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ABSTRACT Protection schemes are essential in active distribution networks and microgrids’ reliable, effi-
cient, and flexible operation. However, the protection of these networks presents significant challenges due to
operational changes, such as variations in topology, distributed energy resources connection/disconnection,
and microgrid operating modes, among others. This paper proposes an adaptive protection scheme based on
overcurrent devices with several setting groups based on artificial intelligence algorithms. The developed
strategy is composed of two stages. In the off-line stage, a clustering technique is employed to group the
active distribution network operating scenarios exhibiting similarities. The optimal settings for the protection
devices are determined for each set of scenarios. On the other hand, in the on-line stage, the protection strat-
egy’s implementation and operation, considering the active distribution network’s existing communication
system, are defined. Furthermore, the approach formulates the overcurrent relay coordination as a mixed-
integer non-linear optimization problem, and as a result, the optimal setting of the overcurrent protection
devices is obtained. It aims to minimize the operating time, considering the transformers’ thermal limits,
fuse operating curves, and overcurrent relay settings. The solution is determined by using an Augmented
Lagrangian genetic algorithm. The presented protection scheme is validated on the modified IEEE 34 node
test feeder, considering the main operating scenarios of the active distribution networks, such as topology
changes, distributed energy resource connection/disconnection, and microgrid operating modes (on-grid
and off-grid). The results obtained and its easy implementation indicates the high potential for real-life
applications.

INDEX TERMS Active distribution networks, microgrids, overcurrent devices, clustering, protection
coordination scheme.

NOMENCLATURE
Acronyms
ADN Active Distribution Network.
ALGA Augmented Lagrangian Genetic Algorithm.
DER Distributed Energy Resource.
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DG Distributed Generation.
EI Extremely Inverse.
IED Intelligent Electronic Device.
MG Microgrid.
MI Moderately Inverse.
OC Overcurrent.
PDN Power Distribution Network.
SI Standard Inverse.
VI Very Inverse.
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Sub−and Super − Indices
F Fuse.
m Fuse number.
max Maximum.
min Minimum.
n Relay number.
p Primary.
ps population size.
R Relay.
s Backup.
Parameters
α, β Relay operation curve con-

stants.
1C(%) Demand growth factor.
ϵ Lagrange multiplier

estimates.
ρ positive penalty parameter.
CTI Coordination Time Interval.
G Generation.
If Fault current.
k Number of clustering

groups.
KF Load growth factor.
M Number of primary and

backup relay-relay pairs.
N Number of primary and

backup fuse-relay pairs.
na Project life cycle (years).
s nonnegative shifts.
Variables
CO Relay operation curve.
IPU Pickup current.
t Operation time.
TF Fuse type.
TMS Time multiplier setting.

I. INTRODUCTION
A. MOTIVATION
High penetration of Distributed Energy Resources (DERs)
in Power Distribution Networks (PDNs) leads to operational
issues requiring control and automation infrastructure to inte-
grate DERs and ensure stable, reliable, and efficient system
operation [1], [2]. As a result, PDNs are being modernized
into Active Distribution Networks (ADNs) [3], changing
the system’s characteristics, including power flow direction
and short-circuit levels. These changes are caused by sev-
eral ADN operating scenarios, such as variations in network
topology due to control and automation schemes and bidirec-
tional flows due to the integration of DERs. The new ADN
operating scenarios that result from these changes impact
the effectiveness of traditional Overcurrent (OC) protection
schemes used to protect PDNs [4]. This requires the devel-
opment of new protection schemes that consider in their
formulation the critical operating scenarios of the ADN, such

as topology changes, DER connection/disconnection, among
others.

B. LITERATURE REVIEW
Several proposals in the literature have addressed the adap-
tive protection challenges when integrating DERs in PDNs.
As noticed in [5], [6], and [7], communication systems are
essential for implementing these strategies. Nonetheless, pro-
tection strategies have been proposed to reduce the reliance
on communication systems using local measurements to
identify the different PDN ’s operating scenarios and adjust
protection device settings, as described in [8]. However,
this approach does not consider the occurrence of topology
changes, MG integration and does not minimize the operation
time of the OC protection devices. In [4], an OC protection
system without communication is proposed, which uses local
measurements to evaluate ADN state changes, such as topo-
logical changes, and Distributed Generation (DG) discon-
nection. However, this approach does not consider other OC
devices, such as fuses and minimization of operating times in
the coordination formulation. In addition, it does not consider
the presence of Microgrids (MGs) and their operating modes.
Several research papers have proposed protection schemes
that use devices with multiple setting groups. The paper in [9]
presents a centralized strategy that employs communication
systems and adaptive protection with local measurements.
This approach allows the system’s protection to update the
configuration of protection devices based on the DG operat-
ing condition. Nevertheless, the operation strategy modes are
limited to the groups of settings allowed by the relays, which
are estimated off-line and stored in the protection devices.
Similarly to the above work, this approach does not consider
other OC devices, such as fuses and minimization of operat-
ing times in the coordination formulation. A programmable
logic-based approach for developing an adaptive protection
strategy was suggested in [10], which considers coordination
between OC relays and fuses. However, it does not address
the impact of changes in network topology or the integration
of inverter-based DG technology.

