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ABSTRACT Microgrids are promising to enhance power distribution systems’ efficiency, quality, sustain-
ability, and reliability. However, microgrids operation can impose several challenges to traditional protection
schemes, like changes in the power flow direction and an increase in short-circuit currents. Microgrids can
include several distributed generation technologies with different behaviours during short-circuit conditions,
requiring additional protection schemes and devices. In this way, the optimized coordination of reclosers and
fuses in distribution networks with directional overcurrent relays, which operate as interconnection devices,
might overcome many imposed protection challenges. Regarding different generation technologies, voltage-
restrained overcurrent relays and frequency relays are presented as local microgrid protection for rotative
and inverter-based distributed generators, respectively. The optimized coordination of these protection
devices maximizes microgrid benefits and minimizes operation drawbacks by reducing interruptions impacts
and energy not supplied to consumers. This work proposes, thus, a mathematical model for the optimal
coordination of protection devices in distribution networks with distributed energy resources operating in
grid-connected and islanded modes. The minimization technique of operating times using an elitist genetic
algorithm with variable crossover and mutation processes is proposed, as well. The results show adequate
coordination using passive and low-cost protection devices.

INDEX TERMS Microgrids, power distribution planning, power system protection, fuses, relays, genetic
algorithms.

I. INTRODUCTION energy and sell their surplus. However, DERs integration can

The integration of distributed generators (DGs) in power
distribution systems has grown exponentially due to the
potential benefits of this technology. Examples of provided
advantages include decentralization and diversification of the
energy generation, reduction in the network loading, low
environmental impact, and postponement of the expansion in
transmission and distribution systems [1].

Renewable distributed energy resources (DERs) have been
economically viable, encouraging consumers to produce
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cause significant changes in conventional distribution net-
works, creating new challenges for energy utilities. The main
problems include the increase in short-circuit currents and
the possibility of bidirectional power flow. These effects can
compromise the interruption capacity of switchgear devices,
cause miscoordination among protection relays, and even
form non-intentional islanded subsystems, which generate
risks for the maintenance crew [2].

Microgrids, feeder sections with loads and DGs, boost the
distribution systems modernization due to their influence on
expansion planning and operation. They increase reliability
and save financial resources through new automation and
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TABLE 1. Summary of main features from bibliographic review.

DOCR
51/50/67 Fuse 51V 81

Multiple

Ref. DG IBDG TCCs

Scheme

4 ICA
[5] EGWO
[6] HHO
[7] GA
[8] PSO
[9] SA-LP
9] IPM
SCA
GA-LP, PSO-
LP
GA-LP
NSGAII
SSA-LP
PSO
v GA, PSO,
TLBO
v GA
[15] v GA
PM v GA v v VY
EGWO: Enhanced Grey Wolf Optimization, HHO: Harris Hawks
Optimization; ICA: Imperialist Competitive Algorithm; IPM: Interior Point

Method; LP: Linear Programming; NSGAII: Non-dominated Sorting GA
II; PSO: Particle Swarm Optimization; SA: Simulated Annealing.
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communication technologies. Such characteristics include
microgrids in the smart grid concept, but the maximization of
microgrids’ benefits and minimization of possible operation
difficulties must be appropriately designed and coordinated
with suitable protection devices.

Directional overcurrent relays (DOCRs) are usually
employed in distribution networks to allow microgrids to
operate properly [3]. This equipment comprises functions
ANSI 51, 50, and 67. Several research works use evolution-
ary algorithms to solve the optimal coordination problem of
protection devices in distribution networks with DGs [3],
(41, [51, [6], [71, [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17]. Overcurrent relays (OCRs) depend on the time
dial setting (TDS) and the pickup current setting [18]. The
linearization of the operating time function is a recurrent
method to improve the resolution process performance [9],
[10], [11], [12], despite simplifying the optimal coordination
problem. Besides, some research works consider different
time-current curves (TCC), expanding the possible solutions
for the optimal coordination problem [12], [13], [14], [15].
Table 1 summarizes the main features in both specialized
literature and the proposed methodology (PM).

Most research works in this area focus on sub-transmission
systems with DOCRs [4], [5], [6], [7], [8],[9], [16], [17], [19].
A few works consider reclosers and fuses simultaneously
into distribution networks with microgrid protection systems
[3]. Another gap in specialized literature is about microgrids’
local protection that guarantees the proper operation during
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short-circuit conditions within microgrids. Protection devices
from distribution networks and points of common coupling
(PCC) must coordinate simultaneously with microgrids’ local
protection. Although the practical application of frequency
relays is common in inverter-based DGs (IBDGs), this tech-
nology is rarely present in literature papers on the optimal
coordination problem, especially in obtaining the coordi-
nation of frequency relays with OCRs. In DGs protection
schemes, most energy utilities recommend frequency relays
and voltage-restrained OCRs, ANSI 81 and 51V. Therefore,
51V relays can be an attractive solution to protect rotating
DGs, while frequency relays protect IBDGs to avoid mis-
coordination regarding their low contribution to short-circuit
currents.

