
Received 1 February 2024, accepted 21 February 2024, date of publication 26 February 2024, date of current version 4 March 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3369892

Optimizing Fault Ride-Through of DGs in
Distribution Networks to Preserve
Recloser-Fuse Coordination
EVANGELOS E. POMPODAKIS , YIANNIS A. KATSIGIANNIS,
AND EMMANOUEL S. KARAPIDAKIS
Department of Electrical and Computer Engineering, Hellenic Mediterranean University, 731 33 Chania, Greece

Corresponding author: Evangelos E. Pompodakis (bobodakis@hotmail.com)

This work was supported by the Project ‘‘Enhancing resilience of Cretan power system using distributed energy resources (CResDER)’’
through the Hellenic Foundation for Research and Innovation (H.F.R.I.) under the Action ‘‘2nd Call for H.F.R.I. Research Projects to
support Faculty Members and Researchers’’ under Grant 03698.

ABSTRACT Fuse saving protection is usually applied in distribution networks, through auto-reclosing,
to prevent fuse burning under transient faults. The modern fault ride-through (FRT) standards, which require
distributed generators (DGs) to remain connected during the fault, may lead to the miscoordination of
recloser-fuse. This paper proposes a discrete coordinate-descent (DCD) approach that optimizes the FRT
of DGs so that the coordination between recloser and fuse is preserved. First, the method performs a
short-circuit calculation (SCC) considering the currents contributed by the DGs, according to the FRT
standards of each country. Then, if a miscoordination between recloser-fuses is observed, it optimally scales
down the DG currents, until the coordination is restored. The proposed method has simple implementation,
low communication requirements and offers adequate voltage support during the fault. Simulations were
carried out in the IEEE 13-bus and the IEEE 8500-node network to highlight the distinct features of the
proposed approach against the state-of-the-art current limiting approaches.

INDEX TERMS Discrete coordinate descent, distribution networks, fault ride-through, fuse, optimization,
protective device coordination, recloser, short-circuit.

NOMENCLATURE

Subscripts Description Unit
dg Number of DGs -
Iter Total iteration numbers of the DCD

algorithm
-

t Iteration number of DCD algorithm -
sl Slow recloser curve -
fa Fast recloser curve -
h.i. High-impedance (5 Ohm) fault -
l.i. Low-impedance (0 Ohm) fault -
f1 Fuse 1 -
RC 1 Recloser 1 -
l.i. f1 0-Ohm fault at the beginning of the

lateral protected via f1
-

The associate editor coordinating the review of this manuscript and

approving it for publication was Arturo Conde .

h.i. f1 5-Ohm fault at the end of the lateral
protected via f1

-

H(•) Heaviside function -
min(x, y) Outputs the minimum between x

and y

VARIABLES

T tf ,hi Tripping time of fuse for a high
impedance fault downstream the
fuse

s

T tf ,li Tripping time of fuse for a low
impedance fault downstream the
fuse

s

T trc,sl→f ,hi Tripping time of the slow recloser
for a high impedance fault down-
stream the fuse f

s
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T trc,fa→f ,li Tripping time of the fast recloser for a
low impedance fault downstream the
fuse f

s

T trc,fa→f ,hi Tripping time of the fast recloser for a
high impedance fault downstream the
fuse f

s

I tf ,hi Fault current through the fuse for a
high impedance fault downstream the
fuse

s

I tf ,li Fault current through the fuse for a
low impedance fault downstream the
fuse

s

I trc→f ,hi Fault current through the recloser for
a high impendence fault downstream
the fuse

s

I trc→f ,li Fault current through the recloser for a
low impendence fault downstream the
fuse

s

K t
i Fault current limiter of DG i at

iteration t
-

dK Variation step of fault current limiter
in the DCD algorithm

-

P(i) Active power of DG i W
Imax(i) Maximum current of DG i (restricted

by its semiconductors)
A

I tgen(i) Fault current injected by DG i at iter-
ation t (after the limitation)

A

IFRT (i) Current injected by DG i, accord-
ing to the FRT standard (before the
limitation)

A

V(i) Positive-sequence voltage of DG i V
Vnom Nominal Voltage V
Rpcc(i) Per unit voltage of DG i,e.g., Rpcc(i) =

V(i)
/
Vnom

pu

Zf Fault impedance �

I. INTRODUCTION
A. MOTIVATION AND CHALLENGES
Fuse saving schemes consist of a recloser located at the head
of the feeder and fuse(s) located at the laterals, downstream
the recloser [1]. They are usually applied in distribution net-
works to prevent the fuse burning in case of transient faults,
avoiding the additional cost of replacing fuses and reducing
the lateral outage time [2]. Themodern FRT standards require
DGs to remain connected during the fault [3], which may lead
to the miscoordination of recloser-fuse, degrading the selec-
tivity and reliability indices [4], [5]. Specifically, the current
generated by DGs, during the fault, may modify differently
the fault current sensed by the recloser and fuse respectively,
affecting unequally their tripping times. Several solutions to
the problem have been proposed in the literature, which can
be divided into night (10) categories:
- DG disconnection: DGs are immediately disconnected

as soon as they sense the fault [6].Although this strategy
does not disrupt the coordination of protective devices (PD),

it causes massive renewable outages even under transient
faults, resulting in frequent voltage dips and renewable power
loss.
- Limit DG penetration: DGs are connected only to appro-

priate locations and up to a maximum level, where the PD
coordination is not disrupted [7], [8], [9]. Despite its sim-
plicity, this method is not a desired option since it clearly
restricts the penetration of DGs and does not comply with
the decarbonization goal of the electricity sector.
- Fault current limiters (FCL): Fault current limiters are

physical devices, which have a low impedance under normal
conditions, while they rapidly increase it as soon as a high
current is flown through them [10], [11]. When they are
suitably located in series with the DGs, they restrict their fault
current, preventing the malfunction of the PDs. However,
they cause high losses in normal operation; they have long
recovery time and increased cost.
- Replacement/Resizing of protective devices: To prevent

