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Abstract This paper addresses the problem of overcurrent
relays (OCRs) coordination in presence of DGs. OCRs are
optimally set to work in a coordinated manner to isolate faults
with minimal impacts on customers. Penetration of DGs into
the power system changes the fault current levels seen by
the OCRs. This can deteriorate the coordinated operation of
OCRs. Operation time difference between backup and main
relays can be below the standard limit or even the backup
OCR can incorrectly work before the main OCR. Though
resetting of OCRs is tedious especially in large systems, it
cannot alone restore the original coordinated operation in
the presence of DGs. The paper investigates the optimal
utilization of fault current limiters (FCLs) to maintain the
directional OCR-coordinated operation without any need to
OCRs resetting irrespective of DGs status. It is required to
maintain the OCRs coordination at minimum cost of prospec-
tive FCLs. Hence, the FCL location and sizing problem
are formulated as a constrained multi-objective optimiza-
tion problem. Multi-objective particle swarm optimization
is adopted for solving the optimization problem to deter-
mine the optimal locations and sizes of FCLs. The proposed
algorithm is applied to meshed and radial power systems at
different DGs arrangements using different types of FCLs.
Moreover, the OCR coordination problem is studied when the
system includes both directional and non-directional OCRs.
Comparative analysis of results is provided.
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Relay characteristic constants
Coordination time interval for
backup—primary relay pair (in s)
Relay indices

ith relay near-end-fault current (in A).
Jjth relay fault current for near-end
fault at ith relay (in A)

ith relay pickup current setting (in A)
Lower and upper limits of /;
Specific value of 1,;

Sum of operation time of the primary
relays (in s)

Local distribution company

ith relay multiple of pickup current
Jjth relay multiple of pickup current
for the ith relay near-end fault

Total number of overcurrent relays in
the system N

Number of backup—primary OCR
pairs.

Revised coordination time interval
for the backup—primary relay pair

(in s)

Operating time of the ith primary
relay for near-end fault (in s)
Operating time of the jth backup
relay for near-end fault at the

ith primary relay (in s)

operating time difference = t;; — t;
Time dial setting for the ith relay
Lower and upper limits of TDS;
Fault current limiter

Resistive fault current limiter
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X-FCL Inductive fault current limiter

Z-FCL Resistive—inductive fault current limiter
1B.bDG Operating time of backup relay before DG
IM.bDG Operating time of main relay before DG
1B.aDG Operating time of backup relay after DG
IM,aDG Operating time of main relay after DG

R; Resistance of the ith FCL

X Inductive reactance of the ith FCL

L Number of FCLs

Rmin, and Rpyax
Xmin, and Xmax

Lower and upper limits of FCL resistance
Lower and upper limits of FCL inductive
reactance

1 Introduction

Integration of distributed generation (DG) can improve relia-
bility, reduce power losses, improve power quality, decrease
environmental pollution, and diminish the need for network
expansions. The protection devices are set to have a coordi-
nated operation. This enables to isolate faults with minimum
impact on customers. When DG units are connected to a
distribution network, the magnitude and direction of fault
current will change. So, the coordination between the net-
work protection devices may vanish [1]. Autorecloser-fuse
miscoordination and relay—relay miscoordination can occur.
Size of DG, location of DG, and type of DG (static or
rotating machine) influence the share of DG in total fault
current. Thus, these factors determine the DG effect on
protection system coordination [2]. Directional overcurrent
relays (DOCRs) form the primary protection of distribution
and sub-transmission systems and the secondary protection
of transmission systems. The coordination of overcurrent
relays (OCRs) is realized by adjusting the pickup current
setting (/) and the time dial setting (TDS) of each OCR
to maximize the selectivity and reliability of the protective
system [3]. Setting of OCRs is difficult, especially in the
multi-loop, multi-source networks. Trial-and-error, topolog-
ical analysis, and optimization methods are used for OCRs
setting [4].

Possible solutions to the OCRs miscoordination problem
in power delivery system (PDS), with and without DGs,
are searched in literature [5—13]. In case of PDS without
DG, the authors in [5] reported a systematic approach for
OCRs coordination by breaking all system loops. In [6,7], a
linear graph theory-based method was used for OCRs coor-
dination. Furthermore, optimization techniques such as dual
simplex [8,9] and genetic algorithms [10] were used to min-
imize the relay operating times. To provide coordination
between OCRs in the presence of DG, Ref. [11] discussed
high-impedance protection applications for tripping acceler-
ation. But this method depends on current transformer (CT)
whose dynamic behavior influences the protection stability.
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Ref. [12] proposes the use of distribution system automation
capabilities for protection coordination. One drawback of
this method is that the number of protection zones increases
with the increase in number of DGs. So, many isolating cir-
cuit breakers will be needed and the scheme may not be
economic. Communication-assisted digital relay approach is
presented in [13] to achieve coordinated operation of OCRs.
Complexity and enlarged failure rates are major concerns in
this method.