Research in references [11] and [12] focus on determining
the optimal settings for OC relays based on connec-
tion/disconnection of DG but does not ensure relay coor-
dination. These studies do not address the effect of ADN
topological changes or theMGs operationmodes, such as off-
grid/on-grid. In [13], a mathematical model for coordinating
protection devices in PDN that include DG and MG was
proposed. The model uses a genetic algorithm to estimate the
optimal settings for OC relays. Although thismodel addresses
the MG operation modes and DERs integration, it does not
consider the occurrence of topology changes by reconfigu-
ration and DERs connection/disconnection. In [14] and [15],
adaptive protection methodologies implementing centralized
communication systems are presented, which consider essen-
tial aspects in the implementation, such as the connection of
multiple DERs of different technologies and their connection
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and disconnection. However, these depend on a robust com-
munication system to update the settings of the OC devices.
In addition, these do not consider coordination with other
protective devices, such as fuses. On the other hand, a strategy
based on OC devices such as reclosers and fuses is proposed
in [16] to face the problem of fuse saving in PDN when
DERs are integrated. However, the strategy does not con-
sider topological changes and MGs operation modes, such as
off-grid/on-grid.

Other studies have formulated strategies incorporating
mathematical optimization for the optimal configuration of
OC protection devices and implementing OC relays with
multiple setting groups. In [17], an adaptive OC protection
approach using artificial intelligence techniques was pre-
sented. This scheme employs a communication system and
multi-setting relays and accounts for changes in network
topology and the increased short-circuit current caused by the
integration of DG. Nevertheless, the method’s effectiveness is
acceptable when the amount of ADN operating scenarios is
less than or equal to the number of setting groups of relays.
Additionally, its formulation does not consider integrating
different DG technologies, DG status, and using other OC
devices such as fuses and reclosers.

In [18] and [19], the authors presented the implementing
OC relays using operating curves within the optimization
problem but do not account for coordination with other OC
devices or clustering techniques for different operating sce-
narios. Similarly, reference [20] proposes the coordination
of OC relays with multiple setting groups but disregards
topology changes, MG operating modes, or the presence of
other OC devices, such as fuses. Besides, strategies proposed
in [21], [22], and [23] use clustering techniques and relay
setting groups for determining optimal settings for protective
devices. However, these only consider using OC relays and
do not consider coordination with fuses or integrating MGs
into the PDN. Other research, such as that presented in [24]
and [25], proposes adaptive protection strategies using opti-
mization techniques to determine the best setting parameters
for the coordination of inverse-time OC relays. In addition,
these consider devices with multiple setting groups for differ-
ent operating scenarios. However, the strategy is not validated
in PDN with the integration of MG, and the coordination
with fuses and different operating curves of the relays is not
included in the optimization process.

More recent research, as in [26], presents the optimal coor-
dination of OC protections while considering the probability
of several topologies changes. The optimization is performed
for groups of specific topologies to determine the optimal
setting for each cluster. Whereas in [27], an adaptive coordi-
nation strategy of relays is formulated based on OC devices
considering the MG operation modes. For this purpose, each
protection device is assigned two tripping modes for each
operating characteristic using an optimization algorithm and
selection of appropriate settings. Both investigations, [26]
and [27], are based on directional OC relays with multiple
setting groups considering DG connection/disconnection.

However, these do not consider the integration of a MG nor
the operation of the relays with other protective devices, such
as fuses.

Table 1 summarizes state-of-the-art main works and the
aspects considered, as described above. This Table highlights
the remaining challenges in formulating protection strategies
for ADNs and MGs, mainly when using conventional protec-
tion devices like OC relays and fuses.

The challenges outlined in Table 1 primarily revolve
around assessing the main ADN operating conditions in the
protection formulation, coordinating fuse operating curves,
transformer thermal limits, OC relay setting parameters, and
minimizing the dependence on the protection strategy formu-
lation on the communication system.

C. CONTRIBUTION
The approaches proposed in the technical literature partially
address the protection coordination problem. Table 1 shows a
protection scheme that simultaneously considers all relevant
aspects of ADN protection, such as its critical operating
scenarios, the use of protection devices commonly used in
distribution networks, such as fuses, and the optimization of
operation times has yet to be proposed. In addition, most
of the proposed methods use robust communication sys-
tems, and the performance of the protection system depends
on their availability. This study addresses these challenges
by proposing an adaptive protection strategy that uses OC
devices withmultiple setting groups and artificial intelligence
techniques. The proposed strategy uses several setting groups
for directional OC protection relays, which limits the number
of clusters. The protection coordination problem is formu-
lated as a mixed-integer non-linear optimization algorithm to
minimize the operating time while considering the thermal
limits of transformers, the operating curves of fuses, and the
parameters of directional OC protection devices. An Aug-
mented Lagrangian Genetic Algorithm (ALGA) is used to
solve this problem.

The methodology is segmented into two stages. In the off-
line stage, a clustering technique is employed to group similar
ADN operating scenarios, and the settings for the protective
devices are determined for each set of operating scenarios.
On the other hand, in the on-line stage, the implementation
and operation of the protection strategy, considering the exist-
ing communication system of the ADN, are defined.

The main contributions of this work towards the state-of-
the-art are:

• Considering critical operating scenarios of the ADN
in formulating adaptive protection strategies, such as
changes in topology, DER connection/disconnection,
and MG operation modes.

• Using directional OC relays and fuses, commonly used
in conventional distribution networks, to formulate an
adaptive protection strategy for ADN and MG.

• Modeling the coordination problem as a mixed-integer
non-linear optimization algorithm, considering the
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TABLE 1. Adaptive protection scheme: state of the art review.

thermal limits of transformers, fuse operating curves,
and the parameters of directional OC protection relays.

