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Abstract: Increasing the short circuit current due to the penetration of distributed
generations (DGs) in various voltage levels and meshed topology is a basic problem in
power systems. Using fault current limiter (FCL) is an efficient approach to mitigate the
exceeded short circuit levels. In this paper, a new approach is presented for multiple FCLs
locating to decrease short circuit levels in meshed networks with several subsystems and
multi-level voltages. Modified hybrid genetic algorithm (GA) and sensitivity analysis (SA)
are used to determine the type, number, location, and voltage level of FCLs. Also, an
effective sensitivity index is proposed, which can reduce the search space for optimal
allocation. This method suggests the optimal allocation with the least investment cost in
multi-level voltages networks according to the FCL costs. The proposed method is
evaluated in the IEEE 30-bus, 57-bus, and 300-bus test systems. Numerical results indicate

the accuracy and efficiency of the proposed method.

Keywords: Fault Current Limiter, Short Circuit Current, Allocation, Distribution

Generation.

1 Introduction

ONTROL of fault currents level in different points

of the network is inevitable, due to the expansion of
interconnected networks and high penetration of
distributed generation resources (DGs) in power
systems. There are important effects of DG penetration
in meshed networks, including changing direction and
magnitude of fault currents in different points of the
network. These issues and increasing the short circuit
currents higher than breaking capacity of circuit
breakers (CBs) and affecting the protection coordination
make the network planners upgrade the equipment and
re-coordinate the protective devices.

Fault current limiter (FCL) is an applicable approach
to limit the exceeded short circuit currents to acceptable
level in different points of the network. This device can
mitigate the magnitude of fault current and improve the
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security and reliability of the power system and
facilitate the conditions for the restoration of protective
relay coordination. Therefore, with locating FCLs
optimally, the equipment that need to be either replaced
or upgraded is minimized and postpone new
investments to upgrade the system. Considering
development of technology in the field of fault current
limiters in recent years, more advanced FCLs have been
designed and manufactured with distinguished features.
Negligible losses during normal condition and applying
maximum fault current limitation with the capability of
fault detection are some of these features. Among the
important FCLs are Superconducting Fault Current
Limiters (SFCLs) which consist of superconducting
elements, Solid State Fault Current Limiters (SSFCL)
which consist of power electronic equipment, and
Magnetic Fault Current Limiters (MFCL) [1, 2].
Considering the role of FCL in various studies, many
articles have focused on a variety of goals in FCL
locating; such as fault current reduction, relay
coordination, reliability, stability, and economic issues.
In [3] and [4], FCLs are used to decrease the fault
currents magnitude in different points of a system to
bearable level for CBs. Also, some studies have
minimized the number as well as impedance of required
FCLs for mitigating short circuit levels in the
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distribution system [5-7].

Protection coordination can be affected, as well, by
the integration of DG. Therefore, the best FCL location
with the least impedances has been determined,
considering the overcurrent relays coordination with
minimum total operation times [8-10]. Furthermore,
some references have considered the impact of FCL on
network reliability [11, 12]. Since increasing short
circuit level has a considerable impact on both
availability and failure rate of CBs directly, the impact
of FCL on reliability has been analyzed for CBs [13]
and reliability of transmission and switching
substations [14, 15]. Also, some articles have evaluated
the economic benefits of the FCL application. In [16]
and [17], the effect of FCL has evaluated on the
operation costs of the system. In these references
presented analysis is based on the comparison of
investment and generation costs of the system with and
without FCL. In this regard, in [18] a method based on
GA is proposed to determine the number, location, and
impedance of FCL for reducing the costs of distribution
network protection.

Generally, the major computational methods for
locating the FCLs can be classified into two categories:
sensitivity analysis (SA) and intelligence techniques.
Many studies have used sensitivity analysis to locate the
FCLs. Sensitivity index has a significant role in the
optimality of the final solution. The indices, such as
fault current variation due to changing FCL impedance
[5, 11, 13], power changing index [19], rotor’s angle
index of generator instability studies [20], reliability
index [21], and protective coordination indices [22] are
mostly used to determine the optimum FCL parameters.
Moreover, in many studies computational intelligence
techniques are used; e.g. genetic algorithm (GA) [23]
and [24], particle swarm optimization (PSO) [12, 25],
and a combined of heuristic methods [7, 26]. In addition
to these categories, the other non-linear methods have
also been used to FCL locating in some references such
as [6, 8].

Considering the investment cost in optimal locating of
FCLs is important; so that, in addition to the type and
impedance size, the installation and maintenance costs
of FCLs depend on its location and voltage level
directly. Limitations of space and cost of FCL location
could have effects on optimal FCL allocation in meshed
networks from the economical point of view. Therefore,
new techniques are needed and essential to determine
the minimum required FCLs that could be installed with
the least investment cost. On the other hand, in meshed
networks with different voltage levels, DGs with
various ratings could be connected to the grid, which
leads to change the fault currents and short circuit
levels. The fault currents may flow from different paths
of another voltage level to the fault point in the multi-
level voltages network with DG penetration. Hence,
sometimes FCL installation at another voltage level is
required to reduce the short circuit levels or mitigate the
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fault current contribution of DG in other voltage levels.
Therefore, in multiple FCL allocation, it is necessary
considering the FCL installation in all subsystems with
different voltage levels, because the lower costs may be
imposed to the network planner for controlling of short
circuit levels at all the subsystems.

In this paper, a Hybrid Genetic Algorithm and
Sensitive Analysis (HGASA) method is presented to
locate the FCLs optimally in multi-level voltages and
meshed networks considering DG penetration with
various rated capacities and the DGs at all voltage levels
are assumed the synchronous-based DG. A main feature
of the proposed method is the iterative-based process for
assigning and increasing the FCL impedance in various
points of the network. The cost function with fixed and
variable terms based on different locations and voltage
levels is used; so that, all exceeded short circuit levels
are mitigated with the lowest investment cost. Also, an
efficient sensitivity index is defined to reduce the search
space of GA and calculation burden purposefully.
Generally, the proposed method, using a combined
genetic algorithm and sensitivity analysis, performs an
iterative-based allocation for FCLs in multi-level
voltages systems.

