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ABSTRACT Distribution networks are usually protected by directional overcurrent relays (DOCRs).
Besides, autoreclosers and fuses can be used for protecting lateral feeders to minimize power cuts. Coordi-
nated operation of protection device must be maintained to ensure optimal fault isolation. Typically, steady-
state fault current and static protective device characteristics are used to determine optimal settings of devices
such that coordinated operation is verified. Sine fault current is not a steady signal and protection devices
have dynamic behaviors, the conventionally-determined settings of devices can lead to loss of coordination
jeopardizing system reliability. In this paper, a two-layer protection scheme is proposed for a distribution
network with distributed generators (DGs). The first layer has DOCRs to protect main feeders. The second
has autoreclosers and fuses to protect lateral feeders. Optimal settings of devices are determined to achieve
both local-layer and inter-layer coordination of devices by constrained nonlinear optimization. Full dynamic
models of every component and transient data of fault current are considered. Furthermore, to sustain
coordination under DGs, a hybrid superconducting fault current limiter (HSFCL) with high temperature
superconducting resistive element is connected in series to each DG. Dynamic modeling-based HSFCL
cost minimization is searched by multi-objective optimization. The approach is applied to two distribution

networks and simulation results are analyzed.

INDEX TERMS Overcurrent relay, fuse- recloser, transient, fault current limiter.

I. INTRODUCTION

Power distribution system is protected against abnormal
events and faults that expose the system to severe high cur-
rent [1]. The most common protective devices used in dis-
tribution system are overcurrent relays [2], [3]. Appropriate
coordination between overcurrent relays should be main-
tained to guarantee simple, reliable, fast, and secure protec-
tion system [4]. Meanwhile, fuse-recloser combinations are
widely employed protective arrangements when the rate of
fault occurrence is high in lateral feeders [5]. During tem-
porary faults, the recloser operates in fast-mode to clear the
fault and recloses again after a preset time to prevent power
cuts. The fuses do not operate in this case. But, if the faultis a
permanent one, the fuse is melt after some interval to clear the
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fault. Then, the recloser slow-mode acts as backup protection
for the fuse [6], [7]. So, a proper fuse-recloser coordination
should be set to guarantee a reliable operation for the network
and save the unnecessary fuse melting [6]—[8].

DG penetration in distribution system improves the relia-
bility of the system, reduces voltage sag, and enhances the
economics of the system [8]. Nonetheless, it can disturb pro-
tection system as current flow is no longer unidirectional and
fault current magnitude changes. This can lead to undesired
miscoordination between protection devices [7], [9]. Size,
location, and type of DG, define its effect on the network
protective scheme [10], [11].

Coordination between directional overcurrent relays
(DOCREs) is obtained by selecting a pickup current (Ipickup),
and a time dial setting (TDS) for each relay. The DOCR
settings must ensure that a backup relay cannot work before
a preset time interval from the supposed operation instant
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of the main relay for any fault. In this way, a fault is
isolated with minimal amount of load power cuts. Several
techniques were developed to solve the coordination problem
such as curve fitting, graph theory, and optimization. Because
there are many constraints in the problem, optimization
is considered an effective method to find the settings of
DOCRs [12]. Many optimization techniques are employed in
the DOCR coordination problem [12]-[15]. In [13], mixed-
integer linear programming is introduced to fit taking TDS
as a discrete variable. Further, coordination problem related
to fuse-recloser combination is studied in several papers.
In [15], a two-stage technique is presented to assess the
impact of DG penetration on the fuse-recloser combination.
Firstly, the optimal locations of DGs are searched. Secondly,
optimal recloser setting is determined to minimize the loss in
coordination. Moreover, a microprocessor-based recloser is
suggested for fuse saving at fault condition in [16].

Nowadays, fault current limiter (FCL) is viewed as a com-
mon solution for DG penetration drawbacks. Among many
FCL technologies, magnetic, solid-state, and superconduct-
ing FCLs are usually utilized [17]. Authors in [18] and [19]
used superconducting FCLs to overcome the impact of DGs
penetration. Hence, the coordination of fuse-recloser com-
binations is restored by minimizing the DGs share in fault
current. In [20] and [21], the DGs-related miscoordination
between DOCRs is adjusted by connecting a FCL in series
to each DG.

In most of published research like [13], [14], and [22],
optimal coordination between protective devices consider
only steady-state fault current. So, the operating time of each
protection device is calculated by substituting the steady-state
fault current value in a static current-time characteristics
equation. This leads to approximated results and there-
fore inaccurate settings for relays. In practice, fault current
has a dynamic transient behavior for a considerable time
period before coming to a steady state. Thus, the transient
behavior of fault current and FCL is studied in quite few
works [23], [24]. The authors used the dynamic models to find
the optimal settings of the relays to assure coordinated oper-
ation. However, the TDS only is optimized in [23] and [24].
The Ipickup setting is not optimized in the coordination algo-
rithm that seriously degrades the quality of relay setting
results.

FCL is proved to be an effective common solution to
protection miscoordination problem caused by integration of
various types of DG. Actually, FCL reduces the fault currents
to levels close to the levels encountered before adding DGs.
However, inappropriate small size of FCL will be insufficient
to maintain coordination. Over-sized large FCL will unneces-
sarily enlarge the system cost. So, optimal sizes of FCLs must
be identified [12]. Normally, most researchers do neglect the
fault current transients and FCL dynamic behavior on setting
protection devices and finding the optimal size of FCL. They
replace the transient analysis by steady-state analysis which
can lead to impractical decisions. For example, in [25], [26],
the authors search for determining the optimal settings of
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DOCRs. But, they used the steady-state fault current to cal-
culate the time of operation of each relay. They also use
the steady-state characteristics curves for overcurrent relays
instead of using its dynamic models. Moreover, DG transient
behavior due to fault is not considered. DG model affects
transient behavior of fault current and in turn the coordi-
nation of protective devices. So, the presumably optimal
Ipickup and TDS settings reached with such simplifications
caused relay miscoordination for some fault cases in the
real-world system. Besides, in [12], [25], FCLs are used to
mitigate the effect of DGs on the distribution system. But,
FCL dynamic characteristics such as switching effect and
performance delay time are not included. Discarding these
dynamics leads to improper sizing of FCLs [27]. Also, fault
currents may trip the circuit by relays prior to FCL operation.
On the other side, fuse-recloser combination was realized to
protect the distribution network in [27], [28]. Coordination
between fuse and recloser under DGs is investigated.

