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Abstract:

This paper proposes a novel Fault Current Limiter (FCL) for the application on distribution networks to control voltage
sags at the Point of Common Coupling (PCC) during faults. This new FCL is based on series resonance including
resonance transformer and series capacitor. So, by proper design of the series resonance LC tank, the fault current is
limited to an acceptable level. The FCL operation is simulated using MATLAB software. In order to confirm the
simulation results, a prototype structure is built and its measurement results are in agreement with the simulation results.
The simulated and experimental results show that it is feasible to develop the FCL with low cost and high reliability.
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1. INTRODUCTION

The fault current in the power system tends to increase
over time for different reasons; e.g., electric power
demand increase (load growth) and subsequent increase in
generation, new parallel conducting paths, new
interconnections within the grid and new distributed
generation units. The fault currents, flowing from the
sources to the fault, lead to high dynamical and thermal
stresses being imposed on equipments like overhead lines,
cables, transformers and switchgears [1]. Therefore, there
is a considerable interest in devices, which are capable of
limiting ault currents. The simplest way to limit the
short-circuit current would be the use of an impedance.
The drawback of this solution is that it also obviously
influences the system during normal operation, i.e, it
results in considerable voltage drops at high load currents
[2] and [3].A Fault Current Limiter (FCL) can limit the
fault current passing through it within the first half cycle.
In normal operation mode, the impedance of the FCL is
much less, while in the current limiting mode, the

impedance is higher than the impedance of the network [4].

The concept of the FCL is to limit the fault current before
its first peak, although the response speed is of greatest
importance. Also, an ideal FCL should have the following
characteristics: low impedance at normal operation, very
short recovery time, large impedance in fault conditions,
fault current limitation before the first peak, proper
response to any probable fault level, high reliability and
finally low cost. Since the 1970s, several types of scheme
have been applied in power systems, such as the fuse with
fault-current limitation, Superconducting Fault Current
Limiters (SFCLs) [5], hybrid resistive SFCLs [6],
saturable core SFCLs [7], shielded-core SFCLs [8],
solid-state FCLs [9], and bridge type [10]. In recent years,
power electronic based FCLs have been proposed in [11]
and [12], which has the features of a series compensation
under normal conditions. The influence of the FCL on
short-circuits current level of substation circuit breaker
and its transient recovery voltage has been studied in [13].
The necessity and procedure for the application of FCL
and bus sectionalizing system have been discussed in [14].
A transformer inrush current limiter based on DC reactor
has been studied in [15]. The bridge-type FCLs with
reduced number of controlled devices have been given in
[16] and [17]. In [18] the fault current application on
power network with wind turbine generation is discussed.
FCL application for restoring directional over-current
relay coordination has been presented in [19]. Also a DC
reactor type FCL has been used in [20] for restoring PCC
voltage and controlling the fault current to an acceptable
level. In addition, the FCL application for improving
transient recovery voltage of circuit breaker is proposed in
[21]. In current paper, the suggested FCL operation is
compared with FCL structure presented in [22]. This
reference is carefully investigated and its problems are
solved by suggesting the new FCL structure. This paper
has been organized as follows: In section I, the proposed
distribution network configuration including FCL and its
operation principles has been presented. The analysis of
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the proposed FCL has been developed in section Ill, and
Section 1V discusses the simulation results and section V
includes experimental results of the built prototype.
Finally, last section gives the conclusion and highlighted
merits of the proposed FCL.

2. ELECTRICAL NETWORK
CONFIGURATION

Fig. 1 shows two feeders electrical network where in the
parallel feeder single line to ground fault is occurred.
The downstream fault of the faulty feeders could result in
large fault current flow, which not only might damage
the series equipments but also can cause voltage drop at
Point of Common Coupling (PCC). The voltage drop in
the PCC can affect other loads on parallel feeders
connected to it. To prevent the voltage sag at PCC, the
suggested FCL is connected in series with the faulty
feeder as shown in Fig. 1. The primary side of the
transformer is connected in series with the capacitor and
transmission line. Also, the secondary side of the
transformer is switched by two anti-parallel semiconductor
switches (IGBTs) to change the impedance of the
transformer. The main control component is two
anti-parallel fast-closing IGBTs connected in parallel with
the secondary side of the transformer. When a fault occurs,
the IGBTSs turn-on and bypass the transformer secondary
side, and fault current is limited by the capacitor

impedance.
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Fig. 1. Electrical system with loads connected to PCC
through parallel feeders