• Offering support and flexibility to the system protection
without dependence on the communication type. In this
way, it would be adapted to operate when there are
critical failures in the communication system.

The remainder of this paper is organized as follows: Sec-
tion II presents the formulation of the coordination of OC
devices as an optimization problem. Section III describes
the proposed adaptive protection strategy. Then, Section IV
outlines the case studies and operating scenarios. Results and
discussions are reported in SectionV. Finally, the conclusions
of this research are documented in Section VI.

II. FORMULATION OF THE OPTIMAL COORDINATION
PROBLEM
The coordination scheme is approached as a mixed-integer
non-linear optimization problem to guarantee a minimal OC
operating time, maintaining relay coordination. The pro-
posed objective function and constraints are presented in
Sections II-A and II-B.

A. OBJECTIVE FUNCTION
The objective function was formulated based on the expres-
sion stated in [11]. However, the function was modified to
ensure the minimization of the operating time of each pair of
relays (primary - backup) and also to reduce the times of each
pair of relays with the respective fuse that provides backup
protection to the scheme as given in (1).

min
M∑
i=1

(
t
Rp
i + tRsi

)
+

N∑
j=1

(
tRsj + tFj

)
(1)

where M is the number of relay pairs that must be coor-
dinated, meanwhile N represents the number of fuse-relay
pairs that provide primary and backup protection, respec-
tively. t

Rp
i and tRsi are the operating times of the primary and

backup relays when a fault occurs in the primary relay Rp
’s zone. Likewise, tRsj and tFj are the operating times of the
backup protection relay and the operating time of the primary
protection fuse, when a fault takes place in the fuse’s zone.
The operating times tRp and tRs are estimated using (2).

tR =

 β(
IRf
IRPU

)α

− 1
+ L

TMSR (2)

where TMSR is the time multiplier setting that controls the
characteristic curve of the relay R, IRf is the fault current
of relay R when there is a fault in zone f , and IRPU is the
pickup current of relay R. The proposed strategy employs the
constants α, β, and L in the relay operating curve as discrete
variables within the optimization problem. These constants
are defined according to the IEEE C37.112 [28] and IEC
60255 [29] standards. tFj represents the operating time of the
fuse when a fault occurs in its protection zone. It is estimated
by employing the operating curves of type ‘‘K’’ fuses from the
company S&C electric company [30], and a piecewise linear
interpolation method [31].

For relays with adaptive OC function 50/51, it is possible
to consider the instantaneous operating characteristic in the
proposed formulation. This does not affect the coordination
between OC relays and fuses since the instantaneous function
is set to operate as primary protection and not as a backup for
any other protection device, such as fuses.
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B. CONSTRAINTS AND BOUNDS
Inequations from (3) to (10) define the constraints and bounds
of the proposed protection coordination problem.

CTI − tRsi + t
Rp
i ≤ 0, i = 1, 2, 3, . . . .M (3)

CTI − tRsj + 1.15 tFj ≤ 0, j = 1, 2, 3, . . . .N (4)

TMSminn ≤ TMSn ≤ TMSmaxn (5)

IminPUn ≤ IPUn ≤ ImaxPUn (6)

tRmin ≤ tR ≤ tRmax (7)

1 ≤ CO ≤ 6 (8)

TFminm ≤ TFm ≤ TFmaxm (9)

where constraint (3) ensures coordination between the pair of
relays providing primary and backup protection, with Coor-
dination Time Interval (CTI) being the safety time the backup
relay must wait if the primary relay does not operate. Accord-
ing to the IEEE 242 standard, the CTI should equal or exceed
0.2 s [32]. Similarly, constraint (4) ensures coordination
between relays and fuses. A factor of 1.15 must be considered
in this constraint since the fuse operation time varies 15%
due to the material melting depending on the operating con-
ditions immediately before the fault occurrence [33]. On the
other hand, (5) establishes the lower and upper limits of the
multiple time setting TMS defined as TMSminn and TMSmaxn ,
respectively. The inequation (6) indicates the pickup current
limits for each directional OC relay, being IminPUn and I

max
PUn the

minimum and maximum pickup current of relay n, respec-
tively. Similarly, (7) represents the operation time restriction
for each directional OC relay, and (8) represents the constrain
for the inverse-time OC relays’ operating curves. In this case,
a single curve is selected for all relays to avoid curve crossing
and miscoordination. Finally, (9) represents the limits for the
fuse types considered according to the operating conditions
of each of the protection devices. The lower limit TFminm is
the minimum selection current for fuse m. It is estimated by
multiplying the fuse’s rated current by the demand factor KF
represented in (10).

KF =

(
1 +

a
C(%)
100

)na

(10)

where
a
C(%) is the demand growth factor and na is the

project life cycle in years [34]. The upper limit, TFmaxm ,
is defined as 25% of the minimum short-circuit current seen
by the fuse, which is the current seen by the fuse during a
single-phase fault located at the farthest end of its protection
zone.

III. PROPOSED ADAPTIVE PROTECTION SCHEME BASED
ON ARTIFICIAL INTELLIGENCE TECHNIQUES
The adaptive protection strategy proposed in this study com-
prises two stages, as illustrated in Fig. 1.

Off-line Stage I involves determining the optimal set-
ting parameters for each setting group’s directional OC
relays using artificial intelligence techniques as detailed in

FIGURE 1. Flowchart of the proposed adaptive protection scheme.