This work proposes, hence, a mathematical model to solve
the optimal coordination problem of protection devices in
distribution networks with microgrids, including renewable
distributed generation and energy storage systems. It consid-
ers the minimization of operating times of reclosers and fuses
present in the distribution network, as well as the microgrid
protection devices. These devices comprise DOCRs present
in the PCC for each microgrid and the frequency relays
or voltage-restrained OCRs installed at the point of DER
connection (PoC).

The coordination of protection devices is a mixed inte-
ger nonlinear combinatorial optimization problem. Most
approaches in the specialized literature solve this problem
using metaheuristics because such a technique generally has
better computational tractability than mixed integer nonlin-
ear programming models, which also have no guarantee of
finding the optimal solution. Some works have proposed a
linearization, but this strategy simplifies the problem and
frequently does not include different time-current curves
or intervals for the pickup current. Among the approaches
using metaheuristics, particle swarm optimization (PSO) and
genetic algorithms (GA) are the most common. However, the
classic PSO is inadequate for problems including discrete and
continuous values, requiring additional procedures to yield
better performance. Thus, this work proposes a specialized
GA with elitism, in addition to variable crossover and muta-
tion processes.

In contrast to other works, this paper addresses the coordi-
nation of traditional protection devices simultaneously with
the protection devices from the PCC and local protections
from the PoC. The proposed technique allows the protection
system coordination for distribution networks with DGs from
different technologies and also considers the islanded opera-
tion of these sources with part of distribution network loads
operating as a microgrid.

The main contribution of this work includes the develop-
ment of a methodology for simultaneous coordination of the
protection system in distribution networks with microgrids’
protection through passive and low-cost protection devices.
The recommendation of distribution companies is followed
by adding the ANSI 81 and 51V devices into the mathemati-
cal formulation of the protection system coordination.
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FIGURE 1. Example systems with different protection setups and fault
location.

Il. COORDINATION PROBLEM FORMULATION

Traditional protection schemes in distribution networks,
Fig. 1 (a), (b), and (c), added with DOCRs, and local micro-
grids’ protection devices (Fig. 1 (d), (e), and (f)) allow the
integration of microgrids and, consequently, guarantee their
proper operation, either in parallel or islanded modes. The
DOCR must protect the PCC of microgrids by identifying
external faults and by acting in both situations, which are
temporary and permanent faults. Likewise, PoC protection
devices are responsible for disconnecting all DERs from
the microgrid during internal fault events, sending a signal
to open the circuit at the PCC to minimize power outage.
In this case, voltage-restrained OCRs are employed for rotat-
ing DGs, while IBDGs use frequency relays because these
technologies provide less contribution for short-circuit cur-
rents than rotating DGs, [20], [21].

The operating times of OCRs are based on IEC 60255-8
[18]. Constants a and C define the curve type (1). During a
fault event, the definite time characteristic, SOTD, trips first in
order to maximize the continuity of energy service mitigating
temporary faults. After a pre-defined sequence of reclosing
shots, the S0TD characteristic is blocked. If necessary, the
relay can trip again using inverse-time current curves for per-
manent faults. Five TCCs are considered as follows: normal
inverse (NI), very inverse (VI), extremely inverse (EI), short-
time inverse (SI), and long-time inverse (LI).

C

(L) -1

Fuses’ behaviour is calculated using linear interpolation
with samples provided by the manufacturer [22].

IIDs are also based on (1) for permanent faults and 50TD
for temporary ones. Moreover, these devices include a direc-
tional unit to allow their operation in only one direction, that
is, for faults external to the microgrid.

The operating times of 51V relays are also based on (1), but
the pick-up current is previously multiplied by the voltage on

! = T™MS 1)
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TABLE 2. Frequency relay response.

Frequency intervals (Hz) Clearing time

Af =35 Instantaneous
25 <Af <35 Ss
1.5 <Af <25 10s

Af <15 Shall not trip

the PoC in pu, as in (2).
C

e
<V5|]le> -1

Frequency relays from microgrids’ PoCs with IBDGs con-
sider the frequency limits defined by IEEE 1547 [23]. The fre-
quency estimation is based on the DG power change between
normal and short-circuit conditions and the system’s inertia.
During a short-circuit event, the power demand suddenly
increases, leading to an increment in the mechanic power due
to the machines’ control response. Since DGs controller tends
to reduce the difference between primary and electric power,
the greatest unbalance occurs at the beginning of the short-
circuit event, i.e., the difference between pre- and post-fault
generated power. In (3), AP is the power unbalance, Hy,
is the system’s inertia, and Af is the frequency deviation
in the time domain, [24], [25]. The frequency deviation rate
performs a similar behaviour, starting with the highest value
and decreasing over time.