2.1. FCL Normal Operation Mode

Fig. 2 shows FCL configuration during normal
operation mode. In this case, the impedance of the
suggested FCL includes series capacitor and the primary
winding of the series transformer. Because of the series
resonance structure of the FCL, the series capacitor and
primary winding of the transformer have resonance
frequency the same as the power system frequency, while
the secondary side of the transformer is open and the total
impedance of the FCL is near zero. So, the transformer
works as an AC reactor and the impedance of the FCL, i.e.,
Cs and series transformer is near to zero. In order to
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decrease the flux linkage of the transformer and voltage
of the secondary, this equipment is designed by lowest
turn of winding up to possible value. For three phase
electrical system, there are three FCLs, installed in each
phase of the transmission line for controlling the
overcurrent of each phase separately. In this FCL
structure, Cs is series capacitors and transformer is
represented by T; and connected to the transmission line.
In addition, the IGBTS, Ts, are connected in series with
the secondary of transformer. A significant advantage of
the suggested FCL technology is its ability to remain
virtually invisible to the grid under normal operation and
introducing negligible impedance in the system until a
fault event occurs.

FCL normal operation mode

| SeriesResonance LC Tank |
iac | /\ | lac
0—>—;—| |—| T —>—e

| |
| 1.4 =———= |
| |
| |
|

| i |

Fig. 2. FCL configuration during normal operation mode

2.2.  FCL Fault Operation Mode

Fig. 3 shows the FCL configuration during the fault
current limiting mode. When the fault occurs, the IGBTs
are turned ON and close the secondary side of the
transformer as shown in Fig. 3. In this case, the
impedance of the resonant LC tank changes to the series
capacitor impedance and its impedance decreases the
fault current to an acceptable level. Also, the series
capacitor impedance returns the PCC voltage and fixes it
to an acceptable level.

|
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Secondary sideis closed

= IGBTs pulses €————

Fig. 3. FCL configuration during fault operation mode

In addition, once the limiting action is no longer needed,
the FCL quickly return to its normal low impedance state.
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3. CIRCUIT ANALYSIS

The proposed FCL operates in two modes. In the first

mode, fault current magnitude is still less than a specified

current level (I.) and in the second mode, the fault current

magnitude has exceeded the 1. In the first mode, IGBTs

are in OFF state and there is no voltage drop on FCL

components. During the first state, the series LC tank is in

resonance condition and the equivalent circuit of the

electrical network is a RL circuit where the line current is

given by the equation (1).

V,sin(at) = L%+ Ri_ (1) @)

The initial condition for equations (1) is i (0)=lo.

where, R and L in equation (1) includes source, line, and

load resistance and inductance. In this case the system is in

steady state condition so transient response is removed. By

solving the equation (1), the equation (2) can be derived.
Vo — sin(wt—tan’l%l‘j )

S Ve
L JR? + 0L

In fault condition, the line current amplitude is
increased rapidly and passes from the specified current
level (IL). In this case, the control circuit turns-on the
IGBTSs and the line current is decreased via the capacitor
impedance. Furthermore, the equivalent circuit of the
electrical network in fault current limiting mode is a RLC
circuit and by applying Kirchhoff's circuit laws to this
circuit, the equation (3) can be derived for descript the
fault current limiting mode.

Vysin(ot) =L L8 1 Ri (1)+v, (1) &)
where, the values of L and R includes line and source
inductance and resistance, Vc(t) is series capacitor voltage
and the electrical load is short circuited and is not
considered. The initial condition for equations (3) is
iL(O):|1.

Also, the series transformer is bypassed via IGBTs and the
electrical network source voltage is assumed sinusoidal,
with Vi, and o as the effective voltage and angular
frequency, respectively. By solving the equation (3) for
fault case, we have:

Ve (t)=e"(Acos Bt + A,sin ft)+
Vo sin [(ut - tanl[R(:wD @
\/(1— LCe?) +(RCa)’ (1-Lco)

where, A; and A, can be obtained using initial conditions
of the capacitor and inductor and for i.(t) we have:

i (t)=C(e“(Acospt+ Azsinﬁt))' +

Vo wcos[a)t - tanl(RcwH ©)
\/(1— LCo?) +(RCo)’ (1-Lce’)
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The initial condition for L isi, (0")=i (0")=1,and for C

is Vo (07)=V,(0")=V, . Equations (4) and (5) are

composed of exponential and sinusoidal parts. The
exponential part causes a transient in the line current as

shown in the simulation results and duration of this
transient depends on the FCL time constant.

