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Abstract: Electrical power systems represent a fundamental part of society, and their efficient
operations are of vital importance for social and economic development. Power systems have
been designed to withstand interruptions under already provided safety and quality principles;
however, there are some extreme and not so frequent events that could represent inconveniences
for the correct operation of the entire system. For this reason, in recent years the term resilience,
which serves to describe the capacity of a system to recover from an unwanted event, has been
analyzed on planning, operation and remedial actions. This work is focused on the implementation
of a topological reconfiguration tool, which is oriented to change the structure of primary feeders
based on changing the status of switchgears. Once the distribution network has been reconfigured,
an algorithm of protection coordination is executed based on communication peer-to-peer between
Matlab and PowerFactory, which develops an adaptive calculation to determine the current setting
and the time multiplier setting. The reconfiguration and coordination protection algorithms could be
implemented and evaluated on different distribution networks, areas and locations.

Keywords: distribution network reconfiguration; protection coordination; optimization; resilience;
peer-to-peer communication

1. Introduction

Power system operation is an extremely important task due to the fact that it is linked
to the economic development of industries, residential and commercial districts. Therefore,
electric service companies invest technical and economic resources to provide a safe and
reliable supply of electricity based on adequate components, reliable equipment, system
structures and modern devices. Under these considerations, not only is reliable equipment
needed in power systems, but also a competent use of international, regional and local
standards and norms to fulfill all technical requirements, and withstand any kind of faults
limiting its effect on the electrical system. Additionally, several legal, social, political,
environmental and financial restrictions are stated on laws for electrical power supply,
regulations and guidelines, which have strong influence on planning tasks, construction
and operation of electrical networks [1,2]. Therefore, the importance of the network is clear
not only in electrical engineering, but also in other fields such as bioinformatics and social
sciences [3-5].

Within this background, if it is clear that ancillary services such as protection systems
are mandatory on transmission and distribution grids, where protective systems are de-
signed to ensure minimum loss of load, then it must take into account basic principles
such as reliability, speed, selectivity, simplicity and cost [6,7]. Selectivity has been defined
as the ability of the overall protection scheme to isolate the fault such that the minimum
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interruption occurs. The simplicity concept is associated with the minimum protective
equipment and its circuitry to achieve the protection objectives. To achieve the required
reliability levels, protection schemes are designed considering redundancy, dependability
and security. The first one is achieved through duplication of the protection system or
through remote back-up protections. Dependability is associated with the operation on the
presence of a fault within its zone of protection, while security is the ability of the protection
to refrain the tripping of the circuit breakers on the non-faulted parts of the protected zone
when faults occur elsewhere on the protected zone. Consequently, reliability of power
protections can be measured as the probability that the system will function correctly
when it is required to act, i.e., it must operate in the presence of a fault within its zone of
protection and must restraint from operating at other times. The aforementioned concepts
are applied in [8] where overcurrent protection relays are set for modern Medium Voltage
(MV) distribution grids considering the inclusion of different generation sources.

Figure 1 shows the dependability and security concepts represented by logical gates
(OR and AND), which are employed in power systems. For example, for busbar protection,
due to the large number of bays which are tripped when a busbar protection operates,
the application of security concept is more important. On the other hand, for feeder
protection where the loss of a feeder can be compensated for other parallel circuits, the
dependability concept is more useful than security [9-12].
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Figure 1. The importance of dependability applied in line protection and the importance of security

applied in busbar protection.

The aforementioned principles are practically impossible to satisfy completely and
simultaneously on a protection system. Typically, the complexity increases due to reliabil-
ity enhancement and selectivity concept, consequently the protection system cannot be
simple and straightforward, and therefore it leads to higher cost protection. The optimum
protection system is reached when the protection scheme offers the maximum protection
at the lowest possible cost, and obviously at the minimum operating time to clear a fault to
avoid equipment damage [13,14].

Not only basic principles, but also advanced criteria such as protection zones, primary
and back-up protections, or Special Protection Schemes (SPS) are used to avoid outages
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and damage in power systems [15]. Protective zones are virtual divisions within the power
system, which are protected and disconnected in the presence of a fault permitting that the
rest of the power system operates normally [16]. To this aim, Ghorbani et al. modeled an
electric protection system considering protective zones, and trip characteristics of distance
relay, where a comparison with two different and specialized software is performed [17].
Approaches associated with primary and back-up protections are applied in [18,19], which
stated the importance of installation of primary and back-up systems on power grids. The
former is represented by relays within a given protection zone that detects a fault on power
systems, whereas the back-up protection is installed to operate when the primary protection
does not work. Consequently, the coordination of protection devices is performed to ensure
that only the necessary faulty sections of the network are isolated. Usually a time-delay
characteristic is used on back-up protection to guarantee that primary protection operates
first. A more sophisticated design is the SPS which is implemented to preserve the system
stability after a large disturbance on important transmission lines or facilities. SPS is
capable of avoiding system collapse using adequate matching between supply and load
based on different methods such as load shedding and generator rejection [20].

