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Reconfiguration of Active Distribution
Networks Equipped with Soft Open Points
Considering Protection Constraints
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Abstract—The purpose of active distribution networks
(ADNs) is to provide effective control approaches for enhancing
the operation of distribution networks (DNs) and greater accom-
modation of distributed generation (DG) sources. With the inte-
gration of DG sources into DNs, several operational problems
have drawn attention such as overvoltage and power flow alter-
ation issues. These problems can be dealt with by utilizing dis-
tribution network reconfiguration (DNR) and soft open points
(SOPs). An SOP is a power electronic device capable of accu-
rately controlling active and reactive power flows. Another sig-
nificant aspect often overlooked is the coordination of protec-
tion devices needed to keep the network safe from damage.
When implementing DNR and SOPs in real DNs, protection
constraints must be considered. This paper presents an ADN re-
configuration approach that includes DG sources, SOPs, and
protection devices. This approach selects the ideal configura-
tion, DG output, and SOP placement and control by employing
particle swarm optimization (PSO) to minimize power loss
while ensuring the correct operation of protection devices under
normal and fault conditions. The proposed approach explicitly
formulates constraints on network operation, protection coordi-
nation, DG size, and SOP size. Finally, the proposed approach
is evaluated using the standard IEEE 33-bus and IEEE 69-bus
networks to demonstrate the validity.

Index Terms—Distributed generation, network reconfigura-
tion, protection system, soft open point.

[. INTRODUCTION

HE efficiency and reliability of distribution networks

(DNs) have been decreasing owing to the constant in-
crease in electricity consumption. The performance of a DN
becomes inefficient owing to the decrease in voltage and in-
crease in power losses [1]. Hence, modifications of the de-
sign and operating environment of power systems have ne-
cessitated the consideration of active distribution networks
(ADNSs) [2]. The power loss is typically reduced via several
approaches: using power quality devices, applying demand
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response programs, reducing the network imbalance, improv-
ing the power factor [3], raising networks to higher voltage
levels, using distributed generation (DG) units [4], and using
the power electronic devices [5] placed in DNs [6].

DG sources are grid-connected or standalone electric gen-
eration units located within DNs. The integration of DG
sources into a DN leads to an improvement in the voltage
profile, reliability amendments (such as service restoration
and uninterrupted power supply), and enhanced efficiency
[7]. At the same time, a DN faces additional issues because
of high DG penetration. The most prominent issues include
the alteration of the current flow (which may surpass ther-
mal loading in the event of low loading or high generation),
voltage violations, and protection hazards, particularly the
lack of coordination between protection devices [8], [9].

In DNs, there are typically a few normally open points
connecting nearby feeders. These normally open points (tie
switches) can be closed (while opening other switches) to re-
shape the network topology [10]. The process of altering the
configuration of networks to accomplish certain goals by
changing the states of sectionalized (closed) and tie (open)
switches is referred to as distribution network reconfigura-
tion (DNR). DNR can be used to mitigate power losses as a
fairly simple and inexpensive solution to improve the overall
voltage profile, balance the loads between feeders, and re-
duce the need for network reinforcement while considering
the impact and increased penetration of DG units [11].

Another solution to complementing DNR and DG sources
is to employ power electronic devices. By placing these de-
vices—specifically, soft open points (SOPs)—instead of nor-
mally open points in a DN, the network capacity can be
more effectively used [12]. An SOP is defined as two or
more voltage-source converters (VSCs) connected via a com-
mon DC link. These devices provide reactive power and
transfer active power between the AC terminals [9], efficient-
ly compensating for DNs’ lack of power control capability.
Rather than just opening and closing the switches, an SOP
may help balance the load flow and improve the network
voltage profile [13]. The impacts of DG sources, DNR, and
SOPs significantly affect the power flow in ADNs and there-
fore pose challenges to protection systems. As a result, the
existing protection systems of ADNs need to be analyzed to
guarantee that the protection devices accurately function in
the case of faults.
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Several protection methodologies have been developed to
limit the high DG penetration effects in DN, utilizing both
traditional and modified protection systems [14], [15]. How-
ever, only a few solutions incorporating DNR have been de-
veloped [16]. Reference [17] demonstrates the design proce-
dure for a protection system for a reconfigurable IEEE 33-
bus network considering all permissible configurations. The
restrictions imposed by the coordination of the protection
system and their requirements for the switching of relays are
studied. Reference [18] presents detailed constraints as penal-
ty functions on the DNR technique with an objective func-
tion for the power losses and a voltage profile that concen-
trates on the coordination of the existing protection devices.
The studies on DNR with protection analyses in [17] and
[18] do not address the addition of DG sources or SOPs.

Reference [19] develops an optimal DG placement ap-
proach that maximizes the penetration level of DG sources
in DNs without modifying the original relay protection
schemes using an impact analysis of the number of DG
sources, their positions, and the capacities of the short-cir-
cuit current. Reference [20] presents further advanced re-
search including a network-zoning-based (islanded) protec-
tion and reconfiguration technique for DNs with DG. How-
ever, neither [19] nor [20] focuses on evaluating the power
losses or voltage profile concerns. The ideal switching con-
figuration has been investigated in [21] that offers the lowest
active power losses and a better voltage profile during which
the protection devices effectively function under normal and
faulty conditions. Reference [22] discusses a reconfiguration
approach that considers protection limitations in the presence
of DG units with an objective function for the power loss. A
novel scenario-based algorithm also examines the uncertain-
ties in the loads and power production of DG units.

n [23], a holistic framework for mitigating the DG of di-
verse effects using SOPs has been proposed, allowing the
most convenient system configuration and better energy utili-
zation for ADNs. A multi-objective optimization framework
for improving the operation of a DN considering various
penetration levels of DG sources is investigated in [24]. The
study concludes that SOPs effectively improve the network
performance in terms of power loss reduction, load balanc-
ing, and voltage profile enhancement. However, the effects
of SOPs on the protection of ADNs during DNR have not
been considered in any of the aforementioned papers.