miscoordination among protective devices in the presence of
DGs, recloser settings are adjusted, while fuses are resized
according to the scenario with the highest DG current injec-
tion [12]. However, resizing protective devices based on the
highest DG penetration level addresses misoperations only
during peak penetration periods, potentially compromising
sensitivity during periods of low DG penetration.
- Adaptive (online) protection schemes: The settings of

recloser are adapted, in real-time, depending on the current
and location of DGs so that the coordination of PDs is pre-
served [3], [4], [13], [14], [15], [16], [17]. These schemes
require microprocessor-based reclosers and an extensive
communication infrastructure between the recloser and the
distribution control center (DCC), which is not always
available [18]. Moreover, fuses have fixed (non-adaptable)
characteristics, restricting the flexibility of adaptive protec-
tion schemes. For instance, if large DGs are located upstream
of the fuse, they have the potential to cause the fuse to burn
out faster than the minimum recloser time allows.
- Energy storage systems (ESS): ESSs have been presented

as a promising solution for coordinating PDs. They can pro-
vide a sufficient fault current in networks with low short
circuit capacity such as islanded microgrids [19], [20], sub-
stituting the high current of substation. Nevertheless, ESSs
do not sufficiently solve the problem of miscoordination
between recloser-fuses; instead, like DGs, they may burden
it due to the additional current they provide. Moreover, ESSs
constitute a costly solution and are not recommended for
addressing protection issues.
- Differential/distance protection: Distance relays are the

traditional PDs for transmission networks. They estimate
the distance to the fault, considering the relative position
of DGs [21], and they are tripped if the distance is within
their protection zone. However, the distance estimation is
not always accurate since it is affected by the time-varying
current of DGs; furthermore, it is a costly solution for applica-
tions in distribution networks. Differential relays can isolate
the faulty feeder regardless of the current of DGs [22], [23].
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However, it is not a cost-effective solution since it requires
fast communication links between the two ends of relays.
- Multiagent-based methods: In such instances, fault

clearance relies on information exchanged among system
components acting as agents, including DGs, PDs, and
current transformers [2]. However, these methods require
fast communication for transferring real-time data between
agents, and their performance is sacrificed in case of commu-
nication failures or delays. Moreover, they are unsuitable for
systems with a substantial number of PDs due to the expenses
associated with modifications, which could potentially
outweigh the economic advantages of DGs.
- DG current limiters: The current of DGs is properly

controlled (limited or shifted), during the fault, to support
the voltage, while at the same time, the PD coordination is
preserved [18], [24], [25], [26], [27], [28], [29], [30], [31],
[32]. Since the scope of this paper is to propose a DG current
limiting approach, a literature review of only this category is
provided below.

B. LITERATURE REVIEW ON DG CURRENT LIMITERS
In [24], the current magnitude of DGs is set to a pre-specified
value determined by offline analysis to ensure that the PD
coordination is not disrupted. However, this approach is very
pessimistic since it takes the worst-case scenario, and thus
it does not fully utilize the capability of DGs to support the
voltage during the fault.

In [25], the influence of DGs on the protection equip-
ment is prevented by controlling the phase angle of DG
current, during the fault, instead of the magnitude. However,
when many DGs are installed, the phasor relation between
the fault current elements becomes increasingly complex,
and the desired current phase angles of DGs are not easily
computed [25, p. 2118]. In [26], a new reference current
calculation algorithm is developed in the abc frame involving
the phase angle shifting of DG current on faulted phase,
achieving power ripple elimination. In [27], a hierarchical
approach is proposed for controlling the DG fault current.
Initially, the DG fault current is calculated considering the
German FRT code, and subsequently, the phase angle is
shifted to neutralize its effect on the PDs. In [28], the fault
current of multiple DGs is optimized using interior point
optimization, to maintain the operating times of individual
PDs within a narrow band after IBDGs integration. Although
the approaches of [25], [26], [27], and [28] preserve the PD
coordination and enforce DGs to provide current supporting
the voltage during the fault, they require advanced metering
and fast communication infrastructure to locate the fault and
assign DGs with optimal real-time settings. Moreover, they
are sensitive to measurement and communication errors or
delays.

A decentralized method for limiting DG current during
the fault is proposed in [29]. Specifically, the DG current is
reduced depending on its terminal voltage. The idea is that
DGs located near the fault are more possible to cause misco-
ordination of PDs, and thus, they are imposed a higher current

limitation (see [29, eq. (10)]). The same limiting factor on
the DG current is applied in [30] as well. In [31], authors
improved the method of [29], by measuring the line current,
instead of only the DG voltage, to avoid unnecessary current
reductions in high impedance faults or temporary voltage
dips. However, the method of [31] requires advanced sensor
and communication infrastructure between the fuse and the
DGs, which is not always available. A decentralized current
limiter of DG current is adopted in [18, eq. (5)] and [32,
eq. (17)] as well. Although the methods in [18], [29], [30],
[31], and [32] do not need any advanced metering and com-
munication infrastructure, they fail to preserve recloser-fuse
coordination under certain circumstances. Moreover, they
usually reduce the DG current non-optimally, to a too small
magnitude, even in situations where such reduction is unnec-
essary, deteriorating the voltage support of the network. More
details about the drawbacks of [18], [29], [30], [31], and [32]
are provided in sections II, IV and V.

C. CONTRIBUTION OF THE PAPER
To overcome the drawbacks of the cited references, this
paper presents a DG fault current limiting approach
with low communication and metering requirements. The
method first calculates DG fault currents as mandated
by the FRT standards. If a miscoordination between
recloser-fuses is observed, it optimally scales down the cur-
rent, using DCD optimization, until the PD coordination is
restored.

The proposed optimization approach has the following
distinct features:

• It has simple implementation since it requires only a
conventional short-circuit solver such as [33] and [34],
without the need of optimization software, e.g., GAMS
etc.