One approach to control fault current with DG is the use
of fault current limiter (FCL) [14]. FCL basically provides
nearly zero impedance in normal operation without energy
loss or voltage drop. If a fault occurs, the FCL will insert
high impedance in the current path within few milliseconds
to reduce the fault currents to lower levels [14]. FCLs can
be divided into three main categories [15]: passive FCLs,
solid-state FCLs, and hybrid FCLs. Passive FCLs insert a
current-limiting inductance without external control signals.
The solid-state FCL is formed by utilizing power electron-
ics equipment and sensors. Hybrid FCLs use combination
of mechanical switches, solid-state devices, superconduct-
ing materials and other technologies to mitigate fault current
[15]. FCLs are generally sophisticated and expensive equip-
ment. FCL size may be defined as the impedance value it
introduces under fault conditions. The FCL cost gets higher
as its size increases. Placement and sizing of FCLs in a
power network greatly determine its impact on protection
system. To minimize the total cost of protective devices,
genetic algorithm-based method was implemented to deter-
mine the optimal locations of FCLs in a radial distribution
system with DG in [16]. Although the optimal FCLs sizes
for a distribution system with DG are determined mathemat-
ically in [17], the FCL locations are hypothetically assumed,
and their cost is not considered. In [18], FCLs are utilized
to restore DOCR coordination in the presence of DG. The
optimal DOCR settings without DG are maintained under
DG. This avoids any need to DOCR resetting. However,
sizes and locations of FCLs are estimated by trial-and-error
method and cannot be optimal from performance and cost
perspectives.

In this paper, optimally allocated FCLs are used to
restore the coordination of OCRs in PDS with DG. The
FCL allocation problem involves more than one objec-
tive function such as level of fault current damping and
FCLs sizes. These objectives are contradictory and of dif-
ferent dimensions. So, the problem is formulated as a
multi-objective constrained nonlinear programming prob-
lem. The interaction among different objectives yields a set of
compromised solutions, largely known as the trade-off, non-
dominated, or Pareto-optimal solutions [19]. The optimiza-
tion problem is solved using particle swarm optimization
(PSO).
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The novel aspects of this paper are:

1. Propose an index for the coordination of the main—
backup OCR pairs in presence of DGs.

2. Present a new multi-objective formulation of the OCRs
coordination maintenance problem in power systems
with DGs by FCLs. The model considers the OCRs coor-
dination and the FCLs sizes (cost) as two conflicting
objectives to be optimized.

3. Search both optimal locations and sizes of FCLs with no
pre-assumptions.

4. Consider the application of FCLs in a mixed system of
both directional and non-directional OCRs in presence
of DGs.

5. Compare the OCRs coordination and coordination main-
tenance problems in looped and radial networks.

6. Compare the performance of three different FCL types.

2 Proposed Relay Coordination Restoration
Approach

2.1 Determination of the Original Relay Coordination

The time dial setting defines the operation time (¢) of the OCR
for each relay current value (/). M is the current multiple of
the pickup current value, i.e., M = I /I, tis normally given
as a function of M based on the OCR characteristics. The
IEEE OCR characteristics are adopted in this work and are
given as [20-22]:

A
t; = TDS; Ml.c 1

=S [ —A 1 B) with M= (g
”’ A M -1 ML,

. I¢
+ B with M; = — (1)
1pi

The primary objective of the OCR coordination problem
is to minimize the sum of operation time of the primary OCRs
as given by (3).

N
MinimizeJ = Z ti 3)

i=1

Time dial setting and pickup current setting are determined
for each relay provided that certain coordination constraints
are met [20]. For this purpose, a two-phase optimization
model is mathematically formulated in (3)—(9) [18]. In Phase
1, the objective J given in (3) is minimized subject to the set
of constraints given in (4)—(6). In Phase 2, the objective J
given in (3) is minimized subject to another set of constraints
given in (7)—(9) to further tune the OCR setting determined
in Phase 1.

(i) For Phase 1
There are relay setting constraints as in (4), (5) and
backup—primary OCR pairs (BMOP) constraints as in

(6) [21].
Ipimin = Ipi = Ipimax 4
TDS; min < TDS; < TDS; max (5)
tji—ti = CTI (6)

The backup OCR should not operate until the primary
OCR fails to operate. But, if the backup OCR is needed
to operate, it should wait for a minimum time interval
of CTI after the assumed operating time of the primary
OCR [23]. The value of CTI is chosen based on the
LDC practice. It accounts for relay operating time, the
breaker operating time, and safety margin for relay
error.
(i1) For Phase 2

Ip; determined in Phase 1 is approximated to the near-
est standard value and kept fixed during the search
process. CTI is modified to a lower practical value
RCTI that is typically 90 % of CTI [20].

