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Abstract: Integration of distributed generators (DGs) into a distribution network (DN) can cause
coordination challenges of overcurrent relays (OCRs) because of different fault-current contributions
of DGs as well as the directional change in fault currents. Therefore, the OCRs should be properly
coordinated to maintain their adaptability and scalability to protect the DG-integrated distribution
network. In this study, an adaptive and scalable protection coordination (ASPC) approach has been
developed for the OCRs in a DG-contained distribution network based on two implementation stages.
At the first stage, the reliability improvement of fault-current calculation results is performed by
determining the min-max confidence interval of fault current for each different fault type, which is
the basis for properly selecting tripping and pick-up thresholds of definite-time and inverse-time OC
functions in the same OCR. At the second stage, optimization algorithms are used for calculating
protection-curve coefficients and Time-Dial Setting (TDS) multiplier for the inverse-time OC functions
in the OCR. A real 22 kV DG-integrated distribution network which is simulated by ETAP software
is considered a reliable test-bed to validate the proposed ASPC system of OCRs in the multiple-DG-
contained distribution network. In addition, the coordination results of OCRs can be obtained by
three common optimization algorithms, Particle Swarm Optimization (PSO), Gravitational Search
Algorithm (GSA), and Genetic Algorithm (GA). These relay coordination results have shown an
effective protection combination of the definite-time OC functions (50P and 50G) and the inverse-time
OC functions (51P and 51G) in the same OCR to get the adaptable and scalable DN protection system.

Keywords: distributed generator; distribution network; overcurrent relay; fault protection; relay
coordination; meta-heuristic algorithms

1. Introduction
1.1. Motivation and Assumption

Distributed generators have been recently developed to utilize sustainable and clean
energy sources for electrical energy conversion. DGs can operate as ancillary services to
improve power-supply reliability indices, SAIFI (System Average Interruption Frequency
Index) and SAIDI (System Average Interruption Duration Index), to a distribution net-
work. However, the operation characteristics of DGs could lead to certain difficulties in an
overcurrent protection system of DN because of the remarkable change in fault-current
values observed by overcurrent relays (OCRs). Specifically, fault-current values depend
on DG types, locations, and technologies. For example, rotating-based distributed gen-
erators (RBDGs) can contribute high fault currents whereas inverter-based distributed
generators (IBDGs) can only inject the limited fault currents about 1.2~2.0 p.u. to a dis-
tribution network [1–3]. Moreover, high penetration of DGs may lead to a magnitude
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decrease in fault-currents contributed from the utility, which can reduce the sensitivity
and selectivity of OCRs on feeders of the distribution network [4–8]. Malfunction issues
of OCRs in the DG-integrated DN could be over-reach or under-reach of OC relays, loss
of sensitivity/selectivity, blinding of overcurrent protection, false tripping or sympathetic
tripping of overcurrent protection [9].

Several studies are performed on protection coordination of overcurrent relays in a
DG-integrated DN. In [10], risks of protection miscoordination of OCRs or reclosers are
indicated in each fault isolation and service restoration (FISR) plan when the DN needs to
change its topology due to faulted events. In [11], the authors point out that the allowable
fault-current contribution of IBDGs can significantly impact a DN’s overcurrent protection
system. In [12–15], the threshold setting of OCRs is only valid for typical DG capacities.
In [16], the authors have introduced a hybrid PSO-based protection coordination method
to adjust TDS parameters of directional overcurrent relays. The paper [17] proposed an
optimization function to calculate tripping and pick-up thresholds of OCRs in a range
of pre-defined values. In [18], an adaptive overcurrent protection system is developed
for fault detection and isolation in a DG-penetrated distribution network. The research
paper [19] has proposed an ANN-based method to divide a distribution network into
multiple zones, and then an overcurrent protection scheme for each zone is developed.
In [20], an effective overcurrent protection system is developed to protect a distribution
network when considering two on-grid and off-grid operation modes of DGs. From the
above references, it could be generally concluded that the accurate calculation of fault-
current values can strongly impact the protection coordination results of OCRs on a DN
having DGs. That assumption could be more considered in this study by contributing a
novel proposal to determine the min-max confidence interval of fault currents according to
each different fault type. The estimated confidence interval of fault currents will then be
the basis for properly selecting tripping and pick-up thresholds of the OCRs in the DN.

The DG-integrated distribution networks mostly use digital relays with overcurrent
and sequence-component-based protection functions. Accordingly, overcurrent-based
protection functions, e.g., 50, 51, 67, or sequence-component-based protection functions,
e.g., 46, 47, 50REF, 46BC, 3I0, 3V0, can be properly re-adjusted when the topology of DN is
changed under fault events. As presented in [18], a low-voltage microgrid (LVMG) protec-
tion system using directional overcurrent protection functions in digital relays is developed
along with its coordination strategies. The paper [21] presents a protection coordination
solution based on symmetrical and differential current components to detect faults in a grid-
connected microgrid. In [22], the authors propose a definite-time overcurrent protection
model regarding the placement of DGs in a distribution network. In [23], a novel protection
coordination algorithm is developed to improve the selectivity of the protection system
through using a three-level communication network, directional overcurrent protection
functions, and under/overvoltage-based protection functions, which are available in digital
relays. On the other hand, references [24,25] have considered sequence-component-based
protection functions, e.g., positive-, negative-, zero-sequence components, along with a
GOOSE (Generic Object Oriented System Event) solution for detecting, classifying and
isolating symmetrical and asymmetric faults in microgrids or DG-penetrated distribution
networks. Generally, embedding several different protection functions into a digital relay
could be a feasible solution to improve the adaptability and flexibility of a DN protection
system, which has been applied for this study.

1.2. Literature Review

Protection coordination of OCRs in a distribution network is severely affected by the
presence of DGs [9]. According to different DG penetration levels, DG sites, and fault
types and locations in the DN, determining the optimal setting values of pick-up current,
TPS multiplier, and inverse-time curve coefficients of overcurrent relay is very necessary
to ensure the adaptability and reliability of a DN protection system. Many coordination
methods of overcurrent relays can be classified by trial-and-error methods [26], topological
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analysis methods [27], and optimization methods [28–30]. The latter is commonly used
in recent years because the operating time of OC relays can be optimized against various
coordination constraints as well as relay characteristic curves. The optimal coordination
of overcurrent relays consists of an objective function (OF), parameters, constraints and
a selected optimization method to solve the defined problem. A literature survey for the
objective functions with parameters and constraints, type of OC relays, and optimization
algorithms has been shown as the following.

• Objective function and setting parameters: In [29–36], objective functions are based on
the overall operation time of primary and back-up overcurrent relays, where time-dial
setting (TDS) multipliers are considered as the optimized parameters. In [37–50], the
optimized parameters of OFs are pick-up currents or both the pick-up currents and
TDS multipliers. In [51,52], a multi-objective function (MOF) with the overall operation
time of relays and protection coordination constraints has been developed. The opti-
mization parameters of the MOF are TDS multipliers, pick-up currents and coefficients
of time-current characteristic curves. In [52], the authors have explained why adaptive
coordination schemes are paid more attention to an overcurrent protection system of
the DG-integrated DN when compared to others such as: immediate disconnection
of DGs under a fault event; capacity limitation of installed DGs; protection system
improvement by using more circuit breakers for sectionalization, distance relays, or
directional OC relays (DOCRs); the use of fault current limiters to preserve the original
settings of OC relays; and the use of fault ride through (FRT) strategies of inverter-
based DGs. Based on the references [15,19,42,43], an adaptive protection coordination
(APC) scheme must first update the data from the latest change of DG-integrated
distribution network, e.g., the operation status of DGs, the opened/closed status of
circuit breakers (CBs), and then calculate power flows and perform the fault analysis
to obtain the input data for optimal coordination algorithms. The APC scheme could
require a data center to send/receive the data to/from digital relays before or after the
sudden changes/disturbances of the DG-penetrated DN. A supervisory control and
data acquisition (SCADA) system is needed to perform this adaptive coordination
scheme. Moreover, digital relays can be remotely controlled through communication
channels. According to the above references, the combination of digital relays, the
SCADA system, and an appropriate optimization algorithm will be necessary for
the adaptive coordination of OCRs in the DG-integrated DN. The optimal settings
of both TDS multipliers and protection-curve coefficients for the inverse-time OC
function could be easily implemented in a digital relay. Furthermore, several previous
studies have not considered both the reliability of fault-current calculation results and
the proper selection of tripping and pick-up thresholds of OCRs in the DN for the
optimization of the objective function. Last but not least, it is needed to consider the
operation characteristics of DG units, e.g., plug-and-play, peer-to-peer characteris-
tics [53–55], for parameter settings of the adaptable relay coordination system in the
DG-contained DN.

• Type of OC relays: In [29,39,40], the optimal coordination of non-directional OC
relays has been considered. In [12,56], different operation characteristic curves of non-
directional OC relays have been analyzed in detail. The OC relays can be classified
into three main types: instantaneous, definite-time, and inverse-time OC relays. If
the measured current exceeds a tripping-current threshold, the instantaneous OC
relay sends a tripping signal immediately to circuit breakers, while the definite-
time overcurrent relay will send a trip signal after a pre-defined time-delay. The
inverse-time OC relay operates with a typically mathematical function with certain
parameters to form a protection curve as followed by IEC 60255-3 or IEEE C37.112-2018
standards [57,58]. The optimal coordination algorithm of OC relays usually focuses
on the inverse-time function. In [59,60], the admittance-based inverse-time OC relay is
used to improve the sensitivity of fault detection in the DN and microgrids. In [61–64],
the voltage-based inverse-time OC relay is used to be more sensitive to different
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fault types and reduce the total operation time of relays. In [65], the single and dual
settings of OC relays are proposed to increase the selectivity of the protection system
under the high penetration of DGs into the DN. In general, the above-mentioned
works only consider the inverse-time OC function as an objective function to be
optimized, however, it can be proposed to combine the definite-time OC function
with the inverse-time OC function to protect a DG-based distribution network. The
reference [66] has solved this research gap, but how to demonstrate the reliability of
calculated fault-current values in the DG-integrated distribution network has not been
paying attention to. In fact, minimum and maximum fault-current values of each fault
type are the basis to properly set-up the inverse-time and define-time OC functions in
the protection system.

• Coordination algorithms of OC relays: In [39,54], two PSO (Particle Swarm Optimiza-
tion) and GS (Gravitational Search) algorithms are used to calculate TDS multipliers
and pick-up currents for the OC relays in a DG-contained DN. In [53], a microgenetic
algorithm is used to calculate overcurrent protection settings under any change in
the DN configuration. In [66], a Firefly Algorithm (FA) is applied to coordinate the
definite-time OC functions and the inverse-time OC functions in the DN protection
system. In [67], a continuous genetic algorithm (CGA) is used for the optimal coordi-
nation of OC relays in a ring-type distribution system. In [68], the Firefly and Chaotic
Firefly algorithms have been applied to solve the coordination problem of OC relays.
In [69], a modified PSO algorithm is proposed to calculate the optimal relay settings.
Generally, the main objective of coordination algorithms is to achieve the possible
minimum tripping times through the optimal parameter settings of each OC relay.
Typically, this study proposes to use three very common techniques such as GA, GSA,
and hybrid PSO-GSA (Gravitational Search Algorithm) to calculate the TDS multiplier
and inverse-time curve coefficients for each OC relay in a DG-contained distribution
network. To explain that, the GA is a well-known optimization algorithm, whereas the
GSA and the hybrid PSO-GSA are recently developed and also applied for protection
coordination of OC relays in the DG-contained DN because of high convergence to
the global optimal solution with several different constraints [39]. Moreover, relay
coordination results of the GA can be used as the standard results to compare with
the results of the GSA and the hybrid PSO-GSA.

• Directional OC (DOC) relays and coordination algorithms: In [17,24,44–46,48–50], the
optimal coordination of DOC relays in the distribution network has been performed.
Reference [17] uses a simplex algorithm to solve the protection coordination of DOC
relays as a linear programming problem. References [24,42] use a differential evolu-
tion (DE) algorithm for the optimal coordination of bi-directional OC relays in the
closed-loop distribution networks. In [31], a non-dominated sorting genetic algorithm-
II (NSGA-II) is proposed for the coordination of DOC relays to minimize the total
operating time of primary and backup relays with a multi-objective function. More
recently, heuristic techniques, such as Cuckoo optimization algorithm [38], Electromag-
netic Field Optimization (EFO) algorithm [41], the Hybrid GA-NLP Approach [44],
evolutionary algorithm and linear programming [45], a biogeography-based optimiza-
tion (BBO) algorithm [46], Symbiotic Organism Search Optimization technique [48],
seeker algorithm [49], ant colony optimization (ACO) [43], bee colony optimization
(BCO) [70], an Imperialistic Competition Algorithm [71], teaching learning-based
optimization (TLBO) [72], harmony search algorithm [73], or firefly algorithm [74] are
also used as powerful tools to solve the optimization coordination problem of DOC
relays in the distribution network. In general, it can be concluded that many recent
studies on coordination algorithms are performed for DOC relays in a DG-integrated
distribution network because the presence of DGs leads to the directional change of
fault currents. The operation characteristic of DOC relays is similar to that of OC relays
excepting for the directional-change detection of fault currents [75–80]. In conclusion,
it should be noted that the purpose of this survey is to provide a more comprehensive
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view of many recent protection coordination algorithms for DOC relays in the DN. The
directional-change detection functions of fault currents are out of the research scope
so that this study will only focus on the development of an adaptive and scalable
protection coordination system of overcurrent relays in a DG-integrated DN.