• Unlike [25], [26], [27], [28], which necessitate
real-time data transmission from smart meters to
DGs during the fault, our proposed approach doesn’t
demand high data rate; instead, only low-bandwidth
communication channels between the DCC and DGs
are required, which are commonly available in modern
distribution networks [35]. Specifically, the method
simply sends optimal current limiting factors to DGs,
either periodically, e.g., every hour, or upon request
after a network reconfiguration.

• The optimization is based on the practically accepted
DCD algorithm, which is state-of-the-art in real-time
distribution management system (DMS) applications,
e.g., Volt-Var control [36], [37]; thus, it can be easily
incorporated in existing DMS, as an additional func-
tion, for optimizing the FRT of DGs to preserve the PD
coordination.

• It offers a better voltage support inmost low-impedance
faults than the decentralized current limiting methods
of [18], [29], [30], [31], and [32].

• In contrast to the decentralized methods, the proposed
approach always ensures PD coordination.
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II. RECLOSER-FUSE MISCOORDINATION
A. MODERN FAULT-RIDE THROUGH STANDARDS
The ever-growing penetration of distributed generators has
led many countries to revise their FRT standards by impos-
ing DGs not to be disconnected immediately after the fault,
but remain connected for a specified period, injecting bal-
anced reactive current1 [38], [39], [40]. The injected current
and the time that DGs remain connected depend on the
positive-sequence voltage of DGs [38], [39], [40]. Specifi-
cally, for the German code, the injected positive-sequence
reactive current and disconnection time of DGs is depicted
in Fig. 1a and 1b, respectively, as a function of the per unit
positive-sequence voltage [38], [40]. As shown, the discon-
nection time of DGs is linearly dependent on the terminal
voltage of DGs.Moreover, there is a minimum time of 150ms
that DGs should remain connected regardless the severity of
the fault.

The reactive
(
Iq(i)

)
and active

(
Id(i)

)
current components of

DG i are calculated by (1a)-(1b), while the FRT current of DG
by (1c). All the variables have been defined in nomenclature.

Iq(i) = min
(
2 · Imax(i) ·

(
1 − Rpcc(i)

)
,Imax(i)

)
(1a)

Id(i) = min
(

P(i)
3·V(i)

,
√
I2max(i) − I2q(i)

)
(1b)

IFRT (i) = Id(i) + Iq(i) · j (1c)

B. PROTECTION SYSTEM MISCOORDINATION
In this section, the miscoordination of recloser-fuse due to the
connection of DGs is analyzed, using the example network
of Fig. 2, protected through a RC-fuse pair. The time-current
curves of the RC-fuse are shown in Fig. 3. Recloser has two
curves: The fast one forces the recloser to open before the
fuse to prevent the burning of the fuse, in case of a transient
fault. The recloser remains open for a short period (around
0.5s) to extinguish the transient fault, and then closes again.
If the fault persists after reclosing, the fuse blows out. The
slow curve of the recloser operates as a backup protection in
case the fuse fails.

In the absence of DGs, recloser and fuse carry almost the
same current (a small difference exists due to the loads).
The coordination interval of recloser-fuse is shown in Fig. 3,
where If−min corresponds to the lowest fault current (highest
fault impedance) taking place downstream the fuse, while
If−max to the highest (lowest fault impedance). For faults
within this interval, coordination is achieved; the tripping
order is fast recloser→fuse→slow recloser. A coordination
time interval (CTI) of 50 ms is usually taken between the
curves as a safety margin. Note that for the sake of clarity, the
CTI has been ignored in this paper (namely CTI=0), although
it can be easily incorporated in the proposed approach,
if desired.

1Some countries have revised their FRT codes by imposing DGs to
inject also negative-sequence active and reactive current [41]. Due to space
limitation, this case is not examined here.

FIGURE 1. German FRT code [38], [40]. From top to bottom: a) required
reactive current injection, b) time required for DG to remain connected
after the fault.

FIGURE 2. Example network consisting of a recloser-fuse pair, and 3 DGs
located at different locations.

The influence of DGs on the recloser-fuse coordination
is highlighted by connecting three DGs as shown Fig. 2.
As shown, DG 1 is upward the recloser, DG 2 is between
the pair, while DG 3 is downward the fuse. DGs affect in a
completely different way the coordination causing 4 different
types of miscoordination. Note that the following classifica-
tion is given in this paper only for the sake of clarity, and it is
not a standardized classification.

• Type 1miscoordination: DG 1 shifts all the curves to the
right, as shown in Fig. 4, jeopardizing the coordination
between the fuse and fast RC in low impedance (l.i.)
faults.

• Type 2 & 3 miscoordination: DG 2 shifts the curves of
RC to the left and fuse to the right, as shown in Fig. 5,
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FIGURE 3. Time-current curves and coordination region of recloser-fuse,
without the DGs.

FIGURE 4. Type 1 miscoordination due to DG 1.

FIGURE 5. Type 2 and type 3 miscoordination due to DG 2.

jeopardizing the coordination between the fuse and fast
RC in both high impedance (h.i.) and l.i. faults.

• Type 4 miscoordination: DG 3 shifts all the curves
to the left, as shown in Fig. 6, jeopardizing the
coordination between the fuse and slow RC in h.i.
faults.

FIGURE 6. Type 4 miscoordination due to DG 3.

FIGURE 7. From top to bottom: Communication structure of
a) decentralized current control [18], [29], [30], [31], [32], b) real-time
measurement-based control [25], [26], [27], [28], c) proposed DMS-based
approach.

C. PREVENTING MISCOORDINATION VIA DG CONTROL
For restoring the recloser-fuse coordination via DG current
control, two fundamental approaches have been presented
in the literature, which are depicted in Figs. 7a and 7b:
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the decentralized and the real-time measurement-based
approaches. The decentralized methods (Fig. 7a) do not
require any communication infrastructure. DGs limit their
current in proportion to their voltage drop. Nevertheless,
under circumstances, decentralized methods may fail to
prevent miscoordination, as proved in sections IV-V.