Ipi = Ip; Fixed @)
TDS; min < TDS; < TDS; max 3
tii—1ti = RCTI )

The optimization problem formed by (3) and (7)-(9)
is solved to get the final TDS settings of the OCRs.

2.2 Restoration of the Original Relay Coordination

The BMOP coordination determined above without DGs can
deteriorate by integrating DGs to the system. To maintain the
original OCRs coordinated settings in presence of DGs, it is
proposed to use optimally allocated FCLs. The set of required
FCLs impedance values is a function of DG capacity, number
of DGs, and DGs locations [21]. To keep the original OCRs
settings obtained above unchanged, the prospective optimal
FCLs must keep almost the same OCR fault current before
DG integration. Therefore, the same OCRs operating times
are keptin presence of DGs. This in turn maintains the desired
original coordinated operation of BMOP irrespective of DGs
status.

3 Problem Formulation

It is assumed that BMOP are properly set to assure coordi-
nated operation in a DG-free PDS. Integration of DGs will
feed additional fault current that may lead to loss of coordi-
nation of OCRs. Thus, the main objective of this paper is to
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minimize such change in the OCR-seen fault current levels
by optimal placement and sizing of FCLs. This keeps the
coordinated operation of BMOP. The coordination index of
BMOP (RPCI) is proposed as:

NP
RPCI = Z abs ((tB,bDG - lM,bDG) - (tB,aDG - tM,aDG))n

n=1

(10)

The ideal value of RPCI is zero as it means perfect coor-
dination between BMOP under DGs.

The FCL-based BMOP coordination maintaining prob-
lem is formulated as multi-objective constrained nonlinear
optimization problem.

Objective functions:

Min F1 = RPCI (11)
L

Min F2 = ZRk + X (12)
k=1

The above problem is solved subject to the following
inequality constraints:

Rmin < Ri < Rmax (13)
Xmin =< Xt' < Xmax (14)
18,aDG — IM,anpG > RCTI (15)

4 Solution Algorithm

The maximum number of FCLs to be connected to the sys-
tem equals the sum of number of lines and number of power
sources. Particle swarm optimization (PSO) is presented
recently as an efficient heuristic search method to obtain
the global or quasi-global optimal solution in power sys-
tem optimization problems [21,22]. Single-objective PSO
searches the minimum or maximum value of a single-
objective function. Multi-objective PSO (MOPSO) searches
the minimum values of multiple objectives simultaneously.
Since these objectives can be conflicting, the problem has a
set of candidate compromised solutions rather than a sin-
gle solution. This set of different solutions is known as
the Pareto-optimal set. Three main issues are considered on
implementing MOPSO [22]. These include giving preference
to non-dominated solutions, retaining the non-dominated
solutions found during the search process, and maintaining
diversity in the swarm. MOPSO is well explained in [23,24].
It is employed to solve the optimization problem formulated
in (11)—(15). The solution algorithm is implemented as given
below.

@ Springer

| Read network data and perform load flow |

Determine the no-fault relay current

I Identify main and backup relay pairs I

| Calculate the main and backup relay
fault current without DG

Calculate the difference between operating
time of backup and main Relay without DG

| Initiate time & particle counters |

Generate n initial feasible solutions
Particles) & initial velocities

»la
Ll Bl

/
Calculate the main and backup relay fault
current with DG and FCL for each particle

Calculate the difference between

operating time of backup and main relay
with DG and FCL for each particle

Evaluate objective functions& particle fitness I

Search for nondominated solutions &
From nondominated global set

Next pa@

| Update time counter, Update the inertia weight&
Update velocity and position of particles

| Form the nondominated local sets I

| Perform the union of all nondominated local
sets to get the nondominated global set (NGS)

I Reduce NGS size by clustering I

Y
Copy the members of NGS into the
1 P

I Reduce NGS size by clustering

| Measure individual distances of
bers in objective space for NGS

| Select the members of the global best set I

solutio

Fig. 1 Flowchart of restoring OCRs coordination using optimal FCLs




Arab J Sci Eng (2016) 41:3381-3397

3385

1. Disconnect all DGs, apply a solid symmetrical three-
phase fault at the nearest bus to each main OCR (one at
a time), the short-circuit currents seen by this OCR and
its backup OCRs are calculated. Estimate the operation
time of each BMOP from (1) and (2).

2. Set the time counter + = 0 and generate randomly
nparticles, {Xj(0), j=1, ..., n}. Similarly, generate ran-
domly initial velocities of all particles, {Vj(0), j=1, ...,
n}. Each particle includes values for all control variables
to be optimized, resistance and inductance for each pos-
sible FCL. Set the initial value of the inertia weight.

