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Abstract:

In this work, Pareto based optimization algorithm, namely multiobjective particle
swarm optimization a MOPSO algorithm, is presented to determine the optimal number and
location of FCLs to reduce the short circuit current effect in the power network based on
different conflicting objective functions. IEEE 30 BUS system is considered to evaluate the
effectiveness and feasibility of the proposed technique. The objective functions considered for
the optimal allocation are short circuit current reduction in power system, and economic impact.
The use of this method made it possible to obtain the Pareto optimal front in which these

objective functions are optimized simultaneously.
Résume :

Dans ce travail, un algorithme d'optimisation basé sur Pareto, a savoir l'algorithme
d'optimisation d'un essaim de particules multiobjective MOPSO est présenté pour déterminer
le nombre et I'emplacement optimaux des limiteurs de courant de défauts LCD afin de réduire
I'effet de courant de court-circuit dans le réseau électrique en fonction de différentes fonctions
objectives. Le réseau électrique IEEE 30 BUS est choisi pour évaluer l'efficacité et la faisabilité
de la technique proposeée. Les fonctions objectives considérées pour I'allocation optimale sont
la réduction du courant de court-circuit dans le systeme électrique et I'impact eéconomique
(nombre et I'impédance de LCD). L'utilisation de cette méthode a permis d'obtenir le front

optimal de Pareto dans lequel ces fonctions objectives sont optimisées simultanément.
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Introduction

With the increasing electric power demand, power systems has become bigger and
more complex, and as a result, fault current have risen. In some cases, raising the fault current
can lead the acceptable level of network equipment, particularly circuit breakers (CBs), to
exceed the allowable level and even damage certain types of equipment. As a result, CBs with
a larger breaking current are required. As a result, the operating system significant costs. If,
after identifying the fault, the current, can be clearly limited by a method, technically and
economically significant that carried out by Fault current limiters (FCLs) [1].

FCLs are elements placed in parallel with network equipment to reduce tripping
current running during a fault normally; this equipment showed low resistance to the fault
current. However, if a short circuit occurs and their resistance suddenly increases in the initial
moments after the fault, more short circuit current is avoided [2]. Limiters do not cause
voltage sag or power loss in the system's steady state conditions [3].

Literature review

The transient stability due to the use of FCLs in the network has been investigated in
reference [4], by studying the generator's rotor oscillation after the occurrence of a big
amplitude fault, e.g. short circuit. [5] discusses the use of a superconducting fault current
limiter (SFCL) to improve the power system transient stability. In Ref. [6,] the enhancement
of power system security and stability is investigated, and the particle swarm optimization
(PSO) technique is employed to optimize the system. [7] addresses two aspects of FCL use in
the distribution network: fault current limitation and voltage sag suppression. FCLs' effect on

the distribution network in Wind turbine generators are being investigated [8].

This work focuses on the fault current limiting impact of FCLs. In addition to short
circuit current limitations, studies have shown that the use of FCLs in power networks
enhances generator transient stability and, as a consequence, network global stability [9, 10].
Previous research on FCL optimal allocation have mostly focused on one objective function,
such as fault reduction [11-13] or stability [9,13].

The effectiveness of FCL depends on the number of FCLs and their installation
location. In this work, a metaheuristic technique is applied to determine the optimal number
and location of FCLs to reduce fault current in the IEEE 30-bus system. The objective
functions considered for the optimal allocation are short circuit current reduction, impedance
size, number and location of FCLs. A Pareto based multiobjective

particle swarm optimization (MOPSQ), is utilized to deal with this problem. The use of this
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approach made it possible to obtain the Pareto optimal front in which these objective
functions, are optimized simultaneously.

This thesis is structured as follows:

Superconducting fault current limiters SFCL is discussed in chapter 1. It begins with
model of a SFCL and a brief introduction to the application of current limiting Technologies.

Chapter 2 present the impact of SFCLs in electrical power system.

The simulation results and discussion are display in chapter 3.

We finished this work with general conclusion.
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Chapter | Superconducting fault current limiters

Introduction

Superconductors are unique materials that allow for the passage of electrical energy
with little losses, making them extremely promising for electrical engineering applications.
This chapter opens with a brief history and definition of superconductors, as well as their
essential features. The various types of superconductors (type | and type 1) will next be
discussed. Then there are several superconductor models. Finally, we will discuss the most
common uses of superconductors in electrical engineering, as well as existing constraints in

electrical networks
Model of a superconducting fault current limiter SFCL

The SFCL can be represented by impedance, which changes with current and/or
temperature or resistance, which changes with time. The second representation is more

straightforward.

The second method is faster than the first and allows for shorter simulation duration.
Because the time required to recover a stability point in an EPG in the event of a breakdown
is many seconds, a precise SFCL model is not required in our situation. The resistance of the

SFCL employed in the simulation may be described as follows:

Where RSFCL and are the maximum resistance that the SFCL may impose in the
transmission line and the time it takes for the superconducting state to shift to the normal state
because the amount of the fault current in high voltage (HV) lines is less relevant than in low
voltage (LV) lines, the SFCL model has been adopted in simulations (the ratio between these
two line currents is defined by the ratio of the primary and secondary voltages of
transformers). In reality, the SFCL units needed to restrict the fault current in HV will be less

critical than in LV As a result, it would be simpler to implement the SFCL design in HV.