All the aforementioned protection principles and advanced schemes can be applied
to resist, adapt, and recover from disruptions generated by unpredictable events and
disturbances. However, not only power protections, but also recommended practices
taken by governments, advanced technologies and new strategies are useful to face such
abnormal events. Currently, resilience and protection systems are highlighted topics since
faults could cause caused power outage for entire zones [21,22].

The paper is organized as follows. The characteristics of electrical network protection
are discussed in Section 2, with focus on overcurrent relays. Therefore, a briefly description
of network reconfiguration and protection coordination is carried out in Section 3. Section 4
deals with the presentation of the proposed solution, while the case study and analysis of
results are reported in Section 5. Finally, Section 6 concludes the paper by summarizing the
main achievements of the work and suggesting open problems.

2. Electrical Network Protection

Protection coordination of overcurrent relays is very useful to protect distribution
networks, since they are designed to operate when current reaches high levels during an
abnormal event. These high values of current are used to calculate the parameters for the
adjustment of overcurrent relays. Definite current, definite time and inverse time over
current protection are depicted in Figure 2. Definite current protection is applied with
no intentional delay, therefore, the coordination is based on current. On the other hand,
definite time relay is used for coordination based on time with identical pick-up currents
of all relays. Finally, a more generalized kind of operating characteristic is based on an
inverse-time overcurrent protection, which is employed to protect distribution networks
because the operating times varies inversely with current.
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Figure 2. Time/current operating characteristics of overcurrent relays [23,24].
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Inverse-Time Overcurrent Protection

As remarked above, a protection relay is a device that compares one or more signals
to a reference value and emit an alarm when the input signals become higher than the
preset value. The most used protection devices on distribution networks are inverse-time
overcurrent relays, which are activated by an increase in current levels. Consequently,
it generates a signal that activates the circuit breaker, thus clearing the short-circuit [25].

The operation of this relay depends on its ability to detect a fault in its protection area,
but it is limited because the current is the only measured parameter, which is sensitive to
the system operating conditions and the network topology. The operation of an overcurrent
relay depends on the following setting parameters: the current setting (Is) or pick-up
current, which activates the device, and the Time Multiplier Setting (TMS) or time dial,
which is a tuning parameter that permits the setting of the time delay before the relay
operates whenever the current (e.g., due to a fault) reaches a value greater than the current
setting [6,14].

Overcurrent protection is considered to be inherently non-selective because these
relays are dependent on the measurement of current at one end of the protected section.
Nevertheless, relative selectivity can be achieved by a correct protection coordination
taking into account a discrimination margin; consequently, an adequate selection of pick-
up current and TMS allows the satisfaction of technical requirements such as selectivity,
sensitivity and speed [14,25].

The main property of these overcurrent relays is the ability to operate in a time
that is inversely proportional to the current. Consequently, the activation of an inverse-
time overcurrent relay is characterized by a curve that defines the operating time of the
protection device for various current magnitudes. Therefore, this curve allows the relay
to operate slowly at low overcurrent values and, as the current increases, the action time
decreases. There are several types of inverse-time curves, which are mathematically
modeled under the IEC, ANSI/IEEE standards and manufacturer policies. Table 1 shows
the parameters that are used by different manufactures for overcurrent relays [26]. For this
work, a standard inverse IEC curve will be used to carry out the automatic coordination of
overcurrent protections. In particular, Equation (1) shows the mathematical models of the

inverse-time curves:
TMS *

t= (I/Is)“—1+L 1)
where:
t is the operating time in seconds
I is the fault current level at the secondary side of current transformer
I; is the current setting expressed at the secondary side of current transformer
L,a, B, are constants defined according to the standard considered, as summarized in
Table 1.

Table 1. ANSI/IEEE and IEC constants for overcurrent relays [23,24].