3. Connect all DGs. Insert the FCLs estimated by a particle
(possible set of FCLs). Apply a solid symmetrical three-
phase fault at the nearest bus to each main OCR (one at

a time), the short circuit currents seen by this OCR and
its backup OCRs are calculated. Estimate the operation
time of each BMOP from (1) and (2). Repeat for all
particles.

4. Calculate the objectives F1, F2 values for each particle
using (11) and (12). Then, compute the fitness value of

each particle as:

0
Fitness = 1/ Z w; F;

i=1

(16)

where, w; is a weighting factor such that > w; =1. F; is
the value of the ith objective function. Q is the number

of objective functions.

Table 1 Main and backup relay in the meshed system

Main relay Backup relay Main relay Backup relay
1 19, 23 15 13
2 15,23 16 18
3 15,19, 23 17 10
4 15,19, 23 18 2
5 9,12 19 17
6 8,12 20 4,23
7 8,9 21 3,4,23
8 6,12 22 4,25
9 5,16 23 11,25
10 5,6 24 4,11
11 5,6, 16 25 24,29
12 14 26 24
13 7 27 24
14 28 26,27
Fig. 2 Meshed system under study 29 27
Fig. 3 IEEE 33-bus radial DG
system 19 20 21 22 ‘
R18 |R19|R20| R21
26 27 28 29 30 31 32 33

SOURCE

R25|R26 |R27 | R28| R29| R3(] R31 R32
Nl el e a gl g o

2l 3 4 5 6] 7 8 9 10 11 12 13 14 15 16 17 18
R2| R3| R4| R5] R6| R7 | R8| R9|R10] R11R12JR13| R14]R15 |R16|R17

23 24 25
R22 |R23| R24

O [ UL
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Fig. 4 Optimal settings for
primary DOCRs in meshed
system. a The pickup

IP, p.u

current(/,, p.u), b the time dial Numerical OCR
setting (TDS, s), ¢ the normal 0 L L L L L L
load and fault currents, d the 0 5 10 15 20 25 30
current transformer ratio relay number
R Numerical OCR
:). I N NG A LN e Elqctromechanic al OCR
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Fig. 5 Samples of normal load 25
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relay current, and DG-supplied 20
fault current in the meshed L’: i ST .
system a DG at bus 12, b DG at Eﬁ Br '/ . (a)
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5. Search for the non-dominated solutions and form the
non-dominated global set $**(0). The best member in
S§**(0) is selected as the global best Xj**(0). Set the
external set equal to $**(0).
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relay number

6. Update the time counter t = ¢ + 1.
7. Update the inertia weight.

8. Update the particle velocity and position.
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Fig. 6 BMOP miscoordination
in the meshed system a for DG
at bus 12, b for DG at bus 19
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BackupPrimary Relay Pairs Miscoordination for DG at bus 19

The updated position of the jth particle is added to
Sj*(t). Truncate the dominated solutions in Sj*(¢). If
the size of Sj*(¢) exceeds a prespecified value, reduce
the size to its maximum limit by the hierarchical clus-
tering algorithm [23].

Perform the union of all non-dominated local sets to
produce the non-dominated global set $**(¢). If the size
of §**(t) exceeds a maximum limit, reduce this set size
by hierarchical clustering algorithm.

Copy the members of $**(¢) to the external Pareto set.
If the number of the Pareto set members exceeds the
maximum size, reduce the set by means of clustering.
Measure the individual distances between members in
Sj*(t), and members in S**(¢) in the objective space.
The members of Sj*(¢) and S$**(¢) that give the mini-
mum distance are selected as the local best and the global
best, respectively.

If the termination criterion is met, then stop. Else go to
step 3.

Flowchart of restoring OCRs coordination using optimal

FCLs is shown in Fig. 1.

5 Results and Discussion

A meshed system and a radial system are analyzed in this
work. The meshed system under study is a part of the IEEE
30-bus system [25] depicted in Fig. 2. This PDS is assumed to

Table 2 Number of relay pair miscoordination

DG location At < RCTI

Backup relay operates before
primary relay

Bus10
Bus12
Busl15
Busl6
Busl7
Busl18
Bus19
Bus21
Bus24
Bus27
Bus30

S O = O NN O Do O

W W 0 L 0 I &N O & Lt &\

Table 3 Determined FCLs for DG at buses 12, 19

FCL location (in series to)

X-FCL size (p.u)

Source at bus1

DG at bus12

DG at bus19

Source at bus5
Source at bus13
Objective function F1

Sum of FCLs components
sizes (p.u.)