Section III-A. On-line Stage II updates the setting group
of the directional OC relays in real-time. This stage is
described in Section III-B and outlines how the strategy can
be implemented based on the ADN control and automation
infrastructure.

A. OFF-LINE STAGE: DETERMINING THE OPTIMAL
SETTING PARAMETERS FOR THE OC RELAYS
This stage aims to solve the optimal coordination problem
presented in Section II while considering the optimal number
of clusters of the operating conditions of the ADN clus-
tered using a clustering technique. The protection system
must estimate the ADN operating scenarios that impact it,
specifically the operating normal and fault currents (step 1).
Subsequently, the operating scenarios with similarities are
clustered using a technique that implicitly minimizes the
number of clusters needed to group the scenarios and, thus,
the number of settings required for each relay (step 2).
Once the optimal number of clusters is obtained, the optimal
coordination problem, as presented in Section II, is solved for
each group (step 3). Finally, the settings for each group and
relay are stored for use in the on-line stage (step 4). These
steps constitute the setting and coordination strategy for the
off-line stage, as shown in the flowcharts of Fig. 1 and 2.
Sections III-A1 to III-A4 provide a detailed explanation of
each step.

1) STEP 1: ADN MODELING AND SIMULATION
The ADN is modeled and simulated in this step to analyze the
system’s power flow and short circuit conditions under dif-
ferent operating scenarios. These studies aim to gather infor-
mation for configuring and coordinating protection devices.
Therefore, for each ADN configuration, a load flow and short
circuit study are performed to determine the rated, maximum,
and minimum short circuit currents for each relay in each
scenario, as shown in step 1 of Fig. 2.
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FIGURE 2. Flowchart of off-line stage: determining the optimal setting
parameters for the OC relays.

On the other hand, in [35], the authors present a study
about clustering techniques performance for the coordina-
tion of adaptive OC protections by considering different
combinations of features. From this study is determined
that the maximum short-circuit currents for each relay are
suitable to be used as features in clustering techniques.
This research adopts this conclusion as shown in step 1
of Fig. 2.

2) STEP 2: CLUSTERING PROCESS
Once the ADN operating scenarios affecting the protection
system have been estimated and characterized, the next step
involves clustering the operating scenarios using an optimal
clustering technique. Previous research work reported by the
authors found that the k-means technique using the Man-
hattan distance yields satisfactory results for this task [35].
The optimal number of clusters (k) to group the scenarios is
determined by the Silhouette Value evaluation metric [36],
considering the limited number of setting groups available for
each multi-setting relay. The Silhouette Value is estimated for
all possible clusters, with k ranging from 2 to the maximum
number of allowed settings per relay, as shown in Fig. 2.
If a feasible problem solution cannot be found using the
optimal value of k, the algorithm selects the next highest k
with a higher Silhouette Value and repeats the process from
step 2 until a feasible solution that satisfies all constraints is
obtained.

FIGURE 3. Flowchart of the genetic algorithm.

3) STEP 3: FORMULATE AND SOLVE THE MATHEMATICAL
OPTIMIZATION MODEL
The operating scenarios are assigned into clusters due to
the grouping process. The mathematical optimization model
described in Section II must be applied and solved for each
of these groups. Since the coordination problem is formu-
lated as a mixed-integer non-linear optimization algorithm,
a meta-heuristic technique is employed to solve it due to
the simplicity of representing these mathematical models
through encoding [37], [38], [39]. In this research, an ALGA
is implemented [40] as shown in Fig. 3, and its execution is
based on the algorithm presented in [41].

ϵ is a nonnegative vector known as the Lagrange multiplier.
s is a vector of nonnegative shifts and ρ is the positive
penalty parameter. These values are defined by using the
default initial penalty function. The genetic algorithm uses
a series of approximate subproblems to find a solution to
the original problem. When the accuracy and feasibility of a
subproblem are sufficient, the algorithm updates its estimates.
If not, it increases the penalty parameter and creates a new
subproblem to minimize. This process is repeated until the
stopping criteria are met [40].

4) STEP 4: STORAGE OF SETTING PARAMETER
INFORMATION
After solving the mathematical optimization model in step 3,
the setting groups parameters such as TMS, IPU , CS for
each relay, and fuses selected are stored. Additionally, the
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operating scenarios assigned to each group, determined in
step 2, are stored for use in the on-line stage.

B. ON-LINE STAGE: ADN OPERATING SCENARIO
IDENTIFICATION AND UPDATE OF RELAYS SETTING
In this stage, the ADN operating scenario is identified and
compared with the scenarios clustered in step 2 to determine
the group to which this operational condition belongs. Once
the setting group is determined, it is compared with the
current setting group held by the protection relays. If it is the
same group, no action is taken. Otherwise, the relay setting
parameters are updated to the parameters of the identified
group for the current ADN operating state. This is summa-
rized in the flowchart in Fig. 1. Nevertheless, the develop-
ment of this process depends on the control and automation
infrastructure of the ADN, mainly its communication system,
which can be centralized, decentralized, or without commu-
nication, as detailed below.

1) CENTRALIZED COMMUNICATION SYSTEM
To identify the operating condition of the network using cen-
tralized communication schemes, a SCADA central control
system [42] or another system based on the IEC 61850 proto-
col [43] or similar is required. These systems must constantly
monitor the operating condition of the DG and the condition
of interrupting and switching equipment to determine the
operating scenario of the ADN. The communication system
must allow access to the protection devices to change the
preset setting groups when necessary [7]. Centralized com-
munication systems are fast and reliable, but their imple-
mentation is expensive due to the need for a robust and
redundant communication system to avoid communication
failures. The main disadvantage of this architecture is that
the protection system heavily depends on the availability of
the communication system, even though the communication
system is robust [6].