We live in a world interested in power. Everything around us requires power, from
small appliances in private homes to large-scale motors in factories, leading in an ever-
increasing demand for electrical energy. Consequently, there is always a need for expanded
generation capacity to satisfy energy requirements. Nevertheless, in power systems,
increasing generation capacity and decreasing fault current levels frequently go hand in hand.
As a result, a rise in energy demand necessitates an increase in generating capacity, while a
drop in fault current level is required to maintain the system safe and stable. Fault current
limiters, as the name implies, are used to lower the amount of fault currents and therefore the

compromise on power system stability in the event of a fault. It is based on producing a wide
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Chapter | Superconducting fault current limiters

series resistance in the path of fault currents in the event of a fault, whereas resistance in the

path of current is negligible in normal situations.

Figure 1.1: Transformer-like saturated core Fault current limiter.

Application of Current Limiting Technologies

When a short circuit occurs in a power network, the fault current rapidly increases.
The pace at which the current rises is determined by the source voltage, source impedance,
and fault phase angle. Figure 1.1 depicts a typical potential short circuit current waveform
compared to currents under current limiting methods. It denotes the three fundamental

operational regimes [1, 2]:
« Normal operation in which no defect occurs and no restricting steps are taken;
« Fault condition: limitless or limited;

« Recovery interval during which the system returns to normal operation.
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Figure 1.2: Typical fault current waveforms with and without fault

current limiting technologies.

Given the dangers of excessive fault currents to both power system equipment and
workers, appropriate methods to lower fault current levels must be implemented.
Conventional solutions for minimizing fault current may be divided into three broad

categories:

« Permanent impedance increase: in this case, the system impedance will be increased
under both normal and fault conditions, including topological measures such as sub-grid
splitting and bus-bar splitting to reduce interconnections; [14, 15]or increasing system
voltage levels because the system impedance could be increased when the power base remains
unchanged; and apparatus measures such as installing high impedance transformers and

current limiting reactors..

« Condition-based impedance increase: this technique only adds impedance to the network
when there is a failure, such as by introducing fuse-based devices, stand-alone HV fuses, fuse-

based limiters, or novel concept fault current limiters.
« Control strategy, such as sequential CB tripping.

Considering the danger of high fault currents to both power system equipment and
working personnel, appropriate measures to lower fault current levels must be implemented.

There are three basic types of conventional strategies for limiting fault current:

« Permanent impedance increase: in this case, the system impedance will be increased

under both normal and fault conditions, including topological measures such as sub-grid
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Chapter | Superconducting fault current limiters

splitting and bus-bar splitting to reduce interconnections, or increasing system voltage levels
so because system impedance may be increased when the power base remains unchanged; and
apparatus measures such as installing high impedance transformers and current limiting

reactors.

» Condition-based impedance increase: this method only contributes impedance to the
network when there is a problem, such as when introducing fuse-based devices, stand-alone

HV fuses, fuse-based limiters, or innovative concept fault current limiters.
« Control strategy, such as sequential CB tripping.
Increase source impedance

The simplest way to reduce the fault is to increase the source impedance. This could
be achieved by installing [16] devices such as air-cooled reactors or transformers with
relatively high reactance. However, this results in additional voltage drop, reactive power, and

a potentially high transient recovery voltage (TRV).
Reduce network interconnection

Changing the network topology, which typically involves splitting bus bars by opening
a bus bar section or bus coupler, is one method for reducing the fault current level. As a
corollary, the grid can be divided [17] into smaller parts that can be supplied by a lower
voltage level. However, since this technique separates sources from loads, the supply's
security is weakened. Meanwhile, this method may result in increased losses, reduced

voltages, and decreased grid flexibility [18].
Increase system voltage

By raising the voltage levels, the fault current can be minimized. For example, with
certain power delivery, increasing the voltage level from 11 kV to 22 kV allows system
impedance to grow four times while reducing the fault current by half. However, this method

is impractical in practice due to the higher expenses of high voltage equipment in substations.

Sequential CB tripping

A protection scheme that is occasionally used is sequential tripping of CBs, which
generally involves opening an upstream CB [19] (normally remote from the fault) that is rated
to switch the maximum prospective fault current. The downstream CB (the one nearest to the
fault) can then be opened, which has a much lower rating and a lower price. The upstream CB

is again re-closed [20].
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Chapter | Superconducting fault current limiters

Since it alters the system topology during the fault, this measure can be considered a
fault current limiting method since it reduces the fault current duty of the interrupting device.
However, the disadvantages of this method are apparent. To start with, the total time
necessary to remove the issue and restore the load will be increased. Second, creating an
upstream CB disrupts a much larger zone of the electrical system than opening a downstream
CB.