2 DGs Penetration and FCL Installation

In the last two decades, with an impressive growth of
DGs technology the behavior of these resources
including the fault current contribution and short circuit
levels have been changed. This has led planners to pay
more attention to the consequences of DGs penetration.
Reconfiguration of networks to multiple-fed and
meshed topology and changing impedance matrix are
among the consequences of DG penetration. This
generally increases the fault currents and sometimes it
may increase the short circuit levels to more than CBs
breaking capacity. DG connection with different ratings
in all subsystems with different voltage levels is done
according to the regulated instructions and technical
constraints in different points of the grid.

DGs may be connected to subsystems with different
voltage levels according to their type and rating
capacity. A typical instruction and scheme of DG
connection to the network are shown in Fig. 1
(instruction of DG connection to the distribution
network in Iran [27]). DGs are categorized into five
classes according to their nominal capacity and voltage
level, which is shown in Table 1. With the connection of
each DG in the new bus, one row and one column added
to the network impedance matrix. For more DGs
penetration, the changes of the impedance matrix have
been increased. Also, with high penetration of DGs, the
short circuit levels are increased in all points of the
network. With increasing the fault current levels, some
buses may expose to critical condition. The contribution
of each DG to elevate the short-circuit levels in critical
buses; depends on the rating and location of DG.
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Fig. 1 Typical schemes for DG connection to the network subsystems.
Table 1 Classification of distributed generations based on their connection schemes.
Class 1 2 3 4 5
Nominal power Up to 20 kW 20-200 kW 200-1000 kW 1-7 MW 7-25 MW
Scheme 1 v
Scheme 2 v v
Scheme 3 v v v
Scheme 4 v v
Scheme 5 v

The FCL with non-linear impedance is used for
controlling fault current levels in power systems which
has low impedance at the normal condition and
increases its impedance when a fault occurs.
Considering the FCL impedance seen by fault current,
FCLs could be categorized into three groups:
resistive (RFCL), inductive (XFCL), and combination
of them (ZFCL). Furthermore, the positions of FCL can
be divided into two major categories in the network.
FCL installation in series on feeder lines that is one of
the most common uses of this device, for mitigating of
fault current. Also, the FCL installation series with DG
that is a way to reduce the fault current contribution of
DG to the network. As shown in Fig. 2, all transmission
or feeder lines and DG connection point to the grid with
any voltage level at each subsystem are among the
candidate locations for installing the FCLs.

3 Proposed Method and Formulation

In the proposed method the multiple FCLs allocate in
all candidate locations to mitigate the exceeded short
circuit level in all critical buses due to DG penetration.
The proposed method determines the type, number,
impedance size, location, and voltage level of required
FCLs; so that, imposes the least cost for installing FCLs
according to the FCL costs. The procedure of FCL
locating is an iterative-based manner. The impedances
of FCLs increase in the best locations among all the
candidate locations during the multi-stages of the
proposed method; until satisfying all technical
constraints. At each stage the best location for FCL

installation is determined using the sensitivity analysis.
Therefore, the proposed method suggests an optimum
route for installing the FCLs impedances in the best
locations.

Network with three subsystem

| e e s S T G e e e S A S SR R B
i @ : Candidate SUbS3 stem |
location for

installing FCL

i Critical .

Current(/.) 5 RFCL XFCL

: £l :
s S, 1 »

Fig. 2 Candidate locations for FCL installation in the network
subsystems.
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3.1 Objective Function and Constraints

An objective function is defined as follows to consider
both fixed and variable costs of FCL, which depend on
the type, size, location, and voltage level of FCLs:

VNL

min J :NZ:Z[FCFI{“‘(lc\é 'RIIZ_CL):|
V=lL=1
HFCr+(ICy X )] @

where the objective function is the total cost of multiple
FCLs installation in the network with NY voltage levels
and N candidate locations. In addition, Rrc. and XecL
are per-unit impedances of resistive and inductive FCLs,
respectively. FC is the fixed cost of FCL installation
which consists of the cost for procurement of location
and related equipment; depend on FCL type and
installation location. Distribution and urban networks
have more space limitations than other parts of the
system. Also, IC is the incremental cost of an FCL that
depends on its impedance, which directly affects the
investment and maintenance costs. The incremental cost
is expressed as per-unit of FCL impedance, based on its
type and voltage level. Furthermore, the reduction of
fault currents to allowable ones is considered as
technical constraints in the proposed method:
Lo <15 J=L2,.., Ny, )
At all buses with any rated voltage, the magnitude of
fault current that is shown with If, should be lower than
bearable fault current by CBs (I{™). The magnitude of
fault current at bus j is calculated according to (3) based
on three-phase short circuit calculations in each bus, as
the worst-case:

L ;=5 €)

where, Vj and Zj are the pre-fault voltage and Thevenin
equivalent impedance of j-th bus, respectively. Zj is j-th
diagonal element of the impedance matrix. Adding the
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FCL with AZrc impedance to the best location at each
stage, will change the impedance matrix and short
circuit levels, subsequently. Therefore, Thevenin
equivalent impedances of buses should be updated after
adding the AZgc. at each stage. The FCL with
impedance AZgc, that is installed in series in L-th line
with impedance Z, (transmission line or DG feeder line)
can be modeled as equivalent impedance Zp, in parallel
with impedance Z, [7]:

ZL(ZL +AZFCL)

7 =—
P AZ

(4)

FCL

while the FCL with impedance AZgci has been added to
the line L, located between buses k and m, the changes
in Thevenin equivalent impedance of j-th bus can be
calculated as follows:

Z.-2._)
AZy =~ @y =2in) )
Zkk+me—Zka+Zp

where Zi, Zim, Zk, Zmm, and Zxn are the elements of
impedance matrix, before adding the FCL to line L.
Thevenin equivalent impedance of j-th bus is updated
due to installing FCL as follows:

new old
Zi" =25 +AZy (6)

Therefore, fault current reduction in j-th bus, due to
installing FCL in line L, can be calculated as follows:

Al Vi vy 7
MUze Z,+AZ, )

1]

3.2 Genetic Algorithm and Sensitivity Analysis

In the proposed method optimal routes to adding the
FCLs in different location of the network is searched by
genetic algorithm purposefully. The cost function is
considered as the fitness function and typical
chromosome string in GA is shown in Fig. 3. Producing

|Start scenario producti0n| |
|

Stage 1 Stage 2 Stage n [ Nextstage |
. + pmmedemmny oo Ne—eos o
":" AZpcpy type (AR or AX)) ) AZpcpatype (AR or AXG) 1) . . . | AZpcpy type (AR, or AX,) |
=
E Impedance size (AZpcy ;) 1| Impedance size (AZpcy5) : « « « || Impedance size (AZpcy,) :
: Y l v o v .
o . - . .
E | Perform the sensitivity analysis (ADFC index and Roulette wheel) I | Yes
2 g | - -
S v ! v ! v Fitness calculation
£ ) |
s Voltage level | Voltage level - | Voltage level 1
= | |
) Locallon'ol AZpeyy I_ _Lo-aa:on ol_:\.i,.(: _ JI I_ _L(i.'iion OI_Af(i _ .: | Save the scenario |
v K K1
I Add AZFCLE to the network and update impedance matrix I— | Produce new scenario |

Fig. 3 Producing a scenario or route to install multiple FCLs using a string of chromosome and sensitivity analysis.
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of each chromosome is completed stage by stage and
randomly which produces a route to adding FCLs with
impedance AZgc, at different points of the grid, finally.

In each stage after determining the type, size, and
location of FCL, technical constraints are checked. If
constraints are not satisfied, adding FCL with new type,
size, and location will continue in the next stage,
otherwise, adding FCL is terminated. This procedure
continues until satisfying all constraints. Next, the
fitness of each possible route is calculated according to
the cost function. In the following, by applying GA
operators, the feasible solutions in the next generations
are searched.

Since the sensitivity analysis has a significant role in
the optimality of the final response, an efficient
sensitivity index is defined to prioritize the best
locations and voltage levels for FCLs. It is assumed that
after short circuit calculations, Ny critical buses have
short circuit levels more than the breaking capacity of
CBs. The per-unit deviation from maximum short
circuit level for j-th critical bus (Al;M9"), is determined
as follows:

max
lej-1+1,

[ ®)

This parameter is positive for critical buses and
represents the criticality level of them. Moreover, the
amount of reduction in short circuit current in j-th
critical bus due to adding AZgc, in line L is calculated as
follows:

Margin __
Al " =

I i _I fAZ.FCLL

Reduction __ J )J

Al Feeen = —=—— 9)
|t

where Igjand 1%+ are the magnitudes of fault current

in j-th bus before and after addition of AZgc, in L-th
line, respectively. In the following, the sensitivity index
of Average Decrease of Fault Current (ADFC) is
defined and calculated for all possible locations of FCL
installation. This index represents the average reduction
of fault currents in all critical buses, due to installing
FCL in line L:

Nh

[ )1 )] o

N h

In this index, the amount of deviation from the allowed
short circuit level, is considered as the degree of
importance for fault current reduction in critical buses.
In other words, the reduction of fault current magnitude
in the critical bus with more deviation has higher
importance. In each stage of the proposed method, the
sensitivity analysis is performed and a prioritization is
determined for all locations according to the ADFC
index. Larger sensitivity index for a location means
more effective in reducing fault currents in all critical
buses based on their criticality level.

As can be seen, in Fig. 3, at each stage, when the type

ADFC, =12
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and size of AZgc. are determined randomly, the ADFC
index is calculated for all possible locations. The
location with the highest ADFC is selected as the best
location for adding the AZrc_ at each stage. However, in
order to search a larger space, proportion to ADFC
index, a weighting coefficient is assigned to each
candidate location and FCL location is determined
through the Roulette Wheel method. The weighting
coefficients for all location are calculated at each stage
as follows:

REE [ Xe&
O, :ﬁ[ > ( > ADFCLB (11)
FCL /™ FCL \ RecL =0\ X gL =0

where this coefficient represents the average of
calculated ADFC indices per all impedances of resistive
and inductive FCL in L-th line. Generally, in the
location with a higher weighting coefficient, installation
of FCL (including resistive and inductive impedance
with any size), will be obtained the higher ADFC
indices averagely. Therefore, the selection probability of
any location for FCL installation can be calculated as
follows:

a)IF_CL
NY .
2 Ok
L=1

Consequently, when size and type of FCL are
determined according to chromosome string, voltage
level and location are selected through sensitivity
analysis and Roulette Wheel. Then impedance AZgcy is

added to the selected location and updated the FCL
impedances at each stage:

L —_—
PFCL -

(12)

Z %V{,L :Z(}J:I(%L,L"'AZFCL,L (13)

where AZgci is per-unit impedance of FCL which is
added to location L, at each stage. This procedure
continues until the short circuit level in all critical buses
decreases to the allowed level. In this condition, a route
to adding the FCL to the grid is created per each
chromosome, consequently. Flowchart of multiple FCLs
allocation algorithm includes load flow, short-circuit
calculations and the combination of GA and SA in the
proposed method is shown in Fig. 4.