AV = TMS )

AP = 21, I 3)
Y dr

Among DERs, wind turbines have a significant amount of
kinetic energy in their blades, which is essential to consider
in the system’s inertia estimation in addition to conventional
machines [25]. Biomass generators can be represented as
dispatchable DG, being considered a conventional machine.
PV units have almost no contribution to the system’s inertia.
The sum of total inertia constants due to conventional and
wind turbines, Hc and Hy, respectively, is shown in (4),
where Nc and Nw are the amounts of each turbine.

Nc Nw
Hys=Hc +Hy =Y Hei+ Y Hwi “
i=1 i=1

Thus, the aforementioned features allow the frequency
estimation and, consequently, the necessary information for
coordinating frequency relays with microgrids’ I1IDs. Oper-
ating times of ANSI 81 relays are time defined and depend
on the frequency deviation level, presenting four conditions,
as described in Table 2.

The proposed protection and control scheme can also
be extended to the coordination and selectivity of protec-
tion devices inside microgrids during the islanded operation
mode. However, this work focuses on the grid-connected
mode assuming the entire distribution network topology. The
protection system properly operates for any fault events in
such conditions.

VOLUME 10, 2022



C. Reiz, J. B. Leite: Optimal Coordination of Protection Devices in Distribution Networks With DERs and MGs

IEEE Access

A. PROTECTION DEVICES PARAMETRIZATION

Several nominal current values are employed for protection
devices parameterization [3]. Fig. 1 (a) shows an example
system with two fuses. The upstream protection device is
defined as the protected device represented by j, while the
closest one to fault is the protective device, represented by k.
Also, the index u is considered in some cases of this section,
representing an upstream protected device concerning j and
k.

The coordination between fuses is ensured using (5), where
the total-clearing (TC) fuse time, tI{kC, is less than or equal to
k%gd_TC times the minimum-melting (MM) fuse time, I%M ,
which depend upon minimum single-phase fault current with
a resistance of 40 €2, 141(?.

mm-1C MM (110 7C (710
kcoord tFj (140@-,/1) z tFk (I4Opk7h ®)

The minimum pickup current of reclosers is set at dif-
ferent intervals for phase and neutral units [3]. Coordina-
tion and selectivity of fuses with reclosers are accomplished
using three distinct faults to ensure the sensitivity within a
well-defined interval for different protection system func-
tions. In coordination, / 41(? determines the lower limit of the
sensitivity region, while a fault with 20 © of impedance,
1210@ , establishes the upper limit. Neutral units use the zero
sequence short-circuit current, indicated in each fault by z.
The selectivity takes into account 141(? and the solid single-
phase fault, 1010. The fault current 1010 is only used in the
selectivity between reclosers and fuses because of higher
short-circuit currents in feeder sections closer to the substa-
tion. This characteristic melts the fuse faster than the mini-
mum recloser’s operating time in the S0TD function for most
available fuses, making coordination impossible.

InFig. 1 (b), the coordination and selectivity between OCR
and fuse are guaranteed by (6) and (7) for functions 50 and 51,
respectively. Note that the protected device in (6) is the fuse,
while in (7), it is the primary protection. Thus, the subscripts
Jj and k exchange their positions in (6) concerning Fig. 1 (b).

The coordination factor of characteristic 50, k%%d ,
depends on the number of reclosing operations. The coordi-
nation time, tcs 01 JJC, ensures a safety margin between devices
operating time [3]. Superscript index, like MM — 50, indicates
firstly the slower protective device or function from the pair.

MM (710 MM—50,50 (710

IFj (I4OF_/—h) 2 Keoora ™ i (140Rk—h) ©
51 (10 7C (710 51-TC

IR (I4ORj—h) = TFk (140Fk—h)  eoond @

The coordination sensibility between distribution network
reclosers is ensured using faults 1*/ and I 41(()‘) for the phase units
and I(}Z@ and [ J(?z for neutral units. In Fig. 1 (c), there is an
example system with two reclosers, Rj and Rk. Coordination
and selectivity are achieved through (8) and (9), where tfgo_rgo
and 2131 are coordination times, respectively.

coord
50 (120 50 (720 50—-50
tRj (IR/'—h> Z IRk (IRk—h> + tcoord ®)
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Ry (11%]'@—0 = (11%/?—/1) Lo ©

DOCRs have a smaller interval for pickup currents than
distribution network reclosers because lower magnitude cur-
rents flow through the PCC branch, depending on the micro-
grid capacity. At the same time, the upper limit must be
small since IBDGs also have a small short-circuit current
contribution during a fault condition [21].