4. FCL CONTROL STRATEGY

The fault detector circuit which is connected to node "n”
(Fig. 3) is shown in Fig. 4. It consists of one rectifier
bridge, a capacitor and a resistive voltage divider. In
normal operation mode, the capacitor voltage has a
marginal value as compared with Vs and pulse generator
output is zero. So, there are no connected power electronic
switches (IGBTs) and FCL voltage drop is near zero.
During fault, the voltage of PCC and the voltage of the
downstream buses decrease suddenly. In this case, the
fault detector circuit detects the line voltage drop by
comparing capacitor voltage with Vi and turns-on the
IGBTSs.

Connecting

point 1 the
network (n) [

PT

KD, AD;
._||| c= :E Ry

KD, &D;

Pulse Generator

Fig. 4. Control circuit topology of the suggested FCL

5. SIMULATION RESULTS

In this section, the system shown in Fig .1, is used for
simulations. The system parameters are listed in Table (1).
The proposed system including FCL is simulated for
normal and faulty operation modes. The fault is single
phase to ground fault. Also, the system source is solidly
grounded.

Fig. 5 shows the line current during normal and fault
operation modes while there is no connected FCL in the
line. As shown here, the amplitude of the fault current
reaches to 5kA.

After fault inception, the FCL inserts in the line and fault
current decreases to an acceptable level as shown in Fig. 6.
In this case, the series capacitor impedance limits the fault
current to 200A. In this application, FCL can successfully
control the fault current and limits the transient
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overvoltage.

Table.1.
DISTRIBUTION SYSTEM PARAMETERS
Parameters Value Description
Vs 20kV Source Voltage
(RMS)
f Frequency 50Hz
re Fault Resistance 0.001 Q
Lt Fault Inductance OH
Cs 56uF Series Capacitor
Lp 2mH Primary Linkage
Inductance of
Transformer
Lm 0.18H Magnetization
Inductance of
Transformer
Lt 2mH Secondary
Linkage Inductance
of Transformer
Rp 2Q Primary
Resistance of
Transformer
Rt 2Q Secondary
Resistance of
Transformer
n 300 Primary Turn
Ratio
N2 30 Secondary Turn
Ratio
Distribution Feeder F1 j0.314 Q
feeders data Feeder F2 70.157 0
Load data Sensitive Load 10+j15.7 Q
Load of F2 15+j31.4 Q
: fragr |
e M N W R W AT O
LR LR
HULLILE]
R TR
gy i
L I‘I v “ V V}_MQH removal instant (b)

0 50 100 150 200 250

Time (msec)

300 350 400 450

Fig. 5. Line current of the network during normal and
fault operation modes without connected FCL
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Fig. 6. Line current during normal and fault operation
modes while FCL is connected in series with the
transmission line

Fig. 7 shows the simulated PCC voltage during normal
and fault operation modes. In this figure, the fault is
occurred at t=200ms and FCL is operated in this instant.
The simulation results show the PCC voltage with and
without FCL operation. As shown in Fig. 7, FCL can
successfully fix the PCC voltage to an acceptable level so
there is no severe voltage sag during the fault.

12

i a ®) ?
P I @) [—- PCC voltage with FCL operation
E 8 Startup transient |~ PCC voltage without FCL operation
% f
S
o 0 \ f
o
s
2 4
g N i
2 J 1 3
Nor peration During fault Normal operation
N mode interval mode
0 50 100 150 200 250 300 350 400 450 500

Time (msec)

Fig. 7. PCC voltage during normal and fault operation modes
with and without FCL application
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Fig. 8. Load voltage during normal and fault operation
modes
After fault occurrence, the voltage of the load decreases
to zero and the IGBTSs are in on state, so the voltage of
the secondary winding of the transformer is near zero. In
this case, the capacitor voltage rises and its impedance
limits the fault current. Figs. 8 and 9 show the load and
capacitor voltage during normal and fault operation
modes, respectively.

