonstrated in detail in later sections. In this study,
minimum communication links are used, and excessive costs are
avoided. Following, utilizing the proposed protection scheme and op-
timization algorithm; the synchronous generators transient stability for
the emulated faults are satisfied. This occurs for distant faults from
DOCRs. In the next section, coordination constraints and objective
functions (OFs) are introduced. In Section 3, both the proposed opti-
mization algorithm and proposed overcurrent protection scheme are
presented. Section 4 is devoted to simulation results, and the last sec-
tion is the conclusion.
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2. Problem formulation
2.1. Relay curves

The general standard form of overcurrent relay curve is [57]:

_AXTSM

lop = T\
(Ipickup) (1)

Given the curve proposed by [56], the utilized nonstandard form of
the overcurrent relay curve is:

1 Y| A x TSM
top = —_—

el-Vy ( I )B
Ipickup (2)

where I; is the fault current seen by the DOCRs and Ik is the pickup
load current (PSM.Ijoadmax)- The coefficient K is individually determined
via the metaheuristic part for each DOCR. Also, the V; is the per-unit
measured voltage at DOCR location. In [56], the impacts of V;and K on
top are demonstrated. DOCRs are classified in three categories: Standard
Inverse (SI), Very Inverse (VI) and Extremely Inverse (EI) relays
(Table 1).

2.2. Objective functions and constraints

The proposed OFs are given by:
R PN )
O. Buewaheuristic = ki A-MN + Zi:l (timn

PN
+ ) + D, ke (1AL, — 1ALl

+ 1Aty — 1ALgl1) + (Atyy + 1AL D En® + (At + 1AL )

tine?} 3)
RN RN
O. Fuonlinear = Zi:l (timn)2 + Zi:l (Atin)2 4
Aty = tip — tyy — CTI 5)

where kjand k, are 10° and 103, respectively. MN, RN and PN are the
miscoordination number, total relay and pair numbers, respectively. n
and f indicate the near-end and far-end faults, and m and b indicate the
main and backup relays. The discrimination time is defined by (5) for
both near- and far-end faults. O.Fctaheuristic @nd O.Fonjinear Were se-
lected based on the metaheuristic and NLP features, respectively. It
should be mentioned that metaheuristic algorithms are problem in-
dependent and they can be utilized for both linear and nonlinear op-
timization problems. In addition, these approaches are superior to find
a convex vicinity of optimum points. However, convex vicinities [54] of
optimum points are some solutions which satisfy the preliminary co-
ordination constraints. Therefore, all pair miscoordinations should be
eliminated using the metaheuristic part to satisfy fundamental objec-
tives. Consequently, O.Fctaheuristic sShould be compatible with this
property. The presence of k; and k, supports O.Fpetaheuristic limitations
for violations. In fact, k;(10%) and k(10%) have made O.Fpetaheuristic
highly sensitive to any miscoordination presence. Moreover, the second
goal of the overcurrent coordination is to exploit the exact optimum
point after finding its convex vicinity. On the other hand, it is more
convenient to exploit the exact optimum solution mathematically using

Table 1

IEC 255-4 standard relays [57].
Relay Type A B Standard
Normally inverse 0.14 0.02 IEC
Very inverse 13.5 1 IEC

Extremely inverse 80 2 IEC




A. Darabi, et al.

the deterministic approaches. However, the exact optimum is a specific
solution of which the relays operating times are minimum, satisfying
the coordination constraints. Hence, kjand k, can decrease the impact
Of S (timn® + tag®) and X {(Atyy + 1At D i + (Aly + 1ALy ) tis%)
by increasing the importance of MN
andy " (1AL, — ALl | + 1Aty — IAg11)}  in  O.Freaheuristic:  COnse-
quently, the algorithm exploration is augmented using this fitness
function. Hence, O.Fpetaneuristic 1S appropriate for the metaheuristic
part.

Minimizing relays operating and pairs discrimination times without
considering miscoordinations make O.F,onjinear appropriate for the de-
terministic part. It is worth noting that although the deterministic part
can only be implemented for feasible initial points without any con-
straint violation, all coordination constraints remain satisfied in each
step of the deterministic section because of the inherent properties of
the NLP methods. Hence, the termzfzvl {(1AL;, — 1AL, + 1ALy — 1AL}
has been eliminated from O.F,oniinear and consequently, prior objectives
of overcurrent coordination which are reducing primary relays and
pairs discrimination times are emphasized in this fitness function. It
should be mentioned that in a convenient pair coordination, the backup
protection should react exactly after its primary relay with a CTI time
difference. For the reaction time difference exceeded from CTI; the fault
damages will propagate through the network faster. Therefore, At
should be minimized in both (3) and (4) where TSM, PSM and K are
optimization variables. All constraints are as follows [47]:

Aty 2 0 (6)
fori = 1:PN

Aty >0 @
fori = 1:PN

1.2 <PSM <1.6 (8)
fori = 1: RN

TSMpin < TSM; < TSMipax )
fori = 1: RN

bmin 2 0. 05 (10)