The communication structure of the real-time
measurement-based current limiting methods [25], [26], [27],
[28] is quoted in Fig. 7b. As shown, current sensors need
to be strategically placed within the network to transmit (in
real time) their measurements to DGs. DGs do not alter the
magnitude of their current; instead, they adjust the phase
angle, such that the magnitude of the current flowing through
the PDs remains consistent with the pre-DG connection state.
For instance, looking at Fig. 7b, if a fault occurs downstream
of the fuse, the first current sensor transmits its current mea-
surement to DG 1. DG 1 does not reduce its current; instead,
it adjusts its phase, until the current magnitude flowing
through the sensor

(∣∣∣I⃗cs∣∣∣) and recloser
(∣∣∣I⃗rc∣∣∣) become equal,

e.g.,
∣∣∣I⃗cs∣∣∣ =

∣∣∣I⃗rc∣∣∣. Similarly for the other DGs. In this way,
the coordination is not disrupted since all PDs sense the same
current as before the connection of DGs, while DGs provide
fault current supporting the network voltage. However, the
requirement for extensive communication and measurement
infrastructure is an issue for this approach. Moreover, the
efficiency of these schemes may be significantly affected by
measurement and communication errors and/or delays.

The graph of the proposed current limiting method is
shown in Fig. 7c. It is incorporated as an additional appli-
cation in the DMS to optimize the current limiting factors
(CLF) of DGs. If a fault occurs, DGs do not inject their full
FRT currents, but limit them by optimized CLFs (note that
CLF≤1). The proposed approach does not require fast com-
munication equipment since it transmits the optimal CLFs
to DGs either periodically, e.g., every hour, or upon request
after a topology change; thus, DGs respond to the fault in a
decentralized manner. This reduction in data rate enhances
resilience against communication failures. For example, short
communication interruptions, such as those lasting below
1 hour, have no impact on our proposed approach. This stands
in stark contrast to the approaches in [25], [26], [27], and [28],
where similar disruptions would significantly hinder perfor-
mance. Moreover, the proposed approach complies with the
FRT code of each country since it only slightly limits the
current, up to the point that the coordination is not disrupted.
Finally, it is shown in the simulations that it usually provides
a better voltage support than the decentralized methods [18],
[29], [30], [31], [32], while always ensures coordination.

III. DISCRETE COORDINATE DESCENT ALGORITHM
A. BACKGROUND
The DCD optimization algorithm is an industry standard
for practical DMS applications such as Volt-Var control
(VVC) [36], [37]. The algorithm is called coordinate-descent
because only one coordinate (control variable) is optimized

at each iteration, and discrete because the coordinate update
is taken in a discrete step [36], [42]. The most important
versions of DCD are the randomized coordinate descent
(RCD) and greedy coordinate-descent (GCD) [42], [43] etc.
RCD randomly selects a coordinate to update at each iter-
ation, while GCD selects the coordinate that makes the
most progress [43]. In this paper, we used the greedy DCD
algorithm. Specifically, each iteration requires computing the
objective function for each possible search direction of every
control variable; in our problem, control variable is the CLF
of each DG and search direction is a discrete reduction. The
control variable that gives the greatest decrease in objective
function is selected to move to the optimal search direc-
tion [36]. The algorithm is executed until there is no search
direction giving an improvement in the objective function.

The scope of our application is to optimally restrict the DG
currents until the coordination between all the recloser-fuse
pairs is restored. Fig. 3 depicts the time-current curves of a
recloser-fuse pair, which can be divided into three regions:
a) high fault impedance region, b) medium fault impedance
region, c) low fault impedance region (Zf < 0.1�). In the
medium fault impedance region, the coordination between
recloser-fuse is not threatened, even under a large DG pen-
etration, since there is sufficient margin between the fuse
and the recloser curves. On the other hand, in the high and
low impedance regions, the coordination may be disrupted
because of the DGs. The idea is that if the coordination is
ensured at the low and high impedance regions, it is also
ensured for all the range of fault impedances. For this rea-
son, in the mathematical formulation below, we ignore the
medium impedance region, considering only the 4 types of
miscoordination explained in section II-B, at the low and high
impedance regions.

B. MATHEMATICAL FORMULATION
The mathematical formulation of the proposed DCD opti-
mization approach is presented here. For clarity, the network
of Fig. 2 is used to formulate the equations. However, the
proposed approach is flexible and can be expanded in large
networks with many recloser-fuse pairs, by just adding in the
cost function (2), the corresponding miscoordination costs
of all recloser-fuse pairs (see Appendix for expansion). The
objective (cost) function is given in (2).

f =

Type 4 miscoordination︷ ︸︸ ︷(
T tf ,hi − T trc,sl→f ,hi

)2
· H

(
T tf ,hi − T trc,sl→f ,hi

)

+

Type 2 miscoordination︷ ︸︸ ︷(
T trc,fa→f ,hi − T t

f ,hi

)2
· H

(
T trc,fa→f ,hi − T t

f ,hi

)

+

Type 1 & 3 miscoordination︷ ︸︸ ︷(
T trc,fa→f ,li − T tf ,li

)2
· H

(
T trc,fa→f ,li − T tf ,li

)
(2)

All variables in (2) are defined in the nomenclature and
calculated in (3)-(7). Specifically, equation (3) is derived by
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FIGURE 8. Flowchart of the proposed DCD optimization approach.

[1, eq. (2)] and calculates (at iteration t) the tripping time of
the fuse (T tf ,hi), as a function of its current (I tf ,hi), for a high
impedance fault, while (4) for a low impedance fault.

T tf ,hi = 10(α·log10(I tf ,hi)+b)∀t ∈ {1, . . . , Iter} (3)

T tf ,li = 10(α·log10(I tf ,li)+b)∀t ∈ {1, . . . , Iter} (4)

Equation (5) calculates the tripping time of the slow recloser
curve at iteration t(T trc,sl→f ,hi), as a function of its current
(I trc→f ,hi), for a high impedance fault downstream of the
fuse [16, eq. (3)]. Equations (6) and (7) calculate the same
for the fast recloser under a low and high impedance fault,
respectively.