2) DECENTRALIZED COMMUNICATION SYSTEM
A decentralized architecture involves communication
between adjacent substations or relays to exchange infor-
mation about generation and component connection/
disconnection [21]. This process is performed from sub-
station to substation to determine the system’s operating
condition and, in the sameway, the protection devices settings
are updated if the operating condition changes.

3) WITHOUT COMMUNICATION
The operation of protection schemes for ADN must not
depend on the availability of the communication system. This
implies that the protection devices must be able to detect
faults within their protection zone with local information
if the communication system is unavailable. The proposed
protection scheme can be implemented without communica-
tion since directional OC relays with several setting groups
were considered. However, the relay must be able to identify

an operational change in the ADN with local information
to change its setting group. In [44], the authors propose
a data-driven topology detector for Intelligent Electronic
Devices (IEDs) integrated into ADN. Each relay can use this
strategy to determine the ADN operating condition with local
information and whether to change its setting group. This
solution is less reliable than the one previously presented
since the protection scheme’s performance depends on the
accuracy of the topology detector. However, it can be used
as a redundant system for a communication-based protection
scheme to reduce its dependence on the availability of the
communication system.

IV. STUDY CASE
The proposed protection scheme is validated on the modified
IEEE 34 node test feeder, which is shown in Fig. 4. This
system is located inArizona and operates at a nominal voltage
level of 24.9kV. The original test feeder is described in [45],
and its parameters are presented. The system is composed
of three-phase and single-phase lines, multiple laterals, non-
homogeneous lines, and unbalanced loads and is modified by
integrating five DERs: four DERs based on power electronics
interfaces (photovoltaic systems) at nodes 812, 848, 854,
840 and one DER based on synchronous generators at node
834. In addition, four sectionalizing switches (SW1-SW3,
SMR1) are included to perform different topology changes
and the integration of a MG within the ADN.

On the other hand, twenty-four SIEMENS brand SIPRO-
TEC 5 7SJ82 [46] directional OC relays with eight
setting groups, and six fuses with S&C ELECTRIC
COMPANY [30] specifications are taken into account in the
proposed strategy. The fuse sizes considered are 6K, 8K, 10K,
12K, 15K, 20K, 25K, 30K, and 40K, labeled with integers
from one to nine, respectively, for encoding within the opti-
mization problem. The location of the protection devices is
shown in Fig. 4. The criteria for the location of the protection
devices are as follows:

• Directional OC relays: these are located at each end of
the lines or set of lines that present bidirectional flows.
Several lines can be grouped as a single-line section if
they do not present bifurcations or are short lines.

• Fuses: these are located at the beginning of the laterals
where no DER are connected, and their power flow is
unidirectional.

Operating curve parameters α, β and L for directional OC
relays are obtained from the standards IEEEC37.112 [28] and
IEC 60255 [29] and are presented in Table 2. The limits of IPU
are determined according to [47], which states that the IminPUn
should be selected as the relay Inom multiplied by an overload
factor that can be between 1.25 and 2.5 depending on the
element to be protected. The ImaxPUn is estimated as one-third
of the Imincc , where Imincc is the a double-phase fault current.
The maximum time limit depends on the equipment to be

protected. A commonly used value is 4 s for line protection
due to the thermal capacity of the conductors. However,
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FIGURE 4. Modified IEEE 34 node test feeder and protection scheme implemented.

TABLE 2. Standard curve operation IEC 60255 and IEEE C37.112.

TABLE 3. Design specifications of the protection system.

if power transformers are upstream of it, the maximum oper-
ating time must be below the transformer’s thermal capacity
curve. A recommended value for this is 2 s [48]. The other
design requirements for the protection system are presented
in Table 3. These values will be the same for all operational
scenarios.

A. OPERATIONAL SCENARIOS
ADN operating scenarios such as topology changes, DER
connection/disconnection, andMG operating modes (on-grid

and off-grid) are considered to demonstrate the robustness
of the proposed protection approach. Topology changes are
performed by opening/closing switches SW1, SW2, SW3,
and SMR1. In total, studied ADN has six topologies. In addi-
tion, it has five DERs integrated, disconnected one at a time.
Finally, the presence of a MG is also considered, and its
on-grid/off-grid operation modes are evaluated by its con-
necting/disconnecting from the SMR1 switch. Table 4 sum-
marizes the scenarios considered for the ADN under study,
where ‘‘0’’ indicates that the component switch is open and
‘‘1’’ that the component switch is closed. The total number
of operating conditions evaluated is 33. The number of sim-
ulated faults in the validation process is 2640; these faults
are used to obtain the minimum and maximum currents of
operating scenarios that will adjust the methodology. The
currents are obtained by using the ATPDraw 7.2 software.
Additionally, these faults were simulated for 33 operating
scenarios and in 40 different locations of the study case.

On the other hand, cases during fault recovery are not
included in the topology change scenarios. Nevertheless,
these can be compared with the operation of the SW1, SW2,
SW3, and SMR1 breakers after the occurrence of these
events. After the occurrence of a fault, the system can be
reconfigured by open/close switches to obtain a topology
known by the protection system, even if the MG has been
disconnected from the main network. However, the strategy
developed is generally designed to include all cases or scenar-
ios of the operability of the ADN studied. The N-1 analysis of
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TABLE 4. Operational scenarios for studied ADN.

line output should be carried out, and a study should be made
of which scenarios are feasible, and these have to be included
in the operational scenarios.