Curve Description Standard o B L
Moderately inverse IEEE 0.02 0.0515 0.114
Very inverse IEEE 2 19.61 0.491
Extremely inverse IEEE 2 28.2 0.1217
Inverse CO8 2 5.95 0.18
Short-time inverse CO2 0.02 0.0239 0.0169
Standard inverse IEC 0.02 0.14 0
Very inverse 1IEC 1 0.0515 0
Extremely inverse IEC 2 80 0
Long-time inverse UK 1 120 0

As remarked above, there are two basic parameters to set an overcurrent relay. Those
parameters are the TMS and I;, which the adjustment of the characteristic curve to be
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activated for a given value of time and current. Before calculating these parameters, a
short-circuit analysis must be carried out to know the value of the short-circuit current at
the most critical point of the relay protection zone, which is associated with the furthest
point of protection. The pick-up current represents a key parameter, which is the value
that will activate the protection, thus allowing the change of state in the relay. The pick-up
current is expressed as:
e
- CTR @

I

where:

CTR is the Current Transformer Ratio

I} is the current value expressed at the secondary side of current transformer
I; is the current setting expressed at the secondary side of current transformer

A protection coordination is a process in which the operating times of the overcurrent
protections are defined to allow a prioritized trip based on the activation order, minimizing
the tripping times and guaranteeing selectivity. Consequently, it is possible to have an
appropriate margin in the operating times of all relays that are part of the protection system.
The TMS of an inverse-time overcurrent relay is a parameter that allows the characteristic
curve of a relay to be adjusted to a predetermined tripping time of a specific current.
An important aspect that should be considered is the discrimination margin, which is a
margin interval used between two successive time/current characteristics. Common values
of discrimination margin are between 200 ms to 400 ms, which avoid losing selectivity
due to excessive breaker opening times, variation in fault level, and error in current
transformers [14,27].

3. Network Reconfiguration and Protection Coordination

Within power systems, a distribution network has the function of supplying the energy
that is carried from power substations via primary feeders to distribution transformers
and finally connect end users. A distribution system consists mainly of overhead lines or
power cables that represent the primary feeders, distribution transformers and also include
protection devices such as circuit breakers, reclosers, fuses and overcurrent relays [2,28-30].
Due to this complex structure, the distribution network is exposed to multiple factors or
events (such as natural disasters) that can put its operation at risk. Consequently, it is
particularly important to have a distribution network correctly protected to guarantee the
adequate operation of the entire system meeting technical requirements such as quality of
the service and the effective continuity of supply [31,32].

Contingencies or continuous failures on different system components can affect Qual-
ity of Service (QoS), especially if they cannot be solved in acceptable time frames, which
may lead to users to have no access to the service for long periods of time. To this end, fast
and effective service reconfiguration procedures become significantly important, especially
in those loads considered critical due to their high productivity or relevance; the main
goal of those procedures is to keep the largest possible portion of its service area energized
when failures occur [33,34]. The distribution system may be affected by several kind of
disturbances such as short-circuits, undervoltages or overvoltages, as well as lightning
strikes. Therefore, protection devices activate the circuit breakers to isolate the faulty
sections, keeping the rest of the system under normal operating conditions. However,
due to this isolation strategy and the network topology, some healthy sections can be left
disconnected. One of the objectives of a resilient operation is to maintain the greatest
number of loads connected to the distribution network with acceptable levels of power
quality, and those healthy zones are the main ones involved when performing network
reconfigurations [35,36].

An effective tool used to operate distribution networks is the topological reconfigura-
tion, whose objectives include most commonly the reduction of losses, improvement of
voltage levels and the increase of reliability levels. The reconfiguration problem cannot be
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optimally solved without considering first an adequate modeling of all the distribution
network components, including loads, distribution transformers, power cables or overhead
lines and protective and switchgear equipment. Restoration process is associated with
robust algorithms, which are responsible for managing the status of switchgear equipment,
consequently the network topology. Commonly, power-flow analysis is carried out to
obtain the system electrical variables and parameters that are relevant to determine the
best solution as part of the optimization problem; the solution is based on the imple-
mentation of the objective functions, while taking into account technical and economic
constraints [37,38]. To this end, the reconfiguration of a distribution network must be car-
ried out with the necessary promptness and precision; consequently, all the tasks involved
in the automation of the electrical networks are of paramount importance, such as control
and protection equipment improving communication capabilities [39,40].