Fault current limiter

Fault Current Limiters (FCLs) are devices which detect, trigger, and limit dangerous
fault currents in electrical power systems. Under normal operating conditions, an ideal FCL
has near-zero impedance, leading in minimal voltage drop and, more importantly, no extra
power losses. In contrast, during fault conditions, the FCL could quickly detect the
instantaneously increased fault current. The FCL would then be changed to a high impedance
state, decreasing the fault current. Furthermore, if the fault is cleared, it might revert to a low

impedance state [21].
Types of Fault Current Limiters
The most commonly used types of FCLs are:
» Superconductive FCLs
» Non-superconductive FCLs
Super Conductive FCLs (SFCLS)

Type superconductive FCLs work on the superconductivity principle. During normal
conditions, it acts as a superconductor to virtually no resistance in the path, but during a fault,
its critical temperature is managed [22]to reach due to an increase in temperature caused by a
highfault current, and it changes its state from superconducting to normal to high resistance,

restricting fault current.[23]
There really are two types of SFCL.
Resistive Type SFCL

During normal operation, resistive type SFCL uses superconducting material as a
conductor to carry current. The current flows via the superconducting element Rsc during
normal operation. During normal operation, the heat generated by normal current maintains
the SFCL below its critical temperature, but during a fault, the temperature rises above the

critical temperature of the superconductor utilized.[24] When the current reaches the
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maximum,
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Chapter | Superconducting fault current limiters

the temperature goes up, forcing the superconductor to transform from superconductor to
resistor, adding more resistance than normal in the fault current's path, and limiting the fault
current. This phenomenon is known as "quenching." When the defect is removed, the
substance returns to its superconducting condition. The temperature falls below the critical
temperature of the superconductor. To avoid over-voltages produced by fast current
limitations during the quench, inductive shunt ZSH or parallel resistance is used.[25]

. Zgh
— T

cryostat
IL .
— P —

E=sc

Figure 1.3: Resistive Type Superconducting Fault Current Limiter.

Inductive Type SFCL

This type of SFCL does have a construction similar to transformers with a secondary
winding made of a superconducting element. During normal operation, the resistance of the
primary winding and the leakage reactance determine the impedance of the limiter since the
resistance of the secondary is practically zero so because superconductor's temperature is kept
below the critical temperature. The resistance of the secondary winding increases during fault
conditions, and the superconductor quenches the fault by transforming itself into a resistor.
The secondary value (RSC) is transferred to the primary side, increasing the effective

impedance of the line. This type of SFCL is larger and heavier than resistive SFCL.[26]
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Esc

OV P

Figure 1.4: Inductive Type Superconducting Fault Current limiter.
Non-Super Conductive FCLs

These FCLs do not use superconducting elements and are built in such a way that
resistance is bypassed during normal operation but a substantial resistance is realized to limit
currents in defective situations. The major types of non-superconductive FCLs are as

following.
Saturated Core FCLs

They achieve the highest inductance by taking use of the nonlinear properties
of ferromagnetic materials. Usually, the core of ferromagnetic material is biased by
DC current to make it saturated, and as a function, has rather little inductance in line.
The core becomes unsaturated [27] during faults, resulting in a high inductance in the

current path to limit current flow.

Page 9



Chapter |

Superconducting fault current limiters

AC Coil
o —

Buck

Dual Iron Cores

|

AC Coil

Boost
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Figure 1.5: Saturated core Fault Current Limiters.

Solid-state FCLs (SFCLs)

In normal conditions, these FCLs use electronic switching to bypass resistances

and introduce resistance in abnormal conditions. Bi-directional controlled switches on

serial SSFCLs bypass either the normal or faulty state.[28]

FCL

——

I

Pt

Figure 1.6: Serial type Solid-state Fault Current Limiters

Bridge type SSFCL uses Thyristor to make a bridge arrangement. Switching is

done in such a manner that when there is a defect, resistance is also included in the

circuit and current decreases.
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R variable

1
T

Figure 1.7: Bridge type Solid-state Fault Current Limiters.

The phenomenon of resonance is used in the resonance type SSSFCL. Since we know
that the resistance of a circuit is greatest during resonance, a series resonance circuit is being
used to match the line frequency under normal conditions. During a defect, the topology of

the circuit changes, and the circuit no longer remains in resonance, offering much higher
impedance inline impedance inline.[29]

C
* |1
FLC |
1,
o b 1YY N i
> o
i, l

Figure 1.8: Resonance type Solid-state Fault Current Limiters.

Advantages of Fault Current Limiters

o It limits the current to prevent damage to equipment
o It prevents the replacement of costly component
o It enhances the stability of power systems

Page
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Conclusion

A Dbrief description of fault current limiters (FCLs) reduce fault currents without
compromising circuit characteristics, is given in this chapter. It keeps equipment from being
damaged and enhances system stability. Although FCL has many advantages, one of the main
disadvantages is the introduction of resistance and power losses, which are negligible in

normal conditions.

Chapter 2 present the impact of SFCLs in electrical power system.
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Chapter 11 Impact of SFCLs in electrical power system

I1.1Introduction

This chapter focuses on the fault current limiting impact of FCLs. In addition to short
circuit current limitations, studies have shown that the use of FCLs in power networks
enhances generator transient stability and, as a consequence, network global stability [1,2].
Previous research on FCL optimal allocation have mostly focused on one objective function,
such as fault reduction [3—4] or stability [1,4].

