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This paper presents a novel structure for DC reactor type fault current limiter (DRFCL), which can sup-
press the fault current in distribution networks. The proposed DRFCL is composed of a DC reactor, a
bridge rectifier, and anti-paralleled IGBTs power electronic (PE) switch. The DC reactor contains main
and supplementary windings. The main winding has a high inductance and acts as a DC reactor. The sup-
plementary winding is used as a control means for fast FCL operation. The fast response allows the cost,

weight and volume of the DC reactor to be reduced. The proposed DRFCL reduces the overvoltages on the
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devices and it has lower number of components, therefore, it can be economic. Analytical solutions, to
describe the performance of the proposed DRFCL are presented and the proposed model is simulated via
MATLAB software. Finally, a one-phase prototype structure is built and experimental results are studied
to show the capability of the proposed DRFCL.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that distribution network’s power quality, reli-
ability and protection are important for utility and customers.
Limiting the fault current amplitude reduces the stress on devices,
improves the PCC voltage level, decreases the voltage drop on ele-
ments, etc. When a fault occurs, the result is a fault current flow,
PCC and load voltage drop and other severe insulation problems.
Such transient phenomenon will shorten the lifetime of distribu-
tion network equipments, and may damage circuit breakers or
electromagnetic switches. Moreover, the fault current may cause
an abnormal operation of transformers and sensitive loads, and
results in lower power quality [ 1-4]. Various approaches have been
proposed for limiting the fault current and preventing the insu-
lation failure problems, such as employing single-use fuse [5-7],
series current limiting reactor [8], series transformer [9], and also
superconductive limiter [10-12]. These solutions may cause other
problems such as series resonance, need for an additional control
circuit, and more power losses during the steady state operation
mode, and complexity of control strategy. Hence, solid state fault
current limiters (SSFCLs) have been commonly studied and sug-
gested for distribution networks to provide a better equipment
protection. Besides the SSFCLs, DC reactor type FCLs have been
suggested with different control approaches [13]. For example,
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single-phase DC reactor-type FCL has been studied in [14]. But this
FCL needs a DC bias power supply and the inductance of the FCL
winding is low as compared with the suggested DRFCL winding. The
size of the FCL winding and DC bias power supply of [ 14] increases
the FCL cost and also weakens the FCL response to the first peak
of the fault current. Other improved topologies have been stud-
ied in [15-18] but in these FCLs, the mentioned problems have
not been solved. A single-phase FCL employing IGBT bidirectional
switch has been reported in [19]. The switch has been realized
using a stack of IGBT and anti-parallel diode. Also, varistors have
been used in parallel with switches as a voltage clamping element.
The main disadvantages of this FCL are high conduction loss of the
IGBT switch in normal operation mode and the switch overvolt-
age which is higher than the line peak voltage. Also, the varistor
is required to dissipate a rather significant power. A transformer
inrush current limiter based on DC reactor has been studied in [20].
The bridge-type FCLs with reduced number of controlled devices for
inrush current limitation has been given in [21]. In order to reduce
the magnitude of inrush current, a bidirectional impedance-type
inrush current limiter (BIT-ICL) is proposed in [22]. Application of
new control strategy to improve the fault ride through capability of
doubly fed induction generator (DFIG) during the symmetrical and
asymmetrical grid faults is studied in [23]. The smart fault current
mitigation solutions and voltage sag analysis are given in [24]. Fault
level consideration is an important factor for the interconnection of
distributed generation (DG) to the electrical network [25]. In this
paper, the calculation of the resulting fault level in medium and
low voltage distribution networks with DG is discussed. Using FCL
as a constraint for properly dispatch of active power in the power
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system is given in [26]. Employing a new family of zero-energy
sag correctors to realize protection against voltage sag has been
presented in [27,28] and the design guidelines for such sag correc-
tors for the new dynamic voltage restorer (DVR) system have been
provided. The DVR, as a means of series compensation for mitigat-
ing the effect of voltage sags, has been established as a preferred
approach for improving power quality [29] and also, the combina-
tion of FCL and DVR for decreasing the requested power rating and
time response of abnormal variations at DVRs have been proposed.
In [30], the DVR and resistive type high temperature supercon-
ducting fault current limiter (HTS-FCL) have been designed and
implemented as a series grid interface topologies for enhancing
the fault ride-through (FRT) performance of doubly fed induction
generator (DFIG)-based wind turbines (WTs).