1.858
10

10
2.469
0.014
1.263
24.5
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Table 4 Determined FCLs for

three DGs at buses 10, 12, 19 FCL location (in series to)

FCL size (p.u)

X-FCL R-FCL Z-FCL
Source at bus1 3.769 0 1
Source at bus2 0 0 0.5
DG at bus10 0 4.092 1.5+ j3
DG at bus12 4.970 0 0
DG at bus19 10 2.243 1.5+ /1
Source at bus5 0.309 0 3.84j1.8
Source at bus8 0 0.022 1.4+ j1.10
Source at bus11 0 4.942 324517
Source at bus13 0 9 2.8+ j2.7
Objective function F1 0.160 2.215 2.8
Sum of FCLs components sizes (p.u.) 19.210 20.301 26.6

Table 5 X-FCLs determined in
[18]

FCL location (in series to) Two DGs at buses 12, 19

Three DGs at buses 10, 12, and 19

DGatbus 12 DGatbus 19 DGatbus 10 DG atbus 12 DG at bus 19

X-FCL size (p.u.) 56

Sum of X-FCL 112
sizes (p.u.)

At (R1,R19)

0.2702

56 42 42 42
126

0.2709

Table 6 R-FCLs determined in
[18]

FCL location (in series to) Two DGs at buses 12, 19

Three DGs at buses 10, 12, and 19

DGatbus 12 DGatbus 19 DGatbus 10 DG atbus 12 DG at bus 19

R-FCL size (p.u.) 22

Sum of R-FCL sizes 44
(p-u.)

At (R1,R19) 0.2711

22 18 18 18
54

0.2746

have 29 DOCRs. The radial system is the IEEE 33-bus radial
distribution system shown in Fig. 3. These test system data
are provided in [26]. It has 33 DOCRs located as depicted
in Fig. 3. It is assumed that all relays are identical and have
the standard IEEE relay curves with the constants values of
0.0515, 0.114, and 0.02 for A, B, and C,, respectively, [27].
OCRs are assumed to be optimally set and well coordinated
before DG integration. CTI is assumed to be 0.3 s for each
backup—primary OCR pair. The chosen DG technology is a
synchronous-type, operating nominally at 0.9 lagging power
factor, and has a 0.15 p.u transient reactance based on its
capacity. The DG is practically connected to the PDS bus
through a transformer with 0.05 p.u reactance based on its
capacity [28].

@ Springer

5.1 Meshed System

Three scenarios are examined to evaluate the effectiveness
of utilizing FCLs to restore the original OCR coordination
for the meshed PDS with DGs.

(i) Scenario A: It is the base case with well-established
OCR coordination, where there is no DG in the PDS.
(ii)) Scenario B: DG is presented. It is the worst case as
BMOP miscoordination arises.
(iii) Scenario C: It illustrates the proposed approach of
installing optimally allocated FCLs to restore the
BMOP coordination.
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Fig. 7 Determined X-FCLs for «10°
three DGs in the meshed test 20 T T T T T T T T
=
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Fig. 8 Determined R-FCLs for 5 02 T T T T T T T T
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system o O /\/ (a) |
0 T —T | — 1 1
Satbus 1 Satbus2 Satbus5 Satbus8 Satbusll Satbus13 DG atbusl0 DG atbusl2 DG at bus19
Location of FCL
:? 02 T T T T T T T T T T T T T T
o
¥ Olf (b) -
0 ! ! 1 I | ! e~
L1-2 L1-3 L2-4 L2-5 L2-6 L3-4 L4-6 L4-12 L5-7 L6-7 L6-8 L6-9 L6-10 L6-28
Location of FCL
5 02 T T T T T T T T T T T T T
o
o OlfF A (©
0 1 1 1 1 L L 1 1 1
L8-28 L9-11 L9-10 L12-13 L10-17 L10-20 L10-21 L10-22 L12-14 L12-15 L12-16 L14-15 L16-17
Location of FCL
>S5 T T T T T T T T T T T T T T
a 0.1F -
o 0.05 )7
1 1 1 1 1 1 1 1 1 1

L15-18 L18-19 L19-20 L21-22 L15-23 122-24 L.23-24 1.24-25 1.25-26 L25-27 1.28-27 L27-29 L27-30 L29-30

5.1.1 Scenario A: BMOP Coordination Without DGs

Each OCR represents a main protection and has other OCRs
serving as a backup protection. So, Table 1 defines backup
OCRs for each relay in the meshed system [19].