1.2 Fault current calculation and the effect of adding a FCLonZgus
impedance

Because it is the worst type of fault, three phases of symmetrical faults are used to specify the
CBS rating. The short-circuit current for a balanced three-phase fault over bus | can be calculated as

follows:

5= L (11.1)

Zii
= 1
original Zuze

network

Ze=Tj

Figure 11.1: Thevenin equivalent when line is added between k and j buses

where Isc is the three-phase short circuit current at the bus i and Ei is the voltage
before the fault at bus i. Commonly, | can be set as 1 p.u. The parameter Zii is the diagonal
impedance of the impedance matrix (Zous) and I is the base current [12]. When adding a line

with impedance Z» between buses j and k, each element of Zwus can be modified as follows:

(Zxj—Zxk)(Zjy—Zky)
Ejjtezkk—2Zjk+ZIb (”2)

NEW _ ~old
ZX&' — ZI}- -

Where Znew and Zod are the modified and old Znus elements, respectively.

Moreover, the impact of inserting the impedance Zp series with the transmission line can
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Chapter 11 Impact of SFCLs in electrical power system

be viewed as a parallel impedance Zp with the network, as seen below.

Zp = (Zg)//(Zg+ EFCLJZ'%:EFED (1.3)

By viewing the system from two existing buses to impedance Zb put between them,
the Thevenin equivalent is represented. The following adjustments were introduced to the
diagonal entries of Zbus after the FCL is triggered at a branch between buses j and k:

(Zjj—-zik) *

AZii = —— _ (11.4)
EZjjtEkk—2EZjk+Ep

Problemformulation

The optimal allocation of FCL is a nonlinear optimization problem with several
objective functions. The objective functions considered in this study are reliability

enhancement, economical the use FCLs, and short circuit current reduction. The above
are the objective functions:
Fault current calculation and fault current limiters

The majority of faults in power systems are symmetrical; however, the three-phase
fault is the most severe which is used to specify circuit breaker values. The following sections
detail the calculation of fault current at each bus and the effect of three-phase faults on the

currents flowing in the lines:
Fault current calculation

For asymmetrical fault at busit he fault current can be obtained by(1):
L — Erl' . " b
flx) =1 =_ b P (11.5)

where Isc is the fault current for bus i and Ei is the voltage before the fault for
bus I, which is usually assumed to be 1 p.u. The diagonal member of the impedance

matrix is Zii. Finally, I» provides the base current. [30].
z;q;wzz:?;w'[zxj - zxk)' (Z;Y—zh. W(Zj5+ Zige -2Z 5. Zb) (11.6)

where Znew is the impedance matrix's modified element As a conclusion,
inserting the impedance Zp series with the transmission line has the same effect as

inserting the impedance Z, parallel with the transmission line, as seen by the xy solution.
Zp = (=ZB)NZ, + Zs) = —Z0(Zo + Za) Zger (I.7)

When impedance Zyis added between two buses, the Thevenin equivalent from
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Chapter 11 Impact of SFCLs in electrical power system

the bus understudy can be seen in Fig. 1. Finally, the following expression is used to alter
the elements of the impedance matrix:

ﬂ,z — l:zi-_i;—z,-_k 32 c2

i = (11.8)
Zjj vz _2zjk +z.':_,l1 ;‘.'1+z[:l

Hence the amount of Zp required to reduce the fault current from Ii, to i r can be
calculated from:

Iig .c2
z,=———r¢1 11.9
B (hn—liFlei (11.9)

Finally the impedance of the used fault current limiter is
ch:=_;h+z.p (“10)
Fault current minimization

The goal of this work is to reduce the fault current at each bus and the fault current can
flow over lines to that level. This aim is achieved by installing suitable fault current limiters
(FCLs) in the system. To lower financial costs, the overall impedance used for fault current

limiters should be minimized. As a conclusion, the problem can be stated as follows:

Min fo(x) = Lsc=o*1y + Pfy (11.11)

ZII

where Zii represents the diagonal impedance of the impedance matrix Zbus

after inserting FCLs to the system.pfI represents the penalty factor and is defined as
follows:

if 77 =7 j=1,...,Np

Pn=0 (1.12)

else pf; =500 x (|17 — 7°™%)

Economic aspects of fault current limiter

ENFE'L expected

=1 2L fol i
L) =" —+ Pfz (11.13)
fFel

Nf 1_,'|I.E'I;-‘E'ETE'|1-

_ Nfel~Nge

f;i (.’Ij - “exp;:'red (l |14)
“Fel

Where Z;¢.,; and N, are the impedance of the im FCL and the number of the

FCLs in the system, respectively. The parameters Z fff’““'d and Nz *%%% represent the
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Chapter 11

anticipated impedance and number of FCLs injected into in the system, respectively.
Expected impedance and expected number of FCLs are taken into account while
normalizing their related cost functions. These characteristics predict the needed number

of FCLs and impedances. Furthermore, pf; is the penalty factor which is defined as

follows:

if 200 < 2y S 205 =1, Ny
(11.15)

then pf.=10
else pf, = max ((Z,po — 2785, (2785 — Ziger) )

Multi-objective Particle Swarm Optimization (MOPSO).
The proposed method-based on MOPSO [31]. In MOPSO, a particle moves toward
one of known Pareto solutions and searches around the solution exploitatively. MOPSO
manages Pareto optimal solutions by storing a grid-structured archive [31], [32-33].
Dividing the objective space into hypercubes allows maintaining the diversity of Pareto

solutions.