Modern overhead and underground distribution networks are designed and con-
structed considering the implementation of remote-controlled switchgear equipment, which
can modify distribution network, improving the operating grid conditions due to the en-
hancement of voltage profiles and reduction of power losses. As remarked above, an
overcurrent protection is a valuable device during a restoration procedure due to the fact
that the overcurrent protection relays detect faults or abnormal operating conditions caused
by the presence of an overcurrent in the system. Therefore, the adjustment and coordination
must be met with technical requirements such as sensitivity, speed and selectivity. Sensi-
tivity is a characteristic that allows the detection of abnormal conditions no matter how
incipient they may be, allowing the protection to distinguish between normal and abnormal
operation of the distribution system. The other requirement is the speed, associated with the
operating time of the relay, which must clear the fault in the shortest time. Finally, selectivity
requires an adequate adjustment to detect all the faults in the respective protection zones
that are assigned to each relay. Considering these elements, a protection coordination of
overcurrent relays is based on the determination of the operating conditions of the system
to define the thermal limit of the different electrical components, thus guaranteeing that the
current does not exceed its nominal value in normal operating conditions. Considering the
network configuration, it is necessary to execute a fault analysis in the furthest busbar to
determine an adequate value of the current setting and TMS. Consequently, it can be stated
that the main objective of the adjustment of protection coordination problem consists of
achieving selectivity with the maximum sensitivity and speed. Nevertheless, it is worth
noting that these parameters are not independent, as two of them are more likely to decrease
when the other one increases [6,25,41].

4. Network Reconfiguration and Protection Coordination Algorithm

Network reconfiguration and protection coordination are critical procedures, which
are aimed to change the topological structure of primary feeders based on changing the
status of switchgear equipment, where tie lines are closed. Consequently, overcurrent relays
are coordinated based on new operating conditions to face any abnormal event [36,42]. For
the present analysis, the network has been designed considering the availability of different
tie lines and tie points with remote switching, which are placed in each feeder of the
distribution systems. Subsequently, several network configurations are possible, which can
deal with contingencies occurring at any point in the network. For all the aforementioned
characteristics, the reconfiguration of electrical systems and the coordination of protection
systems represent effective strategies to improve the resilience and the reconstitution of
distribution networks. To this aim, an important index will be analyzed, the Expected
Energy Not Supplied (EENS) [43], which indicates the energy not delivered to the users
during a period of time. It is expressed mathematically with the following relation:

k
EENS =Y (La; x U;) ®G)
i=1
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where:

La; is the average load at busbar i

U; is the duration of the energy not supplied
k is the number of faulty busbars

The tasks of reconfiguration and protection coordination are performed on both
PowerFactory and Matlab tools running at same time. DIgSILENT Programming Language
(DPL) (web page: https:/ /www.digsilent.de/en/scripting-and-automation.html accessed
on 23 April 2021) is used to performs automated tasks such as power-flow, short-circuit
analysis and protection coordination on PowerFactory. On the other hand, Matlab, which
is a versatile mathematical tool, provide all the parameters, circuit breakers status, and
operating conditions generated by the execution of the algorithm. Figure 3 depicts a peer-
to-peer scheme between Matlab and PowerFactory [44], where various Comma Separated
Values (CSV) files are used to transfer data from PowerFactory to Matlab, and vice versa.
Parameters and variables are depicted in Table 2 for the proposed methodology.

PowerFactory to Matlab

csv.
file

) a5 =

Switch-flag file

csv.

e B || R

DPL
Power Flow
Short Circuit Analysis Reconfiguration Algorithm
Protection Coordination & Matlab to PowerFactory Protection Coordination

o p Algorithm

Figure 3. Peer-to-peer communication between Matlab and PowerFactory.

Table 2. Parameter and variables.

Nomenclature Description

Data, Flag csv files used to communicate Matlab and PowerFactory
statusl Reduced reconfiguration topologies

prifeeder Number of primary feeders

relays Number of overcurrent relays per feeder

Datal, Data2 Temporal and complementary variables

The reconfiguration process is implemented to improve customer satisfaction, espe-
cially after an outage, when service restoration process must energize all available areas,
isolating the faulty section. Consequently, as can be seen in Equation (4) the objective
function aims to maximize the number of restored loads. The possible solutions must be
within operative constraints such as maximum and minimum voltage level per busbars
as can be seen in Equation (5). Moreover, also the restored load must not be greater than
feeder capacity as showed in Equation (6): Finally, Equation (8) indicates that the topology
of the system should remain radial.