Location of FCL

The two-phase DOCR optimal setting process discussed
in Sect. 2 is carried out using GAMS software [29]. The
minimum and maximum /, limits are chosen to be 1.25
and 2 times the maximum no-fault current seen by each
OCR, respectively. On the other hand, the minimum TDS
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Fig. 9 Determined Z-FCLs for =001 T T T T
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Location of FCL

Table 7 At of selected backup—primary relay pairs

Table 8 Main and backup relay for IEEE 33-bus radial system

DOCR pair No DG 3 DGs and no 3 DGs and X-
FCL FCL

19,1 0.368 0.046 0.605

8,6 0.288 0.228 0.800

8,7 0.319 0.256 0.292

9,7 0.326 0.086 0.520

16, 11 0.275 0.193 0.338

is assumed to be 0.1 s in all cases. The obtained relays /1,
are rounded and kept fixed at the nearest standard setting
[27].

Rounding the 7, results obtained in Phase 1, CTI con-
straints in (4) are violated for 15 pairs out of the 51 BMOP.
The chosen RCTI values are 0.284 and 0.27 s for numerical
and electromechanical OCRs, respectively. After conducting
Phase 2 of OCR optimal setting given in (3) and (7)—(9) using
GAMS, the obtained rounded Ip and TDS settings satisfy the
constraints (7)—(9) for all OCRs. Figure 4 shows the optimal
settings of the DOCRs in the meshed system.

5.1.2 Scenario B: Relay Coordination in Presence of DG

DG changes the value of fault current, and it may bring
BMOP miscoordination. Figure 5 reports samples of relay

S @ Springer

Main relay Backup relay Main relay Backup relay
2 1 17 16
3 2 18 1
4 3 19 18
5 4 20 19
6 5 21 20
7 6 22 2
8 7 23 22
9 8 24 23
10 9 25 5
11 10 26 25
12 11 27 26
13 12 28 27
14 13 29 28
15 14 30 29
16 15 31 30
32 31

normal load current, near-end-fault current, and DG-supplied
fault current in the meshed system for single-DG operation
at bus 12 and at bus 19. For DG at bus 12, miscoordination
occurs for five BMOP, based on RCTT threshold (0.27 s). Fig-
ure 6a compares At of related BMOP in the meshed system
with and without DG for a DG installed at bus 12. It is clear
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Table 9 FCLs obtained by single objective for IEEE 33-bus radial
system

FCL location Size (p.u)
(in series to)
Z-FCL X-FCL  R-FCL

Source at busl 1.55+ jO 1.81 1.53
DG at bus2 5.67+j9.49 20 16.67
DG at bus33 10+ /10 20 20
F1 (s) 2.99 3.41 2.79
Sum of FCLs components sizes ~ 36.72 41.81 38.21

(p-u.)

that At is reduced in case of the presence of DG. In Fig. 6b,
BMOP miscoordinations in the meshed system are reported
for a DG installed at bus 19. Eight BMOPs (23,1 & 9,5 & 8,
6&12,6&8,7& 16,11 & 18,16 & 11, 23) have lower (At)
than RCTI. Backup relay operates before the primary one for
other two pairs (19, 1 &9, 7). For one DG at buses(10, 12, 15,
16, 17, 18, 19, 21, 24, 27, 30), Table 2 shows the number of
BMOP miscoordinations in the meshed system for each DG
location, due to either low Ar or backup operation before pri-
mary relays. This BMOP miscoordination problem is solved
by using FCL as in Scenario C below.

5.1.3 Restoration of DOCR Coordination by FCLs

1. Single-objective function

For two 10-MVA DG units connected to buses 12 and 19
in the PDS of Fig. 2, many BMOP miscoordinations occur.
Optimal FCLs to restore coordination are determined firstly
by solving the optimization problem discussed in Sect. 3
considering only a single objective in (11). Table 3 shows
the minimum X-FCLs sizes and locations required to restore
coordination for all BMOP. The sum of obtained minimum
X-FCL sizes is 24.5 p.u. Further, for three 10-MVA DGs at
buses 10, 12, and 19, the FCL results are given in Table 4
for X-FCL, R-FCL, and Z-FCL types. The choice of the
proper FCL type depends on operators experience and FCL
type’s cost. The results obtained by the proposed method in
Tables 3 and 4 are compared to those obtained in [18] and
given in Tables 5 and 6. It is remarked that the proposed
method, even for single objective, results in coordinating all
BMOP at much lower size/cost of the required FCLs for all
DG conditions. This may be attributed to that the locations
of FCLs are assumed empirically in [18], whereas the pro-
posed method identifies the optimal sizes and locations of
FCLs.