Coordination and selectivity between DOCRs and
reclosers consider fault currents /2 and single-phase fault
currents with 5 © impedance, ISM, for phase units. Neu-
tral units use the zero sequence short-circuit currents I&ZVJ
and 151? . Users can set longer ranges, but the ride-through
requirements must be taken into account. The same faults are
considered for selectivity between 51V relays and DOCRs.

Fig. 1 (d) shows an example system with a microgrid,
MG, between reclosers Rj and Rj + 1. For a fault in Rj
protected feeder section, we assume that Dk must trip faster
than Rj for permanent (10) and temporary faults (11). In Fig. 1
(e), the example system is a microgrid with a fault in the pro-
tection zone of the downstream recloser Rk. During perma-
nent or temporary faults in Rk protected section, Dj must trip
slower than Rk, avoiding unnecessary MG1 disconnection,
as respectively given in (12) and (13). Coordination times

1=D yD=51 50D q 4D —sdo ensure the coordination and

coord ° tcourd ’ tcoord ’ coor

selectivity between such devices.

a2 ) = B )+ LD (10)
R Ul = DRUBe ) + oo (11)
R0 ) = R0 ) + 100 (12)
R ) = B2 + 1% (13)

Fig. 1 (f) shows a microgrid with a fault near the PCC. The
selectivity between 51V relay and IID is ensured using (14)
for a fault outside the microgrid, where fcvo;r[d) is the coordina-
tion time. The index V represents 51V relays acting as local
protection in microgrids’ PoC.

10y () 2 k50 ) + Lo (14)

Frequency relays must trip if the frequency drift surpasses
some intervals established by IEEE 1547, as presented in
Table 2. Each frequency interval has a clearing time limit,
depending on the variation level. For a fault outside the
microgrid, as shown in Fig. 1 (f), the IID should trip first than
the frequency relay (15). Some particular cases require the
instantaneous operation of the frequency relay, making coor-
dination impossible. The proposed method does not perform
the coordination in such cases.

81 20 51 20 -D
tfj (Iﬁ*h) Z Ipk (IDkfk> + coord (15)

B. OBJECTIVE FUNCTION AND CONSTRAINTS

The proposed penalized objective function (POF) in (16) is
based on [26], for reducing the operating times of protection
devices, which is the goal objective, in addition to penalties if
some constraint is exceeded. The first equation block includes
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all operating times, previously multiplied by an « factor to
weight the relevance of this part. Factors 8 and y have the
role of weighting penalties.

From left to right, the first sum refers to the operating
times of reclosers (R), DOCRs (D), and 51V (V) relays (set
represented by r), where N, is the amount of each protective
device, N, = Ngr + Np + Ny. The second sum refers to the
operating times of fuses (F), where NF is the number of this
device. The third and fourth sums refer to penalties whenever
the selectivity and coordination constraints are exceeded. The
first includes the set ¢ related to selectivity between fuses or
pairs with 51 OCR function. The fifth sum includes the set &
that is related to characteristic 50. Functions 50 and 51 have
significant operating time differences, so it is important to
weigh them separately. Parameters N, and N, contain the
total quantity of each pair of protection devices.

N, Np
POF = min |:Ol (Z tyi + Z fFi)
=1 =1
i " i
+8)_(|af —[arf]))
i=1

Ne
+y§:uA¢—wA¢m] 6
i=1

Equations (17)-(22) represent the penalties for the set of
pairs ¢, while (23)-(26) are employed for the set of pairs
€. In that order, protected and protective devices are always
represented by j and k.

At = =l a7
AT = ) — 1~ Lgrd (18)

Arf = kMM — e (19)
AP = 1 — i — tiog (20)
AP =R =iy =100 1)
VY (22)

A = ) = = 2 @)
At 70 = M V00 (24)
A0 = 1) — 6~ Coont (25)
AGP = ) — 15} = ot (26)

C. GENETIC ALGORITHM

The solution technique for the optimal coordination problem
uses a dedicated GA due to its simplicity and easiness in
solving nonlinear combinatorial optimization problems with
low processing time [27]. A set of solutions represents the
population, and those solutions are composed by a set of ele-
ments, representing the genes of each individual. Fig. 2 shows
an example of the solution coding used in the proposed
GA. Thus, the strongest individuals (encoded solutions) sur-
vive during the optimization process by transmitting to their
descendants the best genes through genetic operators such
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FIGURE 2. GA coding employed in the proposed methodology.

as selection, crossover, and mutation. The selection stage
randomly chooses two pairs of individuals from a population
and compares their quality (POF value). The best individual
from each pair goes through the crossover process.