B. HARDWARE AND SOFTWARE SPECIFICATIONS
The developed protection strategy was implemented in Mat-
lab 9.13.0.2049777 [49] software and was executed on
a laptop computer with Intel Core i5- 8300H processor
CPU@2.30GHz and 16 Gb of RAM memory. Load flows
and short-circuit analysis of the modified IEEE 34-node test
system exposed in Section IV are executed in the ATPDraw
7.2 software [50].

V. RESULTS AND DISCUSSION
Considering the scenarios exposed in Section IV-B, the pro-
posed protection scheme is validated and compared to the
conventional protection technique. Section V-A presents the
application of stages shown in Fig. 2, and Section V-C
presents a comparison with conventional protection strategy
based on optimization.

A. PROPOSED ADAPTIVE OC PROTECTION STRATEGY
IMPLEMENTATION
The application proposed scheme stages are presented in
Fig. 2, and the results obtained are described below.

1) STEP 1: ADN MODELING AND SIMULATION
The modified IEEE 34-node test feeder is simulated in ATP-
Draw. Power flow and short-circuit analysis are executed
for operating scenarios of Table 4. Three-phase faults are
simulated at the nearest end of their protection zone to gather
information on the maximum short-circuit currents of each
protection relay. This information is required for the clus-
tering process and the coordination between the protection
devices. On the other hand, the minimum short-circuit cur-
rents are determined by simulating two-phase faults at the
farthest end of the protection zone of the devices, depending
on whether they provide backup protection. This information
and rated line currents obtained from load flow are used in
the following steps.

2) STEP 2: CLUSTERING PROCESS
For the clustering of the operating scenarios, the maximum
short-circuit currents observed by each relay are used, and sil-
houette value criteria estimate the optimum group’s number.
Table 5 presents the silhouette value for each group’s number.
Note that the maximum number of groups is eight since this is
the number of setting groups that SIPROTEC 5 7SJ82 relays
have [46]. The highest silhouette value is obtained for group
number k = 6 as shown in Table 5.
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TABLE 5. Silhoutte value metric for different values of k.

TABLE 6. Clustering of operating scenarios.

TABLE 7. Genetic algorithm fitting parameters.

Once the optimal group number k is determined, the
k-means clustering technique with Manhattan distance is
applied. The results are shown in Table 6, showing how the
33 scenarios are distributed within the six groups.

As presented in Section III-A2, if any optimization model
solutions of Section II is infeasible for the groups obtained by
the clustering technique, the number of groups is increased
to the next k with the highest silhouette value, which for this
case is k = 7.

Note that k not only defines the number of settings each
relay will have but also the number of control actions the
ADN operator will execute for the 33 operating scenarios of
the system under study. For example, as shown in Table 4 for
the case study, all relays are set with the parameters of setting
group N◦1 to scenarios 1 to 6.
In conventional distribution systems, frequent network

control is impossible because the automation and control
infrastructure is insufficient for this purpose. However, the
proposed approach aims at ADN with advanced distribution
infrastructure. This infrastructure has intelligent electronic
devices such as the numerical relay SIPROTEC 5 7SJ82 that
can be controlled remotely from the control center to change
their setting group.

3) STEP 3: SOLUTION TO THE OPTIMIZATION PROBLEM
Once the operating scenarios are clustered in the previ-
ous step, the coordination problem for each group is for-
mulated by obtaining the optimization model presented in
Section II. These models are solved using the ALGA pre-
sented in Section III-A3. Table 7 [51] presents the ALGA
fitting parameters.

This technique successfully estimates a solution for each
optimization problem without violating constraints. Table 8
presents the estimated setting parameters for each relay in

FIGURE 5. Coordination diagram of relays 2 and 4: Operating scenario 1.

each group, and Table 9 contains the fuse dimension for the
adaptive protection scheme.

In addition, to verify that the determined settings satisfy the
problem constraints, the coordination diagrams are analyzed
for three situations. In the first situation, the coordination of
the main grid relays is analyzed under operation scenario 1.
Fig. 5 to Fig. 8 show the coordination diagrams of all pairs
of primary and backup protection devices of the main grid
belonging to operation scenario 1, which is part of setting
group 1 according to Table 6. These figures show how the
constraint (3) is satisfied between directional OC relays since
the coordination time between them is higher than 0.2 s.

Additionally, regarding the coordination between relays
and fuses, Fig. 9 shows the coordination diagram between
fuse 1, which provides primary protection for the lines from
node 808 to 810, and relays R1 and R4, which provide it
backup protection. As in previous cases, these figures show
how the constraint (3) is satisfied between directional OC
relays and fuse F1 since the coordination time between them
is higher than the CTI, being the difference between the
operating time R4 and F1 of 0.634 s and between R1 and F1
of 1.219 s.

On the other hand, the second situation analyzes the coor-
dination of primary and backup relays considering several
ADNoperating scenarios. Fig. 10 to 15 show the coordination
diagrams for relays 15 and 17 for scenarios 6, 11, 16, 21, 25,
and 29. These scenarios present different topologies, DER
disconnection, and conditions 21, 25, and 29 have the MG
disconnected. Relays R15 and R17 are located in the MG;
therefore, the topological changes of the ADN and the opera-
tion of the MG in off-grid mode significantly affect the short
circuit levels observed by these relays and, therefore, their
operation.

