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Abstract— Today due to competitiveness in the energy
market, increasing number of power generators are being
interconnected with the main grid. This in turn increases the
level of fault current in the system. In general, circuit breakers
used today have delay of about two to three typical cycles in
responding to the trip command from the relay. This paper
describes resistive Super Conducting Fault Current Limiter
(SFCL) as an innovative equipment which has the capability to
reduce this fault current level in its first cycle of fault current.
The model is implemented using MATLAB SimPowerSystem and
uses a resistive type SFCL which act like a controllable resistor.
All line faults have been simulated at different locations in the
test system consisting of a L0MVA wind power system and 50kW
solar power system and the effect of the SFCL and its location on
the fault current at point of common coupling is observed. The
paper concludes with results showing the optimal connection for
SFCL in the test system.
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l. INTRODUCTION

Fault levels in today’s power systems have increased
beyond traditional limits. Old devices like higher impedance
transformers, split bus bars and fuses have started failing
against these levels. Increasing the limiting capacity of these
devices not only require capital cost but also increase the level
of loss in the system. Also reliability of the complete system
gets compromised due to constant excessive stress on the
system. A high-temperature superconductor (HTS) is seen as
an alternative to this problem. It has the ability to improve
transient performance of the system in fast and effective
manner. There were a few researches based on its applicability
but they haven’t been tested to focus on real system problems
and the application of SFCL for real application system have
been selected as the topic of interest for this paper.

After rigorous literature survey and trials on various test
systems, important factors that need to be considered for
practical implementation of SFCL can be high:

1) Optimal place to install the SFCL;

2) Optimal resistive value of the SFCL connected in series
with a transmission line during a short-circuit fault;

3) Potential protection-coordination problem with other
existing protective devices such as a recloser and a circuit
breaker.

Keeping these factors in mind, the effect of SFCL and its
feasible position in micro-grid was investigated considering a
wind farm and solar farm integrated with a distribution grid
model as one of typical configurations of the smart grid. The
impacts of SFCL on the wind farm and solar farm and the
strategic location of SFCL in a micro grid which limits fault
current from all power sources and has no negative effect on
the integrated wind farm is suggested in this paper.

The paper is organized as follows. Section Il covers the
concept of SFCL along with its mathematical model. Section
111 discussed the PV and Wind farm system used for study in
this work. System Model is described in section 1V. Section V
deals with results obtained from the simulation study and
Section VI concludes the paper highlighting the contributions
of the paper.

Il.  CONCEPT AND MODELLING OF SFCL

Fault current limiters (FCLs) are developed to overcome
problems. An ideal FCL should have the following
characteristics:

a) Zero impedance in the normal operation;

b) No power loss in the normal operation;

c) Large impedance in the fault conditions;

d) Quick appearance of impedance when the fault occurs;

e) Fast recovery after fault removal [6].

Resistive SFCLs utilize the superconducting material
as the main current carrying conductor under normal grid
operation [13]. The superconductive shunt with resistive
bypass is shown in Fig. 1. In this case the bypass element
limits the current during fault. The fault current is limited
when it is more than the critical current of the superconductor
element and it operates in high resistance state which limits
the fault current. Superconductor material of high resistivity in
its non-superconductor state is preferred as it will limit the
current during fault. During normal operation the R2 is zero
and when there is fault, resistance R2 becomes very high
which limits the current during fault. The resistance R is the

468 |Page



International Journal of Technical Research and Applications e-ISSN: 2320-8163,

bypass resistance. During fault the fault current is transferred
from resistance R2 to R [14].
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Fig. 1. Superconductor Fault Current Limiter, Resistive Shunt type

The flowchart and operating characteristics of the same can be
seen in Fig. 2 and 3. Fig. 3 interprets quenching and recovery
characteristics of the SFCL. It is clear from Fig. 3 that at
normal operating condition impedance of SFCL is zero. But
when fault takes place at t = t0, quenching progression starts
and then impedance goes to its peak value. After recovery of
fault impedance again goes back to zero at t = t3.
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Fig. 2. Operating Principle Representation in Flowchart
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Fig. 3. Quench and Recovery characteristics of SFCL