3. Proposed algorithm
3.1. Proposed optimization algorithm:

Overcurrent coordination is a nonlinear and nonconvex optimiza-
tion problem, and an appropriate optimization method can lead to ac-
curate DOCR coordination. However, each method has some defi-
ciencies. For instance, ensuring a balance among all terms in (3) in
order to eliminate miscoordination, to minimize the primary operating
time and to make all discrimination times approach to zero simulta-
neously is a difficult task for metaheuristic algorithms. Moreover, in
comparison to deterministic (i.e., LP and NLP) approaches, these al-
gorithms have a weak exploitation capacity. On the other hand, de-
terministic methods also provide acceptable exploitation, and there is
no need to ensure a balance between the constraints and objectives in
their OFs. Since the constraints are considered in the main structure of
these methods. However, the exploration property of deterministic
methods is weak, and these methods are suitable for only convex pro-
blems. Clearly, only a nonlinear fitness function can minimize the pri-
mary operating times and obtain discrimination times approaching zero
simultaneously. Therefore, the combination of metaheuristic and de-
terministic (NLP) methods can compensate for their weaknesses. In this
case, optimized values for TSMs can be achieved by the NLP part and
the other design variables can be achieved by the metaheuristic part.

It should be mentioned that implementing different population-
based and NLP approaches to optimize design variables improves the
exploration and exploitation of the optimizer. However, the selection of
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these optimization approaches should be fulfilled based on the re-
quirements and features of the overcurrent coordination problem.
Optimal solution for TSMs can be achieved using the NLP part, how-
ever, PSMs should be constant in each loop in the NLP algorithm. On
the other hand, if TSMs are considered as the only design variables,
overcurrent coordination becomes an optimization problem with non-
linear fitness function and linear constraints based on Egs. (4), (6), (7),
(9) and (10). Hence, an NLP method applicable for optimization pro-
blems with nonlinear fitness function and linear constraints (i.e., RGP)
suits overcurrent coordination to optimize TSMs [54].

More complementary explanation is given in our recent study [38].
Based on the aforementioned concept, the proposed combinatorial op-
timization method in [38] obtains a desirable coordination. The ob-
tained relays operating times are in the range of dual setting commu-
nication assisted methods using only SI relays, without any requirement
to communication infrastructure. RGP and Zoutendijk's method are two
of the best NLP methods that have the required properties for the
overcurrent coordination problem. In the proposed algorithm, GSA
[33], DE [10], and conventional GA are executed in a parallel manner
with (3) as the OF. That is, each of these algorithms is implemented
separately, and then the n population with the lowest OF is selected
from the total generated population by GSA, DE and GA for the next
iteration. Hence, each population is exposed to all these metaheuristic
methods and all chances for finding the global optimum are considered.
After removing all violations by the metaheuristic part, the RGP is
implemented with the OF, given by (4) after each iteration of the me-
taheuristic part. This loop is iterated until no change is observed, and
then Zoutendijk's method is implemented. Similar to RGP, Zoutendijk's
method is used to obtain only TSMs because implementing Zoutendijk's
method to obtain both TSMs and PSMs consumes an excessive amount
of time. The proposed algorithm is depicted as Fig. 1.

3.2. Proposed coordination scheme

Based on the fault distance from the primary relay, the backup relay
experiences four different protection zones: desirable, undesirable, in-
visible and blocked protection zones, which are indicated by DPZ, UPZ,
IPZ and BPZ, respectively, in this paper. Based on these protection
zones, relay pairs can be categorized into different cases as following.

® Case A: This case is the most common case among relay pairs. In this
case, the minimum fault current seen by the backup relay is more
than 1.6 times larger than the relay load current. Therefore, all
faults with different distances from the primary relay are in the DPZ.
Non-communication overcurrent scheme can coordinate pairs in this
case such that the relay pickup current can be chosen from [1.2]},,q
l-6lload]~

® Case B: This case is very common among relay pairs. In this case, the
Ifaulemin S€€N by the backup relay is between 1.2I},,4 and 1.61),,4, and
the backup relay pickup current can be chosen from [1.2I5.q
Ifautminl - Traditional overcurrent coordination roles can coordinate
pairs in this situation.

e Case C: This case is similar to case B; that is, the Ity min Seen by the
backup relay is between 1.2I,,,q and 1.6I,,,q and very close to
1.2Tj0a¢- In this case, based on the fault distance from the primary
relay, the backup relay experiences fault in DPZ or UPZ. For in-
stance, pair Rs;-Rs; is chosen from the 39-bus standard transmission
test system (provided in Section 4). The fault current measured by
Rs» based on fault distance from Rs; is depicted in Fig. 2. As shown
in Fig. 2, in the case of a far-end fault, Rs, measures 991 (A), while
the Rs, load current is 762 (A).