4 Case Studies and Results

In order to evaluate the proposed algorithm, FCLs
with any type, size, and voltage level are considered at
all possible locations of the test systems. According to
presented data about FCL costs in [6] and the economic
review carried out in [1, 28, 29] for different types of
FCL, the costs of FCLs based on their types and voltage
level are summarized in Table 2. Three case studies
with different topologies and voltage levels are used in
order to test and evaluate the proposed method and
compare with other studies.
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Genetic Algorithm

I Determine candidate locations for FCLs |

| Performe load flow & short circuit calculation I

Find critical buses based on
target level of short circuit
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individuals (scenarios)

(Based on chromosome structure)

First individual

First stage

Select the impedance
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v
Calculate ADFC values
and weight coefficients
v
Select location (Roulette
wheel) and add FCL

v

Update impedance matrix

Sensitivity Analysis

Next stage
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Check for all critical

I compute fitness of scenarios I

Next iteration

No

Next individual

>
>

Produce new population
by GA operators

(Elitism, Selection, Crossover, Mutation)

| Output the optimal scenario for FCL allocation |

Fig. 4 Flowchart of the proposed multiple FCLs allocation

Table 2 Costs of a typical FCL [1, 6, 28, 29].

algorithm (HGASA).
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4.1 1EEE 30-Bus Test System

In the first step, in order to evaluate the proposed
method, it is assumed that the maximum tolerable fault
current by the CBs on all 33kV buses of the IEEE 30-
bus test system (Fig. 5), without the DGs penetration to
be 10kA. So, in order to reduce the fault currents to less
than 10kA, the FCLs are located in the network. The
critical buses and per-unit deviation of fault current
magnitude (Al ") in all of them are shown in Table 3,

considering the maximum 10kA for allowable fault
current.

In order to multiple FCLs allocation, the ADFC index
and weighting coefficient for different types of FCLs
(XFCL and RFCL) in the first stage are calculated and
shown in Fig. 6. These coefficients indicate the proper
lines for FCL installation to reduce the short circuit
level of all critical buses. As previously mentioned, a
probability selection has been assigned to all the lines.
These probabilities are calculated in the process of
selecting the best location for AZgc. at each stage
according to (12). These indices and coefficients will be
updated in the next stages.

It can be seen that during the first stage, the lines of
16, 14, and 15 have the highest sensitivity index among
all the lines, respectively. Considering the fixed and
incremental costs, the results of multiple FCLs
allocation by the proposed HGASA method are
indicated in Table 4.

30 29 27 28
7T 7T TTTT aD ST
23 24 ——25 26
12 el —
14 15 —— 18 19 21
T—T%

22
20—
+
10

9 8

m— 33KV Bus

@ Generator

7

Fixed cost (FC) Incremental cost (IC)

Voltage [kV] [million $] [million $/p.u.]

RFCL XFCL RFCL XFCL
330420 0.80 0.85 0.70 0.60 ! (‘J.I) '
220 -330 0.80 0.85 0.70 0.60
130 - 220 0.70 0.75 0.50 0.40
80 -130 0.60 0.65 0.35 0.25
40-80 0.50 0.55 0.30 0.20
20-40 0.40 0.45 0.15 0.10
10-20 0.30 0.40 0.10 0.08
<10 0.20 0.30 0.10 0.08

© Synchronous
4 condenser

iy '
Fig. 5 IEEE 30-bus test system [30].

Table 3 Deviation of fault current in critical buses.

Critical bus 10 12 15 17 21 22

AI™ [pu] 059 116 019 010 0.16 0.5
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Fig. 6 Sensitivity analysis for various FCL impedances in all 33kV lines; a) Sensitivity index ADFC and b) Weighting coefficients of
FCL installing at the first stage.

Table 4 Results of inductive and resistive FCLs allocation considering the fixed and incremental costs in the 30-bus test system.

Line 14 Line 16 -~
Rect [pU] Rect [P ] Nrcts 2ZrcL [p.u.] Cost [million $]
0.42 0.81 2 1.23 0.965

Table 5 Results of inductive and resistive FCLs allocation considering the incremental costs only in the 30-bus test system.

Line 14 Line 15 Line 16

XreL [p.u.] XrcL [p.u.] RrecL [p.u.] Nt IZrct [p.u] Cost [million $]
0.31 0.15 0.41 3 0.87 0.1167
0.12 T
25
T Line 16 #% Without XFCL = With XFCL

.08

Line 14

006

ADFC

.04 -

Line 26 Line 18

0.02

n
9.9 1

0 0.l 0.2 0.3 04 0.5 L) 08

XFCL [p.au.|
(a)

ue

Tsc,max

(%3

Fault current magnitude [ka)

iy
|

1]

1012 14 15 16

0
17 18 19 20 21 22 23 24 25 26 27 29 30

33kV Bus number

(b)

Fig. 7 Inductive FCL allocation; a) ADFC index for inductive FCLs and b) Fault current magnitudes in 33kV buses before and after
inductive FCLs allocation.

As shown, locating two resistive FCLs in lines 14 and
16 is the optimal technical and economic solution to
satisfying the technical constraints, which consequently,
imposes lower costs to the planner (0.965 million
dollars). Therefore, for reducing of short circuit level in
critical buses, only two RFCLs are required by applying
the proposed method.

Generally, increasing the fixed cost in the proposed
method leads to a reduction in the number of FCLs,
whereas considering the incremental cost reduces total
impedance for located FCLs. As shown in Table 5,
without considering fixed cost, the total impedance of
FCLs would significantly reduce. That being said, this
leads to minimizing the total impedance of FCLs. In

Iranian Journal of Electrical and Electronic Engineering, Vol. 16, No. 3, September 2020

fact, when the incremental cost of FCLs is increased,
the program’s output would be more sensitive to
minimizing the total impedance of FCLs. As seen, in
these conditions, the total impedance required for two
XFCLs and one RFCL is 0.87 per-unit. This imposes
the approximate cost of 0.117 million dollars to the
network planner for limiting the short circuit levels to
10kA.

It is worth noting that some references have also
reduced the critical fault currents to less than 10kA, by
locating and installing the XFCLs only in this case
study [5, 6]. In order to evaluate the proposed method,
the results are compared with these references. In order
to multiple XFCLs allocation, as illustrated in Fig. 7(a)
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the ADFC indices are calculated for XFCLs in the first
stage. Also, weighting coefficients proportional to the
average ADFC index are shown in Table 6. As can be
seen, in the first stage, line 16 has the highest
probability of selection; since it has the highest
weighting coefficient among all the lines.