1.3. Contributions and the Paper Structure

According to an aforementioned literature survey, it is needed to develop an adaptive
and scalable protection coordination (ASPC) approach for OCRs in the DG-integrated DN
to improve the reliability of protection system. The ASPC approach for OCRs has two
main performance stages: (i) Stage I–increasing the reliability of fault-current calculation
results and selecting tripping and pick-up current thresholds for the OCRs; and (ii) Stage
II–applying the optimization algorithms to calculate the coefficients and Time-Dial-Setting
(TDS) multiplier for the inverse-time OC functions in the OCR. More clearly, Stage I finds
the min-max confidence interval of fault currents for each different fault type (e.g., 3ph-G
fault, 2ph-G fault, 1ph-G fault, and ph-ph fault) which is the basis for properly selecting
tripping and pick-up thresholds of definite-time and inverse-time OC functions in the same
OCR. Stage II uses three common optimization algorithms, Particle Swarm Optimization
(PSO), Gravitational Search Algorithm (GSA), and Genetic Algorithm (GA) to determine the
coefficients and TDS multiplier for the inverse-time OC functions. The objective function
of the ASPC approach for the OCRs is formulated by three certain constraints consisting
of Coordination Time Interval (CTI), relay operating time and TDS multiplier. Novel
contributions and assumptions related to the ASPC system of the OC relays are briefly
shown as follows:

• Increasing the reliability of fault-current calculation results: According to the literature
survey, either nominal bus-voltage values or voltage values calculated right after
some pre-determined cycles are commonly considered as the reference voltages for the
power-flow analysis and fault-current calculation. However, the use of nominal bus-
voltage values could lead to inaccurate calculations of power flows and fault currents
in the distribution network, which can result in the protection miscoordination of
OCRs. Therefore, this study will propose a novel statistical data-filtering method
to determine a min-max confidence interval of load power [Pload_min, Pload_max] and
load current [Iload_min, Iload_max] at each load bus in the DN, as referred in Sections
of Forecasting a Min-Max Confidence Interval of Load Power at Each Load Bus
and Calculating a Min-Max Confidence Interval of Load Current at Each Load Bus,
respectively. Next, a current-injection-based power-flow (CIBPF) analysis method is
used to calculate the min-max confidence interval of bus voltage at any i-th bus on
the DN, [Vi_min, Vi_max] instead of using either the nominal bus-voltage values or the
voltage values calculated right after some pre-determined cycles from the power-flow
analysis, as referred to Section of The Current-Injection-Based Power Flow Analysis.
Based on the confidence intervals of bus-voltages in the distribution network, an
adaptable fault analysis technique depicted in Section of An Adaptable Fault Analysis
Technique is proposed to calculate the min-max confidence intervals of fault currents
contributed by different DG units and fault current contributed by the utility which
are used for effectively selecting tripping and pick-up thresholds of definite-time and
inverse-time OC functions in the same OCR. In other words, instead of using a fixed
fault-current value for each fault type with the unconsidered reliability, this paper has
contributed an adaptable fault analysis technique to calculate the min-max confidence
interval of fault current. The maximum and minimum confidence thresholds of fault
current are then used to select tripping and pick-up thresholds of definite-time and
inverse-time OC functions, respectively.

• Propose to use both definite-time and inverse-time protection functions in the same
OCR to protect a DG-based distribution network.



Appl. Sci. 2021, 11, 8454 6 of 43

• Propose to use the SCADA system to update the operation status of DGs and the
opened/closed status of circuit breakers (CBs), and to remotely control digital relays
for the ASPC approach.

• The ASPC system of OCRs can be effectively operated regarding different fault scenar-
ios in the DG-based distribution system as well as the ‘on-grid’ or ‘off-grid’ operation
modes for DG units in the DN.

• A real 22 kV DG-integrated distribution network which is simulated by ETAP software
considered to be a reliable test-bed to validate the proposed ASPC system of OCRs.

• Coordination results of the OCRs are based on three optimization algorithms, Parti-
cle Swarm Optimization (PSO), Gravitational Search Algorithm (GSA) and Genetic
Algorithm (GA), as referred in Section 2.4.

The remaining sections of the paper are organized as follows. Section 2 presents the
proposed ASPC approach for OCRs in the DG-based DN. This section presents an objective
function of OCR protection coordination, coordination constraints of the OCRs in the DN,
the reliable and accurate calculation method of minimum and maximum fault currents for
each fault type in the DN having DGs, selection of pick-up and tripping currents for OCRs,
and three common optimization algorithms, GSA, hybrid PSO-GSA and GA. Section 3
describes a case study of the practical 22 kV DG-integrated distribution network. Section 4
indicates the optimal protection coordination results of OCRs in the practical 22 kV DN,
analysis and discussion on these relay coordination results. Last but not least, Section 5
contains the conclusions of the study.

2. A Proposed ASPC Approach for OCRs in a DG-Integrated Distribution Network
2.1. Modelling of OC Relay Characteristics

In this study, the definite-time OC functions (e.g., 50P for the phase-to-phase fault pro-
tection; 50G for the ground fault protection) are deployed as primary protection, while the
inverse-time OC functions (e.g., 51P for phase-to-phase fault protection and 51G for ground
fault protection) are used for both primary and backup protection. Parameter settings of
definite-time and inverse-time OC functions are separate; however, it always allows that
the primary protection is activated before the backup protection. The IEEE C37.112TM-2018
standard characteristics are considered for the relay coordination problem [57,58]. The
operating time equation of the standard inverse-time OC function is given by Equation (1):

TF51_ik = TDSi

 A(
I f _ik/Ipu_i

)B
− 1

+ C

 (1)

where TF51_ik is the operation time of the i-th relay (Ri) for a k fault location in the protected
line/zone of the distribution network; TDSi and Ipu_i are the time dial setting (TDSi) and
pick-up current (Ipu_i) parameters of the i-th relay, respectively; I f _ik is the fault current
seen by the i-th relay for the fault at k location; and A, B, and C are the coefficients of the
inverse-time protection curve. Figure 1 illustrates the protection characteristic curves of
definite-time (50) and inverse-time (51) OC functions.

2.2. Objective Function of Overcurrent Protection Coordination

The objective is to find the optimal value of TDSi and three A, B, and C coefficients
of each OCR, while Ipu_i and I f _ik are properly selected from fault analysis results of the
DG-based distribution network. The coordination problem of OCRs is to minimize the total
operating time of all relays working as the primary protection but still satisfying certain
constraints and maintaining the reliability of the protection system. The objective function
is expressed by Equation (2) as follows:

minZ =
n

∑
i=1

TF51_ik,pri (2)
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where n is the total number of relays; and TF51_ik,pri is the operating time of the i-th OC
relay at the k faulted location working as the primary protection. This study proposes to
only consider one faulted point/location for each protected line/zone, normally at the
remote end of the protected line/zone where the minimum fault current can be calculated
as the basis to select a pick-up current threshold for the primary OC relay of this protected
line/zone in the distribution network, as referred to Section 2.3.4.
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On the other hand, it is most common to use the OCR pairs, e.g., one primary relay
and one backup relay for each OCR pair, to detect and clear a given fault in the protected
line/zone. However, to improve the scalability and selectivity of an overcurrent relay
coordination system in the DN having DGs, this study proposes to use the OCR triples, i.e.,
one for the primary relay and two other consecutive ones for the backup relays. The total
tripping time of the OCR triple is formulated as follows:

• For the upward direction of fault current to the relay Ri:

2 ∗CTImin ≤ tF51,(upward−upward−i)k,backup + tF51,(upward−i)k,backup + tF51,ik,pri ≤ 2 ∗CTImax (3)

• For the backward direction of fault current to the relay Ri:

2 ∗CTImin ≤ tF51,(backward−backward−i)k,backup + tF51,(backward−i)k,backup + tF51,ik,pri ≤ 2 ∗CTImax (4)

where CTI is a coordination time interval between two adjacent relays, commonly CTI ∈{
CTImin, CTImax

}
= {0.2, 0.5} [57,58]; tF51,ik,pri is the operation time of the i-th relay Ri

when it works as primary protection for a k faulted location in the protected line/zone;
tF51,(upward−i)k,backup is the backup operating time of the upward adjacent relay of the relay
Ri; tF51,(upward−upward−i)k,backup is the backup operating time of the last upward adjacent
relay of the relay Ri in the OCR triple; tF51,(backward−i)k,backup is the backup operating time
of the backward adjacent relay of the relay Ri; and tF51,(backward−backward−i)k,backup is the
backup operating time of the last backward adjacent relay of the relay Ri in the OCR triple.

In general, the optimization of the objective function is subjected to the following
constraint conditions, (i) relay characteristic constraints; and (ii) protection coordination
constraints. The former contains the relay operating time, TDS multiplier, coefficients of the
inverse-time curve, and the pick-up current of OC relays. The latter considers the operation
time difference of each pair of primary and backup OCRs as well as the total tripping time
of each OCR triple.
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2.3. Coordination Constraints of OCRs
2.3.1. Coordination Time Interval

According to IEEE 242-2001 standards, a CTI between primary and backup OCRs is
usually selected in a range of 0.2 s to 0.5 s [57,58]. The CTI considers main factors such as the
operating time of CBs, current transformer (CT) errors, the signal sending time of OCRs, and a
safety margin [75]. If the primary relay fails to clear a fault given at the location k, then the
backup relay will be activated to send the tripping signals to the related CBs after a certain
CTI plus the failed operating time of the primary relay. The operating time TF51_jk of the j-th
backup relay (Rj) for a k faulted location in the network is expressed by Equation (5).

TF51_jk − TF51_ik ≥ CTI (5)

where TF51_jk is calculated by Equation (6) as follows.

TF51_jk = TDSj

 A(
I f _jk/Ipu_j

)B
− 1

+ C

 (6)

where TDSj and Ipu_j are the time-dial setting and pick-up current parameters of the j-th
back-up relay, respectively; and I f _jk is the fault current seen by the j-th back-up relay (Rj)
regarding a k fault location in the distribution network. It is noted that all OC relays on a feeder
of distribution network will have the same pick-up current threshold Ipu. The selection of
pick-up current threshold for the OC relays is specifically presented in Section 2.3.4.

2.3.2. Boundary on Relay Operating Time

The operating time of OC relays has a practical boundary by two limits, Tmin
ik and

Tmax
ik , which can be formulated as the following:

Tmin
ik ≤ Tik ≤ Tmax

ik , ∀i = 1, 2, . . . n (7)

where Tmin
ik and Tmax

ik are the minimum and maximum operation times of the i-th relay Ri
when it operates as primary protection for a faulted location k in the DN, respectively. The
value of Tmin

ik depends on relay manufacturers, usually being higher than 0.01 s, while Tmax
ik

is the critical fault clearing time to avoid the damage of equipment as well as maintain the
stability of power system, usually being lower than one second [32,33].

The Time-Dial Setting (TDS) is bounded by an available range of settings supplied by
the relay manufacturer, which can be expressed as follows:

TDSmin
i ≤ TDSi ≤ TDSmax

i , ∀i = 1, 2, . . . n (8)

where TDSmin
i and TDSmax

i are the minimum and maximum TDS values of the i-th relay
Ri, respectively. The minimum and maximum available TDS values are usually in a range
of 0.025 to 1.2 [32,33]. This study selects an available range of 0.01 to 3.2, respectively, for
TDSmin

i and TDSmax
i .

Similarly, the boundary of A, B, and C coefficients of inverse-time protection curve
can be formulated by: 

Amin
i ≤ Ai ≤ Amax

i
Bmin

i ≤ Bi ≤ Bmax
i , ∀i = 1, 2, . . . n

Cmin
i ≤ Ci ≤ Cmax

i

(9)

where Amin
i and Amax

i are 0.009 and 150, respectively; Bmin
i and Bmax

i are 0.02 and 2.5,
respectively; Cmin

i and Cmax
i are zero and 1.5, respectively, in this study. The number of

intervals in a pre-determined range of Ai, Bi, and Ci is 50.
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2.3.3. Calculating the Min-Max Confidence Interval of Fault Currents in the DN
Having DGs

To increase the reliability of fault-current calculation results in the DN having DGs,
this section will present a novel statistical data-filtering method to determine a min-max
confidence interval of load power [Pload_min, Pload_max] and load current [Iload_min, Iload_max]
at each load bus in the DN, as seen in Sections of Forecasting a Min-Max Confidence Interval
of Load Power at Each Load Bus and Calculating a Min-Max Confidence Interval of Load
Current at Each Load Bus, respectively. Next, a current-injection-based power-flow (CIBPF)
analysis method is used to calculate the min-max confidence interval of bus voltage at
any i-th bus on the DN,[Vi_min, Vi_max], instead of using either nominal bus-voltage values
or voltage values calculated right after some pre-determined cycles from the power-flow
analysis, as referred to Section of The Current-Injection-Based Power Flow Analysis. Based
on the confidence intervals of bus-voltages in the distribution network, an adaptable
fault analysis technique depicted in Section of An Adaptable Fault Analysis Technique is
proposed to calculate the min-max confidence intervals of fault currents contributed by
different DG units and fault current contributed by the utility which are used for effectively
selecting tripping and pick-up thresholds of definite-time and inverse-time OC functions
in the same OCR. In general, this adaptable fault analysis method contains four main steps:
(i) forecasting a min-max confidence interval of load power at each load bus on a feeder of
distribution network [81,82]; (ii) calculating a min-max confidence interval of load current
at each load bus on the feeder; (iii) doing the current-injection-based power flow analysis
to find a min-max confidence interval of voltage at each bus where has already installed the
OC relay; and (iv) performing an adaptable fault analysis method to determine a min-max
confidence interval of fault currents for each fault type in the DG-contained distribution
network.