LD
max Z S;,i € LD, 4)
i=1


https://www.digsilent.de/en/scripting-and-automation.html

Energies 2021, 14, 3253 8 of 22

subject to:
[V < Vil < ||,k € By )
LD,
Y P < PP (6)
i=1
LD,
Yy < Qf™,i € LD, (7)
i=1
Y= Nlines - Nbus +1 (8)
where:

S; is the apparent power consumed by load i
Vj is the voltage at bus k

Vk’”i” is the minimum voltage at bus k

V¥ is the maximum voltage at bus k

P; is the active power consumed by load i

P}”‘” is the limit of active power at the feeder
Qj is the reactive power consumed by load i
Q;’f‘”‘ is the limit of reactive power at the feeder
LD, is the set of active loads

B, is the set of active busbars

Niines 1S the number of active section branches of the network
Npys s the number of active buses

Y is 0 when the system remains radial

The present methodology is reported in Algorithm 1, whose structure can be repre-
sented by means of an explanatory flowchart in Figure 4. Two procedures are reported;
the first one is related to the reconfiguration network, where the main parameters of distri-
bution network (loads, busbars, voltages) are gathered in an initial step and transferred
as data from PowerFactory to Matlab. Consequently, Matlab performs an analysis that
finds all loads which are disconnected (out of service). After that, all circuit breakers are
evaluated, checking which one has changed from its predefined status. This procedure
is used to generate different switch combinations, which are sent from Matlab to Power-
Factory to execute a power-flow analysis. Therefore, all variables such as voltage on each
busbar, cable loading and circuit breaker status are sent to Matlab to determine the best
restoration process, which meets all technical requirements. The second procedure con-
cerns the protection coordination. The power-flow analysis is executed in PowerFactory to
determine the current that is circulating along the feeder, and the I is calculated on Matlab.
Short-circuit analysis is executed on each busbar, to determine the TMS. Both parameters,
I; and TMS are fundamental to analyze selectivity, where a fault along a feeder is cleared.
As already remarked, selectivity, sensitivity and speed are important requirements on
protection systems to achieve an adequate correct protection coordination on distribution
networks. Consequently, the protection system should clear faults considering a minimum
of load disconnections.
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Feeder's name

Power loads

ind the prima
feeder with loads
out of service

Circuit breaker’s name
Circuit breaker’s status

Find Circuit Breaker’s location
Find Circuit Breaker’s function

Generation of switch
combinations

Power Flow analysis
PowerFactory

Check radaliality

Possible Reconfiguration and
Selection of best solution

Best restoration
process

Load’s name Georeferenced
Nominal voltage Information

Find the
overcurrent relays
per primary
feeder

Power Flow analysis
Power Factory

Determination of
Current Setting (Is)

Short Circuit analysis
PowerFactory

Determination of Time
Multiplier Setting (TMS)

Check selectivity

Grotection CoordinatioD

Figure 4. The flowchart used to determine the best topological restoration and adaptive overcurrent

protection coordination based on a peer-to-peer communication between Matlab and PowerFactory.

Figure 5 illustrates the application of inverse-time overcurrent protection, where the
fault, which is colored in red, could be cleared by the relay A or the relay B. However, the
downstream device (Relay B) that is closer to the fault should trip coordinates with the
upstream relay that should not trip. The protection algorithm should be implemented in
such a way the relay B operates first, i.e., the time 5 will be reached before than the time {4
for the specified value of fault current, clearing the fault and keeping maximum continuity

of service.
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Algorithm 1 Reconfiguration and protection coordination algorithm between Matlab -

PowerFactory.
1: procedure RECONFIGURATION NETWORK
2 Initial operating condition of distribution network, create csv files (Data, Flag)
3 while flag = 0 do > Matlab waits and PowerFactory runs
4 A contingency is defined in PowerFactory
5: PowerFactory executes a power-flow analysis
6 Save operating conditions of the network as Data.csv
7 Flag.csv changes to 1
8 end while
9: Collect the new operating conditions > Matlab runs and PowerFactory waits
10: Generate switching options
11: Start searching possible topologies
12: Reduce switching options to the faulty feeder
13: for i =1 : size(status1) do
14: take switching status
15: while flag = 0do > Matlab waits and PowerFactory runs
16: PowerFactory executes a power-flow analysis
17: Flag.csv changes to 1
18: end while
19: Save operating conditions of each topology as Data2 > Matlab runs and
PowerFactory waits
20: Evaluate the EENS
21: Check radiality based on feeder data from PowerFactory
22: end for
23: Evaluate voltage and cable loading from Data2
24: Select the best solution representing the optimal network structure