However, in a real network, there can be different types
of protection devices such as DOCRs and fuse-recloser com-
binations for protecting different zones in a wide distribu-
tion network. For this case, coordination between DOCRs,
between fuse and recloser, between DOCR and recloser, and
between fuses must be verified. In fact, protection coordi-
nation and maintenance of multi-layer protection system in
DG-integrated networks is not searched in literature. Mod-
eling, analysis tools, and solutions are yet unreported. For
this reason, a new approach is proposed herein to coordinate
operation of devices in a two-layer protection system for an
active distribution system. Meanwhile, to get a robust and
sustained coordination, dynamic behavior of all components
is considered. In general, the previous works addressing the
usage of FCLs to mitigate the impact of DGs on protection
system has serious drawbacks as follows

1. They deal only with the relay-relay coordination or
the recloser-fuse coordination. This lacks generality
and practicality as the power system can have different
types of protection devices and coordination between
all devices should be sustained.

2. Calculation of operating times of protection devices use
steady-state fault current and static characteristics of
devices. This can lead to improper coordination and
unreliable operation.

3. Dynamic models of DGs are neglected. Simplified
static DG model is assumed.

4. Either synchronous or inverter-based DG is included.

5. Transient behavior of FCL is discarded.

In this paper, an effective two-layer protection system is
proposed for a DGs-integrated distribution network. The first
layer use DOCRs to protect the main feeders. The second
layer uses fuse-recloser combinations to protect lateral feed-
ers where higher rate of faults is expected. This structure of
the protection system can lower the amount of tripped load
and improves system resiliency. Basic optimal current and
time settings are determined to minimize the protection sys-
tem operation time and assure proper coordination between
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main and backup devices. To better represent the practical
operation of power system and enhance the protection system
robustness, dynamic models of system components and DGs
are used. Also, transient characteristics of fault currents are
considered. To avoid the need for protection system resetting
due to integration of a DG, FCLs are connected in series to
the protection-disturbing DGs. An approach is proposed for
optimal sizing of FCLs considering the dynamic behavior of
all system components. This enables to obtain more accurate
figures about the FCLs cost and ensure sustained coordina-
tion between protective devices in the two layers.
The contributions of this paper are:

1. A new two-layer design of the distribution network
protection system is proposed. It improves the power
network reliability, and minimizes power cuts.

2. The optimal device setting problem of this new pro-
tection system structure with four simultaneous coor-
dination problem; DOCR-DOCR; DOCR-recloser;
recloser-fuse; and fuse-fuse is studied for the first time.

3. Actual time-varying fault current signals are used
instead of the steady-state rms values. Hence,
the dynamic models of network elements, DGs,
DOCRs, reclosers, and FCLs are integrated.

4. Hybrid superconducting FCLs are deployed to sustain
protection coordination under integration of DGs. Opti-
mal FCLs sizes are determined considering transient
behavior of both fault current and FCL.

5. Impacts of both synchronous and inverter-based wind-
turbine DGs are analyzed.

After this introduction, dynamic and static models of
system components are described in Section II. Then,
the proposed protection coordination method is analyzed in
Section III. Next, the usage and sizing of FCLs for coordi-
nation maintenance is discussed in Section IV. Description
and data of two case study systems come in Section V. Per-
formance results are presented in Section VI. Finally, main
conclusions are given in Section VIIL.

Il. MODELS OF SYSTEM COMPONENTS
In this section, dynamic and static models of overcurrent
relay, distributed generation, and FCL are presented.

A. DYNAMIC MODELS

1) OVERCURRENT RELAY

A dynamic model of DOCR is provided in IEEE standard
C37.112-1996 as follows [29]:

1=
B TDS t=0 f(Isc)

S dt=1 (1)

For normal operation, the reset time f(Is) is defined as:

@)
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For fault condition, the trip time f(I ) is defined as:

A
f(Isc) =———+8B (3)

where, Iy is the fault current, I, is the pickup current. t, A, B,
and p are constants that define the inverse type of overcurrent
relay. For the chosen moderately inverse overcurrent relay
characteristics, A is 0.0515, B is 0.114, and p is 0.02 [29].
The dynamic behavior of the relay depends on the ratio of
fault current related to pickup current. ty is the relay operation
time.

2) DG MODEL

AC fault current produced by a DG of synchronous generator
type has three states named as sub transient, transient, and
steady-state [28]. Also, it has a DC component. So, the fault
current is expressed as [23]:

Luc(t) = ﬁEg (% _ i) e<_T{}'>

¢ Xa
+ (X%’l — X%;) g(_ﬁ) + <Xid> sin (wt + «)
4)
E L
Ipc (t) = \/—gz [(%4—%) e( Ta)i| cos (o) (@)
d q

Fig. 1 reveals the dynamic model of the wind-driven DG
with doubly fed induction generator (DFIG). The model
details are explained in [38]. The model parameters are given
in Table 1.
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FIGURE 1. Model of wind-driven DFIG.
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TABLE 1. Parameters OF DFIG model.

Parameter Value
Cutoff frequency for the low pass filter 300 [Hz]
Main filter capacitance 300 [uF]
Damping branch capacitance 350 [uF]
Damping branch inductance 621 [uH]
Filter’s damping resistance 1.332[ohm]
Voltage on the AC side of the grid-side 0.69 [kV]
converter

Base DC voltage of DC bus 1.45 [kV]
Maximum current allowed in converter 1.2 [pu]
compared to nominal current at nominal voltage

VSC reactor for grid-side Converter 192 [uH]
Maximum current allowed in converter 1.2 [pu]

compared to nominal current at nominal voltage

Fault current produced by a wind-driven DG with doubly-
fed induction generator (DFIG) is expressed as [38]:

=v|(L -1 e<_TZ’)
- N X//

d

() ()

Vs 1 1
X cos (wt — ) — > |:<—,, + —) cos(w)

+ 1 cos(wt — a) e<_%“) (6)
X, X,

q

where, X, X;', X;” is the d-axis synchronous, transient,
and sub-transient reactance; X,” is the g-axis sub-transient
reactance; T,;', T;” are the transient and sub-transient time
constants; Ty is the armature time constant, E, is the internal
voltage of the generator, Vj is stator voltage, « is the phase
angle of the short circuit current at fault instant.