T trc,sl→f ,hi = TDS ·

 B(
I trc→f ,hi
Ip

)a

− 1
+ C


∀t ∈ {1, . . . , Iter} (5)

T trc,fa→f ,li = TDS ·

 B(
I trc→f ,li
Ip

)a

− 1
+ C


∀t ∈ {1, . . . , Iter} (6)

T trc,fa→f ,hi = TDS ·

 B(
I trc→f ,hi
Ip

)a

− 1
+ C


∀t ∈ {1, . . . , Iter} (7)

The objective function (2) quantifies the miscoordination
cost between the recloser-fuse, for all types of miscoordina-
tion, classified in section II-B. For example, the first term of

the objective function, e.g.,
(
T tf ,hi − T trc,sl→f ,hi

)2
, quantifies

the cost of ‘‘type 4 miscoordination’’. The Heaviside function
(H) is used to nullify the cost if the coordination is restored,
e.g., T tf ,hi < T trc,sl→f ,hi.
Equation (8) finds the argument of the maximum of the

gradient of cost function f . Specifically, it finds at each
iteration t the optimal DG d that leads, via the reduction
of its current limiting factor (K t

d ), to the greatest reduc-
tion of the objective function (2). Namely, it finds the
DG d with the maximum ∂f

∂K t
d
gradient (f is the objective

function).

d ∈ argmax
j={1,...,dg}

∣∣∣∇jf
(
K t
1, . . . ,K

t
dg

)∣∣∣ ∀t ∈ {1, . . . , Iter} (8)

The current limiting factor of the (best) DG d is reduced
in (9), by a pre-specified step dK, provided that it lies within
the minimum (0) and maximum (1) limit, according to (10).
The step dK is arbitrarily selected. High values of dK result in
a faster convergence of the DCD algorithm but with a lower
accuracy.

K t+1
d = K t

d − dK ∀t ∈ {1, . . . , Iter} (9)

0 ≤ K t
i ≤ 1∀ ∈ i {1, . . . , dg} and t ∈ {1, . . . , Iter}

(10)

After the update of the current limiting factor, the FRT
currents of DGs are updated by (11):

I tgen(i) = K t
i · IFRT (i)∀ ∈ i{1, . . . , dg} and t ∈ {1, . . . , Iter}

(11)

where IFRT (i) is the FRT current of DG i, as mandated by
the standard of each country. Practically, in (11), DGs restrict
their current, by a factorK t

i , to force the objective function (2)
to zero, restoring the recloser-fuse coordination.

C. FLOWCHART AND COMPUTATION TIME
The flowchart of the proposed optimization approach is
depicted in Fig. 8. It consists of five (5) steps:

Step 1: The iteration index (t) is initialized to t = 1.The
current limiting factors of all DGs are initialized to 1, e.g.,
K 1
i = 1 for each DG i.
Step 2: The current limiting factor of the best DG that leads

the objective function to the greatest decrease, is found in (8).
Step 3: The current limiting factor of the best DG is

decreased by dK, using (9).
Step 4: The currents of DGs are calculated in (11), as the

product of the mandated FRT currents
(
IFRT (i)

)
and the

updated current limiting factors.
Step 5: If the cost function cannot be further reduced, the

algorithm is terminated, otherwise it returns to step 2.
Regarding the computation time of the proposed DCD

algorithm, steps 1, 3, 4 and 5 involve only a few numeri-
cal actions, thus their execution time is negligible. On the
other hand, step 2 is a time-consuming step, which involves

31234 VOLUME 12, 2024



E. E. Pompodakis et al.: Optimizing Fault Ride-Through of DGs

multiple SCC to find the optimal action that leads the objec-
tive function to the greatest reduction. Specifically, the total
number of SCCs of step 2 is given in (12):

Nscc = 2 · Nfuses · NDGs · Iter (12)

where Nscc is the number of the required SCCs, Nfuses
is the number of fuses, NDGs is the number of DGs. Iter
is the total iteration number (e.g., from step 2 to step 5 in
the flowchart) until the termination of the algorithm. As an
example, let us assume that a network has Nfuses = 10 fuses
and NDGs = 10 DGs, while the DCD algorithm requires
Iter = 20 iterations until convergence. The total SCC number
would be Nscc = 2 · 10 · 10 · 20 = 4000. The computation
time of each SCC using superposition-based approaches, e.g.,
[33], [34], is below 20 ms, even in large networks such as the
IEEE 8500-node network. Therefore, the total computation
time of the proposed approach is below 80 seconds, which is
reasonable.

IV. SIMULATIONS IN THE 13-BUS NETWORK
A. DESCRIPTION OF THE NETWORK
Simulation results are presented here using a modified ver-
sion of IEEE 13-bus. The examined 13-bus network is shown
in Fig. 9, consisting of 9 load buses. Loads are modeled as
constant impedances, which is a common and reasonable
assumption in SCCs [44]. DGs are connected to buses 4,
11, 13. Five (5) DG penetration scenarios are investigated,
as shown in Table 1. Data about the lines and loads are
summarized in Table 2.
The protection system consists of two reclosers (RC 1-RC