25: end procedure
26: procedure COORDINATION PROTECTION

27: Send the switching status from Matlab to PowerFactory

28: while flag = 0do > Matlab waits and PowerFactory runs
29: PowerFactory executes a power-flow analysis

30: PowerFactory executes a short-circuit analysis

31: Save results as Data.csv

32: Flag.csv changes to 1

33: end while

34: Save results of simulation as Data2 > Matlab runs and PowerFactory waits
35: Sort overcurrent relays at each primary feeder

36: Read the value
37.  for j=1:size(prifeeder) do

38: take switching status

39: for k =1:length(relays) do

40: Calculate the I; based on circulating current

41: Calculate the TMS based on short-circuit current at the end of the protection
zone

42: end for

43: end for

44: Send results of protection coordination from Matlab to PowerFactory

45: while flag = 0 do > Matlab waits and PowerFactory runs

46: PowerFactory updates I; and TMS

47: Test the protection coordination

48: Flag.csv changes to 1

49: end while

50: Matlab finishes the execution

51: PowerFactory finishes the execution

52: end procedure
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Figure 5. Single-line diagram and time-current curves for three overcurrent relays.

5. Case Study and Results
5.1. Case Study

The service restoration on electrical networks is a crucial task for distribution network
operators due to the fact that a rapid and effective connection to the main grid ensure
high levels of continuity of service by switching operations of tie lines. The proposed
restoration strategy has been applied to a predefined case study, which was designed
considering a resilient planning for a residential and commercial sector, as depicted in
Figure 6 [2]. The proposed case study considers three different primary feeders, which
feed several distribution transformers, the Ring Main Units (RMU). Control, protection
and communication capabilities are also considered. Table 3 shows the features and the
parameters of the proposed case study.

The three underground primary feeders are based on a radial configuration with external
interconnections (tie lines), which have enough capacity to connect and transfer end-customers
between primary feeders. Circuit breakers on auxiliary interconnections are normally open,
but they allow various configurations when are tripped by emergency conditions. For this
case, overcurrent relays have been located on specific positions such as tie lines, and in the
middle of the primary feeder, as sketched in Figure 6. Additionally, Table 4 shows the initial
switching status of the ring main units which have overcurrent relays.
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Table 3. Case study parameters and variables.

Item Parameter Value
Primary feeders 3
Voltage level 11kV
Medium Installation Type Underground Network
Network Configuration Radial with tie points using RMU
Voltage Conductor size and type Insulated power cable 3 x 95 mm? 15 kV
Ring Main Units 1 to 4 switchgear cubicles
Network Feeder A (Brown Color) 19 distribution transformers
Feeder B (Yellow Color) 11 distribution transformers
Feeder C (Green Color) 18 distribution transformers
Tie Feeder A and Feeder B 2 (Light Blue Color)
Points Feeder B and Feeder C 2 (Purple Color)
Feeder C and Feeder A 2 (Orange Color)
Protection Relays 12 Time-Inverse overcurrent relays
System Current Transformers Ratio 100/1
I 3 ; —; .o
T29 T30 g = = =
(] B (] mTe
T42 T18 i
T32 . .TZG
T36
] o
T25 NO-312C g
13 B {_ T17 T20
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) @ —= no-122 T35
Rn st ===~ —
TE![ B m T38 T43  T48
o |T22 ) B
L Deses
. . . Ring Mai
Service Point Distribution !ng ain
Units ( Closed
at 11 kv Transformers o .
position switch)
Primary Feeder E E E E Open Tie Line

@ Ring Main Units ( Open position switch)

Figure 6. Three primary feeders with tie lines operating in normal conditions.
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Table 4. Status of connection of different switchgear equipment on normal operating conditions.

RMU with Overcurrent Relays Operating Condition Status Feeder
NC-11 Closed Position switch 1 A
NC-21 Closed Position switch 1 B
NC-31 Closed Position switch 1 C

NC-111 Closed Position switch 1 A
NC-211 Closed Position switch 1 B
NC-311 Closed Position switch 1 C
NO-121 Open Position switch 0 Aand B
NO-122 Open Position switch 0 A and B
NO-311 Open Position switch 0 Cand A
NO-312 Open Position switch 0 Cand A
NO-231 Open Position switch 0 Band C
NO-232 Open Position switch 0 Band C