To the best of the authors’ knowledge, extremely limited
research has been conducted on DNR with SOP integration
while maintaining protection coordination to reduce power
loss thus far. Rather, during the planning stages, DNR re-
search has only focused on issues such as power losses, the
voltage profile of each bus, and the size and placement of
DG sources, whereas the impacts of protection systems are
disregarded in the operational stage. Another noteworthy fea-
ture of the research is that it makes use of the existing pro-
tection systems (when determining the optimal network con-
figuration and/or installing SOPs or DG sources in the DN)
rather than investing in costly new protection equipment.
This approach is consistent with the currently implemented
real-world approach because changing the initial protective
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mechanism of a DN is both costly and technically complex.
Furthermore, although the installation of SOPs in DNs does
not require network reconfiguration, the current distributed
protection system must be changed to allow these devices to
cooperate with the SOPs. The simultaneous operation of the
protection system with the SOPs has not been explicitly dis-
cussed before, and it is considered in this paper.

The remainder of this paper is organized as follows. In
Section II, the model for SOPs is presented. Section III pres-
ents the mathematical problem formulation and constraints.
and the methodology is presented in Section IV. Simulation
results for IEEE 33-bus and IEEE 69-bus networks are dis-
cussed in Sections V and VI, respectively. Lastly, in Section
VII, the conclusions are presented.

II. MODEL FOR SOPs

An SOP is a multipurpose power electronic device that re-
places the tie-line switches between two buses in DNs as an
active/reactive power flow control device. This paper utilizes
a back-to-back VSC consisting of two insulated gate bipolar
transistor (IGBT) based VSCs. On their DC sides, the VSCs
are paired in series and share a common capacitor. Both
VSCs generate voltage waveforms with the desired ampli-
tude and phase angle on their own. This back-to-back form
enables complete active power control through the DC link
and an independent reactive power supply or intake at both
VSC terminals [25]. A back-to-back VSC-based SOP in the
P-Q control mode for one of the VSCs and in the V, -0
mode for the other VSC in the steady state allows for
smooth control of the voltage and active/reactive power
flow. A generic power injection model is considered for the
normal operation of an SOP, as shown in Fig. 1.

Fig. 1. Power injection model for an SOP.

The terminal power injections of SOP are considered in
this model, allowing the SOP to be directly coalesced into
current power flow analysis. In this model, the SOP is re-
garded as a line between two feeders that can manage the
magnitude and direction of the active power flow and con-
trol the reactive power but with different magnitudes and di-
rections (QF, Q) with respect to the capacity and limits of
the converters (Q%. , OF ). As a result, we can obtain:

max

P{<+P§+P1[Zss,sopzo K e Ngop (D
Qll(min < Q11< < Q11<max K € NSOP (2)
Qfmin < Qf < ngax K € NSOP (3)

where PX and PX are the active power with different magni-
tudes and directions; Py sop is the active power loss of each
converter in the K" SOP; and N, is the number of SOPs.
Hence, the total power loss of the SOPs P, ¢y is formulat-
ed as follows.
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lower sop = z loss, SOP

P {gss,S()P = A5 s0rV (P Y +(0%) VKeNg, 6]

where A4, ¢op is the loss coefficient of VSCs, which repre-
sents the internal power loss of individual components for
SOP. The VSCs connected to the feeders restrict the K" SOP
to a particular capacity SX, necessitating both active and reac-
tive power to meet it.

(P +(OF) <Sf KeNg, (6)
(PFY+(05) <87 KeNgy @)

Under fault conditions, as suggested in [26], the dynamic
performance of an SOP is determined using sequence net-
works such that DNs using SOPs may be analyzed using tra-
ditional fault analysis techniques. The symmetric voltage
components obtained at the network connection point of
SOP are used to create a fault index (FI). In less than two
cycles of fault occurrence, the steady-state FI decreases sig-
nificantly below the threshold value. Therefore, the SOP can
be considered as an open switch. The IGBTs can be instant-
ly turned off if the FI falls below a certain threshold. The
study shows that calculating the FI takes almost no time.
Compared with the current-based detection approach, which
relies on a relay and an isolator, the proposed approach is
substantially faster to implement. This approach demon-
strates the ability of SOP to identify faults efficiently and
quickly.

III. MATHEMATICAL PROBLEM FORMULATION AND
CONSTRAINTS

A. Objective Function

The purpose of this paper is to determine the best configu-
ration, DG size, and SOP location and control while guaran-
teeing that the existing protection devices continue to func-
tion properly in a coordinated manner. The objective func-
tion of this optimization process OF is defined to minimize
the power loss of each line and the power losses of the con-
nected VSCs.

OF = mln(Plosses Plosses.SOP) (8)

zReal(z ILP) 9)

where P, . is the total active power loss in the DN; M is
the number of branches; Z, is the impedance of line »; and
1, is the current flowing through line n. The control variables
include the statuses of the switches (both tie and sectional-
ized) in the lines, the SOP location and control (the active
power flow value and direction and the reactive power flow
value injected or absorbed at both terminals), and the active
power output of DG units into the DN.