ARIA

Fig. 9. Series capacitor voltage drop during normal and
fault operation modes

6. EXPERIMENTAL RESULTS

To verify the simulation results, the FCL operation is
examined using laboratory prototype as shown in Fig.
10. This setup is built using Fig.1.

Fig. 10. FCL laboratory test setup

Fig. 11 shows voltage drop on the series resonance LC
tank during normal operation mode. In this case the

voltage drop on the FCL components is near zero.
Tek N [E] auto b Pos: —20,00ms CH2
-+

Coupling
E'™ Lirnit
Series resonance voltage drop E
2

Walts/Div

Voltage (V)

Probe
10874
Current

Ineeert

CH2 10,08 ’ 5.00ms CHT 7~ 232w

Time (msec)
Fig. 11. Voltage drop on the series resonance LC tank during
normal operation mode (V=220Vrms, voltage/division = 10V
with probe X10 for CH2)
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Fig. 12 shows the line current and load voltage during
normal and fault operation modes. The FCL can
successfully control the fault current and can decrease its
amplitude to an acceptable level. In this figure, fault is
occurred at instant (a) and is cleared at instant (b).
During fault, the IGBTs are turned ON and bypass the
series transformer. Delay in FCL operation cause to
increase the first peak of the fault current but the FCL
operation decreases its amplitude successfully. Fig. 12 is
in agreement with Figs. 6 and 8.

TElﬁslorm_al Ml‘lm & Stop I Pas: 1%9”"%? CH:
S logerallon During = operation I:Dupling
s
(=2
ES = —
S | Ew Lirnit
> i Fault removal E

Fault inception (instant (b)) :
(instant (a))
—~ + B
S Probe
g 100%
(3 Waltage
Invert
Off
CH1 2004 CH2 200% M 50.0ms CH1 7 2164
Time (msec)

Fig. 12. Line current and load voltage during normal and
fault operation modes while FCL is connected in series with
the line (V=220Vrms, voltage/division = 2V with probe X100
for CH2 and current/division = 2A with probe X1 for CH1)

Fig. 13 shows PCC voltage and line current during
normal and fault operation modes. As shown in this
figure, the quality of PCC voltage during fault is
acceptable because FCL successfully fixes it to the
normal value and system can work under safe operation

conditions. Fig. 13 is in agreement with Fig. 7.
Tek ol e @ Stop b Pos: 150.0ms CH1

During fault

Coupling
E' Lirnit
EOMHz

Normal operation Normal operation

N

Fault removal
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Current (A)
¥
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Coarsel

Frabe
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Yaltage

..................

PCC voltage retrieval
-
H

Voltage (V)

f Inwert
I ! Off

CH1 100v CHZ . 2,404

CHZ S.004
Time (msec)

Fig 13. VVoltage of PCC and line current during normal and
fault operation modes in the case of FCL operation
(V=220Vms, voltage/division = 1V with probe X100 for CH1
and current/division = 5A with probe X1 for CH1)

The advantages of the proposed FCL over the FCL in
[22] are described as follows:

The suggested FCL effectiveness is verified by
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simulations and measurements. It is shown that the
suggested FCL has more advantages include lower cost
and higher reliability in comparison with FCL in [22]. It
can improve the system stability by its fast response after
fault occurrence and series compensation after fault
clearing. System studies show that the series resonance
type FCL can not only limit the fault current to an
acceptable value, but also can mitigate the voltage sag.

7. CONCLUSIONS

In this paper, a new FCL structure has been studied.
Comparing the FCL with other works, the proposed FCL
uses series capacitor to restrain the PCC voltage and
controlling the fault current amplitude with high
impedance. Its advantages include simpler operation, less
power losses in the steady state and very fast response to
fault current limitation. Also, the configuration of the
FCL is simple and reliable. The proposed FCL not only
restrains the PCC voltage drop but also limits the fault
current when a fault occurs at the load side. The time
delay of this FCL operation is very low, the fault
detection circuit delay is less than 1ms. So, FCL can
limit the fault current before its first peak rising. The
simulation results have been compared with the
experimental results. The good agreement of simulation
and measurement results verifies the effectiveness the
proposed FCL. Furthermore, it can also reduce the
interrupting rating in the circuit breaker.
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