(i) Forecasting a Min-Max Confidence Interval of Load Power at Each Load Bus

Figure 2 shows a flow diagram of forecasting a min-max confidence interval of load
power at each load bus in the DN. According to the work [82], there are seven main steps
to forecast a min-max confidence interval of load power at each load bus on a feeder of
distribution network as the following.

• Step 1—Input the historical load profiles at each load bus and perform the wrangling
of the input data.

• Step 2—Calculate Probability Density Function (PDF) of load data and check whether
the load data are in a Gaussian distribution or not. If the input load data have a
Gaussian distribution, it is continued to Step 6.

• Step 3—If the input load data are not normally distributed, then the “differencing”
method is used to eliminate the data trend by creating a new differential load data
series in the one-day-ahead basis and the PDF of new differential load data series
will be next calculated. When its PDF is in a Gaussian distribution, Step 6 will
be implemented.

• Step 4—If the new differential data series is still not normally distributed, a Principal
Components Analysis (PCA) method is conducted; and then the PDF is re-calculated
for new differential load sub-datasets. If the new differential load sub-datasets are
normally distributed, then it is continued with Step 6; otherwise, it goes to Step 5.

• Step 5—A ‘dendrogram’ method is conducted over the whole new differential load
data series to explore the relationship among 15-min, 30-min, or hourly load data
points, and then cluster them into many smaller differential load sub-datasets. Subse-
quently, it will go to Step 6.

• Step 6—The input load data at Step 2, the new differential load data series at Step
3, the new differential load sub-datasets at Step 4, or the smaller differential load
sub-datasets at Step 5 are filtered-out with a possible confidence range of 13 levels,
specifically from 90% to 99% with an increasing interval of 1%, 4.5-sigma (~99.73%),
5.5-sigma (~99.9937%), and 6-sigma (~99.99966%). Then, it is shown that the best con-
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fidence interval of load data will be determined by an artificial neural network (ANN)
forecasting model with the lowest Mean Absolute Percentage Error (MAPE) metric.

• Step 7—Applying the best confidence interval at Step 6 to eliminate unexpected out-
liers/noises of the original input load data; and then a min-max confidence interval of
load power, [Pload_min, Pload_max], at each load bus will be calculated by Equation (10). Pload_max = µP + Z√

N
σP

Pload_min = µP − Z√
N

σP
(10)

where a Z factor is taken from a normal/Gaussian distribution table corresponding
to the best confidence level; µP is the mean value of load power at each load bus; N
is the number of observed load data points; and σP is the standard deviation of the
analyzed load data.
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(ii) Calculating a Min-Max Confidence Interval of Load Current at Each Load Bus

Based on the min-max confidence interval of load power at each load bus in the
DN and the nominal bus-voltage value, a min-max confidence interval of load current
[Iload_min, Iload_max] at each load bus can be calculated by:{

Iload_min =
Pload_min

Vnom

Iload_max =
Pload_max

Vnom

(11)

where Vnom is the nominal bus-voltage value. The minimum and maximum load current
values, Iload_min and Iload_max, at each bus are used for the current injection-based power
flow analysis in the distribution network with DGs.

(iii) The Current-Injection-Based Power Flow Analysis

After the min-max confidence thresholds of load current at each load bus have been
appropriately determined, they will be used for calculating voltage-fluctuating thresholds
at all buses of the DG-based distribution network through the current-injection-based
power-flow (CIBPF) analysis [83–86]. Then, the calculated voltage-fluctuating thresholds
will be input to an adaptable fault analysis technique as mentioned in Section of An
Adaptable Fault Analysis Technique. The modified (CIBPF) analysis method uses two
matrices which are (i) branch currents (BC) matrix and (ii) bus voltages (BV) matrix. By
considering the i-th bus in the distribution network, the power injected into this i-th bus
can be expressed by Equation (12).

Si = (Pi + jQi) = (PG,i − PL,i) + j(QG,i −QL,i), ∀i = 1, 2, . . . , N (12)

where PG,i and QG,i are the active and reactive power of a generation source at the i-th bus,
respectively; and PL,i and QL,i are the active and reactive power of a load connected to the
i-th bus, respectively. It is noted that a distribution network is assumed to have N buses.

The injection of equivalent current to the i-th bus at the k-th iteration of the power
flow analysis is calculated by Equation (13) as below:

Ik
i = Ireal

i

(
Vk

i

)
+ jIimag

i

(
Vk

i

)
=

(
Pi + jQi

Vk
i

)∗
, ∀i = 1, 2, . . . , N (13)

where Vk
i and Ik

i are the bus voltage and the equivalent current injected to the i-th bus at

the k-th iteration, respectively; Ireal
i and Iimag

i are real and imaginary components of the
equivalent current injected to the i-th bus, which are considered as a function of Vk

i .
By considering a DG-integrated distribution network as in Figure 3, the injected-to-bus

power can be properly converted to the injected-to-bus current by conducting Equation (13).
According to [84,86], the relationship between the [BC] matrix and the [BV] matrix can be
obtained through Kirchhoff laws. The [BC] matrix is determined by the injected-to-bus
currents, as shown in Equation (14).

B1
B2
B3
B4
B5

 =


1 1 1 1 1
0 1 1 1 1
0 0 1 1 0
0 0 0 1 0
0 0 0 0 1




I2
I3
I4
I5
I6

 (14)


I6 = Iload6 − IDG2
I5 = Iload5 − IDG1
I4 = Iload4
I3 = Iload3
I2 = Iload2

(15)
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Iload_l ∈
{

Pload_l_min

Vnom
;

Pload_l_max

Vnom

}
; l = 1 . . . Nload (16)

IDG_d =

(
PDG_d + jQDG_d

Vi

)∗
; d = 1 . . . NDG (17)

which B1, B2, B3, B4 and B5 are the branch currents on the distribution network; I2, I3, I4, I5
and I6 are the equivalent currents injected into the bus; Iload_l is the load current at a l-th
load bus on the DN, with l = 1, . . . , Nload; Nload is the total number of load buses; IDG_d
is the source current of the d-th DG injected to the bus, with d = 1, . . . , NDG; NDG is the
total number of distributed generators penetrated to the DN; Pload_l_min and Pload_l_max are
the minimum and maximum thresholds of load power at the l-th load bus, respectively, as
calculated in Section of Forecasting a Min-Max Confidence Interval of Load Power at Each
Load Bus; Vnom is the nominal bus-voltage value of the distribution network; PDG_d and
QDG_d represent the active and reactive power of the d-th DG, respectively; and Vi is the
i-th bus voltage on the distribution system.
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In general, Equation (14) can be re-written as the following:

[BC] = [C][I] (18)
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where a [C] matrix is an upper triangular matrix filled by “0” or “1”.
Next, the relationship of branch-currents matrix [BC] and bus-voltages matrix [BV] is

shown in Equation (19):

[∆V] = [BV] =


V1
V1
V1
V1
V1

−


V2
V3
V4
V5
V6

 =


Z12 0 0 0 0
Z12 Z23 0 0 0
Z12 Z23 Z34 0 0
Z12 Z23 Z34 Z45 0
Z12 Z23 0 0 Z36




B1
B2
B3
B4
B5

 (19)

Vj = Vi − BiZij → BiZij = Vi −Vj, ∀i, j = 1, 2, . . . , N; i 6= j (20)

which Vi is the i-th bus voltage; Vj is the j-th bus-voltage; and Zij is the line impedance
between bus i and bus j. Equation (19) can be generally re-written as follows.

[∆V] = [BV] = [Z][BC] (21)

where [∆V], or called [BV], is the matrix of voltage drop between the bus i and the bus j on
the DN; and [Z] is a lower triangular matrix of line impedances in the system.

In summary, when the min-max confidence interval of load power at the l-th load
bus, [Pload_l_min, Pload_l_max], has been already calculated/forecasted, the min-max confidence
interval of load current, [Iload_l_min, Iload_l_max], will be then appropriately determined. Next,
the min-max confidence interval of equivalent current injected into the i-th bus, is also promptly
defined. After that, the [BCmin] and [BCmax] matrices are calculated by Equation (18), with
[BCmin] = [B1_minB2_min . . . Bi_min]

T and [BCmax] = [B1_maxB2_max . . . Bi_max]
T. Finally, the

[∆Vmin] and [∆Vmax] voltage-drop matrices will be determined by Equation (21). As a result,
the min-max confidence interval of bus voltage at any i-th bus on the DN, [Vi_min, Vi_max], can
be effectively calculated, specifically for [V1]− [Bi_min] = [Vi_max] and [V1]− [Bi_max] = [Vi_min]
in this study. It is worth noting that V1 is the nominal voltage value of bus 1 (also called the
slack bus) in the distribution network.

• Solving the power flow problem in case of a radial distribution network

To obtain the [∆V] matrix, Equation (18) is substituted to Equation (21) as the following:

[∆V] = [Z][C][I] = [PF][I] (22)

The [PF] matrix in Equation (22) can be determined by a Lower-Upper (LU) factor-
ization solution. The [PF] matrix can be factorized by two [Z] and [C] matrices, where
[C] is the upper triangular matrix and [Z] is the lower triangular matrix. The use of
LU-decomposition and forward/backward algorithms allows skipping the calculation of
Jacobian matrices or admittance matrices. Therefore, the computation time of power flows
can be significantly reduced. As a result, the LU-decomposition-based power-flow analysis
can be adaptable to the online power-flow analysis for a DG-integrated distribution system,
as referred to Equation (23).

Ik
i = Ireal

i

(
Vk

i

)
+ jIimag

i

(
Vk

i

)
=

(
Pi+jQi

Vk
i

)∗
[
∆Vk+1

i

]
= [PF]

[
Ik
i

]
[PF] = [Z][C][
V

k+1

i

]
= [V1]−

[
∆V

k+1

i

]
(23)

where k is the iteration number of the current-injection-based power-flow analysis method.

• Solving the power flow problem in case of a ring-type distribution network
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Figure 4 shows a single-line diagram of meshed distribution network. A new branch
is connected from bus 5 to bus 6, hence, the equivalent currents at all buses are calculated
as the following. Equation (19) can be re-formulated by:

[∆V] = [BV] =



V1
V1
V1
V1
V1
0

−


V2
V3
V4
V5
V6
0

 =



Z12 0 0 0 0 0
Z12 Z23 0 0 0 0
Z12 Z23 Z34 0 0 0
Z12 Z23 Z34 Z45 0 0
Z12 Z23 0 0 Z36 0
0 0 Z34 Z45 −Z36 Z56





B1
B2
B3
B4
B5
B6

 (24)

[
∆V
0

]
= [Znew]

[
BC
Bnew

]
(25)
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Generally, a new branch Bk is built on a distribution network to create a ring topology;
specifically, the new branch is connected from the bus i to the bus j. The initial [Z] matrix
can be re-calculated by the following steps: (i) adding a new row to the initial [Z] matrix
and each element of the added new row is calculated by subtracting the j-th row from the
i-th row; (ii) an element of the new row that belongs to a diagonal of [Z] matrix is also an
intersectional position of the new row and the new column of the [Z] matrix; and it will be
an impedance of the new branch Bk.

In addition, Equation (14) is also re-written as follows:

B1
B2
B3
B4
B5
B6

 =



1 1 1 1 1 0
0 1 1 1 1 0
0 0 1 1 0 1
0 0 0 1 0 1
0 0 0 0 1 −1
0 0 0 0 0 1





I2
I3
I4
I5
I6
B6

 (26)

[
BC
Bnew

]
= [Cnew]

[
I
Bnew

]
(27)

A new branch Bk is built in a meshed distribution network, which is connected from
the bus i to the bus j. The [C] matrix is then re-calculated by the following steps: (i) copying
the elements of the column related to the i-th bus to the k-th column (called a new column)
and subtracting the elements of the column related to the j-th bus from this new column;
and (ii) adding the value (+1) to the k-th row and k-th column in the [C] matrix.
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Substituting two Equations (27) and (25) into Equation (22), it shows that:[
∆Vnew
0

]
= [Znew][Cnew]

[
I
Bnew

]
=

[
AMT

MN

][
I
Bnew

]
(28)

Then, the Kron reduction method is applied to Equation (28), it becomes:

[∆Vnew] =
[

A−MT N−1M
]
[I] = [PFnew][I] (29)

As a result, Equation (29) with the [PFnew] matrix can be solved by the LU factorization
method as mentioned in Equation (23).

(iv) An Adaptable Fault Analysis Technique

According to the work in [6], a simplified and automated fault-current calculation
approach can be appropriately modified for this study. The total short-circuit current
observed by the r-th OCR for a faulted location in the DG-contained DN is calculated by
Equation (30). The configuration of DG-based distribution network is changeable due to
two plug-and-play and peer-to-peer characteristics of DGs, so a real-time management
system (RTMS) using the SCADA function is deployed to observe the operating states of
DGs as well as the working status of protective devices like OCRs and other devices such
as CBs, tie switches, load break switches, or reclosers in the DN.