In the crossover stage, genetic material is exchanged
between selected individuals. Genes are randomly mixed,
creating a new pair of individuals that will compose the
new population. The crossover process is variable, randomly
modifying the individual genes [28]. The crossover rate, p.,
can vary according to (27). Such an approach prevents explo-
ration restricted only to local solutions. The number of similar
solutions is represented by SI; in the i-th generation, i.e.,
similar solutions concerning other population individuals, 7.
The adjustment factor ;. defines a minimum crossover rate
to the GA process, while k. is the maximum. Thus, the
crossover process starts at high rates and decreases as the pop-
ulation loses its diversity. Before including the crossover indi-
viduals in the new population, the mutation process begins.

SI;
Pe = krizax - n_l(kgzax - krizin) (27
p

The population mutation rate, p,,, can also vary according
to the same concept, as is given in (27). Unlike the crossover
process, the mutation rate increases as similar individuals in
the population increase. In this case, the factors k), and k)"
exchange their positions and the superscript m is employed,
representing the mutation parameters (28).

(28)

Pm = knn:ax - &(knr;lax - k:nniiz)
p

The elitism technique allows a more efficient exchange of
genetic material between population individuals and is fre-
quently applied in the specialized literature [28]. Therefore,
such a technique is also applied in the proposed methodology.

Fig. 2 shows, from (a) to (j), the genes considered on each
chromosome as a row of numeric values that represent adjust-
ment parameters of protection devices. Constraints of protec-
tion devices’ parameters involve: (29)-(33) for reclosers and
DOCRs; (34)-(35) for fuses; and (29)-(31) and (33) for local
protection of rotating DGs. Maximum and minimum values
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FIGURE 3. Distribution test system.

for constants ks;p, TMS, TCC, t°°7° ks, Ip°™, and Typel
are indicated by over and under bars, respectively.

ksipli < Ip?'P < ksipljps. (29)
TMS < TMS; < TMS 30)
TCC < TCC; < TCC (31)
{S0TD tl_SOTD < 01D (32)

ksin I < Ip?™N < KsinT gy, (33)
em < pem <Tg" (34)

Type” < Type] < Type” (35)

D. SHORT-CIRCUIT ESTIMATION

Power flow results during a short-circuit event are estimated
using Thevenin’s equivalent circuit and the three-phase bus
impedance matrix.

The short-circuit current is calculated by multiplying the
inverse of the equivalent impedance at the faulted bus f by
the pre-fault voltage at the same bus. Such current values
allow updating the post-fault voltage profiles replacing (36)
into (37), where AV; is the voltage variation, Zf; and Z%. are
off-diagonal elements of the bus impedance matrix concern-
ing fault and DG buses, respectively. V;(0) and V;(F) are the
pre- and post-fault voltage.

The short-circuit current Jg also includes the contribution
of rotating DGs, which are represented as voltage sources.
Thus, their contribution to the short-circuit is included by
performing the Kron reduction for each line with DGs’
impedance. On the other hand, IBDGs’ contribution, Jy;, is
considered in the post-fault voltage using (38), where Zflf is
the diagonal element of the bus impedance matrix, Zfi is an
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off-diagonal element of the DG m, and J,, is the pre-fault
current of the same DG, multiplied by a factor A.

AV = l-lfg.]ﬂ +Zz%]ﬂ/ (36)
Vi(F) = Vi(0) + AV (37)
1 n
I = 7 > Zin (O (38)
I m=1

Ill. TESTS AND RESULTS
Fig. 3 shows a 135-bus unbalanced distribution system
employed to evaluate the proposed methodology. This net-
work has 13.8kV and 7.065 MVA [29]. The protection sys-
tem without microgrids consists of four reclosers and eight
fuses. Five microgrids (MG) are then installed in the 135-
bus system, where MG1 and MG2 are supplied by rotating
DGs. MG3 and MG4 are supplied by photovoltaic panels
with energy storage systems, while a full-converter wind DG
supplies MG5 also with energy storage. Microgrids have the
same nominal capacity, and their total power represents 30%
of the total system’s load demand, with a power factor of 0.92.
The proposed method is implemented in C++ general
programming language due to its speed and computational
efficiency. Tests were performed on a personal computer with
Intel(R) Core(TM) i7-7700, 3.60 GHz, and 16GB of RAM.

A. PROTECTION DEVICES PARAMETRIZATION

GA resolution depends on the previous adjustment of factors
o (alpha), B (beta), and y (gamma), where the first one
emphasises the objective function (OF) while the others are
dedicated to the penalties. Thus, these factors must be greater
than « to avoid finding unfeasible solutions.
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FIGURE 4. OF results using different factors’ values.