2. Multi-objective function

MOPSO is used to solve the full multi-objective FCL allo-
cation problem formulated in (11)—(15) for the meshed test
system. Three 10-MVA DG units are connected at buses 10,
12, and 19 in the PDS shown in Fig. 2. Figures 7, 8, and 9
give the determined optimal X-FCLs, R-FCLs, and Z-FCLs,

Fig. 10 Determined X-FCLs 0.4 T T T
for two DGs in IEEE 33-bus
radial system

(a)

Satbus 1 LI-2 L2-3

L3-4 145 L5-6 L67 L7-8 189 L9-10 LI0-11 LII-12
Location of FCL

(b)

L12-13 L13-14 L14-15 L15-16 L16-17 L17-18 L12-19 L19-20 L20-21 L21-22 13-23 123-24 124-25

Location of FCL

(c)

0
L6-26 L26-27 L27-28

L2829 L2930  L30-31 L3132 L32-33 DGat bus2 DGat bus33
Location of FCL
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Fig. 11 Determined R-FCLs 1 T T T T T T T T T T T T
for two DGs in IEEE 33-bus -
radial system (=9 05 b |
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respectively. For the three FCLs types, coordination is main-
tained for all BMOP after DG integration. The optimal value
of (F1)is 1.5, 0.04, and 1.7 s for X-FCLs, R-FCLs, and Z-

@ Springer

128-29 129-30  L30-31 L31-32 L3233  DGatbus2 DG at bus33
Location of FCL
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FCLs, respectively. The sum of required FCLs components
sizes (F2) is 0.294, 1.85, and 2.3 p.u. for X-FCLs, R-FCLs,
and Z-FCLs, respectively. It is clearly less than obtained by
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Table 10 At of selected BMOP in IEEE 33-bus radial system

Backup-main Tvackuprelay — mainrelay

OCR pair NoDG  DGandnoFCL DG and FCL
6,7 03003 0.2480 02731
7.8 03006 0.2580 0.2939
9,10 0.2993 0.2676 02911
10, 11 0.2970 0.2743 02912
11,12 0.2704 0.2308 02728
12,13 0.2708 0.2593 0.2742
13, 14 0.2945 0.2700 02953

single-objective optimization or the method in [18]. Table 7
indicates At of selected BMOP for various scenarios. Marked
cells in Table 7 refer to miscoordination case.

5.2 IEEE 33-Bus Radial Distribution System

BMOP are listed in Table 8. Two 10-MVA DG units are
connected at buses 2 and 33 as revealed in Fig. 3.

1. Single-objective function

Table 9 presents the determined optimal X-FCLs, R-FCLs,
and Z-FCLs for only single-objective function RPCl in (11).

2. Multi-objective functions

Figures 10, 11, and 12 give the determined optimal X-
FCLs, R-FCLs, and Z-FCLs, respectively. For the three FCLs
types, coordination is maintained for all BMOP after DG
integration. The optimal value of (F 1) is 2.1, 1.7 and 3.02 s
for X-FCLs, R-FCLs, and Z-FCLs, respectively. The sum
of required FCLs sizes (F2) are 5.9, 7.5, and 6.07 p.u.
for X-FCLs, R-FCLs, and Z-FCLs, respectively. FCLs sizes
obtained by multiple objective optimization are clearly less
than obtained by single-objective optimization. Table 10
indicates At of selected BMOP for various scenarios using
X-FCLs. Insertion of X-FCLs enables to make At above
0.27 s (RCTI) to assure coordination of all BMOP as indi-
cated in Table 10. It is noted that FCLs sizes are much bigger
for radial system compared to meshed system.

5.3 Mix of Directional and Non-directional OCRs

For the meshed system in Fig. 2, if the OCRs 1, 5, 16,
and 29 are replaced by non-directional OCRs, the primary—
backup relay pairs change. Figure 13 reveals the new
primary—backup relay pairs. Main relays are set on the x-
axis. Corresponding backup ones are shown by bars. Using
the same data and method in Sect. 5.A above, Fig. 14
illustrates the obtained final optimal settings of OCRs for
this case.

For three 10-MVA DGs atbuses 10, 12, and 19, the optimal
FCLs are determined by solving the optimization problem in

Fig. 13 Primary-backup relay 30 T T
pairs for mixed directional and
non-directional OCRs
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Fig. 14 Optimal settings of ) ) T T T T
primary relays for mixed Numerical Relays Electromechanical Relays

directional and non-directional
OCRs. a The pickup current (/,,
p-u), b the time dial setting

IP, p.u
~ N

B
1 1
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Table 11 Determined FCLs for 3 DGs at buses 10, 12, 19 with mixed Table 12 At of miscoordinated backup—main DOCR pairs under far-