I f ,r = I f ,grid−r + ∑NDG
i=1

(
kri ∗ I f ,DGi ∗ TDGi

)
, ∀I f ,r ∈

(
Imin

f ,r
, Imax

f ,r

)
(30)

where I f ,r is the total short-circuit current observed by the r-th OCR for a faulted location in
the DN; I f ,grid−r is the grid fault-current component seen by the r-th OCR for the considered
fault location; NDG is the total number of IBDGs and RBDGs integrated to the DN; kri is a
fault-current division coefficient of the i-th DG impacting the operation of the r-th OCR; I f ,DGi
is the fault current at terminals of the i-th DG; and TDGi is the operating status of the i-th DG,
specifically, TDGi = 1 for the “on-grid” mode and TDGi = 0 for the “off-grid” mode.

Generally, if a distribution system contains the NDG total number of DGs and the
MOCPR total number of OCRs, the fault-current division coefficient of each DG unit impact-
ing the operation of each OCR can be properly calculated by Equation (30). Symmetrical
impedances are used for calculating the fault-current division coefficients of DGs and the
grid sources impacting all OCRs in the DN. Due to the SCADA function of RTMS, the
symmetrical impedance matrices can be continuously updated corresponding to different
DN topologies as well as the operating status of DGs such that the fault-current division
coefficients of DGs will be quickly determined. Equation (30) can be re-written by: Imin

f ,r
= Imin

f ,grid−r + ∑NDG
i=1

(
kri ∗ Imin

f ,DGi
∗ TDGi

)
Imax

f ,r
= Imax

f ,grid−r + ∑NDG
i=1

(
kri ∗ Imax

f ,DGi
∗ TDGi

) (31)

where Imin
f ,r

and Imax
f ,r

are the min-max confidence thresholds of total short-circuit current

observed by the r-th OCR for a faulted location in the DN; Imin
f ,grid−r and Imax

f ,grid−r are the

min-max confidence thresholds of grid fault-current for a given fault location; Imin
f ,DGi

and
Imax

f ,DGi
are the minimum and maximum fault-current values of the i-th IBDG/RBDG at their

terminals which are pre-defined, specifically, 5 pu~10 pu for RDBGs [87,88] and 1.0~2.0 pu
for IBDGs [89,90].

• Determining the min-max confidence thresholds of fault current from the grid

To calculate Imin
f ,grid−r and Imax

f ,grid−r, the min-max confidence interval of bus voltages,
[Vi_min, Vi_max], must be determined as shown in Section of The Current-Injection-Based
Power Flow Analysis. Then, the values Vi_min and Vi_max are respectively substituted to
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Vi(0) as depicted in Equation (32). It is assumed that the total number of OCRs is equal to
that of buses in the DN, i.e., MOCPR = N.


Vf ,1,k
. . .
Vf ,i,k
. . .
Vf ,N,k

 =


V1
. . .
Vi(0)
. . .
VN(0)

−
(
[Zbus]N×N +

[
Z f ,k

]
N×N

)


Imin
f ,grid−1,k

. . .
Imin

f ,grid−i,k
. . .
Imin

f ,grid−N,k

, Vi(0) = Vi_min, ∀i ∈ N


Vf ,1,k
. . .
Vf ,i,k
. . .
Vf ,N,k

 =


V1
. . .
Vi(0)
. . .
VN(0)

−
(
[Zbus]N×N +

[
Z f ,k

]
N×N

)


Imax
f ,grid−1,k

. . .
Imax

f ,grid−i,k
. . .
Imax

f ,grid−N,k

, Vi(0) = Vi_max, ∀i ∈ N

(32)

where Vf ,i,k is the fault voltage of the i-th bus for a k faulted location in the DN; Vi(0)
is the min/max pre-fault bus-voltage at the i-th bus; the values Imin

f ,grid−r and Imax
f ,grid−r are

equal the values Imin
f ,grid−i and Imax

f ,grid−i, respectively, because each bus i has already installed
the r-th OCR in the system; [Zbus]N×N is the Thevenin impedance matrix with a size of

N×N; and
[

Z f ,k

]
N×N

is the fault impedance at the k faulted location; normally, the faulted

location is considered at the buses of a distribution system. For the asymmetrical faults, the
positive- negative-, and zero-sequence Thevenin impedance matrices

[
Z012

bus
]

N×N need to be
calculated. The subscripts 0, 1, 2 are represented as zero-, positive-, and negative-sequence
components, respectively. Hence, Equation (32) can be re-written as the following.

V012
f ,i,k = V012

i (0)−
([

Z012
bus
]

N×N +
[

Z f ,k

]
N×N

)


I012,min
f ,grid−1,k

. . .
I012,min

f ,grid−i,k
. . .
I012,min

f ,grid−N,k

, V012
i (0) = V012

i_min, ∀i ∈ N

V012
f ,i,k = V012

i (0)−
([

Z012
bus
]

N×N +
[

Z f ,k

]
N×N

)


I012,max
f ,grid−1,k

. . .
I012,max

f ,grid−i,k
. . .
I012,max

f ,grid−N,k

, V012
i (0) = V012

i_max, ∀i ∈ N

(33)

• Determining fault-current division coefficients of DGs in the DN

In general, the min-max confidence thresholds of grid fault current seen by the r-th
relay for a given fault, Imin

f ,grid−r and Imax
f ,grid−r, can be used as the basis for parameter settings

of the r-th relay in the DN. A fault-current division coefficient of the i-th RBDG impacting
the operation of the r-th relay is expressed by:

kmin
ri =

Imin
f ,DGi−r
Imax

f ,DGi
=
(

Vi_min
Zir

)
/Imax

f ,DGi
, ∀i 6= r

kmax
ri =

Imax
f ,DGi−r
Imin

f ,DGi
=
(

Vi_max
Zir

)
/Imin

f ,DGi
, ∀i 6= r

kri = 1 for i = r

(34)

where kmin
ri and kmax

ri are the minimum and maximum fault-current division coefficients of
the i-th RBDG with respect to the r-th relay, respectively; it is assumed that the i-th RBDG
is connected to the i-th bus in the DN, so Zir is the impedance from the bus i to the bus
r that is determined from the [Zbus]N×N matrix. In the case of i = r, the kri coefficient is
unit; and the value kri is in an available range of [0~1].
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On the other hand, the fault-current division coefficient kri of the i-th IBDG impacting
the operation of the r-th relay can be expressed by Equation (35):

ki−downstream_r =
Zi−upstream_r

Zi−downstream_r+Zi−upstream_r

ki−upstream_r =
Zi−downstream_r

Zi−downstream_r+Zi−upstream_r

for a ring topology

kri = 1 for a radial topology

(35)

where the subscripts ‘downstream_r’ and ‘upstream_r’ represent the fault current direction of
the i-th IBDG flowing into the downstream and upstream sites of the r-th relay respectively,
with regard to a given fault location in the DN. When a fault occurs in the distribution
system, the IBDG will limit its fault current contribution and operate as a fault current
source. Therefore, the coefficient kri equals to 1 for a radial topology of DN. For the ring-
type/meshed DN, it is necessary to calculate the downstream and upstream fault-current
division coefficients ki−downstream_r and ki−upstream_r of the i-th DG regarding to the r-th relay,
as referred to Equation (35). The ki−downstream_r coefficient is selected in case the r-th relay
is used to detect the fault at its upstream direction, whereas the ki−upstream_r coefficient is
selected only if the r-th relay is designed to detect the fault at its downstream direction.

In general, a [K] coefficient matrix can be determined to show the fault-current contri-
bution of NDG DGs to MOCPR relays (noted that the number of OCRs equals to the number
of buses in the DN) as expressed in Equation (36).

[K] =


k11 k1i k1NDG
. . . . . . . . .
kr1 kri krNDG
. . . . . . . . .

kMOCPR1 kMOCPRi kMOCPR NDG

 with
{

i = 1 . . . NDG
r = 1 . . . MOCPR = 1 . . . N

(36)

where the kri element of [K] matrix can be kmin
ri , kmax

ri , 1, ki−downstream−r, or ki−upstream−r
according to the type of DGs (e.g., IBDG or RBDG), the location of DGs, the location of
OCRs, and the topology of DN (e.g., radial topology or ring topology). In addition, the [K]
matrix can also be applied to the unbalanced faults in the distribution system.

2.3.4. Selection of Pick-Up Currents for OC Relays

The pick-up current Ipu of OCR should be selected to be higher than the maximum
possible load current and lower than the minimum fault current with a reliable security
margin. The measurement error of current transformers (CTs) should also be considered
for the pick-up current selection. The boundary of pick-up current of the r-th OCR, Imin

pu,r
and Imax

pu,r , is determined as below:
Imin
pu,r =

(
OLF + KL

eCT%
100
) Imax

load,r
CTR

Imax
pu,r =

(
1
3 − KSC

eCT%
100

) Imin
f ,r

CTR

Iselected
pu,r =

Imin
pu,r+Imax

pu,r
2

(37)

where OLF is the overload factor selected to 1.15 [91]; KL and KSC are the security factors
to be higher than 1; eCT% is the measurement error of current transformers selected to
10%; Imax

load,r is the maximum load current seen by the r-th relay based on the power-flow
analysis results in Section of The Current-Injection-Based Power Flow Analysis; CTR is
the current transformer ratio; Imin

f ,r is the minimum total fault current observed by the
r-th relay (normally considering a phase-to-phase (ph-ph) fault located at a remote end of
the protected line) as presented in Section of An Adaptable Fault Analysis Technique; a
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1/3 factor in Equation (37) is referred by the references [92,93]. In this study, the selected
pick-up current Iselected

pu,r of the r-th OCR will be the average of Imin
pu,r and Imax

pu,r .

2.3.5. Selection of Tripping Currents for the OC Relays

Table 1 shows the selection of tripping currents of the OCRs in the DG-based distribu-
tion network. The fault-current analysis is performed at the remote end of the protected
zones/lines in the DN, with four main types including (i) three phase-to-ground (3ph-G)
fault, (ii) double-phase to-ground (2ph-G) fault, (iii) phase-to-phase (ph-ph) fault and iv)
single-phase to-ground (1ph-G) fault. As a novel contribution of the paper, the protection
coordination of the OCRs including 50P, 50G, 5P, and 51G functions is established for the
maximum fault-current value of each fault type.

Table 1. Fault-current selection for the 50 and 51 OC functions.

Different OC Functions Selection of Fault/Tripping Currents, If_rk Descriptions

50P: Definite-time phase OC
protection function

I f _rk_F50P = Imax
f ,r,ph−ph

with r = 1 . . . N
k is a given fault location at the remote

end of the protected line/zone; and
Imax

f ,r,ph−ph is the maximum ph-ph
fault current.

51P: Inverse-time phase OC
protection function

I f _rk_F51P = Imax
f ,r,ph−ph

with r = 1 . . . N

50G: Definite-time ground OC
protection function

I f _rk_F50G = min
(

Imax
f ,r,3ph−G, Imax

f ,r,2ph−G, Imax
f ,r,1ph−G

)
with r = 1 . . . N

Imax
f ,r,3ph−G, Imax

f ,r,2ph−G and Imax
f ,r,1ph−G are the

maximum 3ph-G, 2ph-G, and 1ph-G fault
currents for a given fault

location, respectively.
51G: Inverse-time ground OC

protection function
I f _rk_F51G = min

(
Imax

f ,r,3ph−G, Imax
f ,r,2ph−G, Imax

f ,r,1ph−G

)
with r = 1 . . . N

2.3.6. Summary of the Proposed ASPC Approach for OCRs in a DG-Based
Distribution Network

Figure 5 shows a flow-chart of the ASPC approach for OCRs in the DN with DGs.
There are five basic steps as the following:

• Step 1: Input the maximum fault-current values detected by each OCR corresponding
to four different fault types (e.g., ph-ph, 1ph-G, 2ph-G, and 3ph-G) that occurred at
the remote end of the protective zones/lines.

• Step 2: Select the pick-up and tripping/fault currents for the OC relays and define the
tripping time of 50P and 50G functions, as shown in Table 1.

• Step 3: Based on the objective function Z in Equation (2), determine A, B, and C
factors and TDS multiplier of 51P and 51G functions in each OCR by using three
meta-heuristic algorithms, GSA, hybrid PSO&GSA and GA.

• Step 4: Check the tripping time of 50P/G and 51P/G functions and the constraint
conditions of CTI between the primary and backup relays for the OCR pairs and the
OCR triples as referred to Equations (3)–(5).

• Step 5: Select the appropriate protection coordination results for OCRs which are
satisfied with the constraint conditions; and update the setting parameters to the
related OCRs in the DG-based DN.
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2.4. Protection Coordination Algorithms
2.4.1. Gravitational Search Algorithm (GSA)

A Gravitational Search Algorithm (GSA) is based on the gravitational force and
Newton’s law of motion [94]. By considering a system with N agents (or N masses) with
the d-th dimension in a certain search space, the gravitational force from the j-th agent to
the i-th agent at the t-th time, Fd

ij(t), can be expressed by Equation (38):

Fd
ij(t) = G(t)

Mpi(t)×Maj(t)
Rij(t)+ ∈

(
xd

j (t)− xd
i (t)

)
(38)

where, Maj(t) is the active gravitational mass regarding to the j-th agent in the time t;
Mpi(t) is the passive gravitational mass regarding to the i-th agent; ∈ is a small constant;
Rij(t) represents the Euclidian distance between the agents i and j; xd

i and xd
j are the

position of the i-th agent and the j-th agent at the d-th dimension, respectively; and G(t) is a
gravitational constant at the time t as referred to Equation (39).