That is, if the minimum load current (i.e., 1.2 I;4.q) is selected as the
pickup current and if the minimum TSM (i.e., 0.05) is selected, based on
SI (Table 1), R52 clears the far-end fault after 4.3237 (s). Moreover,
because of coordination constraints, selecting the minimum values of
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No
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Fig. 1. The proposed optimizer.

both TSM and PSM for R52 is impossible. Thus, the far-end fault is in an
undesirable zone for R52. Although R52 is an obvious example for case
C, in general, pairs in this case are identified by simulation, as discussed
in Section 4. This case is one for which non-communication coordina-
tion scheme fails to provide reliable coordination. A communication
link is proposed to guarantee pairs coordination in this case. In sum-
mary, obvious cases are removed from the optimization problem, and
other pairs can be identified by simulation.

e Case D: In this case, Ifuwmin 1S even lower than 1.2[p.qmax-
Obviously, when the fault current magnitude is lower than the
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minimum pickup current, the relay senses no extra current and fails
to protect the power system. This case is more likely for the backup
relay in the case of far-end faults. This problem appears when faults
with different locations are considered instead of only near-end
faults. Only near-end faults have been frequently considered in the
literature; however, this consideration leads to the creation of a UPZ
or BPZ for the backup relay in case of different fault distance from
the primary relay, see Fig. 3. Thus, a communication link is pro-
posed to preserve the coordination. These pairs can be identified by
comparing the fault current magnitude with 1.2[,,4. R53-R51 in the
39-bus standard transmission test system is an illustrative example
for case D (Fig. 3).

e Case E: In comparison to the previous cases, this case is very critical
but has attracted less attention in the literature. In this case, the
measured far-bus current by the backup relay can be greater than
1.2I15aq Or even 1.6I},,q (e.8g., R1-R3 for 39-bus system). The far-bus
current magnitude measured by the backup relay can be even
greater than the near-bus current magnitude measured by the
backup relay (e.g., R6-R4 for 39-bus system). For an occurred far-
end fault, we would have similar optimization cases as A and B, if
the only sensed fault current magnitude by the backup relay without
regarding fault current direction is considered. However, this case
fundamentally differs from cases A and B. Specifically, the direction
of the fault current seen by the backup relay changes as the fault
distance from the primary relay becomes greater than a specific
value. Thus, after this specific distance, the backup DOCR is blocked
for faults in the reverse direction. Fig. 4 is a small part of the 39-bus
system and indicates the case in which the far-bus current measured
by the backup relay is greater than the near-bus current measured
by the backup relay. Pairs Rs-R; and Rg-R4 are appropriate examples
for this case. For instance, the fault current measured by R, for faults
with different distances from R4 is plotted in Fig. 5.

In case E, all protection zones are possible. For instance, the fault
current magnitudes seen by R4 and R; based on the fault distance from
Re and Rs are plotted in Fig. 5 and Fig. 6, respectively. As shown in
Figs. 5 and 6, the fault current direction observed by R4 and R; changes
when the fault distances exceed 28 and 35 percent of the corresponding
line p.u. from R¢ and Rs, respectively. Thus, after this point, R4 and Ry
are not allowed to react. In pairs Rs-R; and Re-R4, the fault current
magnitudes seen by the backup relay for far-end faults are greater than
those for near-end faults. Hence, these pairs can be identified easily;
however, this is not always the case for the pairs in case E. For instance,
Ri-R3 can be selected, and Fig. 7 is obtained after plotting the fault
magnitudes seen by R; for different fault distances from R;. As shown in
Fig. 7, after 73 percent of the line distance, the fault current direction
changes, and the far-end fault current magnitude is slightly more than
1.6lj0admax- Thus, another criterion is needed. The second criterion is
that the fault current measured by the backup relay should be a de-
cremental function of fault distance from the primary relay. However,
plotting the faults measured by all backup relays for all possible loca-
tions takes a long time. It is proposed that the current magnitude seen
by the backup relay for both 100 percent of the line length (far-end) and
(100-¢) percent of the line length can be calculated without considering
the current phase passing from the backup relay. If the measured cur-
rent is increasing in this space, the redundant coordination constraint is
proposed to be equipped with a communication link since the non-
communication coordination scheme fails to coordinate pairs in this
case.

® Case F: This case is critical only when DOCRs are coordinated by the
proposed nonstandard curve by [37]. In other words, this case has
no impact on coordination by relays with standard characteristics.
Bus voltages can impact pair coordination in the case of non-
standard curves. In typical relay pairs, the voltage of the primary
relay busbar is lower than the voltage of the backup relay busbar in
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Fig. 3. Case D: Itauitmin < 1.2Ij0ad.

the case of a far-end fault. If this is not the case for a specific pair,
then that pair is removed from the coordination optimization pro-
blem, and a communication link is proposed to preserve the co-
ordination. The primary and backup busbar voltages for a typical
case (R;-R;) and a pair in case F (Rg-R4) for the 39-bus system are
plotted in Figs. 8 and 9, respectively.

4. Simulation and results

The proposed algorithm is applied to the 33 kV distribution part of
the 30-bus (Fig. 10) and to the 39-bus transmission (Fig. 11) standard
test systems. Simulations show that the best alternative for relay curves
is (2) while only SI characteristics are selected for coefficients A and B
(Table 1).

The fault current contribution of inverter-based DGs can

significantly be controlled [4,23-25]. Hence, only synchronous gen-
erators (SGs) are considered for DOCR coordination. To obtain the
critical clearing time (CCT) of a specific SG for a fault occurring at a
specific line, first, the fault with a desirable distance from the SG is
located at the line. Then, after an elapsed period of time, the line circuit
breaker is opened. If after de-energizing the line, the corresponding SG
can become stable, then the time difference between the fault initiation
and circuit breaker reaction is increased. This process is continued until
the time difference between fault initiation and circuit breaker reaction
becomes high enough that the SG can never be stable after de-en-
ergizing the line. This time difference is known as the CCT of the cor-
responding SG.