OCRs (single objective) end fault in the meshed test system
FCL location FCL size, p.u DOCR Near-end Far-end DOCR Near-end Far-end
(in series to) X-FCL R-FCL 7-FCL pair fault fault pair fault fault
Source at bus] 2769 | 0.08 + j0.08 19,1 0.2954 —2.3440 6,11 0.5459 0.0112
Source at bus2 0 02 0.01 + j0 15,2 0.3100 —0.0088 16,11 0.2901 —0.0069
DG at bus10 0.01 001 376+ j6.02 23,2 0.5102 —0.0050 17,19 0.3070 0.0244
DG at bus1?2 5970 304 0.06+ j0.02 15,4 0.5624 0.0100 3,21 0.3001 0.0119
DG at bus19 10 1021 6.51+ jO 19,4 0.7613 0.0006 4,21 0.6349 0.0256
Source at bus5 1.309 10.02 542+ j2.78 23,4 0.7568 0.0137 23,21 1.0037 0.0394
Source at bus8 | 204 0414 /13 9,5 0.6116 —0.0281 4,22 0.6743 0.0256
Source at bus] 1 0 0 0 12,5 0.5337 0.0006 11,23 0.3162  —0.0050
Source at bus13 005 001 0494 015 o6 02882 02114 4,24 03154 —0.0050
Objective  func- 312 334 2745 12,6 0.2606 0.1615 11,24 0.3139 0.0038
tion F1 8,7 0.3190 —3.1842 24,25 0.2974 0.0194
Sum of FCLs components 21.4 18.64 27.07 6.8 1.1409 0.0056 24,27 0.3392 0.0200
sizes (p.u.) 16, 8 1.3917 —0.0125 26,28 0.3097 0.0113
5,11 0.5393 0.0025 27,28 0.3176 0.0106

27,29 0.2954  —0.4369
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Fig. 15 Optimal settings of DOCRs in the meshed system considering
both near-end and far-end faults. a The pickup current(/,, p.u), b the
time dial setting (TDS, s)

(13)—(15) considering only single objective F'1 in (11) using
PSO. Results are given in Table 11 for X-FCL, R-FCL, and
Z-FCL types. The choice of the proper FCL type depends on
the LDC operators experience and FCL type’s cost. The sum
of FCLs components sizes is close to the case of considering
only DOCRs for all FCL types.

6 L
3 4
= Ll (a)
OO 5 10 15 20 25 30 35
relay number
3 -
w 271
% (b)
F o1t
0 5 10 15 20 25 30 35

relay number

Fig. 17 Optimal settings of DOCRs in the radial system considering
both near-end and far-end faults. a The pickup current (/,, p.u), b the
time dial setting (TDS, s)

5.4 Effect of Far-End Faults

For the meshed system, the DOCRs settings obtained in
Sect. 5. A and shown in Fig. 4 considering only near-end
faults are evaluated under far-end faults. It is found that

Fig. 16 At values of nw 4r o~
backup—-main DOCR pairs in the - . LN N ,
meshed system considering both S 2r e . '/ . o ‘\\ I (a)
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Fig. 18 At values of 0.4
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some backup—main OCR pairs have violated coordination
constraints as in Table 12. Hence, the OCRs coordination
problem formulated in Sect. 2 is modified to include both
near-end and far-end faults as in [30]. Then, the modified
OCRs coordination problem is solved to get the new OCRs
I, and TDS settings as depicted in Fig. 15 for the meshed
test system. All backup—main OCR pairs fulfill coordina-
tion constraints under both near-end and far-end faults. At
is greater than 0.27 s for all backup—main OCR pairs as
shown in Fig. 16. Besides, the far-end faults are consid-
ered also in the DOCRs setting problem for the radial test
system in Fig. 3. The results are demonstrated in Figs. 17
and 18, which are the counterparts of Figs. 15 and 16,
respectively.

6 Conclusion

The paper is focused on maintaining the directional OCRs
coordinated operation in PDS with DGs. Application of FCLs
is adopted as an effective solution that would save any need
to OCRs resetting. Optimal locations and sizes of FCLs are
searched to accomplish OCRs coordination at minimum cost
of prospective FCLs. Therefore, the FCLs location and sizing
problem is formulated as a constrained multi-objective opti-
mization problem. BMOP coordination index and the sum

@ Springer

backup primary relay pairs

far end fault

near end fault

of FCLs components sizes are considered as the two objec-
tives to be minimized. The proposed algorithm is applied to
meshed and radial power systems at different DGs arrange-
ments using different types of FCLs. Furthermore, the OCRs
coordination problem is studied when the system includes
both directional and non-directional OCRs. Results show
that:

e Optimal installation of FCLs maintains coordination of
all BMOP.

e Multi-objective optimization results in drastically less
sum of FCLs components sizes than using only BMOP
coordination index as the only objective. This is noticed
for all DG conditions, for all FCLs types and for both
study systems.

e There is no much difference in the sum of FCLs
components sizes for the resistive, inductive, and com-
pound FCL types. However, resistive FCL type achieves
markedly better value for BMOP coordination index.

e The sum of FCLs components sizes of the radial PDS is
much bigger than the meshed PDS.
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