B. DNR Constraints

After the DNR procedure, the network topology must be
radial. This implies that all buses must be linked to the main
substation and that there must be no network loops. Another

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 1, January 2023

constraint is the magnitudes of the voltages of the buses,
which are usually set to be £10% of the rated voltages. Be-
cause of security and thermal concerns, /, should not surpass
the limit of the branch current.

me— bus — Vmax (10)
1.1 (11)
where V.., V,., and V.. are the minimum voltage, bus volt-

age, and maximm voltage, respectively; and /" is the maxi-
mum current of line ».

C. DG Constraints

To function properly during the DNR process, the opera-
tion and size of DG sources must be regulated by the follow-
ing constraints.

1) DG Capacity

The maximum and minimum capacities of the DG sourc-

es, i.e., Ppe and Py, respectively, restrict the DG size P
Ppg <Ppg<Ppg (12)
2) Power Injection

Equation (13) defines a constraint that prevents the cur-

rent flowing from DG sources to the grid, possibly disrupt-

ing the grid protection mechanism.
NDG

zPDGz< zploudn +P/osses (13)

where P, is the load at bus n; N,; is the number of DG
sources; N, is the number of buses; and P,, is the size of
the i" DG.

3) Power Balance
Equation (14) guarantees that the power consumed by the
load, including the losses of the devices and lines, equals the

total power produced by the main substation P, ., and the
DG sources.
NDC Nhuv
EPDG,i +Psubstation: EPh;ad,n +Plosses (14)
i=1 n=1

D. Protection Constraints

The existence of DG sources and SOPs and the implemen-
tation of DNR cause the line current to change. The DG
sources and SOPs in the DN help notably decrease power
losses and enhance the voltage profile of each bus, but they
could have adverse effects on the protection and coordina-
tion of the DN if no protection constraints are considered. If
the new line current following a new configuration or the in-
stallation of SOPs surpasses the ratings of the protection de-
vices installed in the network, they will trip and cut the sup-
ply of the protection zone. Miscoordination of the primary
protection and backup protection device can also be a reper-
cussion when the constraints of the protection are not consid-
ered with the DNR procedure.

To minimize erroneous tripping and protection blinding,
the protection of the new configuration must be able to sepa-
rate the faulty area. In practice, network operators prefer to
avoid expensive expenditures by avoiding the modification
of current protection measures [18]. Therefore, the following
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constraints must be applied to ensure that changes in the cur-
rent flow do not cause protection devices to fail to operate
accurately and unwanted power outages in the ADN.
1) Overload Factor Limit

Suppose that the branch current surpasses the pick-up cur-
rent of the relay or recloser or the operating current of the
fuse under normal operating conditions. To prevent the dam-
age to equipment, the protection equipment must be able to
isolate the overloaded region quickly. To consider overload-
ed conditions, the overload factor (OLF) is considered and
formulated as:

1,-OLF<I, (15)

where /, is the operational pick-up current of the protection
device.
2) The Minimum Fault Current Sensitivity

To prevent the operation failure under fault conditions, the
minimum fault current /,;, must be greater than the rated /,
of the protection device. Owing to this constraint, the protec-
tion device can identify the problem and isolate the faulty ar-
ea. The constraint avoids protection blindness, which would
result in a portion of the DN being left uncovered and unpro-
tected.

(16)

E. Protection Coordination

The coordination among series-connected protection devic-
es under fault conditions is necessary and has multiple crite-
ria. It is essential to determine the main and backup func-
tions of each protection device to avoid unnecessary outages
in DNs. Furthermore, from the perspective of fault current al-
terations, the effects of DG sources and SOPs on the DN
must be adequately considered. Four types of coordination
among protection devices are examined: fuse-fuse, relay-
fuse, relay-downstream, and relay-relay coordinations.

1) Fuse-fuse Coordination

The primary fuse must act first to isolate the problem be-
fore the backup fuse may operate in the concept of protec-
tion coordination. The clearing time of the main fuse must
be less than 75% of the minimum melting time (MMT) of
the backup fuse.

MCT,. <75% MMT,, (17)

where MCT, is the maximum clearing time (MCT) of the
main fuse; and MMT. is the MMT of the backup fuse.

2) Relay-fuse Coordination

A coordination time interval (CTI) is considered between
the trip time of the downstream protection (primary protec-
tion) and the relay as the backup. If the main protection de-
vice fails, the CTI guarantees that the backup device will act
and eradicate the fault within the shortest possible period, en-
suring the selectivity as:

.

— 4> CTI (18)
where 7, is the trip time of the downstream protection de-
vice; and ¢,, is the relay operating time. The operational char-
acteristic or time-current characteristic (TCC) of the relay

may be mathematically defined using the following equa-
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tion, per IEC and ANSI/IEEE standards:
DS B
= 19
¥ PSM"—1 (19)

where f, a, and L are the constants established by the stan-
dards defining different types of inverse time relays. Accord-
ing to (20), the term PSM denotes the plug setting multipli-
er, which is the ratio of the fault current /,,, to the pick-up

current of the relay 7, .

]_ fault

PSM= (20)

pick-up
3) Relay-downstream Coordination

The reclosers feature two trip modes: fast and delayed
(slow) trip modes with varying speeds. The fast trip mode
protects downstream fuses from temporary disturbances and
faults. The delayed trip mode is configured as backup protec-
tion in the case where the fuses fail to operate. The coordina-
tion of the recloser setting is set to the initial network config-
uration, and the changes made by DNR may affect relay-
downstream coordination. The following constraint must be
used to guarantee recloser coordination with other protection
devices in the optimization process to find the optimal con-
figuration while the coordination constraint remains satisfied.

The coordination requirements of a downstream fuse and
a recloser on the upstream side are as follows.

The MMT of the fuse must be at least £ times longer than
the time of fast operation 7.