G(t) = G0 × exp(−α ∗ iter/max_iter) (39)
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where G0 and α are the initial value of gravitational constant and the descending coefficient,
respectively, normally selected to 20 and 100; ‘iter’ is the current number of iterations; and
‘max_iter’ is the maximum number of iterations. In other words, G(t) is a function of the
initial value G0 and is gradually decreased with respect to the time to control the search
accuracy of the algorithm.

The Euclidian distance, Rij(t), between two agents i and j is calculated as the following.

Rij(t) =
∣∣∣∣Xi(t), Xj(t)

∣∣∣∣
2 (40)

where the position of the i-th agent and the j-th agent with n-dimensions, Xi and Xj, can
be defined as below:

Xi =
(

x1
i , . . . , xd

i , . . . , xn
i

)
, i = 1, 2, . . . , N

Xj =
(

x1
j , . . . , xd

j , . . . , xn
j

)
, j = 1, 2, . . . , N

X =
{

X1, . . . , Xi . . . , Xj, . . . , XN
} (41)

For the stochastic search algorithm, the total gravity force impacting the i-th agent
at the d-th dimension, Fd

i (t), is the sum of d-th components of the forces generated from
other agents in a set of N agents with the random weighting factor randj in an available
interval [0, 1].

Fd
i (t) = ∑N

j=1,j 6=i randjFd
ij(t) (42)

The acceleration of the i-th agent at the time t with the d-th dimension, Ad
i (t), can be

calculated by:

Ad
i (t) =

Fd
i (t)

Mii(t)
(43)

where Mii(t) is the inertial mass of the i-th agent at the time t.
For each iteration step, the velocity and position of the i-th agent are updated by the

following equations.
Veld

i (t + 1) = randi ×Veld
i (t) + Ad

i (t) (44)

Xd
i (t + 1) = Xd

i (t) + Veld
i (t + 1) (45)

where the next velocity of the i-th agent, Veld
i (t + 1), is the sum of a fraction of its current

velocity randi × Veld
i (t) and its acceleration Ad

i (t); ‘randi’ is a random variable in the
interval [0, 1]; and the next position of the i-th agent Xd

i (t + 1) is the sum of its current
position, Xd

i (t), and its next velocity, Veld
i (t + 1). It is noted that the use of a random

variable is to give a randomized search characteristic of the algorithm.
The gravitational and inertia masses of the i-th agent can be calculated by the fitness

evaluation which is referred to Equation (2) in Section 2.2. The greater mass is, the more
efficient agent is. The better agents will have the higher attractive forces and the slower
movement. The gravitational and inertia masses of the agent are assumed to be equal. The
value of masses can be updated as follows.

Mai = Mpi = Mii = Mi, ∀i = 1, 2, . . . , N (46)

mi(t) =
f iti(t)− worst(t)
best(t)− worst(t)

(47)

Mi(t) =
mi(t)

∑N
j=1 mj(t)

(48)

where f iti(t) is the fitness value of the i-th agent at the time t; best(t) is the optimal
solution, whereas worst(t) is the worst solution of the algorithm. The best(t) and worst(t)
parameters can be determined depending on two following problems.
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• For the minimization value problem:

best(t) = min
{

f itj(t)
}

j∈{1,...,N} (49)

worst(t) = max
{

f itj(t)
}

j∈{1,...,N} (50)

• For the maximization value problem:

best(t) = max
{

f itj(t)
}

j∈{1,...,N} (51)

worst(t) = min
{

f itj(t)
}

j∈{1,...,N} (52)

All the procedures are involved in the GSA to find the optimal parameters of the
OCRs referred to Figure 6.
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2.4.2. Hybrid Particle Swarm Optimization and Gravitational Search Algorithm (Hybrid
PSO&GSA)

In the particle swarm optimization algorithm, the feasible solutions are called the
particles/agents that fly in the d-dimensions search space by following the current optimal
particles [95]. Let si and vi denote the position and velocity of the i-th particle, respectively;
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at each iteration, the velocity of each particle is updated by using its current position,
velocity and its distance from the pbest to the gbest as shown in Equation (53).

νk+1
i,d = ω ∗ νk

i,d + C1 ∗ rand() ∗ (pbestk
i−sk

i,d)
∆t + C2 ∗ rand() ∗ (gbestk−sk

i,d)
∆t

νk
i,d ∈ [−νmax, νmax], νmax = ksmax, 0.1 ≤ k ≤ 1

sk
i,d ∈ [−smax, smax]

νk
i =

(
νk

i,1, νk
i,2, . . . , νk

i,d

)
sk

i =
(

sk
i,1, sk

i,2, . . . , sk
i,d

)
pbestk

i =
(

pbestk
i,1 pbestk

i,2, . . . , pbestk
i,d

)
gbestk =

(
pbestk

1, pbestk
2, . . . , pbestk

N

)

(53)

where νk
i,d is the current velocity of the i-th particle at the k-the iteration with the d-th

dimension; rand() is a random variable in the interval [0, 1]; sk
i,d is the current position of

the i-th particle at the k-the iteration; C1 and C2 are the acceleration coefficients; pbestk
i is

the personal best position of the i-th particle in the d-dimensions; gbestk is the global best
position of all the particles in the d-dimensions; and ∆t is the time step of the algorithm.
Moreover, the weighting function ω can be expressed by Equation (54).

ω = ωmax −
(

ωmax −ωmin

itermax

)
∗ iter (54)

where ωmax and ωmin are the maximum and minimum weighting values, respectively,
which are constant; iter is the current iteration number; and itermax is the maximum number
of iterations. The algorithm starts with the ωmax value and decreases to the ωmin value
when the number of iterations increases.

In addition, each particle can update its position at the next time step (iteration) by
using its current velocity to explore the search space for a better solution as follows:

sk+1
i,d = sk

i,d + vk+1
i,d ∗ ∆t (55)

where ∆t is commonly set to one in this study. For the minimization value problem, the
personal best position, pbest, is updated after the k-th iteration according to Equation (56).

pbestk+1
i =


pbestk

i if f
(

sk+1
i

)
≥ f

(
pbestk

i

)
sk+1

i if f
(

sk+1
i

)
< f

(
pbestk

i

) (56)

where f is the fitness/objective function which is referred to Equation (2) in Section 2.2.
The agents in the GSA do not share the population information with each other

agent, so the PSO algorithm can be integrated with the GSA to improve the global optimal
searching capability. In other words, the GSA is to use for the local searching ability while
the PSO algorithm is to use for the global searching ability. The velocity of each agent can
be updated by the PSO and the acceleration of the agent is calculated by the GSA, therefore,
this combination is called a hybrid PSO-GSA. The velocity and the position of the i-th agent
are updated by the following two equations [96,97]:

νk+1
i,d = ω ∗ νk

i,d + C′1 ∗ rand() ∗ Ak
i,d + C′2 ∗ rand() ∗

(
gbestk − sk

i,d

)
(57)

sk+1
i,d = sk

i,d + vk+1
i,d (58)
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where ω is the inertia weighting factor, νk
i,d, sk

i,d and Ak
i,d are the current velocity, current

position, and current acceleration of the i-th particle at the k-th iteration with the d-th
dimension, respectively; and C′1 and C′2 are constant acceleration coefficients, respectively.

The acceleration coefficients C′1 and C′2 can be considered as the exponential functions
defined by:

C′i = Cstart ∗
(

Cend
Cstart

)1/(1 + iter/itermax)

(59)

where Cstart is the initial value; Cend is the final value; itermax is the maximum iteration
number; and iter is the current iteration number.

In conclusion, Figure 7 shows the basic steps in the hybrid PSO-GSA to find the
optimal setting parameters of the OCRs in the DN.
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2.4.3. Genetic Algorithm

The application of genetic algorithm (GA) to the ASPC approach of OCRs in the
DG-based DN is shown in Figure 8. The algorithm selects the optimal TDS setting and A, B
and C coefficients of protection characteristic curve. In general, the GA works in the process
of biological selection, crossover, mutation and combination [98,99]. Survival of the fittest
among all feasible solutions in the binary form of genes (or string structures) is considered
in the GA. For each generation, a new set of potential solutions is created by the fittest of
the previous set of solutions. The control variables are represented in the string structures.
The GA randomly initializes the solutions, then, the fitness evaluation of each solution is
performed. The fitness function is the same as the objective function Z in Equation (2) of
Section 2.2. The solution has the higher fitness which can be probably selected for a new
generation; this procedure is also called the biological selection or reproduction. Crossover
and mutation steps are applied to get an available range of feasible solutions. When the new
generation is obtained, the algorithm will repeatedly work until the termination condition
is satisfied. In Figure 8, the counter of generation, G, is initially set to 1. The parameter I is
defined as the counter of population, which will stop until getting the population size.
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3. A Real 22 kV DG-Integrated Distribution Network: A Case Study

A real 22 kV DG-contained distribution network of Ho Chi Minh City, Vietnam is
simulated by the ETAP software for evaluating the reliable fault analysis results and
validating the proposed ASPC approach of OCRs, as seen in Figure 9. It is worth noting
that the real 22 kV DG-integrated distribution network is used for this study instead of
standard IEEE distribution systems. To explain that, the use of real-time load data of this
DN is completely appropriate to determine the min-max confidence thresholds of load
power at each load bus, the min-max confidence thresholds of load current, the min-max
confidence interval of bus voltages, and the min-max confidence interval of fault currents
contributed by the grid and the DG units as presented in Section 2.3.3. In the steady-state
(normal) operation mode, the ASPC approach is performed to give the optimal solution
of TDS multiplier and A, B, and C coefficients for inverse-time OC functions and to select
tripping and pick-up current thresholds respectively for the definite-time and inverse-time
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OC functions in the OCRs of a feeder supplied by the 110/22 kV Can-Gio power substation
such as a 471 Hao-Vo OC relay, a REC Hao-Vo OC relay, and a REC Can-Thanh 163 OC
relay. Moreover, the relay coordination in the real distribution network is discussed only
in radial topologies. As seen in Figure 9, the feeder supplied by the 110/22 kV Can-Gio
power substation is separated from the feeder supplied by the 110/22 kV An-Nghia power
substation through opening a LBS (load breaker switch) Can-Thanh 97 to be operated in
the radial topology. In Vietnam, the radial distribution systems are used for the normal
(long-term) operation mode, while the ring-type distribution systems are only established
for ancillary services or post-fault service restoration scenarios (the short-term operation
mode). Therefore, the protection coordination solutions of OCRs are mostly analyzed for
the radial systems, while the coordination solutions of DOC relays in the ring-type systems
are limited in this case study.

Appl. Sci. 2021, 11, 8454 27 of 46 
 

 

3. A Real 22 kV DG-Integrated Distribution Network: A Case Study 

A real 22 kV DG-contained distribution network of Ho Chi Minh City, Vietnam is 

simulated by the ETAP software for evaluating the reliable fault analysis results and val-

idating the proposed ASPC approach of OCRs, as seen in Figure 9. It is worth noting that 

the real 22 kV DG-integrated distribution network is used for this study instead of stand-

ard IEEE distribution systems. To explain that, the use of real-time load data of this DN is 

completely appropriate to determine the min-max confidence thresholds of load power at 

each load bus, the min-max confidence thresholds of load current, the min-max confi-

dence interval of bus voltages, and the min-max confidence interval of fault currents con-

tributed by the grid and the DG units as presented in Section 2.3.3. In the steady-state 

(normal) operation mode, the ASPC approach is performed to give the optimal solution 

of TDS multiplier and A, B, and C coefficients for inverse-time OC functions and to select 

tripping and pick-up current thresholds respectively for the definite-time and inverse-

time OC functions in the OCRs of a feeder supplied by the 110/22 kV Can-Gio power sub-

station such as a 471 Hao-Vo OC relay, a REC Hao-Vo OC relay, and a REC Can-Thanh 

163 OC relay. Moreover, the relay coordination in the real distribution network is dis-

cussed only in radial topologies. As seen in Figure 9, the feeder supplied by the 110/22 kV 

Can-Gio power substation is separated from the feeder supplied by the 110/22 kV An-

Nghia power substation through opening a LBS (load breaker switch) Can-Thanh 97 to be 

operated in the radial topology. In Vietnam, the radial distribution systems are used for 

the normal (long-term) operation mode, while the ring-type distribution systems are only 

established for ancillary services or post-fault service restoration scenarios (the short-term 

operation mode). Therefore, the protection coordination solutions of OCRs are mostly an-

alyzed for the radial systems, while the coordination solutions of DOC relays in the ring-

type systems are limited in this case study. 

 

Figure 9. A real 22 kV DG-based distribution network is supplied by two power substations, namely, the 110/22 kV Can-

Gio substation and the 110/22 kV An-Nghia substation, three IBDGs (DG1, DG2, and DG3), and one RBDG (DG4). 

(b) 110/22 kV Can-Gio substation) (a) 110/22 kV An-Nghia substation) 

DG1 
DG2 

DG3 

DG4 

Fault 

(a 471 Hao-Vo relay) 

(a REC Hao-Vo relay) 

(a REC Can-Thanh  

163 OC relay) 

(a CB GEN relay) 

–Hao Vo relay) 
(a REC Can-Thanh  

(a REC Can-Thanh 36 relay)  

(a 472 Can-Thanh relay)  

(a LBS Can-Thanh 97) 

Figure 9. A real 22 kV DG-based distribution network is supplied by two power substations, namely, the 110/22 kV Can-Gio
substation and the 110/22 kV An-Nghia substation, three IBDGs (DG1, DG2, and DG3), and one RBDG (DG4).