T V! R
Inertial velocity

k

O
REP;
(The position referred by

k-2Q Personal best p;
particle i in the archive)

I
"\, (The best position
“ of particle i)
1‘c+1

Figure I1.2.Velocity and position update

Search by MOPSO
In continue, each particle | is initialized, with its position xi and velocity vi determined

at random. The archive is then initialized by storing Pareto solutions derived from a set of
positions chosen at random from the search space. At random, each position in the archive is

assigned to a particle as REPI. By dividing each objective function into d equal divisions, the

objective space is divided on to hyper cubes. xi resets the personal best pi.
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Chapter 11 Impact of SFCLs in electrical power system

After initialization, the proposed algorithm time pad the position and velocity of both the
particles. As seen in Figure 3, particle velocity is updated in the archive with its personal best
position and referring solution that use the following equation:

Vit = wvi + Clrl[X?Jbasr.' _Xz') e [ngﬂsrf _Xf) (11.16)

XKL = yk 4 pkit (1.17)

where X¥ and Vindicate position and velocity of particle i at step k. X,,,..

i

indicates personal best of particle i which is the best position of all positions the particle
passed so far, X,,.... is a solution in archive which is referred by particle i. c1and cz are
two positive constants called cognitive and social parameter, r1 and r2 are random
numbers uniformly distributed within [0, 1].

Particle i is evaluated in its current position X+ if X**1; dominates personal best
X ,pes, Of particle i, then the position replaces X,,,..... If neither of the current position nor

X

_ is selected from the m randomly Particle i is
phest;

is dominated by the other, X,

bast;

reset when it violates the constraint, i.e., it sticks out of the defined variable domain.

Particle i1 is also reinijiglized when satisfying following two conditions:

- Particle i moves too slowly, i.e., its speed vi goes down under a threshold Tv.

- There has been no improvement on X,,;.... for more than Tr steps.
The outline of the proposed MOPSO

Step 1: Initialize all particles; place them at random positions with random velocities.
Step 2: Evaluate all particle.

Step 3: Store Pareto solutions chosen randomly into the archive.
Step 4: Divide objective function space into hypercubes.

Step 5: Determine personal bests of all solutions.

Step 6: until evaluation, time reaches the limit, repeat step 7
Step 7: For each particle i, repeat step 8 through 12.

Step 9: If i moves too slowly, reset its position and velocity.
Step 10: Evaluate i.

Step 11: Update personal best and the archive.

Step 12: Redevise the hypercube if necessary.
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Optimization procedure

1. According to network data, the impedance matrix of the system Znus is created.

2. Three phase short circuit fault is applied to all buses.

3. In this research, three objective functions are considered: Short circuit current
minimization, number of FCLs, and impedances of FCLs which are installed.
These objective functions are nonlinear and are functions of X. X is the vector of control

variables, which is 2n-dimensional vector which represents the location and impedance of

X=[X.X%] X =I[sly,sly0sl,]  X=[Zyp0. 20500 Znper |

S, fel

FCLs and n is the number of the lines in the network.

sl. is either one or zero whose value indicates the existence or absence of FCL in it line.

4. Aforementioned objective functions are functions of X. The MOPSO algorithm is
implemented on these objective functions. A penalty term is used based on the safety
margin of short circuit current. The proposed optimization procedure determines the

location of FCLs and their corresponding values. General procedure flowchart is

depicted in Fig. II. 3.
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current Impedance ofFCLs

Figure. 11.3. General Flowchart of the proposed optimum FCL allocation.

11.5 Conclusion

In this part of the work, we have studied both the fault current calculation and the

effect of adding a FCL on Zsus impedance and number of FCLs, and we have extracted

all the expressions and their optimal solutions.

Multiobjective particle swarm optimization applied in IEEE 30-bus system is study in

chapter 3 to short circuit fault current reduction. Simulation results and discussion are

presented in the same chapter.
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Introduction

In this work, we applied a Pareto based optimization algorithm, namely multi-
objective particle swarm optimization MOPSO in IEEE 30-bus test system. The test
system has 06 generators, 24 load buses and 41 transmission lines. The single line

diagram of the test system is depicted in Figeur (111.1).

Simulation results

The problem of FCL optimal allocation is a nonlinear optimization problem, and
may include several objective functions. In this study, objective functions considered are
as short circuit current reduction, and the economical usage of FCLs. These objective

functions are explained in the previous chapter.

29 ' 27 28

30-TL/ 26 >2€
T

15 ¢ 18-'% 197-LT
—

@
T
w]

)
h
J

Figure I111.1: Single line diagram of the IEEE 30-bus test system
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F-3: Number of FCLs (NFCLs)

10

F-2: FCLs impedances (ZFCLs) p.u F-1: Short circuit current (A)

Figure 111.2: MOPSO algorithm Pareto front for IEEE 30-bus system.

Figure 111.2 represent the Pareto front obtained by MOPSO algorithm for IEEE 30 Bus
system. Fig. I11.3 demonstrate the compare fault current before and after installation of
SFCLs.

Compare fault current before and after the installation of SFCL
55 T T T T T

without SFCL
with SFCL

451

Fault Current (KA)
B
1

2.5 1 1 1 1 1
0 5 10 15 20 25 30

Bus Number

Figure 111.3: Compare fault current before and after installation of SFCL.
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Table 111.1: Compare fault current before and after installation SFCL.