In order to overcome the shortcomings of the DC reactor
response problem and decrease the FCL cost, this paper proposes a
DC reactor type FCL to increase the FCL response to the first peak of
the fault current while the inductance of the DC reactor is high
as compared with other conventional DRFCLs [14-18]. The fast
response allows the inductance, cost, weight, and volume of the DC
reactor to be accordingly reduced. This paper has been organized
as follows: in Section 2, the proposed distribution network con-
figuration including DRFCL and its operation principles has been
presented. The analysis of the proposed DRFCL has been devel-
oped in Section 3, and Section 4 discusses the simulation results
and Section 5 includes experimental results of the built prototype.
Finally, last section gives the conclusion and highlighted merits of
the proposed DRFCL.

2. Distribution network configuration and operation
principles

2.1. Distribution network and DRFCL configurations

The single-line diagram of a two feeders power system including
DRFCL is shown in Fig. 1. It is assumed that the feeder F1 supplies a
sensitive load and the feeder F2 delivers power to other loads. After
fault occurrence in F2, the rapidly increased fault current causes a
voltage sag at the PCC. For controlling the fault current and main-
taining the PCC voltage at an acceptable range, a novel DRFCL is
proposed, which is composed of a DC reactor with two windings,
an anti-paralleled IGBT switch, a single-phase bridge rectifier, a DC
voltage source (V,,) for compensation of DRFCL power losses and a
simple control circuit.

The suggested FCL employs a DC reactor with two windings
that act as a transformer. The main winding has a relatively high
inductance and the second one (supplementary winding) has less
winding turns. In usual DC reactor based FCL, it can be saturated by
the induced DC voltage on the DC reactor during normal operation
mode. The saturated DC reactor shows negligible impedance and
FCL has negligible effect on the system voltage, current and power
quality. However, the size of the DC reactor is a great challenge
because high inductance DC reactor has a considerable delay in the
instant of the circuit breaker energization. Furthermore, we sug-
gest a novel DC reactor based FCL with high inductance and good
current limiting capability. During normal operation mode, the
supplementary winding is short-circuited via antiparallel IGBTs.
Furthermore, the short-circuited supplementary winding bypasses
the main winding and FCL inductance does not cause any delay
in the system energization instant. Other DRFCL stray inductances
are saturated via induced DC voltage form DRFCL rectifier bridge.
Therefore, during normal operation mode, the DRFCL losses are
negligible and the stray inductances are saturated and are short-
circuited completely. Finally, the DRFCL main and supplementary
windings are short-circuited via connected IGBTs but they are
not saturated. Therefore, the DRFCL employs a DC reactor with

high inductance and fast performance. The saturated inductances
include main and supplementary stray inductances.

The first winding of the DC reactor (main winding) is placed
between PCC and the electrical load, and its main function is to
insert high impedance into the line at the instant of fault occur-
rence. Moreover, the DC reactor short circuit rate and the fast
response of the DRFCL are related to the secondary winding (sup-
plementary winding) operation and can be changed by adjusting
its turns ratio. So, it provides best electrical isolation and a fast per-
formance for the DRFCL as well. The main winding of the DC reactor
has a high inductance and its core is made of silicon steel, without
any air gap, which short-circuits in normal operation mode and
reduces the voltage drop across the DRFCL. In normal operation
mode, for reducing power losses, the IGBT switches turn-on and
after transient removal, the output voltage of the bridge rectifier
short-circuits the remains inductances and these switches turn-off
automatically.

2.2. Operation principles

To explain the operating principles in normal and fault condi-
tions, the proposed DRFCL can be simplified to the circuit shown in
Fig. 2.

According to the DC reactor charging and discharging behavior,
its operation modes are described as follows:

Normal operation mode: After closing the CB, the diode pairs D-D,
and D3;-D4 conduct in positive and negative half cycles respec-
tively. So the output DC current of the bridge charges the DC
reactor up to the AC current level. Prior to start-up, the control
circuit of the anti-paralleled IGBTs turns the switches on. There-
fore, the supplementary winding is short-circuited which bypasses
the main winding. Furthermore, the linkage inductance of the DC
reactor is short circuited by the high flowing DC current and the
DRFCL is invisible during normal operation mode. Then the short-
circuited DC reactor turns off IGBTs in next interval. During this
period, the DCreactor voltage freewheels and acts as a short circuit
presenting low impedance. The DRFCL has direct connection to the
voltage source with a negligible voltage drop, and the current of

the line flows through the diodes shown in Fig. 2(a).