As remarked above, protection coordination can be associated with a network re-
silience because proper protection devices allow the rapid restoration of a power network,
and permit the facing of any disturbance or anomalous event after a grid reconfiguration.
Consequently, all switching equipment and overcurrrent relays can be operated and config-
ured by remote control from a utility control center. These strategies and features provide
higher service reliability and flexibility under unusual circumstances, due to the fact that
customers’ loads are managed by another primary feeder to minimize interruption times.
The principle of selectivity has been considered on protection coordination of inverse-time
overcurrent relays as highlighted in Figure 7, where I; and TMS for initial operating con-
ditions are reported in Table 5 for each of the primary feeders. Figure 7 shows a proper
coordination of overcurrent relays located on feeder A, B and C, respectively. For initial
conditions, each one of the primary feeders is protected by two overcurrent relays which
are located at the beginning and the middle of the feeder, and they are displayed as red and
green color, respectively. The vertical green and red lines represent the current circulating
along the primary feeder at the relay point, and that value was used for determining the I;.
The TMS has been calculated using Equation (1) (standard inverse IEC curve) considering a
three phase short-circuit, as it represents the most severe event in a distribution network.

Table 5. I and TMS parameters on overcurrent relays at different switchgear equipment on normal
operating conditions.

Overcurrent Relay Current Setting Time Multiplier Setting Feeder
R-11 495 0.13 A
R-21 2.27 0.16 B
R-31 3.90 0.15 C
R-111 2.15 0.07 A
R-211 1.00 0.10 B
R-311 1.8 0.09 C

RX-121 - - AandB
RX-122 - - Aand B
RX-311 - - Cand A
RX-312 - - Cand A
RX-231 - - Band C

RX-232 - - Band C
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Figure 7. (a) Protection coordination of overcurrent relays on feeder A; (b) Protection coordination of overcurrent relays on

feeder B; (c) Protection coordination of overcurrent relays on feeder C.

5.2. Results

This section reports the results achieved from a peer-to-peer communication between
Matlab and PowerFactory to develop a service restoration after an outage in a distribution
network. Moreover, it also shows an adequate protection coordination on the distribution
network. Figure 8 considers a particular case, where an out of service zone is highlighted
in red after the detection and the execution of protective and switchgear equipment of
ring main units. The tripping of the circuit breaker is produced in the case of anomalous
events in primary feeders due to temporary or permanent faults generated by flashover,
insulation failure and open-circuit faults.

The reconfiguration algorithm is applied to the distribution network, after the detec-
tion of unusual operating conditions by the utility monitoring system. The peer-to-peer
communication between Matlab and PowerFactory has generated several reconfiguration
strategies; however, only 8 possible feasible options are considered because they are directly
related to the faulty feeder, and they meet the technical requirements of voltage level and
radiality. Table 6 shows the status of each switchgear equipment, in each one of the recon-
figuration cases. Furthermore, Figure 9 depicts the number of distribution transformers
connected to the main grid by the restoration process. Only three solutions correspond
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to the case where the complete load of the power substation is fed i.e., 48 distribution
transformers are connected to primary feeders.
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Figure 8. Distribution network under abnormal operating conditions, activation of switchgear

equipment NC-211 and trip of overcurrent relay R-211.

Table 6. Status of connection of different switchgear equipment under different reconfiguration cases.
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Figure 9. Number of distribution transformers connected to the main grid for the different recon-
figuration cases of the distribution network under abnormal operating conditions, i.e., activation of
switchgear equipment NC-211 and tripping of overcurrent relay R-211.

Figure 10 shows the distribution network under the new operating conditions, where
switchgear equipment NC-211 is in open position, and NO-231 has changed to closed
position. As a result of this switch operation the network has been reconfigured; conse-
quently, the amount of restored load is maximized, thus minimizing out of service areas
( box highlighted in red). The new operation condition indicates that some distribution
transformers has been connected to feeder C ( green feeder) due to the faulty section on
primary feeder A. Figure 10 highlights the results provided by the proposed algorithm us-
ing communication peer-to-peer between Matlab and PowerFactory, which can be applied
to different distribution networks.

As already remarked, the reconfiguration process is solved as an optimization prob-
lem, where the objective function aims to maximize the restored load subject to technical
constraints such voltage levels and radiality. The 8 feasible solutions are represented by
means of the voltage levels at each distribution transformer, as reported in Figure 11. In par-
ticular, an out of service transformer is represented with a zero voltage level (highlighted
in red). For this case study, three suitable solutions maximize the value of the restored load
subject to technical constraints such voltage levels and radiality. Therefore, a comparison
of these 3 feasible solutions is performed to determine the best reconfiguration solution
based on voltage levels.