3) FCL MODEL

In this paper, FCL is applied as a solution to mitigate the
negative impact of DGs. Specifically, hybrid superconducting
fault current limiter (HSFCL) with high temperature super-
conducting (HTSC) element is used [30]. HSFCL consists of
the current limiting element, fast switch, and HTSC element
as shown in Fig. 2. The fast switch consists of short bar (SB)
switch, vacuum interrupter (VI), driving coil, and electromag-
netic (EM) repulsion plate. The current limiting part contains
the breaking switch and the current limiting resistance (CLR).
In normal operation, the repulsion plate VI and breaking
switch are closed while SB is open. During fault, SB closes
through a control circuit as the bypassed quench current flows
into the driving coil from the HTSC element when the current
exceeds a setting value. To keep the current flowing in the
driving coil until it reaches a pre-set value, VI stays in a
close position. Then, the repulsion plate VI and the breaking
switch open, which leads to the fault current limiting by the
CLR element. The SFCL dynamic model is mathematically
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FIGURE 2. Main components of HSFCL.

expressed as follows [35]:

t—10\7?
Rsrcr (1) = Ry, [l—exp( Tr )] t0<t<tl (7)
Rsper (1) = a(t —t1)+ R, tl <t <12 8)
RspeL (1) = b(t —12) + R,1 1 > 12 )

Equation (7) shows the resistance value change of the
HTSC element when the quench happens. Equations (8)
and (9) show the recovery resistance of the HTSC ele-
ment. The HTSC recovers again to its superconducting phase
through two stages. Firstly, it recovers slowly for certain
milliseconds and after that in the second stage it recovers
quickly to superconducting state [35].

Where in (7)-(9), Ry, Tf and t0 are the convergence resis-
tance, time constant and quench starting time, respectively.
R;, a, tl are the recovery starting resistance, the initial
recovery slope and the recovery starting time, respectively.
R;1, b, and t2 are the second stage recovery starting resis-
tance, the recovery slope and the recovery starting time,
respectively.

B. STATIC CHARACTERISTICS
1) CHARACTERISTICS OF DOCR
The characteristics of the DOCR are described as [12]:

4= TDS(— 2 1+ B) with M=% (10
L= ; wi = —
1 1 MIC . 1 1 Ipl
A ) IfA’.
tii = TDSj,i(m +B) with Mj; = % (11)
i~ pi

where, t; is the operating time of the i DOCR regarding to
fault ati, t;; is the operating time of the j" DOCR regarding to
fault at i, TDS; is the time dial setting of relay i, TDS;; is the
time dial setting of relay j, Iy is the short circuit current seen
by relay i, If;; is the short circuit current seen by relay j for
fault at relay i, and A, B, C are constants that define the relay
characteristics. For the moderately inverse overcurrent relay
characteristics, A = 0.0515, B = 0.114, and C = 0.02 [26].
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2) FUSE-RECLOSER COMBINATION
Fuse-recloser combination is a common strategy to protect
distribution systems. Recloser has a fast mode that operates
during temporary faults to clear this kind of fault before the
fuse is melt. Otherwise, if the fault is permanent, the fuse
isolates the fault. Recloser has a slow mode that would work
as backup protection for the fuse when it fails to clear the
fault.

Mathematically, the characteristics of the recloser are [13]:

lir = TDSir(I—Cr + By) (12)
(Pcf%,) —1
PCS; = OLF x Ilmax (13)

where, for the i recloser, t;; is the operating time; TDS;; is
the time dial setting; Ig; is the short circuit current seen by
the recloser. The constants A, By, C; define the recloser type.
OLF is the overload factor, and Ilmax is the maximum value
of the load current passing through the recloser.

Also, characteristics of a fuse are expressed as [13]:

log(t) = alog(l) +b (14)

where, t and I are the associated operating time and current.
The coefficients a and b depend on fuse type.

Ill. PROPOSED PROTECTION COORDINATION METHOD
The actual transient fault current must be used instead of
the steady-state rms fault current to estimate the true oper-
ating time of relays as discussed in [24]. Therefore, fault
current should be time-sampled to represent the fault current
dynamics.

A. DETERMINATION OF RELAY OPERATING TIME

The proposed method is based on dividing the time-varying
fault current magnitude signal into a number of segments
(h) as shown in Fig. 3. The average value of fault current
in these segments are /1,12, ...., and Ih, respectively. The
operating time of each relay can be calculated as follows [24]:

n dr f2 dr
/, M; x TDS + :, My TDS

0
+ +/Zx §__, (15)
iy Mp*TDS

A
Mj=—"—+8B (16)

/ I p -1
I pickup

where, [; is the average fault current magnitude in the
jh segment as shown in Fig. 3.
Equation (15) is rewritten as:

th—ty H—1 Ix — Iy

-1
---4+ —— =TDS 17
M; M, + + My, an
The operating time of the relay () is got from (17) as:

h—1 M;, M;, M,
ty = My, * TDS+Zi=1 t; (MH_I — E)-l— fo (M—l) (18)

VOLUME 9, 2021

to is the fault detection time. Denoting the second and third
terms in the R. H. S. of (18) by b, the operating time of
the main relay (tp,) and of the backup relay (t,) are obtained
as [24]:

tm = Mnm * TDSy, + by 19)
ty = Mpp * TDSy, + by (20)

to t1 2 ... tha th t

FIGURE 3. Fault current magnitude signal sectionalized.

B. OPTIMAL SETTING PROBLEM

The two-layer protection system of the distribution network
has DOCREs in the first layer for protecting the system against
faults on the main feeders. It also has fuse-recloser combina-
tions in the second layer to protect the system against faults on
lateral feeders. The DOCRs work also as backup protection to
the fuse-recloser combinations. Proper coordination between
the DOCRs, between the recloser and fuses, between a fuse
and another fuse, and between the DOCRs and the reclosers
must be designed to ensure fast and reliable operation of
the system. Coordination of protective devices is achieved
by selecting the optimal settings of each. The coordination
problem is formulated as a constrained nonlinear optimiza-
tion problem. The objective is to find the minimum sum
of operating times of all protective devices to provide fast
clearance of faults. So, the objective function (F) is proposed
as follows:

) H 0 M
min F = Zi:l toc,i + Zg=1 Zn:l (th,fm,n
Ly
+iRgsma + ) trak)  (21)

The fuse and recloser (second layer) coordination con-
straints are [28]:

MRCTI
IF . nk — IR fm,n > 5 (22)
tF nk+1) — tF.ak > MFCTI (23)
MRCTI
IR smn — IF nk > 3 (24)
IR smn — IR fm,n > MRCTI (25)