Mathematical Model of SFCL

Mathematical model of SFCL is represented as a equation of
non-linear resistance showing its non-linearity in different
temperature zones as given in the following equation.
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0 (t =t) (1)
Where

Rn = Impedance being saturated at normal temp.
7 =time constant of transition from the superconducting
state to the normal state
to, 1y, 1), t;= quench starting time, first recovery starting
time, second recovery starting time & third recovery
starting time
a,,a,,b,,b, = coefficient of finite linear function.

I1l.  MODELLING OF PV SYSTEM AND WIND FARM

As the world discovers new ways to meet its growing energy
needs, energy generated from Sun, which is better known as
solar power and energy generated from wind called the wind
power are being considered as a means of generating power.

These energy sources will define the future of energy scenario.

A) Wind Farm
The Matlab model is based on the steady-state power
characteristics of the turbine. The stiffness of the drive train is
infinite and the friction factor and the inertia of the turbine
must be combined with those of the generator coupled to the
turbine. The output power of the turbine is given by the
following equation.
Pm = Cp(Y,8 ) PA/2 Vuing @)
where
Pm is Mechanical output power of the turbine (W)
Cp is Performance coeffcient of the turbine
p is Air density (kg/m®)
A is Turbine swept area (m?)
Vwind IS Wind speed (m/s)
v is Tip speed ratio of the rotor blade tip speed to wind speed
B is Blade pitch angle (deg).

The mechanical power and the stator electric power output are
computed as follows:

Pm=Tmor

Ps = Tem s

For a lossless generator the mechanical equation is:
J d(l)r/dt = Tm - Tem (3)

In steady-state at fixed speed for a lossless generator Trm = Tem
and P = Ps + Pr.

It follows that

Pr=Pm -Ps=Tm @ -Tem @s=-Tm[ (0~ ©r)/ds]s=-STmms=-SPs(4)
where s is defined as slip of the generator: s=(ws- or)/ws.
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Fig. 4. Turbine Characteristics and Tracking Characteristic

The power is controlled in order to follow a pre-defined
power-speed characteristic, named tracking characteristic. An
example of such a characteristic is illustrated in Fig. 4, by the
ABCD curve superimposed to the mechanical power
characteristics of the turbine obtained at different wind speeds.
Fig. 5 shows MATLAB implementation of a 10MW Wind
Farm system.
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Fig. 5. MATLAB implementation of Wind Farm

B) Photovoltaic System

A typical solar farm consists of an string or array of solar
panels connected in series parallel combination to produce
sufficient power at specified voltage and current ratings. These
panels produce dc voltage which is then converted into ac by
use of an inverter. The traditional equivalent circuit of a solar
cell represented by a current source in parallel with one diode
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is shown in Fig. 6 and its electrical characteristics are shown
in Fig. 7.
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Fig. 7. PV Module Electrical Characteristics

The single-diode model includes four components: a photo
current source, a diode parallel to the source, a series resistor
R, and a shunt resistor Rp. Its mathematical model can be
expressed as

| = Iph — Isat{exp[q (V + IRs) /(AKT)] — 1} (5)
where

I is current from solar panel

Iph is the Photo current of solar cell
Isat is the Reverse saturation current
q is Electronic charge

A is A dimensionless factor

K is Boltzmann constant

T is Temperature (in Kelvin)

V is the output voltage of the cell
Rs is series resistance.

Egn (5) shows that the output characteristic of a solar cell is
nonlinear and vitally affected by solar radiation, temperature,
and load condition.