MMT

t
fast
Furthermore, the slow mode of the closer, ¢, must be
larger than the MCT of main fuse with a predesignated CTI.

—MCT>CTI (22)

4) Relay-relay Coordination

The basic guidelines for proper relay coordination can be
summarized as follows.

Pair relays have the same operational characteristics in se-
ries with one another whenever it is possible. I, needed to
run the relay in front must always be equal to or less than
the primary current required to operate the relay behind it.
To ensure that the circuit breaker closest to the problem
opens first, an adequate time interval is considered between
the relays that control the circuit breakers in the DN. The
CTI between each relay time setting must be sufficiently
long to ensure that the upstream relays cannot operate before
the circuit breaker closer to the fault location has tripped
and cleared the fault [18], [21], [27].

t t >CTI

op, main

>k 1)

tslow

op, backup — (23 )

where 7,, 1.1, and £ are the operation time of the back-
up and main relays, respectively.

op, main

IV. METHODOLOGY

The purpose of the proposed approach is to obtain the op-
timal network configuration, SOP placement and perfor-
mance, and DG output while maintaining protection con-
straints. In this paper, the DG sources are assumed to be pri-
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vately owned; therefore, their positions have been specified
and fixed. Additionally, if a fault occurs at the end of a radi-
al line, the DG may become an island and must be removed
from the network, as specified by the IEEE 1547 standard. A
flowchart and process framework of the proposed approach

is shown in Fig. 2.

Read system data (branches and nodes), control variable limits,
population size, and the maximum number of iterations

[
-

Generate population for control variables (open switches, SOP
location and size, and DG output size)

Are constraints (radiality,
SOP, and DG) checked?

Execute BFLF analysis to calculate P, bus voltages,
and line currents under normal conditions

Check
feasibility l
Calculate /., and / /f:min

Are constraints (protection
and DNR) checked?

Determine personal and global best particles according

to objective function
T

)
Determine velocity step length and update position of
each particle

]

Check feasibility

l

Update personal and global best particles according to objective
function and increment (/=¢+1)

Is the maximum
number of iterations reached?

Output optimal configuration for DG output and SOP location
and performance

End

Fig. 2. Flowchart and process framework of proposed approach.

To establish the value of the objective function, the back-
ward/forward sweep power flow (BFLF) technique [28] is
used to evaluate the power losses, DG output, SOP perfor-
mance, and line current, and to check the constraints. The ra-
diality is confirmed by ensuring that the number of normally
closed switches is one less than the number of buses and
that all of the buses are connected. Subsequently, several
combinations of open switches are investigated to discover
and reach the minimum objective function by comparing the
initial configuration and the new combination of switches in
the network after DNR. In the optimization approach, the

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 1, January 2023

protection constraints are considered. To efficiently discover
the optimal configuration, an optimization approach is neces-
sary because the complexity of DNR increases with the pene-
tration of DG sources and SOPs. This complexity creates a
sizable search space with an optimal point within it. There-
fore, the particle swarm optimization (PSO) is used in this
paper. PSO is used to simultaneously optimize DNR, the DG
output, and the SOP performance. When evaluating the ob-
jective function (after the generation of particles and during
the process of updating their positions), only configurations
that fulfill all of the stated constraints are examined. MAT-
LAB platform has been used to code and execute the pro-
posed approach.

V. SIMULATION RESULTS FOR IEEE 33-BUS NETWORK

The proposed approach is validated with standard IEEE
33-bus and IEEE 69-bus networks. Figure 3 shows a single-
line diagram of the IEEE 33-bus network (12.66 kV) with a
total load of 3.715 MW and 2.3 Mvar, and the apparent base
power is assumed to be 100 MVA. The dotted red lines de-
note the switches that have been opened.

(37

23 24 25

30 31

L F3 32 33 18 17

19 20 21 22

Fig. 3. Single-line diagram of IEEE 33-bus network.

Although any protection scheme can be used to assess the
practicality of the protection constraints, the positions of the
protection devices are depicted according to [18]. In Fig. 3,
four fuses (F1-F4) are inserted at the beginning of the origi-
nal configuration laterals as the main protection, and a relay
is fitted immediately after the substation as the backup. The
fuse size and the setting of the protection devices are as-
sumed to be fixed. Owing to the proven performance and
economic efficiency of the fuse, it is commonly employed in
DNs. A primary advantage of the fuse over a circuit breaker
is that it can stop very large short-circuit current in a shorter
time period than that of a circuit breaker within its capacity.
TCC fuse of S&C Electric Company (connection type: T) is
employed in this paper [29]. A fixed CTI of 0.3 s and a time
dial setting (TDS) of 1.65 s for the relays are assumed. An
inverse definite minimum time relay (a=0.2, f=28.2, L=
0.1217) is selected because its operation characteristic is sim-
ilar to the TCC of the selected fuses.

A three-phase-to-ground fault is considered for the maxi-
mum fault current in the short-circuit calculation at the loca-
tion of each protection device. However, regarding the mini-
mum fault current, a line-to-line fault is in the protected re-
gion of the bus, where there is smaller fault current. In fault
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situations, the load current is not considered. The load flow
analysis, rating of protection device, and operation time in
initial network are listed in Table I, where the open switches
are 33, 34, 35, 36, and 37; the active power loss is 202.665
kW:; and the minimum voltage of buses is 0.9131 p.u..