2) and four fuses (f1-f4) protecting the laterals. RC 1 is
coordinated with fuses 1 and 2, while RC 2 with fuses 3 and
4. The time-current curves of RC 1 and fuse 2 are depicted
in Fig. 10a. It is noted that in the rest of the paper, the
bolted (0 Ohm) fault at the beginning of the lateral and the
high impedance (5 Ohm2) fault at the end of the lateral are
named boundary faults and denoted as ‘‘l.i. lat’’ and ‘‘h.i.
lat’’, respectively, for each lateral lat= {1,2,3,4} (see Fig. 9).
Due to the symmetry of the network, fuse 1 has the same
characteristic as fuse 2 and is not depicted. As shown, in the
absence of DGs, the tripping order fast recloser→fuse→slow
recloser is preserved for all possible faults occurring across
the second lateral, namely from a bolted (0 Ohm) fault at
the begging of the lateral (e.g., ‘‘l.i.2’’) to a high impedance
(5 Ohm) fault at the end of the lateral (e.g., ‘‘h.i.2’’). Note that
the different currents (1200A and 1000 A) flowing through
RC 1 and fuse 2 is due to the load current, which is not neg-
ligible in h.i. faults. Contrarily, in l.i. faults, the load current
is minimal, since under significant voltage drops, the loads
primarily exhibit a constant impedance behavior [44]. The
time-current characteristics of RC 2 and fuse 4 are depicted in
Fig. 10b. The fuse 3 has the same characteristic as fuse 4 and

2The range of impedance values cited in literature for high impedance
faults varies from 3 � [4] to 20 � [2]. In this research, we consider 5 �.
Nonetheless, the proposed method is generic and can be applied for any fault
impedance value.

FIGURE 9. Examined 13-Bus Network. The protection system is shown in
red. Eight (9) boundary faults are considered.

TABLE 1. DG penetration scenarios.

is not depicted. The coordination is preserved for all possible
faults within the fourth lateral, namely from the ‘‘h.i. 4’’ to the
‘‘l.i. 4’’ fault. Data about the settings of protection equipment
are summarized in Table 2.
The integration of DGs restricts the coordination region as

explained in section II. The proposed approach is compared
against the following methods, assuming the 5 scenarios of
Table 1.

• DGs inject a current according to the German FRT
code, which is mathematically given by (1) (refer to
Section II-A), without any limitation of the DG current.

• DGs inject a current according to the German FRT
code. However, their current is restricted by multiply-
ing it with a current limiting factor (CLF) proposed by
Yazdanpanahi in [29, eq. (10)]. The CLF is given in (13).

CLF =

{
1.4674 · R3pcc(i) if Rpcc(i) < 0.9

1 otherwise
(13)
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TABLE 2. 13-bus network’s parameters.

Essentially, the current limitation is most pronounced in
DGs experiencing higher voltage drops, namely those
located near the fault location.

• The same with the previous case, but instead, the current
is limited by the CLF of Fani [18, eq. (6)], as follows:

CLF =

R
1

Rpcc(i)
pcc(i) if Rpcc(i) < 0.9

1 otherwise
(14)

B. SCENARIO 1 (DG 4)
In this scenario, a DG of 10 MW is connected to bus 4
as shown in Fig. 9. The CLFs calculated by the compared
methods, for all boundary faults of Fig. 9, are depicted in
Fig. 11. Moreover, the effectiveness of the compared method
in preserving the recloser-fuse coordination is quoted in
Table 3. As shown, only the proposed method preserves the
coordination in the ‘‘h.i. 2’’ fault. It is because the voltage
experienced by DG 4 during the ‘‘h.i. 2’’ fault is high (6000 V
at bus 4), and thus, the CLF in equations (13) and (14) is not
sufficiently low to prevent the miscoordination. Specifically,
as shown in Fig. 11, the CLF of the ‘‘h.i.2’’ fault is 0.4 for
the proposed method; in contrast, Yazdanpanahi’s and Fani’s
method yield a CLF for the same fault equal to 0.82 and
0.73, respectively, which are not adequate to prevent the
miscoordination.

Fig. 12 presents the shift of tripping times of slow recloser
1 and fuse 2, for the ‘‘h.i. 2’’ fault, due to the DG 4.
As shown in Fig. 12a, without (w/o) the DG, the fuse 2 trips
at 8.35 s, namely before the slow RC 1 that trips at 8.72 s.
The connection of DG 4 blinds both fuse 2 and RC 1, shifting
their tripping time to 17.2 s and 15.6 s, respectively; thus,

FIGURE 10. From top to bottom: Time current curves of a) recloser 1-fuse
2, and b) recloser 2-fuse 4, for the base scenario (no DGs).

TABLE 3. Coordination of boundary faults for scenario 1 (!coordination,
%miscoordination).

the coordination is lost since fuse 2 trips before the slow
recloser. This type of miscoordination is similar to ‘‘type 4
miscoordination’’, according to the classification presented in
section II. The issue of miscoordination is not resolved either
by the Yazdanpanahi’s or the Fani’s methods, as confirmed
in Figs. 12b and 12c. On the contrary, the proposed method
sufficiently restricts the FRT current of DG (CLF=0.4),
preventing miscoordination.

Looking at Fig. 11, the proposed approach calculates the
CLF based on the worst-case condition (namely ‘‘h.i. 2’’) and
imposes it on the DG for all faults, even in those without mis-
coordination issues such as the ‘‘h.i. 1’’. It is because without
the use of real-time monitoring and fault location identifica-
tion functionalities, DGs cannot distinguish the position of
the fault; for instance, DG cannot distinguish whether a fault
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FIGURE 11. Current limiting factors of the examined methods, for
scenario 1.

FIGURE 12. Fault ‘‘h.i. 2’’ of scenario 1: a) German FRT (top-left), b) Fani
(top-right), c) Yazdanpanahi (bottom-left), d) proposed (bottom-right).

is ‘‘h.i. 2’’ or ‘‘h.i. 1’’, thus it takes the worst-case condition to
be on the safe side. It is a rather conservative approach, which
however always guarantees recloser-fuse coordination, for all
boundary faults, without advanced communication means.

C. SCENARIO 2 (DG 11)
In this scenario, a DG of 10 MW is connected to bus 11.
The CLF of the compared methods and their coordination,
for all boundary faults, are quoted in Fig. 13 and Table 4,
respectively. Only the proposed method ensures coordination
for all boundary faults. Fani’s method loses the coordination
in ‘‘h.i. 3’’ and ‘‘h.i. 4’’, while Yazdanpanahi’s in ‘‘h.i. 4’’
fault, owing to their high CLF values. For example, as shown
in Fig. 13, Fani’s and Yazdanpanahi’s methods yield CLF
values 0.49 and 0.33, respectively, for the ‘‘h.i. 4’’ fault,
which are not sufficient to prevent miscoordination.