The above coordination diagrams show no loss of coor-
dination between relays R15 and R17 for the operation sce-
narios evaluated since the difference between their operating
times is higher than 0.2 s. However, it is observed that for
scenarios 6, 11, and 16, where the MG is connected to the
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TABLE 8. Setting parameters of the overcurrent relays with several setting groups.

TABLE 9. Fuse for protection scheme.

FIGURE 6. Coordination diagram of relays 6 and 8: Operating scenario 1.

main grid, the relays operate in less time than for scenarios
21, 25, and 29, where the MG operates in isolated mode from
themain grid. This behavior is expected since the short circuit
levels are reduced in the MG when it operates in off-grid
mode; then, the operating times of the directional OC relays
increase.

Finally, the third situation analyzes the coordination
between the devices protecting the MG when operating in
off-grid mode. This case is analyzed because the short-circuit

FIGURE 7. Coordination diagram of relays 4, 6 and 19: Operating
scenario 1.

currents decrease significantly since the main grid has no
short-circuit current contribution. This situation can lead to
a loss of coordination between the protection devices. From
Fig. 16 to 181, we show the coordination diagrams of relays
15, 16, 17, 18, and fuse 6.

As in the previous cases, it is verified that the operating
time difference between the primary and backup pair of
devices is higher than 0.2s for the maximum short-circuit
current occurring in the primary protection zone. For relay
pairs R16-R18 and R17-R15, the estimated CTIs are 0.24s
and 1.574s, respectively, higher than the CTI specified in
constraint (3). Likewise, it is also fulfilled for fuse-relay pairs
F6-R15 and F6-R18, where the estimated CTI is 0.483s and
0.308s, respectively.
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FIGURE 8. Coordination diagram of relays 15, 13, and 20: Operating
Scenario 1.

FIGURE 9. Coordination diagram of fuse 1 with relays 1 and 4: Operating
Scenario 1.

FIGURE 10. Coordination diagram of relays 17 and 15: Operating
Scenario 6 - Cluster 1.

4) STEP 4: SETTING DATA STORAGE
The results stored by the proposed protection scheme for
on-line operation are the operation scenarios for each group
as shown in Table 6 and the estimated protection device
settings for each group presented in Table 8.

FIGURE 11. Coordination diagram of relays 17 and 15: Operating
Scenario 11 - Cluster 4.

FIGURE 12. Coordination diagram of relays 17 and 15: Operating
Scenario 16 - Cluster 2.

FIGURE 13. Coordination diagram of relays 17 and 15: Operating
Scenario 21 - Cluster 3.

Their on-line storage and operation depend on the archi-
tecture of the protection scheme. In an ADN with central-
ized automation and control architecture, the settings can be
estimated each time the ADN configuration changes through
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FIGURE 14. Coordination diagram of relays 17 and 15: Operating
Scenario 25 - Cluster 6.

FIGURE 15. Coordination diagram of relays 17 and 15: Operating
Scenario 29 - Cluster 5.

FIGURE 16. Coordination diagram of relays 16 and 18: Operating
Scenario 19.

the off-line stage proposed in Section III-A and update the
settings of the protection devices through their communi-
cation system. Also, in any ADN configuration change for
the operating scenarios considered by the setting groups, the

FIGURE 17. Coordination diagram of relays 17 and 15: Operating
Scenario 19.

FIGURE 18. Coordination diagram of fuse 6 with relays 15 and 18:
Operating Scenario 19.

control center will only send a signal to change the setting
group to all relays since each relay will already have loaded
its settings for each group.

On the other hand, for a decentralized automation and
control architecture, the operating scenarios for each group
shown in Table 6 and the estimated settings for each group
presented in Table 8 are stored in each substation. Then, the
automation and control architecture continuously monitors
the system configuration and determines the operating sce-
nario in real-time. This process can be slower than in a cen-
tralized architecture because each substation must use local
information and query information from adjacent substations
to determine if the system configuration has changed. Once
the operating scenario is identified, it is compared to the
scenarios listed in Table 6 to determine the setting group
changed. If the setting group changes concerning the group in
which the relays are set, a signal is sent from each substation
control center to update the relay setting group.

Finally, if the automation and control architecture lacks
communication or is not available when the system
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TABLE 10. Setting parameters of the overcurrent relays 3 and 5 for
cluster 1.

configuration changes, the operating scenarios for each group
in Table 6 and the estimated settings for each group in Table 8
are stored in the relays if they allow it, or in external hardware
with local connection to each relay. The relay or external
hardware must have functionalities that determine the operat-
ing condition of the ADNwith the local information recorded
by the relays as presented in [44]. Once the operating scenario
is determined, it is compared with the scenarios listed in
Table 6 to determine the setting group to which the relay
should be set; if the setting group changes concerning the
current configuration, a setting group change signal is sent.
Since this process is performed on each relay, the protection
devices’ performance depends on the strategy’s performance
for determining the ADN operating scenario.