MPPT Control

The MPP voltage range for these PV modules is normally

defined in the range from 27V to 45V, at a power generation
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of approximate 200W, and their open- circuit voltage is below
45V. In order to capture the maximum energy from the PV
module, solar inverters must guarantee that the PV module is
operated at the MPP. This is accomplished by the maximum
power point control loop known as the Maximum Power Point
Tracker (MPPT). Many MPPT algorithms have been proposed
in the literature, out of which perturbation and observation
(P&O) method is used in this work as it only requires two
sensors, which results in a reduction of hardware requirements
and cost. Therefore, the P&O method is used to control the
MPPT process and is shown in flowchart in Fig. 8. As PV
voltage and current are determined, the power is calculated. At
the maximum power point, the derivative (dP=dV) is equal to
zero. The maximum power point can be achieved by changing
the reference voltage by the amount of AVref.
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Matlab implementation of solar panel with MPPT algorithm is
shown in Fig. 9. The model consists of PV array, buck-boost
converter and a MPPT algorithm. The panel array is designed
to be of 50kW rating.

Fig. 8. P&O Flowchart

Fig. 9. Matlab Model of a Solar Panel with buck-boost converter and MPPT

IV. SYSTEM UNDER STUDY

A) MATLAB Implementation of Resistive SFCL
The three phase resistive type SFCL was modeled considering
four fundamental parameters of a resistive type SFCL. These
parameters and their selected values are:
Switching time = 2 msec.
Minimum impedance = 0.01 Ohms.
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Maximum impedance = 20 Ohms.
Actuating current =550 A.
Recovery time = 10 msec.
Working voltage = 22.9 kv.

R e—

fen

Y >
Inpet  Cur
et Vohage
Measurement 3 Calculation

s P
=

RMS SECL Charactersite
Table

Harmonics
Filteration

signat

Fig. 10. SFCL model developed in Simulink/Sim- PowerSystem.

Fig. 10 shows the SFCL model developed in Simulink/Sim-
PowerSystem. The SFCL model works as follows. First, SFCL
model calculates the RMS value of the passing current and
then compares it with the characteristic table. Second, if a
passing current is larger than the triggering current level,
SFCLs resistance increases to maximum impedance level in a
pre-defined response time. Finally, when the current level falls
below the triggering current level the system waits until the
recovery time and then goes into normal state.The modeled
power system was based on Korean electric transmission and
distribution power system [4]. Newly developed micro grid
model was designed by integrating a 10 MVA wind farm with
the distribution network. Fig. 11 shows the power system m
odel designed in Simulink / Sim-Power-System. The power
system is composed of a 100 MVA conventional power plant,
composed of 3-phase synchronous machine, connected with
200 km long 154 kV distributed-parameters transmission line
through a step-up transformer TR1. At the substation (TR2),
voltage is stepped down to 22.9 kV from 154 kV. High power
industrial load (6 MW) and low power domestic loads (1 MW
each) are being supplied by separate distribution branch
networks. The wind farm is directly connected with the branch
network (B1) through transformer TR3 and is providing power
to the domestic loads. The 10 MVA wind farm is composed of
five fixed-speed induction-type wind turbines each having a
rating of 2MVA. At the time of fault, the domestic load is
being provided with 3 MVA out of which 2.7 MVA is being
provided by the wind farm. In Figure 11 artificial fault and
locations of SFCL are indicated in the diagram. Three kinds of
fault points are marked as Fault 1, Fault 2 and Fault 3, which
represent three-phase-to-ground faults in distribution grid,
customer grid and transmission line respectively.

Four prospective locations for SFCL installation are marked as
e Location 1 (Substation)
Location 2 (Branch Network)
Locations 3 (Wind farm integration point with the
grid)
e Location 4 (Wind Farm).