Fault current limiting mode: This mode can be divided into the

following two sub-modes:

(a) Limiting sub-mode: When a downstream short-circuit fault
occurs, the rising AC fault current reaches the DC reactor cur-
rent level and the diodes, which are carrying the fault current,
remain in ON state and other two diodes are in OFF state at
zero current. When a pair of diodes (D and D, or D3 and Dy4)
conduct at the instant of fault occurrences, the fault current
flows through the DC reactor. In this case, the supplementary
winding of the DC reactor is open-circuited because its sup-
ply voltage is fed from node n, and voltage of this node is near
zero. Therefore, the IGBTs driver circuit is bypassed and these
switches are turn-off during the fault, as shown in Fig. 2(b).
Due to increase in the DC reactor reactance, the magnitude of
the fault current will be limited below the expected value and
the CB can take protective action.

(b) Freewheeling sub-mode: After suppressing the fault current,
voltage of node n back to the pre-fault value and the supple-
mentary winding is again short circuited via IGBT switches.
In this mode, the DC reactor discharges via the diode recti-
fier rapidly. Then, all diodes (D1-Dg4) turn on simultaneously.
In this mode, the DC reactor freewheels and acts as a short
circuit. The load has a direct connection to the line, and the
current of the line flows through the diodes as shown in
Fig. 2(a). Because of the supplementary winding of the DC
reactor and IGBT switches operation, the DC reactor is charged
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Fig. 2. DRFCL (a) normal operation and (b) fault current limiting modes.

and discharged rapidly every half cycle during the steady-state
operation mode, and the line current waveform is not dis-
torted. The supplementary winding with IGBT switches acts
as a key component for allowing the DC reactor to be bypassed
very fast.

3. Analysis of proposed DRFCL
3.1. Circuit analysis

In order to simplify the circuit analysis, the source impedance is
neglected, and the DC reactor is assumed to be an ideal one; thus,
the short-circuit impedance of the DC reactor is neglected as well.
The line current of the proposed DRFCL may have five operation
modes:

Transient mode (tg < t < t1): in this state, the CB is closed and the
system experiences the transient state.

Normalmode (t; < t < t,): after transients are decayed, the system
is in normal mode and DC reactor is completely bypassed.
Limiting sub-mode (t; < t < t3): at t, fault occurs and as a result,
the line current is increased. During the fault, DRFCL is active and
controls the fault current. The equivalent circuit of this mode is
shownin Fig. 3 where ijj,o(t) is the line current and circuit equation
can be expressed as follows:

dig(t)

Ryig(t) + Ly it

=Vm sin(a)t + 9) —-2Vp + Vb (1)

where Ry = Rjjpe + Rq, Rq and Ry;,e are the DCreactor and line resis-
tances, respectively. Also, L1 is equal to Ly + Ljjne, Which are the DC
reactor and line inductances, respectively,Vp is the rectifier diode
voltage drop in forward bias and Vj, is DC bias source voltage. It is
assumed that the diodes turn on at t=tg, and the initial condition
is given as follows:

il(t)=1h

Solving (1), the line current can be calculated as follows:

. R 1
i(t) = e~ (R/Mt—t2) | ﬁvm sin(wt + )
Ry +(wly)
_ %Vm cos(wt + 0) — o+ Vy (2)
Ri” +(wly) R
Lline Vb Ld
_,Wv_rvm_-“‘_,w\,_rv—m_" -
R]ine Rd 2V
ZLinc(t) Reow
AC @ Fault
L]oad

Fig. 3. Proposed network equivalent circuit in fault current limiting mode.
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Fig. 4. Equivalent circuit in normal operation mode: (a) DRFCL equivalent circuit
and (b) network equivalent circuit.

Freewheeling mode (t3 < t < t4): During this mode, the DC reactor
discharges and all rectifier diodes are conducting. The current of
each diode is given as follows:

. . iline +id

lD] = lDz = T (3)
and

. . fline — I

ip, = in, = llne2 d (4)

where iy is the DC reactor current and ij,e is the current of the
network line. The equivalent circuit of the normal operation mode
is shown in Fig. 4. According to Fig. 4(a), the DC reactor current can
be written as follows:

dig(t)
dt

The initial value is given as iy(t;) = I;, and DC reactor current,
iq(t) can be written as follows:

ZVD + Vb
R

Ly

+ Ryig(t) +2Vp -V, =0 (5)

i(t) = [;e~®/Le=t) _ (6)
Steady state (t4 <t < t5): In this state, the equations of diode
currents, ip, , ip, , ip;, and ip,, are the same as those in the free-
wheeling mode of the transient state. Thus, the DC reactor acts as
a short circuit during the steady state. As long as the DC reactor
current is equal to or higher than the peak value of the line current,
D, through D4 will always conduct and thus the DC reactor current
will circulate in two loops of the bridge rectifier. As a result, the
proposed DRFCL acts as a short circuit in the steady state.

3.2. DC reactor design consideration

For analyzing the system behavior during the fault and studying
the effect of the DC reactor on the fault current, the equivalent
circuit of the system shown in Fig. 5 is used.