TABLE I
LOAD FLOW ANALYSIS, RATING OF PROTECTION DEVICE, AND OPERATION
TIME IN INITIAL NETWORK

The maximum

AT S iy oot MCTQ) 1,
Relay 316 210.35 5200
F1 30 18.10 4870 0.0168  0.317
F2 80 48.49 3619 0.0522 0474
F3 80 50.58 1081 0.4457  4.095
F4 100 58.39 1914 0.2411 1.390

Five case studies are conducted using the IEEE 33-bus
network. Cases 1 and 2 only incorporate DNR and are evalu-
ated without SOP and DG integrations, whereas cases 3 and
4 are evaluated with SOP integration. Case 5 is tested with
the simultaneous integration of SOPs and DG sources. Pro-
tection constraints are used in cases 2, 4, and 5, whereas
they are not considered in cases 1 and 3.

A. Case 1: Optimal Configuration Without DG, SOP, and
Protection Constraints

Case 1 studies the implementation of DNR without protec-
tion constraints using PSO. The open switch (7, 9, 14, 32,
37) combinations, active power loss (139.55 kW), and the
minimum voltage (0.9375 p.u.) of the buses are listed in Ta-
ble II. Theoretically, the optimal global solution obtained us-
ing PSO indicates that the switches 7, 9, 14, 32, and 37
should be opened. In comparison to the initial configuration,
DNR uses PSO to decrease the active power losses by
31.1% and increase the minimum voltage by 2.67%. To ana-
lyze the protection device conditions for case 1, Table II
presents the load current and fault current flowing through
the protection devices. F2, F3, and F4 perform normally un-
der the assumed load and 25% overload conditions. As can
be observed, even under normal loading conditions, F1 is
overloaded because the load current passing through it will
cause the fuse link to melt and unnecessarily break the cir-
cuit. These findings demonstrate the need to address the pro-
tection constraints during DNR to avoid network protection
failure.

TABLE 11
LoAD FLOW, LOAD CURRENT AND FAULT CURRENT, AND FUSE STATUS
FOR CASE 1
Protection Load 25% The maximum The minimum
device current overload  fault current fault current  Status
(A) (A) (A) (A)
F1 30A) 67.77 84.72 4861 466.73 Open
F2 (80 A)  48.28 60.35 3619 1552.00 Closed
F3 (80 A) 46.18 57.72 1078 800.00 Closed
F4 (100 A) 10.55 13.19 1907 1714.00 Closed
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B. Case 2: Optimal Configuration Without DG Sources and
SOPs Considering Protection Constraints

The protection constraints are taken into account during
optimization in case 2, and the results are summarized in Ta-
ble III, where the optimization approach is PSO; the open
switches are 11, 13, 32, 33, and 37; the active power loss is
181.1 kW; and the minimum voltage of buses is 0.9222 p.u..
The protection constraints eliminate all configurations that vi-
olate the operation requirements of the protection devices. It
is observed that the active power losses of the network have
increased in comparison with those for case 1, as anticipat-
ed, because additional constraints have been incorporated in-
to the optimization problem. Nonetheless, the active power
loss is less than the noted active power loss in the initial
configuration. Table III also confirms the proper functioning
of the protection system given that, under fault conditions,
all of the fuses will melt and break the circuit as the mini-
mum fault current are greater than the ratings of the fuses.

TABLE III
LoAD FLOW, LOAD AND FAULT CURRENTS, AND FUSE STATUS FOR CASE 2

Protection Load 25% The maxi- The mini-
device current  overload mum fault mum fault Status
(A) (A) current (A) current (A)
F1 30 A) 23.52 29.17 4861 736 Closed
F2 (80 A) 4845 60.56 3619 1552 Closed
F3 (80 A) 46.96 58.69 1078 800 Closed
F4 (100 A) 54.68 68.34 1907 535 Closed

C. Case 3: Optimal Configuration and SOP Performance
with no Protection Constraints

Case 3 investigates the performance of the IEEE 33-bus
network when implementing an SOP combined with DNR.
Owing to its high cost, one SOP is considered in this paper
and is installed in place of one of the tie-line switches. The
addition of the SOP adds three additional control variables
(P, Q,, and Q,) to the optimization problem. Each VSC in
the SOP has the maximum capacity of 1 MVA. As men-
tioned in Section II, the SOP will trip almost instantly under
fault conditions, which is why it is considered as an open
switch in short-circuit calculations. Table IV presents the re-
sults for case 3 using PSO. From the simulation results, it is
clear that the integration of the SOP into the network is ben-
eficial, and the active power loss is considerably reduced
compared with those for cases 1 and 2.

TABLE IV
RESULTS FOR CASE 3 USING PSO

Open switch P, (kW) The minimum voltage (p.u.) SOP performance
P=0.3310 MW,

0,=0.425 Mvar,
0,=0.943 Mvar

7,9, 14, 36,

SOP at 37 937

0.9545

The results in Table V demonstrate that a protection de-
vice is overloaded and will melt and break the circuit in this
configuration, even though the SOP has reduced the power
loss. F1 is overloaded under both normal and overloaded
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conditions. Hence, the resulting structure and SOP perfor-
mance are not feasible in the real world because they im-
pede the proper functioning of the protection devices.

TABLE V
CURRENT PASSING THROUGH FUSES AND FUSE STATUS IN CASE 3

Protection device Load current (A) 25% overload (A) Status
F1 (30 A) 64.14 80.18 Open
F2 (80 A) 60.36 75.46 Closed
F3 (80 A) 48.10 60.13 Closed
F4 (100 A) 10.42 13.02 Closed

D. Case 4: Optimal Configuration and SOP Performance
with Protection Constraints

In case 4, the optimization procedure is performed in the
same way as shown in case 3 with one distinction: protec-
tion constraints are considered, and all instances in which
the safety restrictions are not retained will be removed. The
results show that, for practical applications, the optimization
with the protection constraints is preferable, as shown by the
results in Table VI, despite more power loss P, in case 4
compared with that in case 3. Under normal load and 25%
overload conditions, the results in Table VII demonstrate that
all security and protection requirements are met, preventing
the damage to equipment or power outages in faultless areas.