Generally, conventional fault current protection devices are
located in Location one (1) and Location two (2).
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Fig. 11. Power system model designed in Simulink/SimPowerSystem. Decreased Decreased Decreased
= 0, = 0, = 0,
Location 1 & 4 1300A = 45.83% 720A =5.26% 1010A =72.09%
v RESULTS Decreased Decreased Decreased
From simulation study of Power System with both wind farm TABLE V.
and solar farm data is compiled in tabular form as given in FORL-L-G FAULT: GRID CURRENTS WITHOUT SFCL
Tables I-VIII. Without SFCL Fault 1DG Fault2 CG Fault3 TL
TABLE I. Peak Current 2400A 760A 3620A
FOR L-L-L-G FAULT: GRID CURRENTS WITHOUT SFCL
Without SFCL Fault 1DG Fault2 CG Fault3 TL TABLE VI.
FOR L-L-G FAULT: GRID CURRENTS WITH SFCL
Peak Current 2400A 760A 3620A
SFCL Location Fault 1DG Fault 2 CG Fault 3 TL
. 3360A = 40% 1250A =64.47% | 1575A =56.49%
FOR L-L-L-G FAULT: GAIb CURRENTS WITH SFCL coeaten Increased Increased Decreased
’ Location 2 3360A = 40% 1000A =34.21% | 1458A =59.72%
. Increased Increased Decreased
SFCL Location Fault 1DG Fault 2 CG Fault 3 TL Location 3 820A = 65.83% 510A = 32.39% 3620A = 0%
Location 1 3360A = 40% 1250A =64.47% | 1600A =54.69% Decreased Decreased Decreased
Increased Increased Decreased Location 1 & 4 1300A = 45.83% 720A = 5.26% 1010A = 72.09%
Location 2 3360A = 40% 1000A =34.21% | 1450A =59.11% Decreased Decreased Decreased
Increased Increased Decreased
= 0, = 0, = 0,
Location 3 82(|)3A 65.%3 % 50(|)3A 32.3‘19/0 3580A 1.3/0 TABLE VII.
ecrease ecrease ecrease FOR L-G FAULT: GRID CURRENTS WITHOUT SFCL
. 1300A = 45.83% 700A =5.26% 1000A =72.09%
Location 1 & 4 D d D d D d
ecrease ecrease ecrease Without SFCL Fault 1DG Fault2 CG Fault3TL
TABLE I Peak Current 2400A 760A 3620A
FOR L-L-L FAULT: GRID CURRENTS WITHOUT SFCL
Without SFCL Fault 1DG Fault 2 CG Fault 3 TL TABLEVIIL.
FOR L-G FAULT: GRID CURRENTS WITH SFCL
Peak Current 2450A 760A 3650A
SFCL Location Fault 1DG Fault 2 CG Fault 3 TL
= 0, = 0, = 0,
TABLE IV. Location 1 3360A = 40% 1250A =64.47% | 1575A =56.49%
FOR L-L-L FAULT: GRID CURRENTS WITH SFCL Increased Increased Decreased
: Location 2 3360A = 40% 1000A =34.21% | 1458A =59.72%
. Increased Increased Decreased
SFCL Location Fault 1DG Fault 2 CG Fault3TL Location 3 820A = 65.83% 510A = 32.89% 3660A = 1.1%
Location 1 3360A = 40% 1250A =64.47% | 1575A =56.49% Decreased Decreased Increased
Increased Increased Decreased Location 1 & 4 1300A = 45.83% 700A = 5.26% 1000A = 72.09%
Location 2 3360A = 40% 1020A =33.21% | 1458A =59.72% Decreased Decreased Decreased
Increased Increased Decreased
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VI. CONCLUSION

MATLAB Simulink models of grid connected power system
consisting of wind farm and solar photovoltaic farm under
normal and various faults conditions were presented in this
paper. Based on literature survey, it was concluded that that
purely resistive SFCL is preferable because it makes the circuit
less inductive and provided greater limiting of the initial fault
current peak. SFCL model was designed using
SimPowerSystem package in MATLAB and was tested
successfully for different fault conditions and its results were
analyzed in this paper. The strategy location based on technical
and economic aspects was found out and suggested through
this paper.
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