Figure 10 shows a simplified single-line diagram of the real 22 kV DG-integrated DN
so that pre-fault and post-fault DN topologies can be indicated more clearly. Noted that a
3ph-G fault is given at Bus 2 of the DN. More clearly, at the pre-fault operation mode, a LBS
(load breaker switch) Can-Thanh 97 is normally opened, the real 22 kV DN operates with
two separate feeders. One feeder is supplied by the 110/22 kV Can-Gio power substation;
and a power flow of this feeder is indicated by a dashed line (a). The other feeder is
supplied by the 110/22 kV An-Nghia substation; and its power flow direction is shown by
a dashed line (b). When the 3ph-G fault occurs at Bus 2, a 471 Hao-Vo relay and a REC Hao-
Vo relay will give the tripping signals to the related circuit breakers, namely a 471 Hao-Vo
circuit breaker and a REC Hao-Vo recloser, to isolate the fault at Bus 2. After clearing the
fault, according to the proposed FISR plans [10,11], the protection coordination results of
the related OCRs will be updated by the ASPC system through the SCADA function. By
specifically considering the given fault at Bus 2, there are three feasible FISR plans which
will be the basis to find the optimal parameter settings of the related OCRs. The first FISR
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plan is to use an adjacent distribution feeder to restore the power for interrupted customers
through closing the LBS Can-Thanh 97 device and opening a circuit breaker controlled by
a CB GEN relay. The power flow direction of the first FISR plan is indicated by a dashed
line (c). The second FISR plan is to use three IBDGs and one RBDG in the DN as ancillary
services. DG1 and DG2 are the 0.5 MWp photovoltaic (PV) generation systems. DG3 is a
7.3 MWh and 1 MW battery energy storage system (BESS). DG4 is a 2 MW diesel generator.
The second FISR plan is performed by closing the LBS Can-Thanh 97 device and the CB of
DG sources while opening the REC Can-Thanh Hao-Vo recloser. The power flow direction
of the second FISR plan is represented by a dashed line (d). The last FISR plan is to use both
the neighboring distribution feeder and all DG sources. The power flow direction of the
last plan is followed by the two dashed lines (c) and (d). As a result, the ASPC approach
should give at least three optimal protection coordination solutions for the related OCRs
corresponding to the three above FISR plans in the case of the 3ph-G fault that occurred at
Bus 2 of the real 22 kV DN.

Applied Sciences 2021, 11, x FOR PEER REVIEW 28 of 46 
 

 

Figure 10 shows a simplified single-line diagram of the real 22 kV DG-integrated DN 

so that pre-fault and post-fault DN topologies can be indicated more clearly. Noted that a 

3ph-G fault is given at Bus 2 of the DN. More clearly, at the pre-fault operation mode, a 

LBS (load breaker switch) Can-Thanh 97 is normally opened, the real 22 kV DN operates 

with two separate feeders. One feeder is supplied by the 110/22 kV Can-Gio power sub-

station; and a power flow of this feeder is indicated by a dashed line (a). The other feeder 

is supplied by the 110/22 kV An-Nghia substation; and its power flow direction is shown 

by a dashed line (b). When the 3ph-G fault occurs at Bus 2, a 471 Hao-Vo relay and a REC 

Hao-Vo relay will give the tripping signals to the related circuit breakers, namely a 471 

Hao-Vo circuit breaker and a REC Hao-Vo recloser, to isolate the fault at Bus 2. After 

clearing the fault, according to the proposed FISR plans [10,11], the protection coordina-

tion results of the related OCRs will be updated by the ASPC system through the SCADA 

function. By specifically considering the given fault at Bus 2, there are three feasible FISR 

plans which will be the basis to find the optimal parameter settings of the related OCRs. 

The first FISR plan is to use an adjacent distribution feeder to restore the power for inter-

rupted customers through closing the LBS Can-Thanh 97 device and opening a circuit 

breaker controlled by a CB GEN relay. The power flow direction of the first FISR plan is 

indicated by a dashed line (c). The second FISR plan is to use three IBDGs and one RBDG 

in the DN as ancillary services. DG1 and DG2 are the 0.5 MWp photovoltaic (PV) genera-

tion systems. DG3 is a 7.3 MWh and 1 MW battery energy storage system (BESS). DG4 is a 

2 MW diesel generator. The second FISR plan is performed by closing the LBS Can-Thanh 

97 device and the CB of DG sources while opening the REC Can-Thanh Hao-Vo recloser. 

The power flow direction of the second FISR plan is represented by a dashed line (d). The 

last FISR plan is to use both the neighboring distribution feeder and all DG sources. The 

power flow direction of the last plan is followed by the two dashed lines (c) and (d). As a 

result, the ASPC approach should give at least three optimal protection coordination so-

lutions for the related OCRs corresponding to the three above FISR plans in the case of 

the 3ph-G fault that occurred at Bus 2 of the real 22 kV DN. 

A 110/22kV Can-Gio 
substation, 958.059MVAsc 

Bus 2

Bus 3

Bus 5

Bus 6

A 471 Hao-Vo relay

A REC Hao-Vo relay

LBS Hao-Vo 129

A REC Can-Thanh 163 relay

LBS Can-Thanh 97

Fault

A 110/22kV An-Nghia 
substation, 781.155 MVAsc 

A 472 Can-Thanh relay

Bus 23

A REC Can-Thanh 36 
relay

Bus 7
A REC Can-Thanh 

Hao-Vo relay

Bus 
GEN

Bus 
GEN.2

Bus 
GEN.4

DG4

DG1 DG2

DG3

A CB GEN relay

1429kVA

2000kVA

1000kVA

1500kVA

1333kVA

153kVA

Bus 13

524kVA

a
b

b

c

d

. 

Figure 10. A simplified single-line diagram of the real 22 kV DG-integrated DN. Figure 10. A simplified single-line diagram of the real 22 kV DG-integrated DN.

4. Overcurrent Protection Coordination Results, Analysis and Discussion
4.1. Reliable Fault-Current Calculation Results

As summarized from Section of An Adaptable Fault Analysis Technique, instead
of using a fixed fault-current value for each fault type with the unconsidered reliability,
this paper has contributed an adaptable fault analysis technique to calculate the min-
max confidence interval of fault current for each different fault type. The maximum and
minimum confidence thresholds of fault current are used to select tripping and pick-up
thresholds of definite-time and inverse-time OC functions in the OCR of the DG-integrated
DN, respectively. By considering a feeder only supplied by the 110/22 kV Can-Gio power
substation from a real 22 kV DG-based distribution network, Table 2 shows the fault
analysis results of this feeder. It is noted that Bus 5 is the end bus of the feeder. Three OC
relays are used to protect this feeder including a 471 Hao-Vo OCR, a REC Hao-Vo OCR, and
a REC Can-Thanh 163 OCR. The maximum fault currents can be seen by the OCRs in the
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DN when the various fault types occur at their protected zones/lines. Specifically, the REC
Can-Thanh 163 OCR operates as the primary protection for faults at Bus 5. The maximum
fault-current value of each fault type such as 3ph-G, 2ph-G, ph-ph and 1ph-G faults at Bus
5 is seen by this REC Can-Thanh 163 OCR, which is also shown in Table 2. Similarly, the
REC Hao-Vo OCR operates as the primary protection for faults at Bus 13. The maximum
fault-current value of each fault type such as 3ph-G, 2ph-G, ph-ph and 1ph-G faults at
Bus 13 is seen by this REC Hao-Vo OCR. In addition, the 471 Hao-Vo OCR operates as the
primary protection for faults at Bus 2. The maximum fault-current value of each fault type
such as 3ph-G, 2ph-G, ph-ph and 1ph-G faults at Bus 2 is seen by this 471 Hao-Vo OCR.

Table 2. Numerical fault-current calculation results are seen by the OCRs in a considered feeder of the DG-based DN.

Fault Types

Maximum Fault Currents Detected by the OCRs

Maximum Fault Currents at Bus
2 Are Detected by a 471

Hao-Vo OCR

Maximum Fault Currents at Bus
13 Are Detected by a REC

Hao-Vo OCR

Maximum Fault Currents at Bus
5 Are Detected by

a REC Can-Thanh 163 OCR

3ph-G fault 25,796 A 11,911 A 4902 A
2ph-G fault 24,347 A 10,742 A 4426 A
1ph-G fault 22,340 A 10,316 A 4246 A
ph-ph fault 20,469 A 6488 A 2340 A

As mentioned in Section 3, after a 3ph-G fault at Bus 2 of the feeder is cleared, three
feasible FISR plans are proposed. Table 3 presents the maximum fault-current calculation
results observed by the OCRs corresponding to four different operating scenarios of the
DN, including:

• Scenario 1–the DN topology before the fault occurs at Bus 2, i.e., the feeder supplied by
the 110/22 kV Can-Gio power substation, as referred to the dashed line (a) in Figure 10.

• Scenario 2–the DN topology for the first FISR plan, as referred to the dashed line (c)
in Figure 10.

• Scenario 3–the DN topology for the second FISR plan, as referred to the dashed line (d)
in Figure 10.

• Scenario 4–the DN topology for the third FISR plan, as referred to the two dashed
lines (c) and (d) in Figure 10.

Moreover, the OCR triple for each topology including one primary relay and two
backup relays is also shown in Table 3. It is noted that some faulted locations can be only
detected and cleared by the OCR pairs. The maximum fault-current values which are
calculated from four different fault types at the buses of the real 22 kV distribution network
are indicated in this table by an order-based format, specifically [the maximum 3ph −
G f ault current;the maximum 2ph− G f ault current;the maximum 1ph− G f ault current;
the maximum ph− ph f ault current].



Appl. Sci. 2021, 11, 8454 28 of 43

Table 3. Numerical fault-current calculation results are detected by the OCRs corresponding to four different operation
scenarios of the real 22 kV distribution network.

(a) Scenario 1–A DN topology before the fault occurs at Bus 2:
The LBS Can-Thanh 97 is normally opened; and the feeder is only supplied by the 110/22 kV Can-Gio power substation.

Faults at Bus 2 Faults at Bus 13 Faults at Bus 5

Primary protection: the 471 Hao-Vo OCR Primary protection: the REC Hao Vo OCR Primary protection: the REC Can-Thanh
163 OCR

Backup protection: None Backup protection: the 471 Hao-Vo OCR Backup protection: the REC Hao-Vo OCR
and the 471 Hao-Vo OCR

Maximum fault currents at Bus 2 are
detected by the 471 Hao-Vo OCR: [25.8;
24.3; 22.3; 20.4] kA

Maximum fault currents at Bus 13 are
detected by the REC Hao-Vo OCR: [11.9;
10.7; 10.3; 6.5] kA

Maximum fault currents at Bus 5 are
detected by the REC Can-Thanh 163 OCR:
[4.9; 4.4; 4.2; 2.3] kA

(b) Scenario 2–A DN topology for the first FISR plan:
As referred to the dashed line (c) in Figure 10; the REC Hao-Vo recloser is opened to isolate the fault at Bus 2; then the LBS
Can-Thanh 97 is closed; and a CB GEN of DG sources is still opened.

Faults at Bus 7 Faults at Bus 5 Faults at Bus 3

Primary protection: the REC Can-Thanh 36
OCR

Primary protection: the REC Can
Thanh–Hao Vo OCR

Primary protection: the REC Can-Thanh
163 OCR

Backup protection: the 472 Can-Thanh
OCR

Backup protection: the REC Can Thanh 36
OCR and the 472 Can-Thanh OCR

Backup protection: the REC Can
Thanh–Hao Vo OCR and the REC Can
Thanh 36 OCR

Maximum fault currents at Bus 7 are
detected by the REC Can-Thanh 36 OCR:
[21.5; 21.4; 20.1; 18.6] kA

Maximum fault currents at Bus 5 are
detected by the REC Can Thanh–Hao Vo
OCR: [3.2; 2.8; 2.7; 1.3] kA

Maximum fault currents at Bus 3 are
detected by the REC Can-Thanh 163 OCR:
[2.6; 2.4; 2.2; 1.15] kA

(c) Scenario 3–A DN topology for the second FISR plan:
As referred to the dashed line (d) in Figure 10; the REC Hao-Vo recloser is opened to isolate the fault at Bus 2; the REC Can
Thanh–Hao Vo recloser is opened; and then a CB GEN of DG sources is closed.

Faults at Bus 5 Faults at Bus 3

Primary protection: the OCR at the CB GEN Primary protection: the REC Can-Thanh 163 OCR

Backup protection: None Backup protection: the OCR at the CB GEN

Maximum fault currents at Bus 5 are detected by the OCR at the
CB GEN: [1.1; 1.0; 0.9; 0.8] kA

Maximum fault currents at Bus 3 are detected by the REC
Can-Thanh 163 OCR: [0.85; 0.80; 0.75; 0.70] kA

(d) Scenario 4–A DN topology for the third FISR plan:
As referred to the two dashed lines (c) and (d) in Figure 10; the REC Hao-Vo recloser is opened to isolate the fault at Bus 2; and then
both the REC Can Thanh–Hao Vo recloser and the CB GEN are simultaneously closed.