The relay-recloser (two-layer interface) coordination con-
straint is:

toC n,backup — IR,sm,n > MRCTI (26)
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The relay-relay (first layer) coordination constraints
are [12]:

toC backup — 10C,main > CTI (27)

Setting parameter limit constraints are [12], [28]:

TDS pin < TDSfy < TDSmax (28)
TDSmin < TDSgn < TDSmax (29)
TDS in < TDSoci < TDSmax (30)
Ip, min < Ipi < Ip,max (31)
ak, min < @k =< Ak max (32)
bk, min < bk < bx max (33)

where toc,; is the i DOCR operating time; H is the total
number of DOCRS; gy fin and tgp g, are the operating time
for the fast and slow modes of the g recloser, respec-
tively. Q is the total number of reclosers. tr , is the oper-
ating time of the k™ fuse for a fault at node n. M is the
number of nodes protected by the g™ recloser. L, is the
number of fuses between the fault point (n) and a recloser.
MRCTI, MFCTI, and CTI are the minimum coordination
time interval for the recloser, fuse, and DOCR, respectively.
TDS 1in, TDS j0x are the minimum and maximum time dial
setting, respectively. TDS¢, and TDSgpy, are the recloser fast
and slow mode values for TDS. I, min and Ip uqx are the
minimum and maximum pickup current setting, respectively,
A min,> Ak, min» Ok max» Dk max are the minimum and maximum
values for fuse characteristics coefficients.

IV. RESTORING PROTECTION COORDINATION BY FCLS
Integration of DGs changes fault current substantially. So,
they can cause miscoordination of earlier-set protection
devices [12], [18]. FCLs are suggested in literature as an
efficient solution to maintain protection coordination under
DGs [18], [19]. FCLs can be inserted in any branch in the
system but connected in series to each DG is proved to
be the most practical [35]. Nonetheless, their optimal sizes,
series impedance values, must be determined. Neglecting the
dynamics of system components and fault transients, a multi-
objective optimization-based method is presented in [12] to
optimally size the FCLs. Multi-objective particle swarm opti-
mization (MOPSO) technique is employed to solve the opti-
mization problem and find the optimal FCL impedance [36].
However, there can still some miscoordinated devices after
the use of FCLs because system dynamics are neglected
on determining the FCL size. So, the FCLs sized by [12]
cannot be adequate to restore full coordination of devices
considering actual system dynamics.

To identify the adequate size of the HSFCLs CLR resis-
tance vector (R), a technique is proposed in this work as
follows:

1. Neglecting system dynamics, use the method reported
in [12] to find the preliminary optimal HSFCLs resis-
tance vector (Rs).

2. Use Rs as an initial value for R.
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3. Construct the dynamic model of the network, DGs and
HSFCLs in PSCAD.

4. Apply R to the system model.

5. Run the dynamic system model to get the time-domain
current signals for three-phase local fault seen by each
protective device. Save the fault current signals in a
matrix (IF).

6. Transfer (IF) to Matlab environment where the protec-
tion coordination algorithm discussed in Section 3 is
coded.

7. Compute the operating times of each main and
backup device. Then, check all coordination constraints
in (22)-(33).

8. If any miscoordination exists, increase R by 5

9. Save results.

Fig. 4 demonstrates a schematic diagram for the dynamic

HSFCL sizing technique.

V. CASE STUDY SYSTEMS

Traditionally, fault current is obtained as a single-valued
phasor having a magnitude and a phase angle. Typically,
fault current calculation algorithm uses the network line
impedance matrix and the pre-fault bus voltage phasor to
compute the fault current phasor. Actually, the fault current
is a dynamic signal that has a considerable non-sinusoidal
transient behavior before reaching an approximate steady-
state pattern, as in (4) and (5). These transients can be notable
for about 0.2 s from fault instant [24]. So, neglecting the fault
current transients and considering only the steady-state rms
value of fault current in setting the protective devices may
lead to mal-operation and protection miscoordination [25].
Moreover, in time-domain simulation studies, to get accurate

Find the optimal FCLs resistance vector
(Rs) without dynamics [12]
v

A 4

| Use Rs as an initial value for R |

2
| Apply R to the system model |

increase
R by 5%

Run the dynamic system model in
PSCAD to get current signals seen by
each device & Save the fault current
signals in a matrix (IF)

Transfer (IF) to Matlab environment where the
protection coordination algorithm is coded

¥

Run the coordination algorithm and check all

coordination constraints

Any miscoordination exists?

No

FIGURE 4. Flowchart for FCLs sizing with dynamic limiter model.
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fault current signals, the time-domain dynamic models of
network branches, synchronous generators, DGs, and FCL
must be integrated. The whole network is time-domain simu-
lated under fault, using a time-domain simulator like PSCAD,
to obtain the fault current signal. To cater a time-varying fault
current signal, a protective device must have a dynamic model
that can interact with the time variation of the fault current
signal instead of the conventional phasor-based models [29].

The proposed approach is applied to two test systems. The
first is the IEEE 33-bus radial system as a typical distribution
system [31]. The second is the 33kV distribution part of
the IEEE 30-bus meshed systems with detailed data in [32].
As shown in Fig. 5, the IEEE 33-bus system is protected by
17 DOCRs (R1-R17) that represent the first protection layer
assigned to protect the main lines. There are also 3 reclosers,
and 12 fuses that form the second protection layer hired
to protect the lateral feeders. It includes the lateral feeder
leaving bus 2 that is protected by recloser Rcl and 3 fuses
(F1 to F3); the lateral feeder leaving bus 3 that is protected
by recloser Rc2 and 2 fuses (F4, F5); and the lateral feeder
leaving bus 6 that is protected by recloser Rc3 and 7 fuses
(F6 to F12).