Line B
\gz—Fl \S:_F2 c oo \!__Flo
Load3 R6 Line A
Toward R5 F=1 F:2 F10— R3 R2 Rl
other R4
bus3 d2 ¢
rt L
parts Toward other oa @ Loadl

Fig. 4. Case E: A small part of the 39-bus transmission system.
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Fig. 5. Protection zones of R4 based on fault distance from Re.

4.1. The 33 kV distribution part of 30-bus power system

This network has 38 DOCRs and 58 relay pairs [5]. The network
data can be found in [58]. Three SGs are connected to buses 7, 15 and
10 with nominal apparent powers of 8, 9 and 6 MVAs and inertia
constants of 0.9, 1 and 0.5 s, respectively. Based on Section 3.2, non-
communication coordination schemes can coordinate pairs in cases A, B
and C. However, in case C, high values of the discrimination time
cannot be obtained, and coordination is not reliable. Cases D, E and F,
which cannot be coordinated with non-communication scheme, are
gathered in Table 2. Based on this table and the proposed coordination
scheme, 7 pairs are coordinated by communication links, and the other
51 pairs are coordinated by the proposed optimization method, as
shown in Table 3. Table 3 shows that the obtained total relays operating
time (i.e., 5.38 s) using a highly reliable coordination scheme is sig-
nificantly reduced. It became to less than 1/10 of the obtained total
relays operating time using the conventional coordination scheme
(64.172 s in [5], 64.710 s in [59]) for the same power system. More-
over, the new result is in the range of 1/6 of those provided by dual
setting coordination schemes (34.172 s in [5], 30.94 s in [7]). The
obtained result using the proposed method is compared with the results
achieved implementing the other approaches reported in the literature
in Table 4. It is worth mentioning that the obtained results satisfy
overcurrent coordination for both near- and far- end faults.

In Table 3, the last column indicates the length of feeders in which
the installed overcurrent relays can rescue the corresponding DGs from
instability. For a specific fault on L;;, R3p should react fast enough such

that SG3 can recover its stability after de-energizing L;;. To determine
this specific distance, the following process should be implemented for
L,; which is the same for other feeders and SGs:

First, 11 faults should be emulated with the same distances on L;;
such that the first fault is emulated very close to bus 10 (in front of R3)
and the eleventh fault is simulated very close to bus 11 (in front to Ry;).
Then, all fault currents and busbar voltages for all the simulated faults
are collected.

Subsequently, relays operating times for all the emulated 11 faults
(0% of Ly1, 10% of Ly, ..., 100% of L;,) should be calculated as ¢, t;o,
..., tipp using the collected currents and voltages and the provided va-
lues of TSM, PSM and K in Table 3. In the next step, a fault is simulated
in front of R3¢ (0% of L;;) and R circuit breaker is manually tuned (in
the simulation process) to de-energize L,; after the fault initiation time
with a time duration equal to t,. In the next step, stability condition of
SGj is checked after disconnection of Ly, If SG3 cannot be stabilized
after circuit breaker operation, R3o cannot rescue SG3 even for occurred
faults in front of Rjo. Otherwise, the stability condition should be
checked for another fault occurred in 10% of L,;. This process continues
up to the point that SG3 cannot recover its stability after removing the
fault by R3¢ beyond this point. In particular, Table 3 shows that DOCRs
could satisfy the stability of the all connected SGs in the 30-bus IEEE
standard power system. However, the following section shows that in
several cases, DOCRs cannot satisfy the transient stability of the cor-
responding SGs after fault elimination for the 39-bus standard power
transmission network.
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900 Fault current seen by 4
< so0 [\ DPZ & N
—“.; UPZ 1pz A
= 700 F BPZ ]
on
<
g 600 - 4
- l.6Iloadmax R1
2 500 F .
5 1.2Iloadmax R1

400 F 4

——/
300 ] L L . L L . . L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fault distance from RS (line p.u.)

Fig. 6. Protection zones of R; based on fault distance from Rs.
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Fig. 7. Protection zones of R3 based on fault distance from R;.
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Fig. 8. Primary and backup relays busbar voltages for a typical case.
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Fig. 9. Primary and backup relay busbar voltages for case F.

4.2. The 39-bus standard system

This network has 66 relays and 106 relay pairs (Fig. 11). Based on
the proposed method, 9 relay pairs are dropped from the coordination
(Table 5 plus Rs;-Rs» as case C). The obtained results for this network
are gathered in Table 6.

For a paired validation, mid-way faults with 10 Q impedance were
located at all the lines and the proposed method was examined. Table 7
shows the results of this new evaluation. As demonstrated in Table 7,
the total relays operating time for the standard 39-bus power system

(i.e., 62.2919 s) is in the range of the obtained result for the 30-bus
system using conventional methods and zero fault impedance (64.172 s
in [5], 64.710 s in [59]).