The shift of tripping times of fuse 3 and recloser 2, due to
DG 11, for the ‘‘h.i. 3’’ fault, is depicted in Fig. 14. As shown
in Fig. 14a, without current limitation, the coordination is
lost, as the fuse trips (at 0.63 s) before the fast recloser (at 1 s).
This type of miscoordination is the ‘‘type 2 miscoordination’’
of the classification of section II-B. Fani’s method does not
effectively restore coordination, in contrast to the proposed
and Yazdanpanahi’s method.

TABLE 4. Coordination of boundary faults for scenario 2.

FIGURE 13. Current limiting factors of the examined methods, for
scenario 2.

FIGURE 14. Fault ‘‘h.i. 3’’ of scenario 2: a) German FRT (top-left), b) Fani
(top-right), c) Yazdanpanahi (bottom-left), d) proposed (bottom-right).

The shift of tripping times of fuse 4 and recloser 2, due to
DG 11, for the ‘‘h.i. 4’’ fault, is depicted in Fig. 15. As shown
in Fig. 15a, the presence of DG disrupts the coordination
between fuse 4 and slow RC 2, since the slow recloser trips
(at 1.3 s) before the fuse (at 1.4 s). Only the proposed method
achieves coordination restoration, as depicted in Fig. 15d. It is
noted that, for the sake of clarity, the CTI between the curves
has been ignored here. However, the objective function (2)
can be easily expanded to include CTI, ensuring a sufficient
margin, e.g., 50ms, between the fuse and recloser (refer to
Appendix for expansion).

D. SCENARIO 3 (DG 13)
In this scenario, a DG of 10 MW is connected to bus 13. The
CLF of the compared methods and their coordination, for all
boundary faults, are quoted in Fig. 16 and Table 5, respec-
tively. As shown in the table, miscoordination is observed
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FIGURE 15. Fault ‘‘h.i. 4’’ of scenario 2: a) German FRT (top-left), b) Fani
(top-right), c) Yazdanpanahi (bottom-left), d) proposed (bottom-right).

TABLE 5. Coordination of boundary faults for scenario 3.

FIGURE 16. Current limiting factors of the examined methods, for
scenario 3.

in ‘‘h.i. 3’’, ‘‘l.i. 3’’, ‘‘h.i. 4’’, ‘‘l.i. 4’’ faults, which is not
effectively treated by the Yazdanpanahi’s and Fani’s meth-
ods. Specifically, DG 13 is located far away from those
faults (line 13-9 is long), experiencing only a slight voltage
drop. Therefore, according to (13)-(14), Yazdanpanahi’s and
Fani’s methods yield high CLF values, failing to prevent
miscoordination.

Fig. 17 depicts the shift of tripping times of fast RC
2- fuse 4 for the ‘‘l.i. 4’’ fault. As shown in Fig. 17a, the DG
shifts the tripping time of fuse 4 from 0.15 s to 0.13 s, and
fast RC 2 from 0.13 s to 0.16 s, disrupting their coordination.
It is the ‘‘type 3 miscoordination’’ described in section II. The
miscoordination remains in Figs 17b and 17c as well, while
solved only by the proposed approach in Fig. 17d.

FIGURE 17. Fault ‘‘l.i. 4’’ of scenario 3: a) German FRT (top-left), b) Fani
(top-right), c) Yazdanpanahi (bottom-left), d) proposed (bottom-right).

TABLE 6. Coordination of boundary faults for scenario 4.

FIGURE 18. Current limiting factors of the examined methods, for
scenario 4.

E. SCENARIO 4
In this scenario, three DGs of 3.5 MW are connected. The
CLFs of DGs and the coordination for all boundary faults
are quoted in Fig. 18 and Table 6, respectively. As shown
in the table, miscoordination occurs in ‘‘h.i. 3’’ and ‘‘l.i. 3’’
faults, which are effectively treated by all methods. An impor-
tant thing to note in Fig. 18 is that the proposed method
offers a better FRT current support (higher CLFs) than the
Yazdanpanahi’s and Fani’s methods in all low-impedance
faults. For example, in ‘‘l.i. 3’’ fault, the CLF of the
DG 4, 11 and 13 are estimated by the proposed method
as 1, 0.1 and 1, respectively, while the respective factors of
Yazdanpanahi’s method are 0.55, 0 and 0.52. This property
is a strong advantage of the proposed method, since the
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TABLE 7. Coordination of boundary faults for scenario 5.

FIGURE 19. Current limiting factors of the examined methods, for
scenario 5.

medium-voltage (MV), and especially the upstream high-
voltage (HV) network has a higher need for reactive power
support by DGs in low impedance faults, to enhance their
voltage stability.

F. SCENARIO 5
In this scenario, three DGs of 2 MW are connected. The CLF
ofDGs and the coordination for all boundary faults are quoted
in Fig. 19 and Table 7, respectively. Only the ‘‘l.i. 3’’ fault
causes miscoordination in this scenario, which is effectively
treated by all methods. The CLF of the three DGs are esti-
mated by the proposed method as 1, 0.9, 1. In this scenario,
the proposed method yields high CLFs due to the low power
of DGs (2MW), which causes onlyminor coordination issues
that are addressed with a slight reduction of CLFs. It is worth
noting in Fig. 19 that the proposed method offers a much
better reactive power support than the Yazdanpanahi’s and
Fani’s methods in all faults (except the ‘‘h.i.1’’).