TABLE VI
RESULTS FOR CASE 4 USING PSO

Open switch P, (kW) The minimum voltage (p.u.) SOP performance

loss

10, 12, 17, P=0.401 MW,
33, SOP at 116.7 0.947 0,=0.486 Mvar,
37 0,=0.915 Mvar
TABLE VII
LoAD FLOW, FAULT CURRENTS AND OTHER PROTECTION PARAMETERS FOR
CASE 4
The The
Protection Load 25% maximum  minimum MCT t
R current overload relay
device (A) (A) fault fault (s) (s)
current (A) current (A)
F1 (30 A) 23.70 29.7 4877 876 0.0168 0.317
F2 (80 A) 63.90 79.8 3630 1563 0.0522 0.474
F3 (80 A) 53.10 66.3 1080 706 0.4660 4.090
F4 (100 A) 46.26 57.8 1911 615 0.2460 1.390

E. Case 5: DNR, Optimal DG Size, and SOP Performance
with Protection Constraints

Case 5 investigates the incorporation of DNR and an SOP
into an ADN with protection constraints. Because electroni-
cally interfaced DG sources are restricted in their fault cur-
rent contributions and are not subject to protection concerns,
synchronous-machine-type DG sources are used in this pa-
per. The DG sources are assumed to inject only active pow-
er. Three DG sources are considered, which are connected to
buses 31, 32, and 33 [30]. The size and output of each DG
source are determined after the optimization process to fur-

ther reduce the total power loss. The DG sources have the
minimum and maximum capacity sets of 0.1 MW and 1
MW, respectively. To prevent the current flowing from the
network to the substation, the maximum DG penetration is
restricted to 3 MW in the network (a total active load of
3.715 MW). The results in Table VIII show that the pro-
posed approach, DNR, optimal DG output, and SOP control
have significantly decreased the power loss compared with
those for the previous cases.

TABLE VIII
RESULTS FOR CASE 5

. P, The minimum DG output
Open switch (kW) voltage (p.u.) (MW) SOP performance
10, 31, 33, 0.760 (DG31),  P=0.046 MW,
34, and SOP 60.07 0.9746 0.557 (DG32), ©,=0.336 Mvar,
at 37 0.182 (DG33)  ©,=0.363 Mvar

The fault-current level has increased owing to DG penetra-
tion. This increase is caused by the decreased fault imped-
ances resulting from the parallel circuits created by the DG
sources. The minimum fault current has also increased com-
pared with those for previous cases, thus melting the fuse
and isolating the faulty area in the network. The coordina-
tion between all protection devices still exists within the
range of fault current. This demonstrates that the use of even
a modest and low-rated SOP device instead of a tie switch
substantially improves the overall network performance and
outweighs its drawbacks.

The results in Table IX confirm that all of the protection
constraints are satisfied. All fuses are the main protection de-
vices in this configuration, as indicated in the optimal config-
uration in Fig. 4, and there is no backup fuse. The relay
serves as the primary protection mechanism for certain buses
and provides a backup to all fuses. The coordination be-
tween the fuses and relays is intact, and none of the fuses
will trip under normal load or 25% overload conditions, sur-
passing the pick-up current of the fuses. Furthermore, the
minimum fault current for all fuses is higher than the pick-
up current; therefore, their sensitivity to faults is ensured.

The grid (bus 1), DG31, DG32, and DG33 all send fault
current to the fault location. The proposed approach also
eliminates the impact of sympathetic tripping. When a fault
occurs at F4, a large fault current from the DG source posi-
tioned on bus 31 might cause F3 to operate incorrectly, par-
ticularly if the DG capacity is large. However, the incorrect
operation is avoided in this case since the DG size is opti-
mized, and F4 may act as the primary protection owing to
the protection constraints with a sufficient CTI, isolating the
faulty location before the other protection mechanisms kick
in. Compared with the initial configuration, the proposed ap-
proach considering protection restrictions, appropriate DG
size, and SOP control has considerably increased the mini-
mum bus voltage. The introduction of DNR, the DG sourc-
es, and the SOPs has resulted in a noticeable improvement
in the bus voltage. Table X compares all of the results of the
IEEE 33-bus network with some equivalent cases in the liter-
ature.
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TABLE IX
LoAD FLOW, FAULT CURRENT, FUSE STATUS AND OTHER PROTECTION PARAMETERS FOR CASE 6

Under the maximum fault

Under the minimum fault

Protection device Load current (A) 25% overload (A) The maximum fault The minimum Status
current (A) MCT () Ly (5) fault current (A) MCT(5) £y (5)
F1 (30 A) 23.79 29.74 5953 0.015 0.317 1571 0.120 8.64 Closed
F2 (80 A) 48.08 60.10 4597 0.038 0.492 1685 0.192 2.87 Closed
F3 (80 A) 36.80 46.00 2866 0.076 4.620 3063 0.512 5.41 Closed
F4 (100 A) 23.17 28.96 2991 0.108 1.532 1175 0.598 9.23 Closed
23 24 25 SOR 29 30 31 regate a fault, the main relay serves as the subsequent protec-
tion layer. Therefore, the main relay is coordinated with the
26027 28 5 slow mode of the recloser. The TDS of the relay is 0.9 s,
| 2 3&4 s 6 whereas the TDS of the recloser is 0.08 s and 1.7 s in the
Relay | I % { 7 8 9 10 32 33 18 17 fast and slow modes, respectively. For a recloser in the fast
F1 F4 mode, the coordination factor & should be 1.25. A CTI of
DG DG - - - -
19 2 20 2112 13 12 15 16 0.2 s is considered to coordinate fuses with the slow mode
I I I T I of the recloser.
1T 1 | | 1T 1T 1
Fig. 4. Optimal configuration. 2 3L 33035
TABLEX |48 50 54 56 58