4.3. Results and discussion

The following section contains some important notes. First, al-
though the nonstandard equation [56] used for relay characteristics
reduces relay operating times, without an appropriate optimization
algorithm, achieving acceptable results is impossible. The proposed
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Fig. 10. 33 kV distribution part of the 30-bus power network.

optimizer engine consists of both metaheuristic (for optimizing K and
PSM values) and deterministic components (for optimizing TSM va-
lues). Consequently, both the exploration and exploitation of the opti-
mizer engine are augmented such that the relay operating times con-
sidering their corresponding constraints are gathered in a narrow band
(Tables 3 and 6). Second, although different optimization methods have
been embedded in the proposed optimizer, they all led to find the global
optimum with less iterative loops. The proposed optimizer engine was
converged within 70 iterations, hence, it is applicable for large power
networks. Third, although increasing the maximum value of K in (2)

Table 2
Pairs proposed to be coordinated by communication links (30-bus standard
system).

Pairs
Case D Ri0-R20, Rio-Ra1
Case E Ro1-R3, Ra-Ra2o, Ri-Ra1, Rg-Rag, Ri7-Ras
Case F R21-R3, Ra-Rao, Ri-Ra1, Rg-Rag; Ri7-Ras, Rio-Rao

Fig. 11. The 39-bus transmission power network.
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Results obtained for the 33 kV part of the 30-bus network.
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RN TSM PSM K thear-end trar-end transient stability
1 3.3130 1.3729 3.6815 0.1805 0.5765

2 2.4400 1.3167 3.0683 0.1921 0.6674

3 3.2714 1.3395 2.9814 0.2765 0.3500

4 2.9916 1.4525 4.5859 0.0500 0.4337

5 2.6434 1.3639 4.4144 0.0500 0.6441

6 3.0349 1.3647 4.1356 0.1184 0.3500

7 2.8726 1.4159 4.5990 0.0500 0.9070 SG1 100% of line
8 1.5665 1.3848 3.9784 0.0500 0.5329

9 3.6093 1.3603 4.4550 0.0778 0.3831

10 2.9658 1.4305 4.6362 0.0500 0.7907

11 3.0488 1.4131 3.0261 0.2949 0.4931 SG3 100% of line
12 3.1715 1.3815 4.0837 0.0831 0.4608

13 3.3122 1.3582 3.2814 0.1931 0.4465 SG3 100% of line
14 2.4526 1.3940 3.8059 0.1224 0.3651

15 3.3615 1.3615 3.8932 0.1465 0.4254

16 2.7373 1.4001 4.4908 0.0651 0.3918

17 2.6356 1.3372 4.4592 0.0500 0.6993

18 2.6053 1.2895 3.9833 0.0792 0.4975 SG2 100% of line
19 3.8150 1.3907 4.4950 0.0519 0.4118 SG2 100% of line
20 1.1737 1.2115 3.4020 0.1176 0.3778

21 3.2566 1.4431 4.3579 0.0840 0.3778

22 2.2101 1.4204 2.4282 0.3392 0.4176

23 3.0734 1.3721 3.1977 0.2444 0.6392

24 3.6572 1.3749 4.0239 0.1261 0.5444

25 4.3147 1.4510 4.8770 0.0702 0.4261

26 1.7778 1.3782 4.0721 0.0764 0.3702 SG1 100% of line
27 1.7799 1.3846 4.1769 0.0500 0.2254 SG1 100% of line
28 1.3557 1.2005 2.4682 0.3388 0.4921

29 2.0661 1.4218 3.3606 0.1994 0.4921

30 2.2297 1.3071 2.6379 0.3522 0.4994 SG3 100% of line
31 3.8509 1.3910 3.3283 0.2437 0.6795

32 3.7802 1.4387 29177 0.3345 0.6522 SG3 100% of line
33 3.3186 1.4259 4.7361 0.0500 0.6413

34 2.5700 1.4008 3.8411 0.0918 0.6345

35 2.4047 1.2008 3.8788 0.1254 0.3500

36 2.4826 1.3845 3.9270 0.0500 0.3645

37 2.9060 1.5452 3.8583 0.1118 0.5502 SG2 100% of line
38 2.8425 1.4021 3.0627 0.1906 0.4503 SG2 100% of line

Sum: 5.3775 19.0110 100% of SGs
leads to a decrease in the relay operating times, eliminating mis- Table 5

coordinations by the metaheuristic part becomes more difficult. Thus, K
cannot be increased unboundedly. Consequently, the role of the opti-
mizer engine in the removal violations and finding prominent opti-
mized results becomes more vital.

Fourth, the utilized fitness functions for the metaheuristic and de-
terministic parts have been proposed based on discussed properties and
capabilities of these optimization methods in Section 3.1. It should be
mentioned that coefficients k; and k, make O.Fctaneuristic highly sen-
sitive to miscoordinations. Hence, optimizing relays operating and pairs
discrimination times are secondary functions of O.Fjetaneuristic and
consequently, exploration is more augmented than exploitation via this
fitness function formulation. These properties made the proposed OF in
Eq. (2) appropriate to be utilized via the metaheuristic part. On the
other hand, only relays operating and pairs discrimination times have
been taken into account in the structure of O.F,onjinear and coordination
constraints have been removed from this fitness function. Based on
Section 3.1, these properties make the O.Foniinear appropriate for the
deterministic part.

Pairs proposed to be coordinated by communication links (39-bus
standard system).