Elljsmber IBFngCS)I’e X]StLeSr Reduction Percent (%)
(A) (A)

1 4.3841 4.2037 4,1148
2 4.2657 3.9376 7.6916
3 4.2150 3.6370 13.7129
4 4,1416 3.3591 18.8936
5 4.2316 3.1543 25.4584
6 4.0935 3.0862 24.6073
7 41472 3.0315 26.9025
8 41375 2.9788 28.0048
9 4.2062 2.9598 29.6324
10 4,1392 2.9040 29.8415
11 4.7667 2.9277 38.5801
12 4,1076 2.9115 29.1192
13 4,4253 3.4519 21.1059
14 42773 3.3991 20.5316
15 4,1282 3.3954 177.5108
16 4,2302 3.4041 19.5286
17 4.1868 3.3857 19.1339
18 4,2729 3.3448 21.7206
19 4.2755 3.3098 27.5406
20 4.2698 3.7376 12.4643
21 4,1508 3.3559 19.1505
22 4.1531 3.3466 19.4192
23 4.2514 3.3363 21.5247
24 4.1806 3.3218 205.4251
25 4.3817 3.3105 24.4471
26 5.1457 3.2506 36.8288
27 4.3824 3.2926 25.0753
28 4.1347 3.2276 21.9387
29 4.9660 3.1903 3.57571
30 5.0560 3.1350 37.9944

Table 111.1 gives fault current before and after installation of SFCLs, and the reduction

percent. As can be seen from the table, SFCL helps to manage economically this fault current

to avoid damages to equipment, which can result in blackouts. SFCLs does not suppress the

fault current completely, but rather reduces the fault current to a level that the equipment or

devices can withstand. The best (optimal) values of short circuit fault current, Economical
aspects use of FCL (impedance and number of FCLs) obtained by MOPSO are 65,5033 (A),

1.5013 p.u, and 4, respectively.

Fig. 111.4 illustrates graphic representation (bar) of compare fault current before and

after installation of SFCLs. Figure (I11.5) shows graphic representation (bar) of reduction

percent between short circuit faults current before and after installation of SFCLs on IEEE 30

bus system.
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Compare fault current before and after the installation of SFCL

6 T T T T T T
- without SFCL

B ith sFcL
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Figure 111.4: Compare fault current before and after installation SFCL.

Reduction Percent after the installation of SFCL
55 T T T T T T

50 .

401 .
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Figure 111.5: Reduction percent of fault current after the installation of SFCL.
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Table 111.2: Magnitude voltages of buses before and after installation SFCL.

Initial magnitude voltage Magnitude voltage after

Buses before installing SFCL(pu)installing SFCL(pu)
1 1,0600 1.0600
2 1,0430 1.0430
3 1.0000 1.0215
4 1,0600 1.0129
5 1,0100 1.0100
6 1.0000 1.0121
7 1.0000 1.0034
8 1,0100 1.0100
9 1.0000 1.0510
10 1.0000 1.0444
11 1,0820 1.0820
12 1.0000 1.0574
13 1,0710 1.0710
14 1.0000 1.0424
15 1.0000 1.0378
16 1.0000 1.0447
17 1.0000 1.0391
18 1.0000 1.0279
19 1.0000 1.0253
20 1.0000 1.0293
21 1.0000 1.0321
22 1.0000 1.0327
23 1.0000 1.0272
24 1.0000 1.0216
25 1.0000 1.0189
26 1.0000 1.0012
27 1.0000 1.0257
28 1.0000 1.0107
29 1.0000 1.0059
30 1.0000 0.9945

Table 111.2 represent magnitude voltages of buses before and after installation SFCL.
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1.09 T T T T T
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Figure 111.7: Variation of ZsrcL with iterations.

Figure I11.6 shows the voltage profile of IEEE 30 bus system without and with
installation of SFCLs.
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Figure 111.8: Variation of short circuit fault current (Isc) with iterations.

Table 111.4 : Variable control values.

FCL installation candidate lines 10, 19, 26, 15, 20, 21

FCLs impedance corresponding to above  0.1754, 0.3112, 0.4304, 0.5843, 0.2837, 0.2695
installation locations

Number of installed FCLs 6

Table 111.5 : Optimal values.

Isc 6.5033 10*
(A)

Impedance of FCLs 1.5013

Number of FCLs 4

Table 111.4 represent a typical solution from the Pareto fronts obtained by MOPSO. As can be
seen from the table, using MOPSO algorithm totally 2.0545 p.u limiting impedances are
inserted in the range of 0.1754-0.5843 p.u to 6 lines of the network.

111.3 Conclusion
The insertion of FCLs to a power system has a massive effect on short circuit current
suppression. However, how FCL is installing, short circuit current is depending on installation
sites and impedances. The MOPSO algorithm used in this work is based on the idea of
dominance and produces a Pareto front. MOPSO is the algorithm involved. The cost functions
take account adaptive penalty factors for short circuit current limiting violations and FCL

impedance margins.
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General Conclusion

The installation of FCLs into a power system has a great effect on short circuit current
elimination and power system enhanced. However, how installing FCLs, the short circuit
current depends on the installation locations and their impedances. The existing approaches in
literature use weighted sum of different objective functions to obtain a single objective
problem and then apply single objective optimization algorithms to it. Moreover, to the best
knowledge of the authors; there does not exist any reported simultaneous structure and
parameter value optimization in the allocation problem of FCLs.