SUMMARY OF RESULTS FOR IEEE 33-BUS NETWORK COMPARED WITH
THOSE IN [21] AND [12]

Type Open switch P, (kW)
Case 1 7,9, 14, 32, 37 139.50
Case 2 11, 13, 32, 33, 37 181.10
Case 3 7,9, 14, 36, SOP at 37 95.70
Case 4 10, 12, 17, 33, SOP at 37 116.70
Case 5 10, 31, 33, 34, SOP at 37 60.07

[21] 7,9, 14, 32, 37 139.50

[21] 11, 13, 32, 33, 37 181.10

[12] 7,9, 14, 36, SOP at 37 93.91

VI. SIMULATION RESULTS FOR IEEE 69-BUS NETWORK

The IEEE 69-bus network is investigated next, with 69
buses, 68 selectionizing switches, and five tie switches (69,
70, 71, 72, 73). The initial configuration is presented in Fig.
5. The simulation results show that the initial active power
loss of the network is 224.56 kW and the minimum voltage
is 0.9093 p.u. without any DG sources or SOPs.

Based on the initial configuration of the network, the posi-
tions of the protection devices are indicated in accordance
with [18] and [21], despite the fact that any protection
scheme can be used to evaluate the feasibility of the protec-
tion constraints. Compared with the previous network, the
IEEE 69-bus network features an additional safety device:
the recloser, which is placed at the outgoing feeder of bus 9.
It is utilized to separate the protection zones of the main net-
work branch. As a result, the coordination between the re-
closer and the downstream fuses (F6, F7, and F8), as well as
the relay and downstream devices, will be the focus of the
analysis of this IEEE 69-bus network.

If the main and backup fuses and the recloser cannot seg-

62 64(73)27 25

36 38 40 42 44 46

Fig. 5. Initial configuration of IEEE 69-bus network with five switches.

Moreover, the coordination of the relay with its down-
stream devices is achieved with the same CTI. With this set-
ting, the protection devices in the initial configuration will
function correctly and synchronously in the event of a sys-
tem fault. Tables XI and XII list the coordination of the de-
vices mentioned above, where /; is the load current and 7,
is the maximum fault current. With the integration of DG
sources and SOPs into the IEEE 69-bus network, two case
studies are conducted: DNR with no protection constraints
(case 6) and DNR with protection constraints (case 7).

A. Case 6: Optimal Configuration, DG QOutput, and SOP
Performance with no Protection Constraints

The results for case 6 are presented in Table XIII. The
DG sources are connected to buses 60, 61, and 62 according
to [30]. Except for F2 and F3, all fuses function properly un-
der normal load and overload conditions, as shown in Table
XIV. F3 is overloaded under normal loading conditions.
Therefore, this configuration is not feasible under nonfault
conditions. During a fault, the minimum fault current is suffi-
ciently large to melt the appropriate fuse and prevent protec-
tion blinding. As can be observed, all fuses have a coordina-
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tion factor greater than 1.25, which is required in the con-
straints; thus, the coordination is maintained in the fast

mode. All downstream fuses meet the requirement that the
CTI is greater than 0.2 s.

TABLE XI
COORDINATION OF RECLOSER WITH DOWNSTREAM FUSES IN INITIAL CONFIGURATION

Protection device 1, (A) 25% overload (A) Lo (A) L (8) MMT (s) k Lo (S) MCT (s) CTI

F6 (40 A) 2.08 2.60 2019 0.0122 0.026 2.17 0.259 0.046 0.213

F7 (30 A) 3.24 4.05 1674 0.0133 0.023 1.76 0.283 0.041 0.242

F8 (40 A) 20.41 25.51 1674 0.0133 0.038 2.89 0.283 0.061 0.220
TABLE XII

COORDINATION OF MAIN RELAY WITH DOWNSTREAM DEVICES IN INITIAL
CONFIGURATION

Protection 25% I The maxmum
dovice 1 (A overload &) operation time g4 CTI
(A) (s)
F1 (10 A) 5.13 6.41 4557 0.0138 0.2482 0.2344

F2 (80 A) 47.78 59.72 4553 0.0380 0.2485 0.2105
F3 (20 A) 10.32 1290 4557 0.0149 0.2482 0.2344
F4 (6 A) 2.51 3.14 2909 0.0137 0.4527 0.4391
F5 (200 A) 105.23 131.54 2848 0.1532 0.4676 0.3144
Recloser 44.10 55.12 2848 0.2266 0.4676 0.2410

TABLE XIII
RESULTS FOR CASE 6

Open P, The minimum
switch (kW)  voltage (p.u.) DG output (MW) SOP performance
12, 13, 0.298 (DG60), P=0.0034 MW,
56,69, 28.025 0.9784 1.200 (DG61),  0,=0.097 Mvar,
SOP at 73 0.202 (DG62) 0,= 0.49 Mvar
TABLE XIV