The studied part of the IEEE 30-bus system is revealed in
Fig. 6. It is protected by 29 DOCRs (R1-R29) in the first
layer and 6 fuses (F1-F6) with 3 reclosers (Rc16, Rc17 and
Rc30) in the second layer. The fuses F1, F2 are located on the
lateral feeder supplying loads at bus 16. These fuses must be
coordinated with recloser Rc16. The fuses F3, F4 are located
on the lateral feeder supplying loads at bus 17. These fuses
must be coordinated with recloser Rc17. The fuses F5, F6 are
located on the lateral feeder supplying loads at bus 30. These
fuses must be coordinated with recloser Rc30. The dynamic
models of both systems in Figs. 5 and 6 are implemented
in PSCAD/EMTDC. Besides, the protection devices setting
problem formulated in subsection III.B is coded in Matlab.
One m-file is made for the case when realistic dynamic
models of protective devices are used. Another m-file is
prepared for the case when approximate static models are
used. Particle swarm optimization (PSO) is used to solve the
optimization problem [33]. First, local fault current seen by

19 20 21 22

1 1
Ri

18

SOURCE

@Layerl: DOCRs (all relays)

@Layer2: Reclosers and fuses

@Green shapes: Interface
FIGURE 5. IEEE 33 bus system.
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—-e-=-- 1*'|ayer: DOCRs (R1-R29) .
L layer: Recloser & fuses
————————— Interface S

FIGURE 6. Part of IEEE 30-bus meshed system.

every protective device is simulated in PSCAD. It is obtained
as a sampled time-domain string and saved as a row in a
matrix called (MI). Meanwhile, the sampled time-domain
fault current(s) seen by its backup device(s) is obtained and
saved as row(s) in another matrix called (BI). The number of
MI/BI columns is the number of samples in the fault current
(600 samples for 15 cycles). Then, matrices MI and BI are
transferred to Matlab environment for further processing. The
coordination indices are taken as CTI = 0.2 s, MRCTI =
0.5 s, and MFCTI = 0.5 s [13], [24]. Resistive HSFCLs with
the parameters shown in Table 2 are assumed.

VI. PERFORMANCE RESULTS
A. RESULTS OF THE IEEE 33-BUS SYSTEM
1) OPTIMAL SETTING
First, the optimal setting problem discussed in
subsection III.LB is solved by particle swarm optimiza-
tion (PSO) with parameters stated in Table 3 [33]. The
obtained optimal settings of the DOCRs, reclosers and fuses
using steady state fault currents and static models of devices
(no dynamics case) are indicated by blue solid circles in
Figs. 7, 8 and 9. Also, fault current dynamics and devices
dynamic time-current models are considered. The got settings
of devices are indicated by black squares in Figs. 7, 8 and 9.
Actually, the settings got in the no dynamics-case satisfy
all the coordination constraints for steady-state fault cur-
rent. However, coordination may be lost if the real fault
current dynamics are considered. To verify, dynamic pro-
tective device characteristics and time-domain fault current
signals are used. Operating times of devices are calculated as
described in subsection IIL. A.
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=5 TABLE 3. PSO parameters.
&'4_.... ‘ * i @® ND
3 R o MWD
S2 : P Pop. size max iterations  ¢1&c2  Wmax Wmin
-%; L@ 30 2000 2 0.9 0.4
=0 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10R11R12R13R14R15R16R17
Relay Number
—q E } ® ND TABLE 4. Operating time difference between protection devices with
&2 0 . % = WD different scenarios for ieee 33-bus radial system.
g 1 | N
Bos 8 | s f * —
o i () ) i i main-backup operating time difference, s
0 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10R11R12R13R14R15R16R17 devices NGND NGWD IGWD SGWD SGWDSL SGWDDL
Relay Number RIBR2 028 071 064 365 027 021
FIGURE 7. Setting of DOCRs of IEEE 33 bus system without dynamics (ND) R2BR3 03 047 072 032 0.27 0.58
and with dynamics (WD), (a) current, (b)time. R3BR4 0.3 046 053 03 0.28 0.58
R4BR5 032 072 025 0.62 1.12 0.82
R5BR6 047 042 038 0.86 0.73 0.7
28 R7BRS 028 037 042 0.79 1.19 1.92
i, H M :w; R8BRY 076 036 074 033 0.25 0.29
§ .5 H : ° : R9BR10 0.18 038 025 0.16 0.32 0.62
3" (@ RI0BR11 028 041 024 038 0.3 0.86
= 1 Rl Roctoser Number R€2 Re3 R11BR12 026 033 026 041 1.76 0.32
= 05 . —— R12BR13 015 036 1.01 165 0.27 0.3
ol H . e RI3BRI4 027 022 064 012 041 0.62
B, b . RISSRIS 076 064 06 o054 102 071
4 L :
’ Rt RocloserNumber Rc2 e RI6BR17 03 087 155 041 024 0.3
= T T i ewm F1BRclfm 215 029 035 087  -0.72 1.76
= I | 3 e mw F2BRclfm 092 064 09 005 0.21 0.27
ue"; © F3BRclfm 028 122 068  0.66 0.34 0.41
05 e s . RclsmBF1 052 093 041 061 0.48 0.52
1 RecloserNumber T < RelsmBF2 03 064 051 054 0.51 0.65
FIGURE 8. Setting of reclosers of IEEE 33 bus system without dynamics RelsmBF3 0.16 0.72 0.22 0.48 0.59 027
(ND) and with dynamics (WD), (a) current, (b)fast mode time, (c) slow FIBF2 0.51 0.53 041 -1.1 0.54 0.54
mode. F2BF3 062 056 081 136 0.99 0.65
F4BF5 054 098 087 04 0.4 0.85
F6BF7 092 071 041 05 0.52 0.61
4 : RelsmBRelfm 074 057 061 229 0.0l 1.02
* o || ®ND R1BRclsm 0.65 058 0.66 0.71 0.77 0.89
-2 Py = WD F4BRc2fm 051 149 055 34 1.32 0.41
® s S g a " "2 - ' F5BRc2fm 071 057 0.6 065  0.79 0.27
j j (@) e Rc2smBF4 0.65 219 155 0.78 1.87 0.54
4 L ‘ ‘ ‘ i Rc2smBF5 0.14 047 025 042 0.28 0.26
0 F F2 B3 F4 BB TSt o P9 F10F11F Re2smBRe2fm 036 06 025 036 025 0.9
10 T w ;‘ o ND R2BRc2sm 055 066 088 09 0.87 0.76
8 8 4 | WD F6BRc3fm 0.66 155 027 041 0.51 0.48
2 gy b= F7BRc3fm 041 035 022 062 0.59 0.62
4 8 & ] f 3 F8BRc3fm 057 09 032 0.8 0.79 0.7
: ; (b) i F9BRc3fm 149 068 041 0.5 0.35 0.62
20 FI F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F10BRc3fm 0.57 0.78 0.51  0.78 0.71 0.7
Fuse Number F11BRc3fm 1.43 1.9 0.27 0.81 0.41 0.28
F12BRe3fm 03 078 201 0.87 0.62 0.68
FIGURE 9. Setting of fuses of IEEE 33 bus system without dynamics (ND) Rc3smBF6 0.14 078 202 041 0.58 0.43
and with dynamics (WD), (a) a, (b) b. Re3smBF7 05 068 028 021 057 0.86
Rc3smBF8 028 062 027 022 0.69 0.81
. Rc3smBF9 091 058 348 0.51 1.88 0.38
TABLE 2. HSFCL modelling parameters. Rc3smBF10 0.9 0.68 0.77 0.74 0.41 0.63
Re3smBF11 054 038 114 029 0.62 0.28
Natorial YBCO Re3smBF1 ? 125 064 028 028 0.71 0.68
- Re3smBRe3fm 0.5 072 112 025 0.57 0.83
gi??iafgggr£?$ ggg film R5BRe3sm  0.66 099 111 134  1.12 1.62
F7BF8 058 066 072 031 1.49 0.57
Tf 0.01 F8BF9 062 078 052 074 057 0.69
al -20 F9BF10 068 066 091 051  1.19 0.88
a2 -50 F10BF11 087 072 051 078 047 0.57
bl 5 F11BF12 054 067 077 064 0.6 0.79
b2 3 . No.of 5 0 5 12 5 0
mlscoordmatlons