Finally, the results of multiple XFCLs allocation
obtained from the proposed method are shown in
Table 7. In this table the results are compared with the
presented method in [5] and [6]. Also, the short circuit
level in 33kV buses after and before the XFCL
installation is illustrated in Fig. 7(b). The proposed
HGASA method locates three XFCLs at minimum cost
to limit the fault currents to 10kA. The proposed method
has located fewer XFCL with less cost as a technical
and economic solution. This shows the accuracy of the
iterative HGASA method, comparing to the other
methods. The proposed method provides a more precise
solution relatively, which is due to the gradual (step by
step) installation of XFCL impedance (AXgc) to the
network during the iterative proposed method.
Furthermore, considering the fixed and variable costs of
XFCL causes the fewer costs are imposed on the
network planner.

In order to investigate the impact of FCL type on
allocation problem, the effect of installing the FCL in
line 16 on the ADFC index and fault current reduction
of the most critical bus, i.e. bus 12, is illustrated in
Fig. 8.

M. Hosseinpour and J. Sadeh

According to Fig. 8(a), installing the XFCL with up to
0.2645p.u. has more influence in increasing the ADFC
index, comparing to the RFCL, whilst for impedances
higher than this value, the RFCL decreases the fault
currents of all critical buses and increases the ADFC
index more efficiently, comparing to the XFCL. As
shown in Fig. 8(b), installing and increasing the size of
XFCL in line 16 reduces the short circuit current in
bus 12 significantly. As shown in Fig. 8(b), installing
and increasing the size of XFCL in line 16 reduces the
short circuit current in bus 12 significantly. However,
this procedure follows a non-linear curve and declines
gradually, so that increasing the XFCL has a negligible
effect on reduction of short circuit current finally.

On the other hand, increasing the RFCL in line 16 has
an inconsiderable effect on reduction of short circuit
current in bus 12 initially. But in the following, with
increasing the RFCL impedance, the rate of reduction
increases. As shown, for specific impedance
(0.2756p.u.) in crossing point, the effect of FCL type in
fault current reduction in bus 12 is similar. Generally,
increasing the impedance size based on the FCL type
has a non-uniform and different effect on reducing the
short circuit currents of critical buses and improving
ADFC index. In fact, increasing FCL’s size and its
influence on reducing short circuit levels in any position
follows a non-linear relation that depends on the FCL
type and system parameters.

Table 6 Weighting coefficients of inductive FCLs installation in the first stage.

Line number From bus To bus w'x-sFcL P'%-sFoL

16 12 13 0.1132 0.2478

14 9 10 0.0683 0.1495

15 4 12 0.0429 0.0940

26 10 17 0.0290 0.0636

18 12 15 0.0236 0.0517

Table 7 Results of inductive FCLs allocation in the 30-bus test system.
Lines with X-FCL [p.u.] Cost function

Method 12 14 15 2% Nx-FcLs XXrel [p.u.] [million $]
GA method [5] 0.8 1 0.6 0.7 0.8 5 3.9 2.568
IMINLP method [6] - 0.33 0.29 0.43 - 3 1.05 1.386
Proposed method (HGASA) - 0.36 0.24 0.39 - 3 0.99 1.378
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0 0.1 0.2 103 04 0.5 0.6 0.7 08 0.9 1
0.2756

FCL in Line 16 [p.u.]

(b)

Fig. 8 Sensitivity analysis of increasing FCL impedance in line 16; a) ADFC index improvement in line 16 and b) Changes of short
circuit current magnitude in bus 12.
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According to the network parameters such as high
Xi/R) ratio in 33KV subsystem of the IEEE 30-bus test
system, installing the XFCL in low-sized, has a
considerable effect on reducing the magnitude of fault
current, while in high-sized FCL installation, more fault
current limitation and high ADFC index be achieved
with RFCLs. The different behaviors of inductive and
resistive FCLs are due to their different influence on
magnitude and phase of fault current. Generally, adding
FCL to the network not only reduces the fault current
magnitude, but also changes the phase angle of fault
current based on the FCL parameters such as type, size,
and location.

As shown in Fig. 9(a), j-th critical bus can be
connected to the network through some lines and should
be installed an FCL on one of them to decrease the short
circuit level. Also, as illustrated in Fig. 9(b), critical bus
may be fed with one or more DGs that FCL is required
in DG feeder line to mitigate the fault current
contribution of DG. However, DG parameters such as
size, location, and type of DG, influence the share of
DG in total fault current. As shown in Fig. 9, assuming
that the FCL is installed on the m-th line, it can be
expressed:

n
|f,net:Z|f,l (14)
1=1
|f,j:|f,net+|f,m (15)
1 Line | It >
: Line > Itz

Network |1V

Line , 22 5

If rer : Ifm
| : — 5] 1 Line n —=y
1 CL | I |

@)

Reference axis

Bus j

Fault

1f,m (With RFCL™)
Ifn ! "

(With xFcr™=) | .