Several tests were performed to achieve the most suitable
value for each factor. The interval for 8§ and y was defined
as 0-200, and 1-4 for o. However, depending on the values
adopted for these weighting factors, the GA may not find
feasible solutions due to the weight assigned to the penalties.
For g and y as 0-20 and 0-50, respectively, the results are not
constant or asymptotic, and part of them are infeasible. On the
other hand, for intervals of 8 and y as 80-200 and 110-200,
respectively, solutions are feasible, but the objective function
is higher than using intervals shown in Fig. 4. Thus, for 8
and y, the intervals shown in Fig. 4 are 20-80 and 50-110,
respectively. Fig. 4 (a), (b), (c), and (d) consider « equal to
1, 2, 3, and 4, in that order. Fig. 4 (e) overlaps the previous
figures with OF values identified by the temperature map. All
tests consider a population of 1500 and 500 generations.

Results from Fig. 4 (a), (b), (c), and (d) show that the OF
has worse values when 8 is close to or high than y. In fact,
the penalties of instantaneous operating times are multiplied
by y, and such penalty times are generally small compared
with those related to fuses and time overcurrent relays, which
are multiplied by B. Thus, instantaneous operating times
can have more difficulties in reaching feasibility using these
factors. Therefore, better results are achieved when higher y
values are considered concerning f.

Fig. 4 (c) presents better OF results using « = 3 compared
to other cases. Almost all intervals considered for B8 and
y provide good results, excluding the aforementioned cases
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FIGURE 5. GA behaviour during the resolution process: a) Crossover and
mutation behaviour using variable rates; and b) OF behaviour using fixed
and variable mutation and crossover rates.

when B is equal to or higher than y. Fig. 4 (e) shows that
using B and y equal to 60 and 90 provides good results for all
values of «. Therefore, the most suitable values are 3, 60, and
90 for factors «, B, and y, respectively. The best OF result
in the sensibility analysis was achieved using these values.
Similar tests were performed for tunning variable crossover
and mutation rates, generation number, and population size.

The number of generations and the population size are
equal to 500 and 1500, respectively, while maximum and
minimum crossover and mutation rates are 0.9, 0.5, 0.15, and
0.01. Elite solutions represent 1% of the current population.
Such settings are updated every generation.

A graph of crossover and mutation is shown in Fig. 5 (a).
Rates show a mirrored behaviour since the same expression
is used in both variables, changing only the maximum and
minimum values. The crossover rate initially has the same
value as k... The first 150 generations refine several local
solutions in the search space, reducing the crossover rate
slightly. Thereafter, the value changes more often because the
method tries to increase population diversity whenever their
similarity increases. In parallel, the mutation rate starts at k).
and increases, varying in the same proportion as the crossover
rate.

The proposed model is evaluated by performing a second
test with fixed rates of 0.7 and 0.075 for crossover and muta-
tion. Fig. 5 (b) compares the OF progression in both cases,
variable and fixed rates. Before 100 generations, the case
using variable rates presents OF value lower than 100s, while
the case using fixed rates has OF value higher than 250s.
The sum of operating times for the coordination problem
is 69.03s, whereas with fixed rates, the sum of operating
times is 119.84s. OF results show the feasibility of the pro-
posed methodology using variable crossover and mutation
rates.

VOLUME 10, 2022



C. Reiz, J. B. Leite: Optimal Coordination of Protection Devices in Distribution Networks With DERs and MGs

IEEE Access

TABLE 3. Parameters considered in the coordination problem.

TABLE 5. Summary of main parameters of fuses.

Parameter Value Parameter Value Parameter Value
tooord  030s  khorg® 135 5T 0.02s
t30-59  0.02s  kKMM-TC0.75 507D 1.00s
téoorda ~ 030s  Ksip 120 ksiy  0.10

1.30,
t?ggfd 0.02s ksip 150 Ksin 0.30
tob, 0.10s TMS 0.10 pom 1
tSh  010s  TMS 200  pm 8
tb-s1 0.10s TCC 1 Typef 1K)
tovord 0.02s TCC 3 TypeF 2(T)

TABLE 4. Summary of main parameters of reclosers.