Thus, difference of operating time between each main-
backup device pair is assessed and set in Table 4. The
results of 6 scenarios are exhibited in Table 4. The first
scenario is no DG- no dynamics-based settings (NGND)
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in the second column; the second scenario is no DG- with
dynamics-based settings (NGWD) in the third column; the
third scenario is under inverter-based DG- with dynamics-
based settings (IGWD) in the fourth column; the fourth
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scenario is under synchronous DG- with dynamics-based
settings (SGWD) in the fifth column; the fifth scenario is
under synchronous DG- with dynamics-based settings and
statistic FCL model (SGWDSL) in the sixth column; the sixth
scenario is under synchronous DG- with dynamics-based
settings and dynamic FCL model (SGWDDL) in the seventh
column. In Table 4, the letter ‘B’ precedes the backup device.
It is noted that 5 miscoordination cases occur between main-
backup protection devices as highlighted in Table 4 for the
NGND scenario. As can be observed in the 3" column of
Table 4, all miscoordination cases disappear for the NGWD
scenario. Fig. 10 shows the static time-current characteristics
(TCC) of reclosers and fuses. It models the fuses accurately
but it represents the recloser approximately. The dynamic
characteristics of recloser cannot be represented by TCC.

2) EFFECT OF DGS

Two synchronous generator-based DGs are installed at bus 5
and bus 2. Each DG has a power rating of 90 kVA and a
0.2 p.u sub-transient reactance. Considering fault current and
protective device dynamics, the operating time of each device
is determined using the dynamics-based settings obtained
in Figs. 7, 8 and 9. The difference of operating time between
the related main-backup devices is provided in Table 4. It is
noted that 12 miscoordinated items occur for this SGWD
scenario. Moreover, to evaluate the impact of DG type, two
90 kVA inverter-based DFIG DGs substitute the synchronous
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FIGURE 10. Static characteristics for reclosers and fuses, (a) Rc1, F1, F2,
F3, (b) Re2, F4, F5, and (c) Rc3, F6, F7, F8, F9, F10, F11, F12.
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DGs [34]. This matches the IGWD scenario in Table 4.
Fig. 11 illustrates fault current signals before and after adding
DGs.

It is inferred from Fig. 11 that connection of inverter-based
DGs moderately affects the fault current signals. Whereas,
the synchronous DG largely varies the fault current signals
causing more miscoordination in the protection system as
observed in Table 4.

3) HSFCL SIZES

Table 5 gives the attained optimal resistance values of
FCLs neglecting current and FCL dynamics using [12].
Fig. 12 shows the steady state fault currents seen by devices
before DGs, after DGs and after adding the FCLs given in
the second column of Table 5.

It is evident from Fig. 12 that integrating FCLs in series to
the DGs reduces the fault current magnitude to be close to its
levels before connecting DGs in the distribution system. This
implies that the protection miscoordination is mitigated by
FCLs. However, there can still some miscoordinated devices
because system dynamics are neglected on determining the
FCL size in Table 5. So, the above FCL size cannot be
adequate to restore full coordination of devices considering
actual system dynamics.

TABLE 5. Location and sizes of FCLs.

Resistance, p.u

Neglecting all Considering all
Location dynamics dynamics
DG at Bus 5 3.01 4.92
DG at Bus 21 3.71 7.21
Summation of FCLs sizes 6.72 12.13
Total FCLs cost 1.78M$ 2.59 MS

To examine the coordination of related main-backup pro-
tection devices, Table 4 compares the differences of oper-
ating time of main-backup device pairs for the SGWD and
SGWDSL scenarios. As remarked, 5 miscoordination cases
still exists after the use of the ideal FCLs sited in Table 5. The
remaining loss of protection coordination is due to ignoring
HSFCL dynamics which influences the fault current tran-
sients. Eventually, this leads to inadequate sizing of the FCL
resistance. Table 5 presents the updated HSFCL resistance
values obtained by the proposed method in Section IV. They
assure full coordination of protective devices considering
dynamic models of all components as manifested in 7" col-
umn of Table 4 (SGWDDL scenario). Interestingly, including
the dynamic behavior of HSFCLs caused an increase in the
FCL size by about 60% and in the FCL cost by about 30%.

B. RESULTS OF THE IEEE 30-BUS SYSTEM

1) OPTIMAL SETTING

First, using the steady state fault current and the static char-
acteristics of protective devices, the optimal setting problem
discussed in subsection III.LB is solved by PSO with the
parameters stated in Table 3. Figs. 13—15 show the obtained
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FIGURE 11. Fault current signals before and after adding DGs (a) Relay 4,
(b) Relay 6, (c) Fuse3, (d) Recloser Rc2.
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FIGURE 12. Steady-state fault current levels before DGs, after DGs, and
after static FCLs.

optimal settings of the protective devices using steady-state
fault currents (no dynamics) illustrated by the blue dots.
Besides, the same protection devices setting problem is
solved again when the fault current dynamics are considered
(with dynamics). The corresponding settings are represented
by the black squares in Figs. 13-15.
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FIGURE 13. Setting of DOCRs IEEE 30 bus System without dynamics (ND)
and with dynamics (WD), (a) current, (b)time.
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FIGURE 14. Setting of reclosers of IEEE 30 bus system without dynamics
(ND) and with dynamics (WD), (a) current, (b) fast mode time, (c) slow
mode time.
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FIGURE 15. Setting of fuses of IEEE 30 bus system without dynamics (ND)
and with dynamics (WD), (a) a, (b) b.