Pairs
Case D R20-Ri4; Rs2-Rss, Re3-Re1, Rsz-Rs1
Case E Rs-R1, Ri-Rs, Re-Ry, Rsg-Rss
Case F Rs-R1, Ri-Rs, Re-R4, Rsg-Rss

Fifth, to achieve better results, in comparison to the chosen
boundaries for the pickup currents, the chosen boundaries for the TSM
and K variables can be more flexible. To be exact, although the relay
operating times can be reduced by considering a vast boundary for
pickup currents, it is not recommended because the pickup currents
determine the sensitivity of the relays to faults. Thus, the standard
boundary of [1.2Ijpadmax 1-6li0admax] i used for pickup currents. If the
pickup current is lower than 1.2[jp,amax, Sympathetic tripping is ex-
pected, and if the pickup current is greater than 1.6Iy,qmax, faults with

Table 4

Obtained total relays operating time for the 30-bus power system using different coordination methods.
Method Stop-primary Method Ztop primary
Proposed Method in [5] (Dual Setting) 33.7388 s Proposed method in [47] (NI Relays) 64.17 s
Proposed Method in [7] Dual Setting 30.94 s Proposed method in [47] (User-Defined) 35.06 s
Proposed Optimizer in [38] (NI Relays) 34.5636 s Proposed method in [55] (NI Relays) 2993 s
Proposed Optimizer in [38] (NI, VI, EI Relays) 17.1854 s Proposed Method 5.3775s
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Table 6
Results obtained for the 39-bus network.