In this thesis, MOPSO approach is proposed on IEEE 30-bus system to obtain
installation locations, impedance and the number of FCLs, simultaneously. The MOPSO
technique used in this work is based on dominance concept and result in a Pareto front. An
adaptive penalty factors for the violation of short circuit current limitation and FCLs
impedance margins are considered in the cost functions. One of the main advantages of the
proposed approach is that using the proposed method, it is possible to optimize the location
and the values of FCLs, simultaneously. Moreover, a lower bound for the short circuit current
of the power system is considered which reduces the need for FCLs, which causes less cost
for the whole system.

It is worth noting that since the placement and the value of the impedances of the
FCLs affect the operation time of directional overcurrent relays, it can be considered as a new

objective function. We consider this objective function as a new research topic in future.



References

[1] Tang G, lravani MR. Application of a fault current limiter to minimize
distributed generation impact on coordinated relay protection. In: Int conf power
systems transients, Montreal, QC, Canada. p. 19-23.

[2] Choi Hyo-Sang, Lim Sung-Hun, Chung Dong-Chul, Han Byoung-Sung, Hyun
Ok- Bae, Sung Tae-Hyun, et al. Responses of resistive superconducting-fault-
current-limiters to unbalanced faults. IEEE Trans Appl Supercond 2005;15
(2):2035-8.

[3] Ye Lin, Lin LiangZhen, Juengst Klaus-Peter. Application studies of
superconducting fault current limiters in electric power systems. IEEE Trans Appl
Supercond 2002;12(1):900-3.

[4] Sjostrom Marten, Cherkaoui Rachid, Dutoit Bertrand. Enhancement of power
system transient stability using superconducting fault current limiters. IEEE Trans
Appl Supercond 1999;9(2):1328-30.

[5] Tsuda Masaki, Mitani Yasunori, Tsuji Kiichiro, Kakihana Kunihiko.
Application of resistor based superconducting fault current limiter to
enhancement of power system transient stability. Institute of Electrical and
Electronics Engineers; 2001.

[6] Alaraifi Surour, Moursi El, Shawky Mohamed, Zeineldin HH. Optimal allocation
of HTS-FCL for power system security and stability enhancement. IEEE Trans
Power Syst 2013;28(4):4701-11.

[7] Kim Jin-Seok, Lim Sung-Hun, Kim Jae-Chul. Bus-voltage sag suppressing and
fault current limiting characteristics of the SFCL due to its application location in
a power distribution system. J Electr Eng Technol 2013;8(6):1305-9.

[8] Bagriyanik Mustafa, Cakal Gokhan, Gul Bagriyanik Fatma. The effect of fault
current limiters on distribution systems with wind turbine generators. Int J Renew
Energy Res (IJRER) 2013;3(1):149-54.

[9] Didier G, Leveque Jean, Rezzoug Abderrezak. A novel approach to determine the
optimal location of SFCL in electric power grid to improve power system stability.
IEEE Trans Power Syst 2013; 28(2):978-84.

[10] Didier G, Lévéque J. Influence of fault type on the optimal location of
superconducting fault current limiter in electrical power grid. Int J Electr Power
Energy Syst; 56: 279-85; (2014).

[11] Moursi El, Shawky Mohamed, Hegazy R. Novel technique for reducing the
high fault currents and enhancing the security of ADWEA power system. IEEE
Trans Power Syst 2013;28(1):140-8.


http://refhub.elsevier.com/S0142-0615(15)30199-X/h0005
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0005
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0005
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0005
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0010
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0010
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0010
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0010
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0010
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0015
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0015
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0015
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0015
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0020
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0020
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0020
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0020
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0025
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0025
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0025
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0025
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0025
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0025
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0025
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0030
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0030
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0030
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0035
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0035
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0035
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0035
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0040
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0040
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0040
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0040
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0045
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0045
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0045
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0045
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0045
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0050
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0050
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0050
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0050
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0055
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0055
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0055
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0055
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0055

[12] Teng Jen-Hao, Lu Chan-Nan. Optimum fault current limiter placement with
search space reduction technique. IET Gener, Transm Distrib 2010;4 (4):485-94.

[13] Sung Byung Chul, Park Dong Keun, Park Jung-Wook, Ko Tae Kuk. Study on
optimal location of a resistive SFCL applied to an electric power grid. IEEE Trans
Appl Supercond 2009;19(3):2048-52.

[14] P. P. Barker and R. W. De Mello, "Determining the impact of distributed generation on
power systems. |. Radial distribution systems,” in IEEE Power Engineering Society Summer
Meeting, 2000, Washington DC, USA, pp. 1645-1656, 16-20 July, 2000.

[15] V. Tahiliani and J. Porter, "Fault current limiters an overview of EPRI research,” IEEE
Transactions on Power Apparatus and Systems, vol. 5, pp. 1964-1969, 1980.

[16] P. Barkan, "The Current-Diverting FCL-A Practical Solution to Fault Current Limiting,"
IEEE Transactions on Power Apparatus and Systems , vol.PAS-99 , Issue: 2, pp. 488-498,
1980.

[17]P. Slade, J. Wu, E. Stacey, W. Stubler, R. Voshall, J. Bonk, J. Porter, and L. Hong, "The
utility requirements for a distribution fault current limiter,” IEEE Transactions on Power
Delivery, vol. 7, pp. 507-515, 1992.