Basically, the got no-dynamics settings satisfy all the
coordination constraints under steady-state fault current.
However, coordination may be lost if the real fault current
dynamics are used to compute the device operating time.
To confirm, the power system is time-domain simulated
in PSCAD to get the fault current signals. Using the no
dynamics-based protective device settings and full fault cur-
rent signals, operating times of devices are calculated as
described in subsection III.A. Thus, different coordination
constraints are assessed and presented in the third column of
Table 6 (NGWD scenario). In analogy to Table 4, 6 scenarios
are also presented in Table 6. It is noted that 24 miscoordina-
tion cases occur for NGND scenario while zero miscoordina-
tion cases occur for NGWD scenario.

2) EFFECT OF DGS

Three synchronous generator-based DGs are installed at bus
10, 12 and 19, respectively. Each DG has a rating of SOMW,
a unity power factor, and a sub-transient reactance of 0.2 p.u.
Considering fault current and protective device dynamics,
the operating time of each device is determined using the
dynamic-based settings obtained in Figs. 13—15. The differ-
ence of operating time between the related main and backup
devices is provided in Table 6 (SGWD scenario). Moreover,
to evaluate the impact of DG type, three SOMW DFIG as
inverter-based DGs replace the previous synchronous DGs.
This forms the IGWD scenario in Table 6. Fig. 16 depicts
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samples of fault current signals before and after adding DGs
in IEEE 30 bus system. It is marked that adding inverter-based
DGs moderately affects the fault current signals. Whereas,
the synchronous DG largely varies the fault current signals
that leads to more miscoordination in the protection system
as observed in Table 6.

3) HSFCL SIZES

Table 7 gives the obtained optimal resistance values of
FCLs when system dynamics are neglected using the method
in [12]. Fig. 17 shows samples of fault current signals seen
by protective devices before DGs, after synchronous DGs and
after adding the FCLs sized in Table 7.

‘—Faull current before add DGs ==Fault current after add DGs synchronous based == Fault current after add DGs inverter based‘
10

VAZAYAZAAAAAAAAYD
<o (a)
AR
g e (b)
BAYAYAYAYAVAVAVAVAVAVAVAV

_ ”\vf\f\vfxf\vf\vf\f\f\vfxf\f\

0 0.02 0.04 0.06 0.08 04 012 0.14 0.16 0.18 0.2
(d) Time, sec.

FIGURE 16. Fault current signals before and after adding DGs (a) Relay 3,
(b) Relay 18, (c) Relay 24, (d) Fuse2.

It is evident from Fig. 17 that integrating FCLs in series
to the DGs makes the fault current signals very close to its
shape before connecting DGs in the distribution system. This
manifests why the protection miscoordination is mitigated
by FCLs. However, some miscoordinated devices can exist
because static models of components are used to determine
the FCL sizes in the second column of Table 7 by [12]. So,
the above-obtained FCL size cannot be adequate to restore
full coordination of devices considering the fault current tran-
sients and the HSFCL dynamics. As observed in Table 6, 12
miscoordination cases still exist for the SGWDSL scenario.
The residual partial loss of protection coordination is due to
ignoring the HSFCL dynamic behavior leading to inadequate
sizing of the FCL resistance.

To consider the HSFCL dynamics, the proposed FCL siz-
ing method in Section IV is used. Third column of Table 7
presents the obtained updated HSFCL resistance values that
assure full coordination of protective devices considering
dynamic models of all components. With the updated FCL
sizes in Table 7, scenario SGWDDL is assessed in Table 6.
Itis noted that, for SGWDDL scenario, coordinated operation
is verified for all main-backup pairs due to the corrected
sizing of FCLs. According to Table 7, involving the dynamic
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TABLE 6. Operating time difference between protection devices with

different scenarios For IEEE 30 bus system.

main-backup operating time difference, s
devices NGND NGWD _ IGWD _ SGWD _ SGWDSL _SGWDDL
R23BRI -0.04 02 019 -0.09 0.21 0.31
RI19BRI 0.21 0.24 037 -0.46 0.21 0.42
R23BR2 024 047 046 012 0.41 0.51
RISBR2 0.16 0.2 0.2 0.01 0.26 0.31
R23BR3 0.48 0.7 0.68  0.33 0.66 0.65
RI5BR3 034 043 043 022 0.33 0.44
RI19BR3 051 074 086 -0.04 -0.03 0.78
R19BR4 0.58 068 081 -0.09 025 0.71
RI5BR4 034 038 038 017 0.4 0.41
R23BR4 035 064 063 029 0.52 0.41
R9BRS -1.05 072 999  0.07 0.25 0.81
RI2BRS 0.58 066 0.66 025 0.51 0.87
R8BR6 032 038 039 -0.18 0.01 0.41
RI2BR6 0.06 0.2 021  -0.11 0.26 0.21
R8BR7 005 021 032 -0.51 0.2 0.22
R9BR7 0.09 938 938 -149 426 4.87
R6BRS 0.75 091 0.9 0.76 0.55 0.71
RI16BR8 0.4 0.59 0.6 0.14 0.3 0.58
R5BR9 075 082 082 0.6 0.71 0.42
RI6BR9Y 0.54 035 036  0.06 0.16 0.41
R5BR10 061 072 072 045 0.2 0.74
R6BR10 0.18 0.2 0.2 0.18 0.22 0.2
R5BRI11 0.18 0.2 0.2 0.17 0.3 0.21
R6BR11 0.67 063 -9.19 0.86 0.59 0.63
RI6BRI11 0.17 02 -025 -019 0.8 0.25
RI14BR12 0.29 0.3 0.3 0.31 0.26 0.34
R7BRI13 0.17 0.2 0.2 0.16 0.23 0.31
RIBR14 0.19 0.2 0.2 0.16 0.25 0.54
RI3BRI15 0.62 0.8 0.8 0.74 1.15 0.81
RI8BR16 034 024 024 023 2.99 0.24
RI10BR17 0.15 0.2 0.2 0.18 0.13 0.27
R2BR18 0.2 022 021 026 0.41 0.22
R17BR19 0.12 0.2 022 028 0.33 0.28
R4BR20 025 029 0.3 0.29 0.03 0.24
R23BR20 0.04 029 029 025 0.03 0.35
R3BR21 019 021 021 015 -0.13 0.27
R4BR21 0.57 058 058 036 0.88 0.58
R23BR21 041 058 058 041 0.42 0.41
R4BR22 078 082 082 053 0.7 0.97
R25BR22 052 063 063 047 0.26 1.11
R11BR23 042 062 062 038 031 0.67
R25BR23 039 043 043 027  -0.82 0.24
R4BR24 0.16 0.2 0.2 -0.01 0.25 0.21
R11BR24 0.18 0.2 0.2 0.05 0.32 0.2
R24BR25 0.74 054 055 032 0.72 0.54
R29BR25 0.14 033 512 -6.71 0.35 0.37
R24BR26 035 033 033 015 0.2 0.33
R24BR27 032 034 034 016 0.74 0.34
R26BR28 1.01 1.45 1.46 1.34 1 1.47
R27BR28 158 216 217 195 0.51 2.17
R27BR29 005 045 -077 -0.43 0.74 0.24
R7BRc16 0.34 0.6 0.6 0.5 1.03 0.64
RI14BRcl6 078 078 078  0.65 1.54 0.94
F1BF2 092 084 093 083 0.81 0.71
F1BRcl6fin 042 053 053 023 0.71 0.52
F2BRcl6fm 0.51 0.51 0.51 0.21 0.5 0.51
Rel6smBF1 0.42 0.5 0.5 0.15 0.51 0.57
Rel16smBF2 071 028 022 0.62 0.51 0.27
RelésmBRel6fm — 0.15 091 091  1.01 0.26 0.92
RI3BRel7 0.89 0.9 0.9 0.8 0.33 0.9
RIBRcl7 043 054 055 059 0.73 0.54
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TABLE 6. (Continued.) Operating time difference between protection
devices with different scenarios For IEEE 30 bus system.