RN TSM PSM K thear-end thar-end transient stability

1 1.4162 1.3234 44813 0.0500 0.8133 SG9 3% of line

2 1.1461 1.3421 3.9216 0.0955 0.3518 SG9 CCT= 44 ms

3 2.1243 1.3922 5.7484 0.0500 0.1562 SG9 8% of line

4 1.5010 1.3605 4.5454 0.0518 0.3968

5 0.2371 1.3497 1.9194 0.0756 0.3937

6 0.4148 1.3393 2.9914 0.0500 0.6182 SG9 7% of line

7 2.5791 1.4262 4.6735 0.0500 0.5213 SG8 57% of line

8 2.4186 1.3810 4.4109 0.0968 0.4639

9 1.9463 1.3479 4.2761 0.0911 0.3756

10 4.2652 1.4078 3.7187 0.1639 0.4452

11 3.4320 1.3513 4.6283 0.0500 0.5769

12 2.5105 1.4804 3.9498 0.1452 0.4056 SG4 3% of line
SG5 3% of line

13 4.3036 1.4910 5.1883 0.0586 0.4055 SG4 32% of line
SG5 33% of line

14 2.5869 1.3779 3.4571 0.2497 0.3586 SG4 CCT=210 ms
SG5 CCT=210 ms

15 1.5663 1.3399 4.5126 0.0500 1.0314 SG7 24% of line

16 2.5755 1.4645 3.7623 0.1056 0.3500 SG4 41% of line
SG5 40% of line

17 1.4354 1.4288 4.5355 0.0500 0.9089 SG7 24% of line

18 0.7217 1.3991 3.6319 0.0862 0.4465 SG6 CCT=78 ms

19 1.7117 1.4023 4.8762 0.0668 0.4106 SG6 13% of line

20 3.1866 1.4200 5.0935 0.0500 0.6804 SG4 23% of line
SG5 23% of line

21 3.5023 1.4104 4.0269 0.1106 0.3500 SG6 38% of line
SG7 37% of line

22 4.8934 1.4335 4.2104 0.1486 0.3862 SG6 23% of line
SG7 12% of line

23 0.9426 1.3157 3.2683 0.1465 0.4056 SG4 2% of line
SG5 3% of line

24 2.4073 1.3697 4.8250 0.0500 0.4036 SG4 57% of line
SGS5 58% of line

25 2.3908 1.3363 4.1754 0.1766 0.4056 SG4 28% of line
SG5 27% of line

26 3.3397 1.5036 4.7483 0.0500 0.4989

27 2.4270 1.4690 3.6861 0.0941 0.5779

28 3.4437 1.4310 3.9836 0.1875 0.6753

29 1.8987 1.4463 3.8268 0.1237 0.4821

30 3.1688 1.3908 4.3812 0.1302 0.4237

31 2.5761 1.3882 3.2035 0.3753 0.5859 SG3 CCT=210 ms

32 2.6760 1.4124 3.5384 0.2397 0.4302 SG3 CCT=188 ms

33 3.3143 1.4055 3.7332 0.2859 0.5182 SG3 CCT=188 ms

34 3.0625 1.3208 3.5915 0.3194 0.5397 SG3 CCT=215 ms

35 2.2709 1.5022 3.7626 0.2182 0.5432 SG2 2% of line

36 29111 1.5022 3.9323 0.1899 0.6194 SG2 8% of line

37 2.6350 1.3607 4.0795 0.1055 0.3986

38 3.6557 1.3589 4.8235 0.0500 1.2843 SG8 28% of line

39 2.7866 1.3966 3.7476 0.2019 0.4452
SG8 CCT=188 ms

40 2.4044 1.4525 4.3291 0.1102 0.3500 SG10 CCT=99ms
SG8 34% of line

41 2.1529 1.3679 4.6273 0.0500 0.4201 SG10 33% of line

42 2.3362 1.3436 4.8829 0.0500 0.6454 SG10 58% of line

43 3.2884 1.4392 4.0758 0.0986 0.3574

44 2.6675 1.4204 3.5769 0.1203 0.5284

45 1.2912 1.2469 4.2734 0.0574 0.3500 SG10 77% of line

46 3.1143 1.3537 4.8666 0.0500 0.7230

47 2.7751 1.4053 4.3582 0.1006 0.4875

48 2.5265 14111 4.7777 0.0500 0.5091

49 3.3816 1.4203 3.7167 0.1821 0.6624

50 3.0444 1.3967 4.2784 0.0943 0.4006

51 1.4073 1.3750 2.8855 0.3332 0.4899 SG2 CCT=216 ms

52 3.4766 1.3985 3.9939 0.2432 0.3943 SG2 CCT=204 ms

(continued on next page)
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53 2.8230 1.4021 4.3776
54 1.0115 1.2387 3.7625
55 2.3190 1.4026 3.4738
56 3.1357 1.4923 3.6151
57 2.7251 1.3419 4.1574
58 1.5535 1.2079 3.2548
59 2.2150 1.3914 4.5243
60 0.7117 1.4523 1.9004
61 0.8624 1.3734 3.7383
62 0.5199 1.4135 2.5452
63 1.3707 1.3694 3.7212
64 0.8791 1.3995 3.1613
65 0.6577 1.3589 3.3934
66 0.2937 1.3730 2.4026
Sum

0.1105 0.5119 SG2 37% of line
0.1038 0.4899 SG2 67% of line
0.2119 0.3500

0.2247 0.4038

0.1178 0.5247

0.1925 0.6332

0.0500 1.0100

0.2062 0.8082

0.0500 0.1611 SG1 100% of line
0.0500 0.7193 SG1 100% of line
0.0500 2.2739 SG1 100% of line
0.1082 0.3500 SG1 100% of line
0.0500 0.5448 SG10 73% of line
0.0500 0.4845 SG10 100% of line
8.0056 35.667

higher impedance are ignored. If in a specific case (especially for
backup relays and considering far-end faults), Igumin iS lower than
1.6lpadmax, then the denominator of (2) becomes negative. Conse-
quently, in this case, the discrimination time is negative, and this case is
considered a constraint violation. Hence, this case is removed after
selecting a new pickup current in the range of [1.2],aqmax Lfaultminl DY
the metaheuristic part.

Sixth, Tables 2 and 5 reveal another notable fact: all pairs in case F
can be found in other cases (especially case E). Thus, no extra com-
munication link is needed. This outcome can be justified by the fact that
when the voltage of the backup relay busbar becomes lower than that of
the primary relay busbar, the current direction seen by the backup relay
changes. Consequently, the fault current flows from the primary relay
busbar to the backup relay busbar (case E).

Seventh, in the case of far-end faults and the 39-bus network, pairs
Res-R40, Res-Rys and Rga-Re4 have discrimination times of 15.2's, 16.8 s
and 19.54 s, respectively. Thus, these pairs can be categorized as case C,
which can be coordinated with communication links. Based on the
aforementioned points, pairs that are proposed to be coordinated with
communication links are shown in red in Figs. 10 and 11.

Eighth, although a well-known equation has been developed for
calculating the CCT of SGs [60] and is frequently used for DOCR co-
ordination in the literature, it is obtained based on three important
considerations. First, faults should occur at the bus, and faults on lines
are not considered; however, in DOCRs coordination, CCTs of SGs for
faults in different locations are needed. Second, the network config-
uration is the same prefault and postfault; however, faults should be
cleared by circuit breakers. Thus, the network topology changes after
de-energizing the line. Because of this condition (in the 39-bus net-
work), the CCT of SG6 for a fault in front of R;g is 78 ms, while this
value for a fault in front of Ry; is 189 ms. Third, line resistances are
ignored; however, this is not the case for a real network. Moreover,
satisfying transient stability of synchronous generators is more complex

in case of meshed networks than radial networks.

In Tables 3 and 6, the blue boxes show that the transient stability for
the corresponding fault distance from the corresponding relay is sa-
tisfied. For instance, R, guarantees the stability of SGg for faults be-
tween R, and 57% of the line length from R;. These results show that
the transient stability of all SGs for the 30-bus network is guaranteed.
The yellow boxes indicate cases in which the SGs become instable be-
fore tripping the corresponding relays (violet boxes). For some cases
(SGyq for a fault in front of R,) where the CCT of SG (44 ms) is lower
than the minimum required time (50 ms), even for an intentional fault,
the SGs can never be rescued. In other words, due to the mechanical
restriction of circuit breakers, it is impossible to satisfy the transient
stability of SGs, no matter which coordination scheme (e.g., conven-
tional, adaptive, dual setting, etc.) is utilized. Moreover, all faults are
not permanent, and the potential to utilize recloser for meshed net-
works is low [61-63]. The objective of this study is focused to make the
coordination highly reliable and fast enough to satisfy the transient
stability of SGs. Hence, the simulated CCTs of SGs are utilized to
evaluate the performance of DOCRs.