PROTECTION PARAMETERS FOR CASE 6

o 0,
Prz:;/citégn LA over%(fa/d0 (A) 18:; ]EnAm)‘ k CTL Status
(]31;]6“1) 144.14 180.17 6003
F1 (10 A) 5.12 640 6002 986 0.230 Closed
F2 80 A)  76.58 9573 6000 249 0216 Open
F3(20A)  27.70 3463 6002 827 0.230 Open
F4 (6 A) 247 308 3377 2419 0.496 Closed
F5 (200 A) 3.09 387 3294 1938 0411 Closed
ng;";‘? 23.19 2898 3294 1519 0.302 Closed
F6 (40 A) 2.04 2.55 2229 1812 1.84 0.209 Closed
F7 (30 A) 3.16 396 1815 1315 1.56 0.235 Closed
F8 (40 A) 0 0 1815 827 2.56 0.218 Closed

B. Case 7: Optimal Configuration, DG Size, and SOP Per-

formance with Protection Constraints

According to the optimal operation results of IEEE 69-bus
network with SOPs and DG source in Table XV, the optimal

configuration of IEEE 69-bus network is shown in Fig. 6.

As indicated in Table XV, the suggested solution outper-
forms the initial configuration in terms of the reduction in
the active power loss and the improvement in the minimum
voltage. Nonetheless, when compared with case 6, which
does not consider protection restrictions, the power loss ex-
pectedly increases by 20.45 kW.

TABLE XV
OPTIMAL OPERATION RESULTS OF IEEE 69-BUS NETWORK WITH SOPS AND
DG SOURCE

Open P, The minimum

switch (W) voltage (p.u.) DG output (MW) SOP performance

13, 45, 0.20 (DG60), P=0.0279 MW,

69,72, 4848 0.9742 0.39 (DG61), 0,=0.20 Mvar,
SOP at 73 0.91 (DG62) 0,=0.45 Mvar

37 39 41 43 45

Fig. 6. Optimal configuration of IEEE 69-bus network.

Table XVI lists the load current flowing through each pro-
tection device. All protection devices are capable of detect-
ing the minimum fault current in the protection zone while
operating under normal load or 25% overload conditions. Ta-
ble XVII shows that a coordination factor £ of more than
1.25 has been achieved when the fast mode of the recloser is
utilized. Therefore, the fast mode operation of the recloser is
at least 25% faster than that of the MMT of the fuses, and
quick coordination is ensured. In the process of slow-mode
coordination, the recloser and downstream devices have
worked together to meet the protection limitation require-
ment, with all CTIs above 0.2 s. It is concluded that the co-
ordination of the recloser with downstream fuses is main-
tained in this scenario. The results in Table XVIII show that
this configuration retains the coordination of relay and down-
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stream device for more than 0.2 s.

TABLE XVI
LoAD CURRENT FLOWING THROUGH PROTECTION DEVICE

Protection device Load current (A) overif:/do (A) Status

Relay (336 A) 142.58 178.66 Closed

F1 (10 A) 5.12 6.40 Closed

F2 (80 A) 47.78 59.72 Closed

F3 (20 A) 8.16 10.20 Closed

F4 (6 A) 2.48 3.10 Closed

F5 (200 A) 38.02 47.73 Closed

Recloser (67 A) 39.78 49.88 Closed

F6 (40 A) 2.06 2.57 Closed

F7 (30 A) 3.20 4.01 Closed

F8 (40 A) 17.51 21.90 Closed

TABLE XVII
COORDINATION OF RECLOSER WITH DOWNSTREAM FUSE IN OPTIMAL
CONFIGURATION

Prote(;tion L t(s) MMT k o MCT  CTI

device (A) fast (s) (s) (s) (s)
F6 (40 A) 2642 0.0112 0.0157 1.4026 0.238 0.0330 0.205
F7 (30 A) 2068 0.0121 0.0153 1.2671 0.257 0.0319 0.225
F8 (40 A) 2068 0.0121 0.0254 2.1004 0.257 0.0448 0.212

TABLE XVIII
COORDINATION OF RELAY WITH DOWNSTREAM DEVICES IN OPTIMAL

CONFIGURATION

Mlevice. B ®) penionime (y o ® CT!
F1 (10 A) 5668 0.0137 0.2443  0.2307
F2 (80 A) 5665 0.0294 0.2445  0.2151
F3 (20 A) 5668 0.0143 0.2443  0.2301
F4 (6 A) 4276 0.0136 0.4227  0.4091
F5 (200 A) 4231 0.0767 0.4355 0.3588
Recloser (67 A) 4231 0.2189 0.4355  0.2166

VII. CONCLUSION

This paper presents a comprehensive framework using a
new power electronic device, SOP, to enable the most effi-
cient system configuration for improved ADN utilization,
mitigate the adverse effects of DG, and consider the existing
protection restrictions. In the presence of DG sources, DNR
may result in wasteful tripping, longer downtime, and equip-
ment failure for DNs. This paper aims to determine the net-
work topology with the lowest power loss while maintaining
the coordination of protection devices. Protection restrictions
in terms of the operation and coordination of protection de-
vices are clearly specified without the need to change the
current protection systems.

The proposed approach is validated using IEEE 33-bus
and IEEE 69-bus networks. Simulation results show that
DNR has an obvious impact on the protection system. When
DNR is used without considering the protection limits, con-
figurations that are not viable for use in real-world DNs are

developed. Despite a higher power loss than the ideal design
without the protection limitation, the proposed approach pro-
vides the best configuration, DG sizes, and SOP placement
and control, thereby allowing protection devices to function
correctly. In addition to the advantages mentioned above,
SOP control and presence assist in determining the optimal
reconfiguration and controlling power flow over the network
to achieve the desired results. Since DG penetration is in-
creasing on a daily basis and upgrading old protection sys-
tems is both costly and complicated, the recommended solu-
tion could assist in achieving the best possible performance
of DNs.
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