Protected 51 50TD
Relay I, (4) TMS TCC device At t
RI(P) 227.14 0388 NI RZFleF2 0007 0.160
R2(P) 147.19 0330 NI R3’FF35’F4" 0010 0.120
R3(P) 7648 0257 NI R4, F6cF7 0001  0.080
R4(P) 1561 0973  SI F8 - 0040
RI(N) 3216 0473 LI R2,FleF2 0000 0.161
R2(N) 2854 038 LI R3’FF35’F4" 0002 0.120
R3(N) 987 0718 LI R4 F6cF7 0000 0.080
R4(N) 324 0789 LI F8 - 0.040

B. PROTECTION DEVICES COORDINATION

Coordination intervals and other parameters for the coordina-
tion problem are shown in Table 3 [3]. For reclosers’ phase
units, the upper limit ks p is set to 1.5, while for other relays,
such a limit is set to 1.3. Operating times of ANSI 81 relays
are time defined and depend on the frequency deviation level,
presenting four conditions, as described in Table 2. Such con-
ditions allow a faster relay trip than IEEE 1547 standard [23].
For 51V relays, if the voltage is outside the range between
0.25 and 1 pu the voltage in the multiplication is fixed at the
nearest upper or lower limit.

The main parameters of distribution network reclosers are
shown in Table 4. LI and NI TCCs are a preferred choice
for distribution network reclosers because two faults are
considered in the model, getting lower operating times for
both points in these TCCs. Operating times in 50TD charac-
teristic for R4 are near the minimum limit imposed by (32).
However, these operating times cannot be the minimum value
since R4 needs to be coordinated with DOCRs D4 and D5 of
MG4 and MGS, respectively, not exceeding the coordination
time 20D,

coord

Table 5 shows the main parameters of fuses. Type 40K is
the preferred choice, except for F7 and F8, which are of type
25K because these sections have minor short-circuit currents.
Fuses of type 25T are also a feasible solution for fuses F1
to F4, despite increasing operating times. The behaviour of
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Fuse IF°™ Typef AtS1=F(P)AtS1-F(IN)AtF=30(P)ALF—5O(N)

F1 40 K 0.928 0.699 0.888 0.066
F2 40 K 0.937 0.717 0.695 0.042
F3 40 K 0.596 0.409 0.845 0.105
F4 40 K 0.615 0.453 0.872 0.111
F5 40 K 0.630 0.489 0.716 0.095
F6 40 K 0.309 0.214 0.773 0.151
F7 25 K 0.322 0.239 0.285 0.006
F8 25 K 0.025 0.000 0.374 0.077

TABLE 6. Summary of main parameters of DOCRs.

Relay I,(A) TMS TCC Pair At50~D AtD-51 507D

D1 (P) 3.272 0.143 LI  RI-D1 0.0000 0.0098 0.1404
D2 (P) 3.896 0.698 VI R2-D2 0.0000 0.0034 0.1002

D3 (P) 8.773 0.074 SI  R3-D3 0.0001 0.0080 0.0602
D4 (P) 2.675 0.051 SI  R4-D4 0.0001 - 0.0200
D5 (P) 5.982 0.054 SI  R4-D5 0.0001 - 0.0200
DI (N) 0.855 0.972 NI RI-D1 0.0000 0.5199 0.1404
D2 (N) 0.731 0.868 LI R2-D2 0.0000 0.0031 0.1003
D3 (N) 1.043 0.279 SI  R3-D3 0.0001 0.0021 0.0603
D4 (N) 0.315 0.055 SI  R4-D4 0.0001 - 0.0201
D5 (N) 0.692 0.063 SI  R4-D5 0.0001 - 0.0200
TABLE 7. Summary of main parameters 51V relays.
Relay I, (4) TMS TCC Pair AtV-D
V1 (P) 19.641 0.550 VI DI-V1 0.003
V2 (P) 19.728 0.644 EI D2-V2 0.019
VI (N) 4.824 0.993 NI DI-V1 0.009
V2 (N) 3.658 0.853 LI D2-V2 0.006

fuses 25T and 40K are very similar. However, fuses 40K have
slightly shorter operating times, leading the GA-based solver
to choose 40K fuses.

Table 6 shows the main parameters of DOCRs. Operating
times of DOCRs D4 and D5 in 50TD have the minimum
value allowed by (32), except for D4 neutral unit. Hence, it is
not optimal since the OF can still be improved. Nevertheless,
it is a solution of excellent quality because most DOCRs
units have the best time allowed by constraints. Moreover,
the unit with the longest time has only a difference of 0.0001s
concerning the optimal setup. Other PCC relays have higher
times, mainly due to coordination restrictions with down-
stream reclosers.

Table 7 shows the main coordination features of 51V local
protections. Coordination times of 51V relays are near the
limits imposed by constraint (21), indicating the high quality
of the obtained solution. Since the solution does not exceed
the model’s restrictions, the parameters presented provide
selectivity with the distribution network protections, tripping
only in case of faults internal to the microgrid.