The voltage drop analysis is depicted in Figure 12 where a voltage profile highlights
the behavior of the distribution network after operation of switchgear equipment, i.e.,
reconfigured network. The evaluation of the voltage drop is carried out because the power
consumptions of the loads are different; therefore, there will be different voltage drops
along each feeder. For this case study, it is clear that the voltage drop along the feeder is
kept within standard limits that are imposed by utility policies. Figure 12 is composed by
three subplots, where each one shows the voltage profile in feeder A, feeder B and feeder C
during the new operating conditions, respectively.
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Figure 10. Distribution network under the new operating conditions, i.e., switchgear NC-211 is in
open position and NO-231 has changed to closed position due to the reconfiguration process.

Finally, when the reconfiguration process is completed, the remaining stage of the
algorithm is applied to the new operating conditions. Therefore, a communication peer-to-
peer between Matlab and PowerFactory is executed to determine the electrical parameters
such TMS and I;. Current setting or pick-up current is evaluated based on the load current
circulating along the feeder, which is provided by the power-flow analysis. On the other
hand, the TMS is determined based on Equation (1) of inverse overcurrent characteristic,
which uses short-circuit analysis to determine the most remote point of protection, thus
guaranteeing selectivity. Table 7 shows the new calculated parameters (TMS and ;) for
overcurrent protection, while Figure 13 consists of 4 subplots, each one showing the
protection coordination in feeder A, feeder B and feeder C after reconfiguration process.
In particular, Figure 13a shows the protection coordination of two overcurrent relays
connected in feeder A; Figure 13b depicts only one overcurrent relay in feeder B due to
the fact that the other one is disconnected because it is associated with the faulty section.
Figure 13c shows the coordination of three overcurrent relays because this feeder took the
restored load; finally, Figure 13d shows the behavior of overcurrent relays in feeder C when
this feeder is affected by a short-circuit. Therefore, Figure 13 highlights the case of a proper
protection coordination for a distribution network, where selectivity is achieved.
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Figure 12. (a) Voltage profile of distribution feeder A after a feeder reconfiguration; (b) Voltage
profile of distribution feeder B after a feeder reconfiguration; (c) Voltage profile of distribution feeder

C after a feeder reconfiguration.

Table 7. Parameters of I; and TMS on overcurrent relays in different switchgear equipment after the

reconfiguration process.

Overcurrent Relay Current Setting Time Multiplier Setting Feeder
R-11 4.95 0.13 A
R-21 1.26 0.10 B
R-31 4.90 0.20 C

R-111 2.15 0.07 A

R-211 - - -

R-311 2.77 0.16 C
RX-121 - - Aand B
RX-122 - - A and B
RX-311 - - Cand A
RX-312 - - Cand A
RX-231 0.99 0.10 C
RX-232 - - Band C
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Figure 13. (a) Protection coordination of overcurrent relays on feeder A; (b) Protection coordination of overcurrent relays
on feeder B; (c) Protection coordination of overcurrent relays on feeder C; (d) Protection coordination of overcurrent relays
on feeder C during a short-circuit on feeder C.

6. Conclusions

This paper was focused on the development of a resilient operation strategy, where
resilience is associated with reconfiguration capacity; consequently, a peer-to-peer commu-
nication between Matlab and PowerFactory was implemented to develop a reconfiguration
algorithm which was used to restore a distribution network when it faces abnormal events.
As a consequence of this topology change, an automated protection coordination was
determined based on the available electrical components.

A faulty section was used to test the reconfiguration algorithm, which was based on
a peer-to-peer communication between Matlab and PowerFactory. In particular, Matlab
allowed to organize, process, and develop an exhaustive search of possible combinations
of close/open status maximizing the amount of distribution transformers connected to
primary feeders. On the other hand, PowerFactory represented the tool to model and
simulate the distribution network, where power-flows were executed and sent to Mat-
lab to be processed. An optimization process represented the best option of restoration
considering technical requirements such as voltage levels and radiality. Therefore, the
best option was evaluated in order determine the new order of protection coordination.
In fact, a new topology involves new overcurrent relays in the primary feeder. Both pa-
rameters, current setting and time multiplier setting were calculated in Matlab based on
a short-circuit analysis performed by PowerFactory. The achieved results highlighted an
accurate protection coordination assuring selectivity for the proposed case study. The
reconfiguration and coordination protection algorithms can be developed in different areas,
locations and distribution networks.
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Future research will be focused on different methodologies for service restoration and
protection coordination using the environments of PowerFactory and Python.
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