It is worth mentioning that the performance of installed relays on
both sides of feeders should be taken into account to determine the
transient stability of the relevant SGs. For instance, considering the 39-
bus transmission power network relays Ry4 and Rps which have been
located on both sides of L, typify the situation. Table 6 indicates that
Ro4 can satisfy transient stability of SGs for the occurred faults between
Ro4 and 58% of L, from the Ry, side. On the other hand, Ry5 can satisfy
the transient stability of SGs for the occurred faults between Rys and
27% of L, from the R,5 side. Consequently, SGs can be rescued from
transient instability for the faults emulated in 85% of L.

Network reconfiguration: Network reconfiguration during faulty
condition is another issue which in turn potentially creates challenges
for entire coordination schemes. For instance, we assume a small por-
tion of the 39-bus standard power test system where Rs; and Rsg are

Table 7

Primary Operating for 10 Q Resistance Mid-way Fault in the 39-Bus Network.
RN Trnid-way RN Trid-way RN Trmid-way RN Trid-way RN Trnid-way RN Trid-way
1 0.5322 12 1.3702 23 0.8067 34 1.8819 45 0.7579 56 1.1212
2 0.3319 13 1.0416 24 0.7487 35 1.3958 46 0.8175 57 0.9590
3 0.3456 14 1.5066 25 1.9047 36 1.4950 47 0.9958 58 1.1340
4 0.3059 15 0.9574 26 0.5739 37 0.8313 48 0.6634 59 0.6324
5 0.2905 16 0.7860 27 0.6635 38 0.9175 49 1.9213 60 0.6771
6 0.4372 17 0.7142 28 1.4150 39 1.3894 50 0.8105 61 0.4352
7 0.5472 18 0.5670 29 0.8789 40 1.3627 51 1.6760 62 0.6032
8 0.6316 19 0.9864 30 1.0308 41 1.1264 52 1.7268 63 1.2369
9 0.6250 20 0.9843 31 1.8297 42 0.9812 53 0.9794 64 0.7166
10 0.8273 21 0.7430 32 1.2414 43 0.7597 54 0.8929 65 0.4582
11 0.6099 22 1.0092 33 1.5729 44 0.8254 55 0.9548 66 0.3359
Sum! 62.2919 s
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responsible to protect the same feeder (L;) and Rs; is the backup pro-
tection for Rsy. In this case, the coordination between Rs;-Rss is ob-
tained for the faults occur in front of Rs, with a constant network to-
pology using the conventional coordination scheme. However, this
assumption is incorrect for the faults occurring far from Rs; and close to
Rss, because Rsg is likely to react before Rs; in such cases.

Therefore, a network reconfiguration is expected during the fault
instant. In other words, for the case that the fault occurs close to the Rs,
DOCR will react before Rsg and the network configuration will remain
similar to faulty instant and the conventional coordination methods are
effective. However, for the case that fault occurs close to Rsg, DOCR will
react before Rs; and the network reconfiguration will be possible during
a faulty instant. Consequently, the applied coordination scheme should
protect the power system for both cases. To evaluate the proposed
method performance for this coordination issue, three possible scenarios
can be taken into account for the faults between Rs; and Rsg.

The first possible scenario is that Rs; trips before Rsg once the fault
is close to Rsy, or Rsg fails to trip. In this scenario, there is no re-
configuration in the power network and the proposed method can sa-
tisfy reliable protection. The second scenario is that Rsg trips before Rs;
for a fault between Rs; and Rsg. In this scenario, a network re-
configuration is inevitable and all the seen currents by Rs; (main pro-
tection) and Rs, (backup protection) will change suddenly from the
values tuned for coordination. Therefore, the behavior of Rs; and Rs,
under these unexpected changes in the measured currents should be
analyzed. It should be mentioned that the network reconfiguration
often leads to increase the measured current by Rs;. In other words,
before the reaction of the Rsg, the fault current is fed through both Rs;
and Rsg, and after reaction of Rsg, the fault is fed only through Rs;.
Consequently, the Rs; becomes more sensitive and no extra protection
issue is exposed to Rs; considering the minimum operating time of
0.05 s. In addition, if the current seen by the backup protection (Rsz)
decreases, the pair Rs;-Rs; will change from case C to case D and
consequently, the conventional protection scheme fails to satisfy de-
sirable coordination for this case. Fortunately, reliable coordination
between Rs;-Rs; is guaranteed for this condition via a communication
link using the proposed method. It also worth noting that, if the current
seen by the backup protection (Rsp) increases, no extra side effect is
imposed on the pair Rs;-Rso.

5. Conclusion

In this research work, undesirable relay pairs which cannot be co-
ordinated by non-communication scheme were identified, firstly.
Afterwards, the communication links to preserve desirable coordination
were proposed, and then a novel optimization method were applied to
address overcurrent coordination problem and protect the power
system against both near- and far-end faults. It was demonstrated that
the proposed optimizer can effectively guarantee the transient stability
of synchronous generators and the results can meet criteria and provide
satisfaction. The performance and the strength of the proposed method
were demonstrated and discussed through different simulation studies
over both distribution and transmission networks. As a conclusion,
appropriate characteristics with nonstandard curves can become su-
perior and provide highly desirable performance rather than standard
relays in many cases. Moreover, transient stability of synchronous
generators is unfeasible after de-energizing the line in some cases. That
is the reason, the synchronous generators can become unstable even for
transient faults.
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