Faults at Bus 7 Faults at Bus 5 Faults at Bus 3

Primary protection: the REC Can-Thanh 36
OCR

Primary protection: the REC Can
Thanh–Hao Vo OCR and the CB GEN
OCR

Primary protection: the REC Can-Thanh
163 OCR

Backup protection: the 472 Can-Thanh
OCR

Backup protection: the REC Can-Thanh 36
OCR and the 472 Can-Thanh OCR

Backup protection: the OCR at CB GEN,
the REC Can Thanh–Hao Vo OCR, and
the REC Can-Thanh 36 OCR

Maximum fault currents at Bus 7 are
detected by the REC Can-Thanh 36 OCR:
[21.7; 21.6; 20.4; 18.8] kA

Maximum fault currents at Bus 5 are
detected by the REC Can Thanh–Hao Vo
OCR: [3.4; 3.1; 3.0; 1.8] kA and by the
OCR at the CB GEN: [0.85; 0.80; 0.75;
0.70] kA

Maximum fault currents at Bus 3 are
detected by the REC Can-Thanh 163 OCR:
[2.9; 2.7; 2.6; 1.7] kA

4.2. Protection Coordination Results in Scenario 1

Optimal protection coordination results of the OCRs in Scenario 1 which are calculated
by the GA, GSA and hybrid PSO-GSA are indicated in Table 4. In this table, I f is the
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tripping-current threshold selected for the 50P and 50G functions of the OCRs, as referred
to Section 2.3.5. tde f ined

trip is the pre-defined tripping time of the 50P and 50G functions of
the OCRs. Moreover, the TDS multiplier and A, B, and C coefficients of the 51P and 51G
OC functions of the OCRs are shown in the table. It is noted that the CTI is selected to
0.30~0.35 s. For example, when a 3ph-G fault is at Bus 2, the 471 Hao-Vo relay is the primary
relay while there is not any backup relay. The tripping time of the 471 Hao-Vo relay is
0.01 s to clear the fault at Bus 2. On the other hand, when a typical 3ph-G fault is given at
the end point of the feeder (at Bus 5) as referred to a dashed line (a) in Figure 10, the REC
Can-Thanh 163 OCR is the primary relay while the REC Hao-Vo relay and the 471 Hao-Vo
relay are the backup relays. Based on the optimal setting parameters obtained by the ASPC
system for these OCRs, their tripping time ttrip to clear the fault at Bus 5 are also indicated
in Table 4. The results have demonstrated that the CTI constraints from Equations (3)–(5)
are completely satisfied.

Table 4. Optimal protection coordination results of the OCRs in Scenario 1 and their tripping time when the fault is at Bus 5.

The OCRs 50P 50G
51P 51G

GA GSA PSO-GSA GA GSA PSO-GSA

The 471
Hao-Vo OCR

I f 20,469 A I f 22,340 A
A
B
C

13.06
2.14
1.11

57.94
2.44
0.38

68.34
2.49
1.43

A
B
C

50.75
2.12
0.71

89.14
2.31
0.83

93.49
2.50
1.48

tde f ined
trip

0.01 s tde f ined
trip

0.01 s

TDS 0.41 0.33 0.21 TDS 0.067 0.05 0.05

The tripping time of the relay for the typical fault at Bus 5:

ttrip 0.62 s 0.61 s 0.62 s ttrip 0.62 s 0.61 s 0.62 s

The REC
Hao-Vo OCR

I f 6488 A I f 10316 A
A
B
C

36.23
1.32
1.07

72.58
2.42
0.22

5.81
2.50
0.00

A
B
C

78.07
2.36
0.25

74.84
2.32
0.53

13.74
2.37
0.00

tde f ined
trip

0.01 s tde f ined
trip

0.01 s

TDS 0.05 0.15 2.24 TDS 0.03 0.03 0.17

The tripping time of the relay for the typical fault at Bus 5:

ttrip 0.32 s 0.31 s 0.31 s ttrip 0.32 s 0.31 s 0.31 s

The REC
Can-Thanh

163 OCR

I f 2340 A I f 4246 A
A
B
C

0.036
2.14
1.00

59.36
2.31
0.01

0.01
0.48
0.00

A
B
C

3.95
2.39
0.3

59.97
2.29
0.72

0.01
1.72
0.01

tde f ined
trip

0.01 s tde f ined
trip

0.01 s

TDS 0.01 0.01 1.17 TDS 0.01 0.01 0.01

The tripping time of the relay for the typical fault at Bus 5:

ttrip 0.01 s 0.01 s 0.01 s ttrip 0.01 s 0.01 s 0.01 s

Figure 11 shows the optimal protection characteristic curves of the OC relays in
Scenario 1 of the DN. Regarding the obtained coordination results of 51P/G and 50P/G
functions, Relay 1 represents the OC protection function embedded into the REC Can-
Thanh 163 recloser; Relay 2 represents the OC protection function integrated into the REC
Hao-Vo recloser; and Relay 3 indicates the OC protection function used to control the
471 Hao-Vo circuit breaker. When the 3ph-G fault occurs at Bus 2, the maximum 3ph-G
fault current is 25.8 kA as shown in Table 3, so the 471 Hao-Vo OCR only takes 0.01 s to
send a tripping signal to the 471 Hao-Vo CB. When the 3ph-G fault occurs at Bus 5, the
maximum 3ph-G fault current is 4.9 kA as indicated in Table 3, so the primary operation
time of the REC Can-Thanh 163 OCR is 0.01 s, the backup operation times of the REC
Hao-Vo OCR and the 471 Hao-Vo OCR are 0.31 s~0.32 s and 0.61 s~0.62 s, respectively,
according to results of three different algorithms as seen at the table and the left-side of
Figure 11. Additionally, Itrip represents the tripping-current threshold of 50P/G functions
of the REC Can-Thanh 163 OCR. It can be observed that the characteristic curves of 51P/G
functions in the OCR are certainly followed by the exponential function. However, there
is a proposed protection combination of 51P/G and 50P/G functions, the inverse-time
characteristic curves of 51P/G functions are terminated at the tripping-current threshold of



Appl. Sci. 2021, 11, 8454 30 of 43

50P/G functions. In other words, in the same OCR, the 51P/G functions will be neglected
when the fault current exceeds the tripping-current threshold of 50P/G functions. That
could be an interesting contribution of this study regarding the coordination combination
of 51P/G and 50P/G functions. For example, when considering the REC Hao-Vo OCR, the
tripping current I f of its 50P function is set to 6488 A as shown in Table 4. Therefore, this
tripping current is considered as a terminated point of the inverse-time characteristic curve
of the 51P function in the same REC Hao-Vo OCR. That can be clearly illustrated by the
curve of Relay 2, i.e., a red curve of the plots at the right-side of Figure 11.
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4.3. Protection Coordination Results in Scenario 2

Scenario 2 is a distribution network topology of the first FISR plan after the 3ph-G
fault at Bus 2 is cleared. As referred to the dashed line (c) in Figure 10, the REC Hao-Vo
recloser is opened to isolate the fault at Bus 2. Then the LBS Can-Thanh 97 is closed to
restore the power of interrupted customers while a CB GEN circuit breaker of DG sources
is still opened. The optimal protection coordination results of the OCRs in Scenario 2 which
are calculated by the GA, GSA and hybrid PSO-GSA are indicated in Table 5. In this table,
I f is the tripping-current threshold selected for the 50P and 50G functions of the OCRs
including the REC Can-Thanh 36 OCR, the REC Can-Thanh Hao-Vo OCR, and the REC
Can-Thanh 163 OCR. tde f ined

trip is the pre-defined tripping time of the 50P and 50G functions
of these OCRs. Moreover, the TDS multiplier and A, B, and C coefficients of the 51P and
51G OC functions of the OCRs are shown in the table. The CTI is still selected to 0.30~0.35 s.
It is worth noting that the parameter settings of the REC Can-Thanh 163 OCR must be
simultaneously updated to be adaptable to Scenario 2 instead of Scenario 1. To validate
the optimal setting parameters obtained by the ASPC system for the above OCRs, a 3ph-G
fault is given at Bus 3. The REC Can-Thanh 163 OCR is the primary relay to detect and
clear this fault while the REC Can-Thanh 36 OCR and the REC Can-Thanh Hao-Vo OCR
operate as the backup relays. Their tripping time ttrip to clear the fault at Bus 3 are also
indicated in Table 5. The achieved results have demonstrated that the CTI constraints from
Equations (3)–(5) are completely satisfied.

Table 5. Optimal protection coordination results of the OCRs in Scenario 2 and their tripping time when the fault is at Bus 3.

The OCRs 50P 50G
51P 51G

GA GSA PSO-GSA GA GSA PSO-GSA

The REC
Can-Thanh 36

OCR

I f 18,595 A I f 20,076 A
A
B
C

6.71
2.31
0.09

52.45
2.31
0.93

126.51
2.07
0.02

A
B
C

9.23
1.74
0.11

33.59
1.82
0.98

73.50
2.50
1.50

tde f ined
trip 0.01 s tde f ined

trip 0.01 s

TDS 0.73 0.09 0.03 TDS 0.024 0.01 0.01

The tripping time of the relay for the typical fault at Bus 3:

ttrip 0.65 s 0.62 s 0.65 s ttrip 0.65 s 0.62 s 0.65 s

The REC
Can-Thanh

Hao-Vo OCR

I f 1286 A I f 2755 A
A
B
C

7.77
2.46
0.47

44.37
1.79
0.28

0.60
2.28
0.02

A
B
C

0.01
0.60
0.89

30.55
2.19
0.79

0.01
1.75
0.74

tde f ined
trip 0.01 s tde f ined

trip 0.01 s

TDS 0.26 0.03 1.26 TDS 0.37 0.01 0.46

The tripping time of the relay for the typical fault at Bus 3:

ttrip 0.33 s 0.32 s 0.33 s ttrip 0.33 s 0.32 s 0.33 s

The REC
Can-Thanh

163 OCR

I f 1167 A I f 2501 A
A
B
C

0.09
0.44
0.30

60.60
2.33
0.46

0.01
1.39
0.00

A
B
C

0.01
1.51
0.97

0.74
0.89
0.87

0.01
2.06
0.01

tde f ined
trip 0.01 s tde f ined

trip 0.01 s

TDS 0.03 0.01 3.00 TDS 0.01 0.01 0.43

The tripping time of the relay for the typical fault at Bus 3:

ttrip 0.01 s 0.01 s 0.01 s ttrip 0.01 s 0.01 s 0.01 s

Figure 12 shows the optimal protection characteristic curves of the OC relays in Scenario
2 of the DN. Regarding the obtained coordination results of 51P/G and 50P/G functions,
Relay 1 represents the OC protection function embedded into the REC Can-Thanh 163 recloser;
Relay 2 represents the OC protection function integrated into the REC Can-Thanh Hao-Vo
recloser; and Relay 3 indicates the OC protection function used to control the REC Can-Thanh
36 recloser. When the 3ph-G fault occurs at Bus 3, the maximum 3ph-G fault current is 2.6 kA
as indicated in Table 3, so the primary operation time of the REC Can-Thanh 163 OCR is 0.01 s.
The backup operation times of the REC Can-Thanh Hao-Vo OCR and the REC Can-Thanh
36 OCR are 0.32~0.33 s and 0.62~0.65 s, respectively, according to results of three different
algorithms as seen at the table and the left-side of Figure 12. Additionally, Itrip represents the
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tripping-current threshold of 50P/G protection functions of the REC Can-Thanh 163 OCR. By
further considering the REC Can-Thanh 163 OCR, the tripping current I f of its 50G function is
set to 2501 A as shown in Table 5. Thus, this tripping current is considered as a terminated
point of the inverse-time characteristic curve of the 51G function in the same REC Can-Thanh
163 OCR. Similarly, the tripping current I f of the 50G function of the REC Can-Thanh Hao-Vo
OCR which is 2755 A is considered as a finishing point of the inverse-time characteristic curve
of its 51G function, as clearly illustrated by the curve of Relay 2, i.e., a red curve of the plots at
the left-side of Figure 12.

4.4. Protection Coordination Results in Scenario 3

Scenario 3 is a distribution network topology of the second FISR plan after the 3ph-G fault
at Bus 2 is cleared. As referred to the dashed line (d) in Figure 10, the REC Hao-Vo recloser
is opened to isolate the fault at Bus 2. Then the LBS Can-Thanh 97 is closed to restore the
power of interrupted customers while the REC Can-Thanh–Hao-Vo recloser is opened and a
CB GEN circuit breaker of DG sources is closed. The optimal protection coordination results
of the OCRs in Scenario 3 which are calculated by the GA, GSA and hybrid PSO-GSA are
indicated in Table 6. In this table, I f is the tripping-current threshold selected for the 50P and
50G functions of the OCRs including the CB GEN OCR and the REC Can-Thanh 163 OCR.
tde f ined
trip is the pre-defined tripping time of the 50P and 50G functions of these OCRs. Moreover,

the TDS multiplier and A, B, and C coefficients of the 51P and 51G OC functions of the above
OCRs are shown in the table. The CTI is still selected to 0.30~0.35 s. It is worth noting that
the parameter settings of the REC Can-Thanh 163 OCR must be simultaneously updated to
be adaptable to Scenario 3 instead of Scenario 1 or Scenario 2. To validate the optimal setting
parameters obtained by the ASPC system for the above OCRs, a 3ph-G fault is given at Bus 3.
The REC Can-Thanh 163 OCR operates as the primary protection to detect and clear this fault
while the CB GEN OCR operates as the backup protection. Their tripping time ttrip to clear the
fault at Bus 3 are also indicated in Table 6. The achieved results have demonstrated that the
CTI constraints from Equations (3)–(5) are completely satisfied.
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Table 6. Optimal protection coordination results of the OCRs in Scenario 3 and their tripping time when the fault is at Bus 3.