[18] P. G. Slade, R. Voshall, J. Wu, E. Stacey, W. Stubler, and J. Talvacchio, "Study of fault-
current-limiting techniques,” Electric Power Research Inst., Palo Alto, CA (USA);
Westinghouse Electric Corp., Pittsburgh, PA (USA), 1990.

[19]B. Damsky, V. Gelman, and E. J. Frederick, "A solid state current limiter." [Online].
Available: http://www. epa. gov/electricpower-sfé/documents/conf02_damsky paper. pdf,
2003.

[20] P. R. Deo and T. P. Shah, "Innovative electromagnetic dynamic fault current limiter
operating at ambient temperature for smart grids,” in IEEE PES Innovative Smart Grid
Technologies (ISGT), 2010, Gothenburg, Sweden, pp. 1-6, 11-12, Oct., 2010.

[21] A. A. Bayod-Rujula, "Future development of the electricity systems with distributed
generation," Energy, vol. 34, pp. 377-383, 20009.

[22] M. Cyril Prakhash, M. Bhoopathi, C. Rajasuresh, and P. Vivekanandhan, “A Review on
Application of Superconducting Fault Current Limiters in Power Systems”, International
Journal on Applications in Electrical and Electronics Engineering, Volume 1: Issue 6: pp. 9-
12, June 2015.

[23] W. Paul, M. Chen, M. Lakner, J. Rhyner, D. Braun, and W. Lanz, “Fault current limiter
based on high temperature superconductors”, Elsevier, Physica C354, pp.27-34 2005.


http://refhub.elsevier.com/S0142-0615(15)30199-X/h0060
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0060
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0060
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0065
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0065
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0065
http://refhub.elsevier.com/S0142-0615(15)30199-X/h0065
http://www/

[24]

[25]
[26]

[27]

[28]

[29]

C. H. Kim, K. M. Lee, and K. W. Ryu, “A Numerical Study on Temperature Increase in the
Resistive SFCL Element Due to the Quench Condition”, IEEE Trans. On Applied
Superconductivity, vol. 16, no. 2, pp. 636-641, June 2006.

Electric Power Research Institute: Superconducting Fault Current Limiters:2009.

Kazuhiro Kajikawa, Katsuyuki kaiho, Noriharu Tamada, and Toshitada Onishi, “Magnetic-
Shield Type Superconducting Fault Current Limiter with High T, Superconductors”, Electrical
Engineering in Japan, vol.115, no.6, pp.1026-1031, October 1995.

Franco Moriconi, Francisco De La Rosa, Frank Darmann, Albert Nelson, and Larry Masur,
“Development and Deployment of Saturated- Core Fault Current Limiters in Distribution and
Transmission Substations”, IEEE Trans. On Applied Superconductivity, vol. 21, no. 3, pp.
1288-1293, June 2011.

Sushma Yadav, Dr. G K Choudhary, and Dr. G K Choudhary, “Review on Fault Current
Limiters”, International Journal of Engineering Research & Technology (IJERT), vol. 3, issue
4, pp. 1595-1603, April 2014.

Erik Darnell Johnson, “A Silicon Carbide Based Solid-State Fault Current Limiter for Modern
Power Distribution Systems”, Thesis for the degree of Doctor of Philosophy in Electrical

Engineering, University of Arkansas, December 2012.

[30] C. A. C. Coello, G. T. Pulido, and M. S. Lechuga, “Handling multiple objectives
with particle swarm optimization,” IEEE Transactions on Evolutionary Computation, vol.
8, no. 3, pp. 256-279, 2004.

[31] K. Shimoyama, “Robust aerodynamic design of mars exploratory airplane wing with
a new optimization method,” Ph.D. dissertation, University of Tokyo, 2006.

[32] L. Cagnina, S. Esquivel, and C. A. C. Coello, “A particle swarm opti- mizer for

multi-objective optimization,” Journal of Computer Science & Technology, vol. 5, no. 4,
pp. 204-210, 2005.

[33] K. Deb, Multi-Objective Optimization using Evolutionary Algorithms. JohnWiley &
Sons, Ltd., 2001.



	ALI ABDESSELAM BENAMARA KHRIDDINE BENATTIA
	ﻣﻠﺨﺺ:
	Abstract:

	Chapter I :
	Chapter II :
	Chapter III :
	Chapter III
	Symbol Explanation
	Introduction
	Literature review
	Introduction (1)
	Model of a superconducting fault current limiter SFCL
	Application of Current Limiting Technologies
	Increase source impedance
	Reduce network interconnection
	Increase system voltage
	Sequential CB tripping
	Fault current limiter
	Types of Fault Current Limiters
	Super Conductive FCLs (SFCLs)
	Resistive Type SFCL
	Inductive Type SFCL
	Non-Super Conductive FCLs
	Saturated Core FCLs
	Solid-state FCLs (SFCLs)
	Advantages of Fault Current Limiters
	Conclusion
	II.1Introduction
	II.2 Fault current calculation and the effect of adding a FCLonZBUS
	Problemformulation
	Fault current minimization
	Economic aspects of fault current limiter
	Multi-objective Particle Swarm Optimization (MOPSO).
	Search by MOPSO
	Optimization procedure
	II.5 Conclusion
	Introduction (2)
	Simulation results
	III.3 Conclusion
	General Conclusion
	References