B. PROTECTION SCHEME APPLICATION
To illustrate the operation and applicability of the developed
strategy, in the case of a change in the ADN operating sce-
nario, the IEEE 34-node test network described in Section IV
and relays 3 (main relay) and 5 (backup relay) are taken as ref-
erences. These two relays are used to describe the protection
scheme application since these are affected by the presence
of a DER connected at the connection point of relay 3. Under
normal conditions or with traditional strategies, coordination
may be lost between these relays. Initially, the network is
supposed to operate under the operating state number 1 since
all the DER are connected, and the switches SW1, SW3, and
SMR1 are closed, as shown in Table 4. According to the
results of the clustering process recorded in Table 10, the
setting group is 1 for relays 3 and 5 configurations. These
settings are those shown in Table 8 and extracted directly from
the settings parameters in Table 8.
Under this network operation scenario, Fig. 19 shows the

coordination diagram for relays 3 and 5. This figure shows
that in the most critical scenario, where relay 3 senses the
maximum current value, the coordination between these two
relays is ensured by the CTI value. The difference between
the relays’ operating time is higher than 0.2 s, established as
a CTI reference criterion.

Suppose a fault leads the system to perform a reconfigura-
tion where DER 1 went out of operation. In that case, switch
SW2 is closed and switches SW3 and SMR1 are opened,
leaving the MG isolated (Operating scenario 25). It must be
identified if it is necessary to change the relay settings; then,
the network operating status, as indicated in Section V-A4,
should be identified from the operating status of the DER
and switches. The operating mode is identified, belonging
to setting group 6, using the results of the clustering process
in Table 6. Since the new setting group is different from the

FIGURE 19. Coordination diagram of relays 5 and 3: Operating Scenario 1.

TABLE 11. Setting parameters of the overcurrent relays 3 and 5 for
cluster 6.

FIGURE 20. Coordination diagram of relays 5 and 3: Operating
Scenario 25.

previous one (Group 1), the setting change signal must be sent
to all the protection devices to operate correctly in case of
any new fault in the system. Internally in the OC relays, each
setting receives a binary activation signal, and only one can
be activated at a time.

The settings corresponding to relays 3 and 5 for this group
would be those shown in Table 11; the respective coordination
curves for these devices are shown in Fig. 20, demonstrating
their correct operation when complying with the CTI greater
than 0.2 s in the primary protection zone of relay 3.

C. COMPARISON TEST
The proposed protection scheme is compared with con-
ventional OC protection scheme based on optimization
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TABLE 12. Operating time and violation results.

TABLE 13. Sum of operating times of the overcurrent devices of each
group.

techniques such as those proposed in [11], [12], and [17].
For this purpose, the protection problem is initially presented
as an optimization problem, as described in Section II. The
genetic algorithm presented in [23] solves the optimization
problem, considering the 33 operational scenarios in a sin-
gle group listed in Table 4. The method’s performance is
evaluated by the sum of operating times and the number of
constraint violations, as shown in Table 12.
This Table summarizes the results obtained from seven

iterations of the genetic algorithm. It can be seen that the
optimization technique failed to find a feasible solution, as all
of its generations violated constraints. The average sum of
the operating times for the devices is 4495.1 s. This value is
used as a reference for comparing the results obtained with
the proposed protection technique.

Similarly, the proposed protection scheme is applied to
the same operating scenarios evaluated in the conventional
protection strategy. As the operating scenarios evaluated are
the same as those used for applying the proposed scheme
in Section V-A, the results obtained are the same as those
presented in the previous section. The results obtained in
the previous section show that the coordination problem is
successfully solved, estimating the settings for each group
without violating any constraint. Table 13 shows the sum of
the operating times of all protective devices for each setting
group. Also, the sum of all the relay operating times consid-
ering the setting groups equals 2395.2 s.

This time is significantly less than the total operat-
ing time obtained by the conventional protection scheme,
approximately half. Moreover, no constraints are violated for
the solution obtained with the proposed scheme, compared
to the 42 constraints violated in the best solution obtained
with the conventional strategy. This comparison allows quan-
tifying the reduction of the proposed strategy’s mean operat-
ing time compared to the conventional strategy. Also, the con-
straint violations could be seen as events that the conventional
strategy is unable to cover and, consequently, these events

will generate improper operation of protection devices that
the proposed strategy does solve.

VI. CONCLUSION
This paper presents an adaptive protection scheme based on
OC devices with several settings groups and artificial intel-
ligence techniques. This scheme is composed of two stages.
In the off-line stage, a clustering technique is used to group
the ADN operating scenarios that exhibit similarities to each
other, and the setting of the protection devices is determined
for each set of operating scenarios by an ALGA. In the
on-line stage, the implementation process of the proposed
protection strategy and its operation according to the existing
communication system in the ADN is defined.

The proposed protection scheme is validated on the modi-
fied IEEE 34 node test feeder, considering the main operating
scenarios of the ADN, such as topology changes, DER con-
nection/disconnection, andMGoperatingmodes (on-grid and
off-grid).

The results obtained for the case study show that the
off-line stage successfully groups the 33 scenarios considered
in the ADN operation into six groups, using the silhouette
value criteria. It is also observed that the eight setting groups
available in the relays are not used, showing an optimal
number of groups in the clustering process.

In addition, the ALGA successfully estimates a solution for
each optimization problem without violating the constraints.
The coordination diagrams of the primary and backup protec-
tion device pairs verify this. The coordination times between
relay-relay and relay-fuse pairs are determined at the max-
imum short-circuit current to verify compliance with the
constraints of the coordination problem.

Finally, the proposed protection scheme is compared with
a conventional OC protection scheme based on optimization
techniques. The results show that the conventional protection
scheme fails to obtain a solution for the proposed case study
without violating at least 42 constraints of the coordination
problem. In contrast, the proposed scheme determines a solu-
tion without violating any constraint. Moreover, the sum of
the operating times for the solution estimated by the proposed
scheme is approximately half of the sum of the operating
times obtained with the conventional strategy.
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