Fig. 6 shows the coordination and selectivity between D1
with relays R1(50) and R2(50/51). Magenta dashed areas
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FIGURE 6. Coordination and selectivity of D1 with R1(50) and R2(50/51).
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FIGURE 8. Coordination and selectivity of pairs D1-V1 and D4-f2.

show the coordination range between D1 and R2 with limits
defined by 7?” and I ¥ for phase units, while neutral units
consider Iézg and 151Z , in that order. During a short-circuit
event in R2 protective area, R2 trips first than other devices in
temporary and permanent faults. For a temporary fault in R1
protective area, D1 trips first than R1 to allow a safe 50TD
operation. Coordination and selectivity between R1 and R2
are also shown in Fig. 6. Currents measured by reclosers R1
and R2 in the minimum range are highlighted with A and B,
respectively.

Fig. 7 shows the coordination and selectivity between relay
R4 with fuse F8. The black dashed line represents the TC
fuse curve plus 0.2s of coordination time to ensure a proper
operation. The red dashed area shows the coordination range
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between R1 and F8 in 50TD characteristic. The coordination
range of characteristic 51 is wider, with a minimum limit
defined by a single-phase fault with impedances of 40 2 and
0 2 for phase and neutral units, respectively. A and B high-
light the minimum and maximum current values measured by
the recloser for the same coordination range, in that order.
Fig. 8 shows the selectivity between D1 and V1 and
between D4 and f2. For selectivity between D1 and V1,
although the curves in the phase unit seem distant, the multi-
plication of the DG voltage in the pickup current makes the
trip time between them very close, as shown in the coordina-
tion times of Table 7. For selectivity between D4 and f2, the
maximum frequency variation for the coordination range is
3.42 Hz. Thus, relay 2 can trip in 5s for I??. The frequency
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TABLE 8. Operating times for a single-phase fault at bus 95.

Operating times (s)

Relay Permanent fault Temporary fault
P N P N
R3 0.659 0.834 0.080 0.080
D3 0.154 0.553 0.060 0.060
D4 0.034 0.037 0.020 0.020
D5 0.068 0.074 0.020 0.020
f1 Af = 0.985Hz (Shall not trip)
2 Af = 1.051Hz (Shall not trip)
3 Af = 1.053Hz (Shall not trip)

shift will be greater for a fault inside the microgrid, then {2
will trip in the instantaneous mode.

Fig. 8 shows the selectivity between D1 and V1 and
between D4 and f2. For selectivity between D1 and V1,
although the curves in the phase unit seem distant, the multi-
plication of the DG voltage in the pickup current makes the
trip time between them very close, as shown in coordination
times of Table 7. For selectivity between D4 and f2, the
maximum frequency variation for the coordination range is
3.42 Hz. Thus, relay f2 can trip in 5s for I?. The frequency
shift will be greater for a fault inside the microgrid, then {2
will trip in instantaneous mode.

A fault current 151@ at bus 95 is considered to exemplify and
evaluate the proposed solution. Table 8 shows the operating
times for temporary and permanent faults. During a tempo-
rary fault, D3, D4, and D5 trip on the 50TD characteristic
first than R3, allowing the recloser to de-energize the section
and eliminate the fault. At the same time, frequency relays
shall not trip to avoid miscoordination.

During a permanent fault, neutral units of D3, D4, and D5
trip, changing the microgrids’ status to islanded operation
before the recloser trip. Posteriorly, R3 in 51(P) characteristic
trip and isolate the faulty zone, ensuring the safety of distribu-
tion network devices and minimizing the energy not supplied.
Thus, during the repair time, customers upstream R3 and
inside MG3, MG4, and MG5 remain energized, improving
reliability indices. Therefore, the proposed solution allows
the proper operation of microgrids in distribution networks.

IV. CONCLUSION

This paper proposes a mathematical model to solve the
optimal coordination problem of protection devices in dis-
tribution networks with microgrids, including renewable
distributed generation and energy storage systems.

The proposed methodology provides good results since the
operating times of protection devices have values close to
limits imposed by the constraints, despite the optimal solu-
tion not being guaranteed. Nevertheless, the quality and pro-
cessing speed (143 seconds) are attractive, providing quick
information for decision-making in planning projects. The
achieved coordination and selectivity to all protection devices
considered in the study case are feasible, providing low oper-
ating times. DOCRs and local protections ensure the safe
operation of microgrids.
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Microgrids usually include many protection devices,
despite these protection devices being redundant. Both the
PCC and the PoC have a single protection device in the pro-
posed methodology. A future proposal should include redun-
dant protection devices to reinforce the microgrid reliability
in parallel and islanded operation modes.

The proposed methodology allows a proper operation
of microgrids in the distribution system, maximizing the
benefits provided by this technology. Moreover, microgrids
improve the quality and continuity of the electricity supply
service, encouraging the evolution of distribution systems due
to their influence on the expansion planning and distribution
network operation. The results obtained by the proposed
methodology raise expectations about this scenario.
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