3604 T2 135 1235 10 203 23
Rel7smBF3 191 196 196 181 154 1.01
Rel7smBF4 026 026 026 0 025 0.26
F3BRel7fm 024 025 025 -001 025 027
F4BRe17fm 025 025 025 021 026 027

Rel7smBRcl7fm  0.87 056 066 021 088 0.54
R27BRC30 024 065 055 019 035 0.65
R26BRC30 051 075 066 019 088 0.85

FSBF6 061 06 019 088 088 0.61
Re30smBFS 054 025 037 035 035 027
Re30smBF6 041 047 046 012 088 0.41
FSBRc30fm 087 026 026 027 054 0.26
F6BRc17fm 065 05 05 015 045 037

Re30smBRc30fm  0.66 091 091 101 074 0.56

N, GiF 24 0 7 38 12 0

miscoordinations

« 104 ‘—Fault current before add DGs ==Fault current after add DGs ==Fault current after add FCLs‘

WAAAAAAAANANA
ot (a)
YWWWVANAAAN
Xt (b)
AAAAAAAAAAAA
1 (¢)
AAAAAAANANAAAA,

0 002 004 006 008

Fault current, A

0.1 012 014 0.16 018 0.2
(d) Time, sec.

FIGURE 17. Examples of fault current signals before DGs, after DGs, and
after static FCLs (a) Relay 5, (b) Relay 14, (c) Relay 16, (d) Relay 21.

TABLE 7. Location and sizes of FCLs for IEEE 30 bus system.

Resistance, p.u

Location Neglecting all Considering all
dynamics dynamics
DG at Bus 10 5.42 6.91
DG at Bus 12 5.71 7.81
DG at Bus 19 4.41 8.51
Summation of FCLs sizes 15.54 23.23
Total FCLs cost 3.5M$ 4.65 M$

behavior of FCLs caused an increase in the FCL size by about
50% and in the FCL cost by about 30%.

In the proposed method, the optimal settings and hence
coordination between protective devices is maintained for
a given arrangement of DGs, in terms of locations and
sizes, by connecting an optimally-sized FCL in series to
each DG unit to keep the fault current levels seen by the
protective devices as close as possible to their levels before
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integration of DGs. The problem of protection miscoordi-
nation is more prominent with synchronous machine-based
DG than inverter-based DG. In a previous work by the
authors [1], it is shown that increasing the DG size, hence
its fault current injection, up to twice the existing level does
not deteriorate the protection coordination for the same FCLs.
However, higher increase than 200% in the DG size can
require enlarging the size of the associated FCL to sustain
protection coordination. Furthermore, adding a new DG unit
at the same node of a present one or at another node requires
that a properly-sized FCL is inserted in series to the new
DG to keep protection coordination intact without any need
to tedious and risky devices re-setting especially for wide-
area network [12]. This also will save the need for compli-
cated and costly adaptive setting mechanisms for protective
devices.

VII. CONCLUSION

A two-layer protection system is designed for a distribu-
tion network with distributed generators (DGs). The first
layer comprises DOCRs to protect main feeders. The sec-
ond includes autoreclosers and fuses to protect lateral feed-
ers. IEEE 33-bus and modified 30-bus test systems are
analyzed with the proposed protection scheme. Optimal
settings of devices are determined to attain relay-relay,
autorecloser-fuse, relay-autorecloser, and fuse-fuse coordina-
tion by constrained nonlinear optimization. Transient data of
fault current and dynamic models of every protective device
are considered. Current signals of both near-end and far-end
faults are examined in the optimal setting problem to assure
robust coordination. Besides, synchronous generator-based
and inverter-based DGs are integrated to the distribution net-
work. So, the fault current characteristics change causing loss
of coordination between many pairs of protective devices.
To keep coordination between all protective devices pairs
under DGs, a hybrid superconducting fault current limiter
(HSFCL) with high temperature superconducting resistive
element is connected in series to each DG. HSFCL effec-
tively reduces the fault current contribution of a DG. This
makes the fault current seen by the protective device very
similar to that current before integration of DGs. Therefore,
coordination between protective devices is maintained in
presence of DGs. An algorithm is proposed to minimize the
cost of needed HSFCLs considering the dynamic models of
HSFCL and the fault current transients. Multi-objective par-
ticle swarm optimization (MOPSO) is employed to specify
the optimal HSFCLs sizes. Results show that considering the
actual dynamic characteristics of system components causes
about 30% increase in cost of HSFCLs compared to the
conventional simplified sizing method to accomplish a robust
and sustained coordination of protective devices. Application
of the method in highly unbalanced distribution system can
be a matter for future research. Also, comparative evaluation
of the implications of different FCL types on the proposed
method is a topic for future work.
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