V. SIMULATIONS ON THE IEEE 8500-NODE NETWORK
This section presents simulation results in the IEEE
8500-node network shown in Fig. 20. It is a real north
American network, supplying 2521 buses with a total power
10.5 MW [46]. The original network has been slightly mod-
ified to include 4 DGs with FRT capability according to (1),
two reclosers protecting the two feeders, and three fuses. RC
1 is coordinated with fuse 1 to protect the first feeder, while
RC 2 with fuses 2 and 3 to protect the second feeder. All the
data of the network, DGs, and PDs are shown in Table 8. DG
1 and 2 are located between the RC 1 and fuse 1, DG 3 is

FIGURE 20. IEEE 8500-Node network, including 1 breaker, 2 reclosers,
3 fuses and 4 DGs.

TABLE 8. IEEE 8500-node network’s parameters.

between RC 2 and fuse 2, while DG 4 is between the fuse
2 and fuse 3.

Fig. 21a depicts the time-current curves of RC 1-fuse
1 pair, where ‘‘h.i. 1’’ and ‘‘l.i. 1’’ denote respectively a high
impedance (5 Ohm) and a bolted (0 Ohm) fault downstream
of the fuse 1. As shown, in the absence of DGs, coordination
is achieved for all faults downstream of the fuse 1 (between
560A and 906A). Fig. 21b depicts the time-current curves of
RC 2- fuse 2- fuse 3, where the tripping order of fast RC 2 →

fuse 3 → fuse 2 → slow RC 2 is valid for all currents down-
stream of the fuse 3, namely from 900A to 1530A.Moreover,
coordination is accomplished for all faults between fuse
2 and fuse 3 (from 1100A to 2170A), with a tripping
order fast RC 2 → fuse 2 → slow RC 2. Subsequently,
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FIGURE 21. From top to bottom: Time current curves of a) recloser 1-
fuse 1, and b) recloser 2- fuse 2- fuse 3, without the DGs.

TABLE 9. Coordination of boundary faults for IEEE 8500-node network.

we investigate the impact of DGs on PD coordination,
comparing various FRT methods outlined in Section IV-A,
including German FRT (equation 1) without limitation, the
proposed, Yazdanpanahi’s, and Fani’s methods. The powers
of DG are given in Table 8.
Table 9 and Fig. 22 depict respectively the PD coordination

and the CLFs of the compared methods, for all boundary
faults. As shown in the table, the German FRT disrupts
the coordination for both the ‘‘h.i.1’’ and ‘‘h.i.3’’ faults.
Specifically, for ‘‘h.i.1’’, DG 1 and 2 blind the RC 1, while
speeding up the tripping time of fuse 1; thus, the fuse 1 trips
before the fast RC 1, disrupting their coordination. As indi-
cated in the table, the decentralized current limiting methods
of Yazdanpanahi and Fani fail to prevent miscoordination
in the ‘‘h.i.1’’ fault. This occurs because DG 1 is situated

FIGURE 22. Current limiting factors of the DGs for the IEEE 8500-node
network.

FIGURE 23. Voltage profile (phase A) of the compared methods, for the
‘‘l.i.1’’ fault.

FIGURE 24. Voltage profile (phase A) of the compared methods, for the
‘‘h.i.3’’ fault.

at a considerable distance from the ‘‘h.i.1’’ fault, resulting
in only a minor voltage drop and a slight CLF reduction
(refer to Fig. 22), which does not suffice to prevent the
miscoordination between RC 1 and fuse 1. Conversely, our
proposed method ensures coordination under all boundary
fault conditions.
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Figures 23 and 24 display the voltage profiles of the IEEE
8500-node network for the ‘‘l.i.1’’ and ‘‘h.i.3’’ faults, respec-
tively. For clarity, we have represented only phase A, with
similar characteristics observed in the other phases as well.
It is worth noting that the voltage profile of Fani’s method
closely resembles that of Yazdanpanahi’s and is therefore not
separately depicted. Within both figures, it is evident that the
German FRT exhibits the highest voltage profile during the
faults. This superiority arises from the absence of limitations
imposed on the DGs, as evidenced by a CLF of 1 for all
DGs in Fig. 22. In contrast, our proposedmethod outperforms
Yazdanpanahi’s approach, as shown in Figs. 23-24, thanks
to the higher CLF imposed on the DGs. In summary, the
proposedmethod surpasses decentralizedmethods in both PD
coordination and voltage support during faults.

VI. CONCLUSION
In this paper, we introduce a straightforward discrete
coordinate-descent approach aimed at optimizing the FRT
behavior of DGs to prevent miscoordination between
reclosers and fuses. Our method begins by calculating DG
fault currents based on the specific FRT standard of each
country. If any miscoordination between reclosers and fuses
is identified, the method intelligently scales down the cur-
rent of DGs, until proper coordination is reestablished. The
proposed approach boasts minimal communication require-
ments, reasonable computational efficiency, and reliable
voltage support during fault conditions. Through simulations
conducted on both the IEEE 13-bus and IEEE 8500-node
systems, our approach consistently maintains recloser-fuse
coordination in all the examined cases and offers superior
voltage support during faults compared to the decentralized
current limiting strategies.

APPENDIX
Objective function (2) can be easily expanded to include
multiple fuses, and the CTI between the fuse and recloser
curves, as follows:

f =

Nfuse∑
p=1

(
T tfp,hi − T trcp,sl→fp,hi + CTI

)2
· H

(
T tfp,hi − T trcp,sl→fp,hi + CTI

)
+

Nfuse∑
p=1

(
T trcp,fa→fp,hi − T t

fp,hi
+ CTI

)2

· H
(
T trcp,fa→fp,hi − T t

fp,hi
+ CTI

)

+

Nfuse∑
p=1

(
T trcp,fa→fp,li − T tfp,li + CTI

)2
· H

(
T trcp,fa→fp,li − T tfp,li + CTI

)
where Nfuse is the number of fuses, T tfp,hi is the tripping time
of pth fuse for a high impedance fault downstream the fuse,

T trcp,sl→fp,hi is the tripping time of the slow recloser for a high
impedance fault downstream the pth fuse etc.
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