If,; (with rFcL™)

; W" ) max
[f; (With xFcL™) ! | RFCL increasing
XFCL im’rmsiug\ ///' Low-sized FCL

1f;; (without Fcr)

(©)
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lej=1¢neet 15 reL
or
Fej=1sneet 1t pcercL (16)

The phasor diagram of changing the fault current
magnitude and phase angle due to installing FCL in the
transmission line and DG feeder line is shown in
Fig. 9(c). In the phasor diagram, the horizontal axis,
which represents the voltage angle of bus j, is assumed
as the reference axis. Installed FCL in the m-th line will
change the phase angle difference between fault current
flow from m-th line (lsm) and resultant fault currents
flowing from other lines to bus j (ltnet). Therefore, ltnet
has a phase difference («) with the FCL-equipped line’s
fault current, as shown in Fig. 9(c). The current lin
according to FCL location equal to ltrcL OF lipearct.
Angle a depends on the type and size of FCL. For short
circuit level mitigation of faulty bus j, the resultant of
all fault currents flowing to bus j should be reduced.
The phase angle of the fault current flows through the
line L to the critical bus j, related to the reactance to
resistance ratio (X./R.) of line viewed from the critical
bus j. However, other factors, including the voltage
angle and impedance of fault, influence the phase angle
of fault current. Assuming the voltage phase angles of
the buses are approximately equal, in a highly inductive
network, i.e. high X/R_ ratio, the fault currents are

1 Line | I >
| I
y Line2 12 >

Network |V

Line , L)

Bus j

Irpc Ifpcarct y g Linen Ifm
_’ FCL _)I"'l —>

Fault

(b)y
Real axis
0 1 2 3 ) 5 6
0 | ! ! T
S F _If 12 (with XFCL™) |

Y _.-df 12 (with RECL™)

Imaginary axis

.- If, 12 (without FCL)

20 e X

25

(d)

Fig. 9 FCL locations and change of fault currents due to XFCL and RFCL installation; a) FCL in the transmission line, b) FCL DG
feeder line, c) Phasor diagram of fault currents changes due to XFCL and RFCL, and d) The changing of fault current phasor in bus
12 due to XFCL and RFCL installation in line 16.
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closer to the vertical axis. It is assumed that without
FCL installation, the currents lsnetand It m have the same
phase angle. The changes in currents lym and Isj due to
FCL installation and its impedance increasing are
shown in the phasor diagram.

As shown, increasing the XFCL impedance in low-
sized, has a considerable effect on reducing the
magnitude of fault current in the critical bus. However,
it has little impact on the phase angle of the fault
current. Whereas, the high ratio of X./R. causes the low-
sized RFCL, have no significant effect on reducing the
fault current magnitude. Although it has a great impact
on increasing the phase angle difference between
currents lseci and It pner. In this regard the phasor diagram
of fault current changes in bus 12 due to XFCL and
RFCL in line 16 is shown in Fig. 9(d) that confirms this
analysis. As shown, with the high-sized RFCLs, more
limitation for fault current is achieved, comparing to the
XFCLs. In inductive network RFCLs have a more
effective role in increasing the phase angle a. In general,
according to the short circuit calculations, adding the
FCL with impedance ZFCL to the line that is connected
to the bus j makes a change in phase angle of the fault
current, which can be formulated as follows:

X +X
tang =—_om "Rt a7

th,m +RFCL

where, Xuwm and Rum are equivalent reactance and
resistance seen by the FCL-equipped line, respectively,
and 4 is the phase angle of the fault current. Among
FCLs with lower impedances, XFCLs have a more
effective role in reducing fault current magnitude.
Nevertheless, among FCLs with higher impedances,
RFCLs are more effective in changing angle 6,
increasing angle «, and reducing the short circuit level
in the critical bus. Also, regarding (17) and phasor
diagram, it is evident that for small impedances, the
inductive FCL causes the phase angle of DG fault
current to reach the near of 90 degrees. While resistive
FCL with small impedance, do not make change the
phase angle of DG fault current. Therefore, the low
sized RFCL has a negligible limitation compared to the
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XFCL. But in large impedances, the RFCL creates more
phase difference between the DG and network fault
currents and provide a more fault current limitation in
comparison to the XFCL.

4.2 IEEE 57-Bus Test System

In order to implement and evaluate the proposed
method for locating the multiple FCLs in the network
with multi-level voltages and penetrated by DGs, the
IEEE 57-bus test system is used. As shown in
Fig. 10(a), all buses of the test system are classified into
four voltage levels that are 132, 69, 33, and 13.8kV. The
short circuit level in each bus according to the voltage
level is shown in Fig. 10(b). It is assumed that there is
possible, installing the FCLs in any location with any
voltage level in the network. It is assumed that the
critical buses are at the voltage levels of 69, 33, and
13.8kV, and the target level of short circuit currents are
shown in Table 8. In order to reduce the short circuit
levels to target levels at critical buses, the whole
network as an interconnected system with four
subsystems and voltage levels is considered and the
results of locating FCLs using the proposed method are
shown in Table 9.

Moreover, locating the FCLs is accomplished for each
voltage level and independent of the other voltage levels
and the results of independent FCL allocation for
voltage levels of 69, 33, and 13.8kV are shown in
Table 10. According to the results, it is obvious that
locating the FCLs in an interconnected network with
four voltage levels mitigates the short circuit levels to
the target levels with the fewer FCLs and the lowest
cost. As indicated, the sum of the total cost for fault
current reduction by FCLs installation in the whole
network entirely is about the 5.98 million dollars for 9
allocated FCLs, while this amount is about 6.58 million
dollars with 12 FCLs installation independently in each
subsystem. Therefore, FCLs allocation in an
interconnected network with all voltage levels prevents
the overlapping of some FCLs in reducing the short
circuit levels. This also prevents unnecessary
investments for FCL installation in the network.

Table 8 Critical buses and target short circuit levels in the 57-bus test system

Voltage level [kV]

Critical bus number

Target short circuit level [kA]

38,48,51
19,20,25,26
56,57

6

2
6

Table 9 FCLs allocation in the whole 57-bus test system entirely with four voltage levels.

FCL type and location (Type: From-To)

NrcL 2Zrct [p.ul]

Cost function

132 kV FCLs 69kV FCLs 33kV FCLs 13.8kV FCLs [million $]
(X:15-45), o (R:18-19),
(R14-6), &g;ggg (X24-26), (R:11-41) 9 7.56 5.989
(R:10-51) : (R:27-28)
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Fig. 10 IEEE 57-bus test system [30], a) Classified subsystems based on the voltage level and b) The short circuit level of buses at
each subsystem.