The OCRs 50P 50G
51P 51G

GA GSA PSO-GSA GA GSA PSO-GSA

A CB GEN
OCR

I f 816 A I f 910 A
A
B
C

4.39
2.41
1.18

57.46
2.17
0.59

0.01
2.50
0.05

A
B
C

0.23
2.45
0.76

67.95
2.24
0.80

0.01
2.25
0.80

tde f ined
trip 0.01 s tde f ined

trip 0.01 s

TDS 0.09 0.01 7.16 TDS 0.35 0.01 0.45

The tripping time of the relay for the typical fault at Bus 3:

ttrip 0.35 s 0.32 s 0.35 s ttrip 0.35 s 0.32 s 0.35 s

The REC
Can-Thanh

163 OCR

I f 700 A I f 750 A
A
B
C

1.11
2.03
0.00

59.93
2.05
0.81

0.01
2.31
0.01

A
B
C

0.01
2.45
1.01

47.43
2.22
0.66

0.01
2.50
0.00

tde f ined
trip 0.01 s tde f ined

trip 0.01 s

TDS 0.01 0.01 0.69 TDS 0.01 0.01 1.02

The tripping time of the relay for the typical fault at Bus 3:

ttrip 0.01 s 0.01 s 0.01 s ttrip 0.01 s 0.01 s 0.01 s

4.5. Protection Coordination Results in Scenario 4

Scenario 4 is a distribution network topology of the third FISR plan after the 3ph-G
fault at Bus 2 is cleared. As referred to the two dashed lines (c) and (d) in Figure 10, the REC
Hao-Vo recloser is opened to isolate the fault at Bus 2. The LBS Can-Thanh 97 is then closed
to restore the power of interrupted customers while the REC Can-Thanh–Hao-Vo recloser
and the CB GEN circuit breaker are closed to allow the interlinking operation of both the
feeder supplied by the 110/22 kV An-Nghia power substation and the other feeder supplied
by the DG sources. The optimal protection coordination results of the OCRs in Scenario
4 which are calculated by the GA, GSA and hybrid PSO-GSA are indicated in Table 7. In
this table, I f is the tripping-current threshold selected for the 50P and 50G functions of the
OCRs including the REC Can-Thanh 36 OCR, the REC Can-Thanh–Hao-Vo OCR, the CB
GEN OCR and the REC Can-Thanh 163 OCR. tde f ined

trip is the pre-defined tripping time of
the 50P and 50G functions of these OCRs. Moreover, the TDS multiplier and A, B, and C
coefficients of the 51P and 51G OC functions of the above OCRs are shown in the table.
The CTI is still selected to 0.30~0.35 s. It is worth noting that the parameter settings of the
REC Can-Thanh 163 OCR must be simultaneously updated to be adaptable to Scenario 4
instead of Scenario 1, Scenario 2, or Scenario 3. To validate the optimal setting parameters
obtained by the ASPC system for the above OCRs, a 3ph-G fault is given at Bus 3. The REC
Can-Thanh 163 OCR operates as the primary protection to detect and clear this fault while
the CB GEN OCR operates as the backup protection on the feeder supplied by the DG
sources and the REC Can-Thanh 36 OCR and the REC Can-Thanh–Hao-Vo OCR are the
backup relays on the other feeder supplied by the 110/22 kV An-Nghia power substation.
Their tripping time ttrip to clear the 3ph-G fault at Bus 3 are also indicated in Table 7. The
achieved results have demonstrated that the CTI constraints from Equations (3)–(5) are
completely satisfied.

Figure 13 shows the optimal protection characteristic curves of the OC relays in
Scenario 4 of the real 22 kV DG-contained DN. Regarding the obtained coordination
results of 51P/G and 50P/G functions, Relay 1 represents the OC protection function
embedded into the REC Can-Thanh 163 recloser; Relay 2 represents the OC protection
function integrated into the REC Can Thanh–Hao Vo recloser; and Relay 3 indicates the
OC protection function used to control the REC Can-Thanh 36 OCR recloser. When the
3ph-G fault occurs at Bus 3, the maximum 3ph-G fault current is 2.9 kA as indicated in
Table 3, so the primary operation time of the REC Can-Thanh 163 OCR is 0.01 s. The backup
operation times of the REC Can-Thanh Hao-Vo OCR and the REC Can-Thanh 36 OCR
are about 0.31~0.33 s and 0.63~0.65 s, respectively, according to results of three different
algorithms as seen in the table and Figure 13. The backup operation time of the CB GEN
OCR is about 0.35 s. Additionally,Itrip represents the tripping-current threshold of 50P/G
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protection functions of the REC Can-Thanh 163 OCR. By further considering the REC
Can-Thanh 163 OCR, the tripping current I f of its 50G function is set to 2640 A as shown in
Table 7. Thus, this tripping current is considered as a terminated point of the inverse-time
characteristic curve of the 51G function in the same REC Can-Thanh 163 OCR. Similarly,
the tripping current I f of the 50G function of the REC Can-Thanh Hao-Vo OCR which is
2980 A is considered as a finishing point of the inverse-time characteristic curve of its 51G
function, as clearly illustrated by the curve of Relay 2, i.e., the red curves in Figure 13.

Table 7. Optimal protection coordination results of the OCRs in Scenario 4 and their tripping time when the fault is at Bus 3.

The OCRs 50P 50G
51P 51G

GA GSA PSO-GSA GA GSA PSO-GSA

The REC
Can-Thanh 36

OCR

I f 18,791 A I f 20,376 A
A
B
C

10.84
1.24
1.08

42.61
2.39
0.39

15.58
1.47
1.12

A
B
C

21.36
2.21
0.94

70.52
2.40
0.60

149.95
2.50
0.08

tde f ined
trip 0.01s tde f ined

trip 0.01 s

TDS 0.13 0.14 0.12 TDS 0.19 0.09 0.05

The tripping time of the relay for the typical fault at Bus 3:

ttrip 0.64 s 0.63 s 0.65 s ttrip 0.64 s 0.63 s 0.65 s

The REC
Can-Thanh–

Hao-Vo
OCR

I f 1798 A I f 2980 A
A
B
C

8.43
2.42
0.50

72.23
2.44
0.62

0.01
0.02
0.29

A
B
C

18.43
2.31
0.97

77.10
2.37
0.77

1.52
1.83
0.01

tde f ined
trip 0.01 s tde f ined
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In summary, the optimal protection coordination results of the related OCRs regarding
four different operation scenarios of the real 22 kV DG-based distribution system have
been analyzed and validated in this section. These relay coordination results of Scenarios 1,
2, 3 and 4 can be briefly concluded as follows.

• Three meta-heuristic algorithms, GSA, hybrid PSO-GSA and GA have efficiently
solved the adaptable and scalable protection coordination problem of the OCRs in
the DG-integrated DN as demonstrated in Figures 11–13. The GSA can be a better
optimization solution than others because its processing time is quite fast and the
difference in the tripping time between the desired one and the calculated one of the
related OCRs for Scenarios 1, 2, 3 and 4 is also small as indicated in Table 8. Moreover,
although the computation time of the GA is the fastest, the tripping time difference
between the desired one and the calculated one of the GA is higher than that of
the GSA.

• By applying the proposed ASPC approach for the OCRs, the optimal setting parame-
ters of 50P, 50G, 51P, and 51G protection functions in the same OCR have been properly
calculated and updated by the SCADA system whenever the 22 kV DG-integrated
DN topology is changed by the faults.

• For each scenario of the DN, a 3ph-G fault has been assumed to occur at the remote end
of the feeder, which is the basis to evaluate the obtained relay coordination results. The
CTI constraints have been checked for both the OCR pairs and the OCR triples. More
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clearly, the primary and backup operation times of the related OCRs regarding the 3ph-G
fault at the remote end of the feeder have been already analyzed in Tables 4–7.

Table 8. Comparison in the calculated tripping time of the related OCRs and the computation time of GA, GSA and hybrid
PSO-GSA algorithms for Scenarios 1, 2, 3 and 4.

(a) Scenario 1

Overcurrent relays
Desired
tripping time

Calculated tripping time (in
seconds) of the related OCRs for the
3ph-G fault at Bus 5 of Scenario 1

Computation time (in seconds)
of the optimization algorithms

GA GSA Hybrid
PSO-GSA GA GSA Hybrid

PSO-GSA

The REC Can-Thanh 163 OCR 0.01 s 0.01 s 0.01 s 0.01 s

5 s 8 s 14 s

The REC Hao-Vo OCR 0.31 s 0.32 s 0.31 s 0.31 s

The 471 Hao-Vo OCR 0.61 s 0.62 s 0.61 s 0.62 s

The highest difference in the tripping time between the
desired one and the calculated one among the OCRs 0.01 s 0 s 0.01 s

(b) Scenario 2

Overcurrent relays
Desired
tripping time

Calculated tripping time (in
seconds) of the related OCRs for the
3ph-G fault at Bus 3 of Scenario 2

Computation time (in seconds)
of the optimization algorithms

GA GSA Hybrid
PSO-GSA GA GSA Hybrid

PSO-GSA

The REC Can-Thanh 163 OCR 0.01 s 0.01 s 0.01 s 0.01 s

6 s 7 s 24 s

The REC Can-Thanh Hao-Vo OCR 0.31 s 0.33 s 0.32 s 0.33 s

The REC Can-Thanh 36 OCR 0.61 s 0.65 s 0.62 s 0.65 s

The highest difference in the tripping time between the
desired one and the calculated one among the OCRs 0.04 s 0.01 s 0.04 s

(c) Scenario 3

Overcurrent relays
Desired
tripping time

Calculated tripping time (in
seconds) of the related OCRs for the
3ph-G fault at Bus 3 of Scenario 3

Computation time (in seconds)
of the optimization algorithms

GA GSA Hybrid
PSO-GSA GA GSA Hybrid

PSO-GSA

The REC Can-Thanh 163 OCR 0.01 s 0.01 s 0.01 s 0.01 s

3 s 6 s 7 s
The CB GEN OCR 0.31 s 0.35 s 0.32 s 0.35 s

The highest difference in the tripping time between the
desired one and the calculated one among the OCRs 0.04 s 0.01 s 0.04 s

(d) Scenario 4

Overcurrent relays
Desired
tripping time

Calculated tripping time (in
seconds) of the related OCRs for the
3ph-G fault at Bus 3 of Scenario 4

Computation time (in seconds)
of the optimization algorithms

GA GSA Hybrid
PSO-GSA GA GSA Hybrid

PSO-GSA

The REC Can-Thanh 163 OCR 0.01 s 0.01 s 0.01 s 0.01 s

5 s 7.8 s 16 s

The REC Can-Thanh Hao-Vo OCR 0.31 s 0.32 s 0.31 s 0.33 s

The CB GEN OCR 0.31 s 0.35 s 0.32 s 0.35 s

The REC Can-Thanh 36 OCR 0.61 s 0.64 s 0.63 s 0.65 s

The highest difference in the tripping time between the
desired one and the calculated one among the OCRs 0.04 s 0.02 s 0.04 s
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5. Conclusions

The protection coordination of OCRs becomes more complicated when a distribution
network allows high penetration of DGs. Therefore, this paper has proposed an adaptive
and scalable protection coordination (ASPC) system for the OCRs in the DG-based DN with
two main performance stages. The first stage is to improve the reliability of fault-current
calculation results through determining the min-max confidence interval of fault current for
each different fault type including 3ph-G, 2ph-G, ph-ph, and 1ph-G faults. The maximum
and minimum confidence thresholds of fault current are used to select tripping and pick-up
thresholds of definite-time and inverse-time OC functions in the same OCR, respectively.
This contribution is to increase the scalability of the relay protection coordination system.
In addition, the proposed ASPC approach for the OCRs has high adaptability to different
fault current contributions from IBDGs and RBDGs and the available ‘on-grid’ and ‘off-grid’
operation modes for these DG units. The second stage is to calculate the A, B, and C certain
coefficients and the Time-Dial-Setting (TDS) multiplier for the inverse-time OC functions
in the OCR. Three common algorithms, GSA, hybrid PSO-GSA and GA, have been used
to find the optimal setting parameters of the OCRs that are satisfied with all coordination
constraint conditions. Moreover, the relay coordination results have shown an effective
protection combination of the definite-time OC functions (50P and 50G) and the inverse-
time OC functions (51P and 51G) in the same OCR to get the adaptable and scalable DN
protection system. A real 22 kV DG-integrated distribution network has been simulated
by ETAP software to analyze the min-max fault-current values of each fault type. In other
words, this real 22 kV DN is used as a test-bed to validate the relay coordination results
obtained by the ASPC system. The relay coordination results also show the visibility and
superiority of the GSA because it has the fast computation time and the highest stability in
comparison with the hybrid PSO-GSA and the GA. The tripping time difference between
the desired one and the calculated one of the GSA is also the lowest. Last but not least, it
could be interesting that this study has presented the protection coordination results of
the related OCRs corresponding to all possible FISR plans of the DG-contained DN after a
typical fault is cleared.
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