Several cases can be mentioned and described in this
regard, which are shown in Fig. 11. For example as
indicated in Fig. 11(a), in order to reduce the short
circuit levels in critical buses at the voltage level of
33kV (buses of 19, 20, and 25), either one FCL can be
installed at the voltage level of 69kV in multi-level
voltages allocation or two FCLs can be installed at the
voltage level of 33kV in single-level voltage allocation.
So, there are two technical solutions for FCLs
installation to mitigate the short circuit level of critical
buses at the voltage level of 33kV. But always, in
multiple FCLs allocation using the proposed algorithm,
according to the fixed and incremental costs of FCL, the
low-cost scenario is selected as the optimal solution.
Generally, if a major portion of the fault currentin one
or more critical buses is injected via a power plant or
DG located in another voltage level, in multi-level
voltages allocation it may be satisfied the technical
constraints by installing the FCLs in other voltage levels
with minimum number, size and investment cost.
Therefore, to reduce the critical short circuit levels, the
FCLs allocation in multi-level voltages is less costly,
comparing to the allocation in single-level voltage
separately. Therefore the result of entire allocation is an
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optimal technical and economic solution.

As mentioned previously, the critical buses may be
fed with one or more DGs located in other subsystems.
Actually, the all penetrated DGs together make increase
the short circuit levels in critical buses; so that, each DG
based on its rating and location, shares the fault current
and causes the high short circuit level in critical buses.
Hence, sometimes installation of FCL in a subsystem is
required for mitigating fault currents contribution of
several DGs in other subsystem. Because it may impose
the fewer FCLs and the lower costs to network planner
for reducing short circuit levels in critical buses at all
the subsystems.

The penetration of synchronous-based DGs in various
voltage levels of the IEEE 57-bus test system is
assumed according to the categorization of DG classes
in Table 11. It is assumed the maximum increase
percentage allowable short circuit level to be 15% in all
the buses. The short circuit levels in 17 buses with
various voltage levels increase to more than 15%, due to
DGs penetration. Therefore, using the FCLs allocation
the exceeded short circuit levels are limited to allowable
level. The parameters of located FCLs in the modified
57-bus test system are shown in Table 12.

346



Optimal Multiple FCLs Allocation Considering DG Penetration

M. Hosseinpour and J. Sadeh

Table 10 FCLs allocation in each voltage level of the 57-bus test system independently.

Voltage level [kV] FCL type and location (Type: From-To) NrcL  XZrcL [p.u.] Cost function [million $]
69 (R:46-47), (R:49-50), (X:44-50), (X:38-48) 4 1.56 2.542
33 (R:18-19), (R:20-21), (R:24-25), (R:24-26), (X:27-28) 5 5.13 2.671
13.8 (R:56-57), (R:41-56), (X:11-41) 3 5.01 1.370
Total 12 11.70 6.583

| FCL in single level voltage allocation . FCL in multi-level voltages allocation

i3g

(b)

o

138KV
1

] .41.

(©)

Fig. 11 The changes of FCLs location in single or multi-level voltages allocation for reducing the fault currents of critical buses;
a) Critical buses at 33kV: 19, 20, 25, b) Critical buses at 69kV: 38, 48, 51, and c) Critical buses 13.8kV: 56, 57.

Table 11 Penetration of DGs in the IEEE 57-bus test system (modified 57-bus test system).

DG number Installing bus Voltage [kV] MVA Transient reactance [p.u.] Power factor

DG 1 21

DG 2 38 69 10 0.1 0.9 lag

DG 3 45

DG 4 20

DG 5 26 33 5 0.1 0.9 lag

DG 6 41 13.8 2 0.1 0.9 lag

Table 12 Results of FCLs allocation in all lines of the modified 57-bus test system.
FCL-equipped lines (FCL type, FCL size, From-To) Cost function

69KV FCLs 33KV FCLs 13.8kV FCLs Neew  ZZrec U] “rijjion g
(R,1.07,22-38), (R,1.05,38-44)  (X,0.5,19-20), (X,1.04,24-26)  (X,1.08,41-42), (R,1.55,56-57) 6 6.29 3.630

Table 13 Results of FCLs allocation in DG feeder lines of modified 57-bus test system.

FCL-equipped DGs (FCL type, FCL size, DG number)

Cost function

69kV DGs 33kV DGs

13.8kV DGs

NrcL XZrcL [p.u.]

[million $]

(R1.211), (R,0.87,2), (R,0.4,.3) (X,2.45,4), (X.2.26,5)

(R1.53,6), (R,L54,7) 7

10.26 4.521

For comparing results, the FCLs allocation is
performed just for DG connection points as candidate
locations. The required FCLs for short circuit level
reduction are shown in Table 13. As indicated in the
results, sum of the investment cost for fault current
reduction by FCL installations in all lines is about the
3.63 million dollars with 6 installed FCLs, while that is
required about 4.52 million dollars for 7 FCLs
installation in DG feeder lines. Therefore, in FCL
allocation the candidate locations should not be limited
to the DG connection points.

The procedures of multiple FCLs allocation in the best
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scenario for the two above cases (Tables 12 and 13) are
illustrated in Fig. 12. As previously mentioned,
according to the type and size of FCL, an optimal
location for FCL is selected in each stage of the
proposed method. Adding the FCL impedance (AZgct)
continues in the next stages until all the technical
constraints are satisfied and producing a scenario is
finished. This iterative procedure is repeated to produce
other scenarios. Finally, a scenario with the least cost is
selected as an optimal solution or best scenario for
multiple FCLs allocation in the network that is shown
for the two above cases.
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Fig. 12 Changes of positions and impedances of assigned FCLs during the best scenario or path in the IEEE 57-bus test system;
a) Optimal FCLs allocation in all locations and b) Optimal FCLs allocation in DGs connection points.

A notable point in determining the best scenario or
path is that an optimal path to reach the optimal solution
in FCL allocation is not unique. Nevertheless, the final
optimum solution related to the number, location, type,
and size of FCLs is unique. In the other words, there
may be one or more paths to reach this optimal solution,
whilst the allocation parameters of the FCLs (number,
type, size, voltage level, location) are constant and
optimal.

4.3 1EEE 300-Bus Test System

In order to implement and evaluate the proposed
method on a larger case, the IEEE 300-bus test system
including 13 voltage levels, 411 lines, and 69 generators
is used. The classifying this grid into 9 subsystems is
shown in Fig. 13. The penetration of the synchronous-
based DGs in subsystems is assumed as listed in
Table 14.

The short circuit levels will change due to the
penetration of DGs. The short circuit levels in all buses
of the modified network are checked and compared with
the state of pre-installed DGs. It is assumed the
maximum increase percentage allowable short circuit
level to be 10% in all the buses. It is seen that upgrading
the breaking capacity of CBs is inevitable due to
increasing the short circuit levels to more than 10% in
some buses. In these conditions, the short circuit level
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of critical buses can be reduced by applying the multiple
FCLs allocation on the modified network. Therefore, by
using the proposed method, the short circuit levels in
these buses are limited to the allowable level. The
critical buses and the changes in the fault currents due to
DGs penetration and FCLs installation are indicated in
Fig. 14. As illustrated, after the multiple FCLs
installation the exceeded short circuit levels, are
mitigated to levels with a maximum increase percentage
of 10%. Also, the result of multiple FCLs allocation is
shown in Table 15. As can be seen, there are required
four FCLs located in some lines and seven FCLs located
in DGs connection points to the network. Also, the sum
of the total cost for fault current reduction by FCLs
installation in the network entirely is about 7.544
million dollars for 11 allocated FCLs.

4.4 A Real Transmission System in Iran

In order to verify the proposed method on a real
network, Khorasan’s transmission network is used. This
network has multiple voltage levels, from 63kV to
400kV. This study focuses on the subsystem of 400kV
which whole has 17 buses and 19 transmission lines.
The single-line diagram of the portion of the system at
400kV is illustrated in Fig. 15.

During the generation expansion planning it is planed
the installation of two 500MW wind farms in this
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network. The feasibility studies are accomplished for
these wind farms that will be connected to buses 10 and
14. With the penetration of these wind farms, fault
currents are increased at some buses. Fault currents on

M. Hosseinpour and J. Sadeh

all load buses were calculated, and buses 3, 6 and 11,
have the highest increase in short circuit level. The
proposed method is applied to reduce the short circuit
level to the previous levels in these buses.

{ Number of buses: 300 |
: Number of branches: 411
| Number of generators: 69
I Number of loads: 201

|
| Number of shunts: 29

25w

Bt
1, T Subsystem 9

Fig. 13 Classified IEEE 300-bus test system [30].
Table 14 Penetration of DGs in IEEE 300-bus test system.

DG number Subsystem Installing bus Voltage [kV] MVA Transient reactace [p.u.] Power factor
DG 1 2 89

DG 2 2 103 115 18 0.1 0.9 lag
DG 3 7 197

DG 4 7 189

DG5 7 205

DG 6 8 246 66 13 0.1 0.9 lag
DG 7 7 248

DG 8 9 230

DG 9 9 236 20 7 0.1 0.9 lag
DG 10 2 7039

DG 11 3 7055

DG 12 2 7049 13.8 5 0.1 0.9 lag
DG 13 5 7130

DG 14 2 9006

DG 15 5 9023 6.6 2 0.2 0.9 lag
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Fig. 14 Critical buses and changes of fault currents in the modified IEEE 300-bus test system.
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Table 15 Results of FCL allocation in the modified 300-bus test system.

FCL number  Subsystem  FCL location (DG connection point or line:From-To)  ZrcL [p.u.] Cost function [million $]
1 2 Line: 9001-9006 jo.71
2 2 Line: 9002-9021 0.49+j0.35
3 2 DG 1 connection point 1.12
4 2 DG 2 connection point j0.52
5 7 DG 4 connection point 0.59
6 7 DG 5 connection point j1.54 7.544
7 8 DG 6 connection point 0.62
8 2 DG 14 connection point 0.54+j0.75
9 2 DG 15 connection point 1.41
10 8-9 Line: 198-211 1.64
11 7-8 Line: 247-248 0.56
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Fig. 15 Single-line diagram of Khorasan’s transmission network.
Table 16 Results of FCLs allocation in the Khorasan's transmission network.
Line 2 Line 3 Line 16 N Xz u Cost [million $
XrcL [p.u.] RrcL [p.u.] Rece [p.u.] Fet et [pu] [ ]
0.002 0.062 0.048 3 0.112 2.57
Bwithout DGs  Mwith DGs W with DGs and FCLs
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=, b
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Bus number

Fig. 16 Fault currents and reductions after install

The optimal FCLs locations, found by the proposed
method, are lines 2, 3, and 16. The lines are equipped by
FCL and shown in Fig. 15. The fault current reductions
on all 400 kV buses are given in Fig. 16. The final
impedance of the FCLs and the total cost to FCL
installation, are given in Table 16.
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ing DGs and FCLs on Khorasan's transmission network.

5 Conclusion

This paper presents a novel iterative based method to
determine the optimal type, number, location, and
impedance of FCLs in the network that have multiple
voltage levels considering DGs penetration in all
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voltage levels. In the proposed method, the multiple
FCLs allocation problem is solved with a combination
of genetic algorithm and sensitivity analysis. The
reduction of the exceeded short circuit levels with
minimum investment cost according to the FCL costs is
formulated as the objective function. Furthermore, a
new sensitivity index, named ADFC, is introduced for
quantifying impacts of FCL location on mitigation of
short circuit level. The proposed ADFC can serve as an
effective measure to determine the best location for
FCLs, especially in large networks with a lot of
subsystems. The proposed method is implemented and
tested on the standard 30-bus, 57-bus, and 300-bus test
systems. The results confirm the effectiveness of the
proposed HGASA method.
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