In this model, the source and fault impedances are ignored
because its value in comparison with the reactor inductance is very
small and can be neglected. In addition, for obtaining the DC reactor
current, the value of the electrical source is modeled by its mean
value on the DC side. For obtaining the DC reactor current, it is
necessary to design the value of the DC reactor inductance. The dif-
ferential equation of the equivalent circuit shown in Fig. 5 is given
as follows:

dig(t)
dt

Vps = rqig(t) +Lq (7)

121 N : M—NYY\
i |
|

@ Vos=(2/m )V

Fig. 5. Equivalent circuit of system during fault.

By solving Eq. (7), the DC reactor current is obtained as given in

(8).

Vbs

fae£) = 2

(t_tO)"'Ipeak (8)
where the initial value of ig.(t) at tg is Ipeax and the effect of the
DC reactor losses (rq) is not considered in (8), because its value in
comparison with Ly, is very small. In addition, we have:

o =ig(t =to) =14 (9)

where ty is the instant of the fault inception and it is assumed
that circuit breaker can open the faulty line at t;. The DC reactor
inductance value during normal operation mode should be con-
sidered enough, where the DC reactor current flow through the
reactor being slightly higher than the normal flow of the AC cur-
rent through the transmission line. On the other hand, with respect
to the nominal values of the power network equipment, the value of
the DCreactor inductance should be considered suitable that it can
decrease the fault current level to an acceptable level and the cir-
cuit breaker successfully opens the faulty line. However, increasing
the DC reactor inductance increases the time of its discharge after
fault clearance and also increases the system operation delay. By
considering t; as the necessary time for the circuit breaker to open
the faulty line after fault inception and its corresponding current
with i1, we can solve Eq. (7) to obtain Eq. (10) for fault occurrence
mode.

Ly, 1qi1 — Vps

o Td " Tqio — Vps (10)

In Eq. (10), i is determined via circuit breaker alignment and
its capability to open the faulty line. On the other hand, the value
of i; is determined according to the nominal values of the distri-
bution network equipment. In addition, the time between t; and
tg (t1 — tp) is the circuit breaker time performance before the cur-
rent of the power electronic diodes exceeds from i;. Furthermore,
by determining the rectifier bridge output voltage (Vps), tp and tq,
it is possible to design the DC reactor inductance and resistance.
In addition, the suggested DRFCL can employ high value DC reac-
tor and can control the amplitude of the fault current successfully
without generating extra delay and operational cost. Due to the
control winding of the DC reactor, it is possible to use the relatively
high value DC reactor with fast performance.

3.3. Power losses and stored energy

In order to reduce the DRFCL power dissipation during nor-
mal operation mode, the supplementary winding is simultaneously
short circuited at the instant of CB energization. The short-circuited
winding causes fast DC reactor saturation via the bridge rectifier.
So, the steady-state power losses of the proposed DRFCL has the
following elements:
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DC reactor: Bypassing the supplementary winding in normal oper-
ation made causes fast DC reactor saturation and it is assumed that
the DC reactor current ripple is negligible, and thus, the steady-
state power losses resulting from the DC reactor can be calculated
as follows:

Pioss, reactor = Id2 x Rq (11)

Single-phase bridge rectifier: The steady-state power loss of the
bridge rectifier can be expressed by the following equation:

Ploss, rectifier = 2Vp x Id (12)

Two antiparallel IGBT switches: These switches are in on state both
in the system normal operation and the system recovery after
fault clearance. The voltage drop and related power losses in these
switches can be obtained as follows:

Ploss, IGBT = Vsw x Isupplementary coil (13)

As a result, combining Eqgs. (11)-(13), the total steady-state
power losses caused by the DRFCL can be written as follows:

Pioss, total = [la x (IaRq +2Vp)] + Pigss, 1GBT (14)

It can be found that reducing the resistance of the DC reac-
tor windings will result in a reduction in the steady-state power
losses. Moreover, if it is assumed that the supplementary winding
application increases the DRFCL ability in fault current limitation
then total power losses during the steady state operation mode
are small percentage of the feeder transmit power which can be
neglected accordingly. Furthermore, the stored energy in DRFCL
in the steady state can be derived as follows:

1
W= 2 Ly(13)

; (15)

4. Simulation results

In this section, a single line 20 kV distribution network including
DRFCL as shown in Fig. 1, is studied. The resistance of the electrical
load is 48.4 2. The simulation and experimental parameters, which
should be used later, are listed in Table 1. It is assumed that the
fault current should be limited at around 2 times of the rated line
current. The inductance of the DC reactor is 0.5 H, and the DC-bias
voltage source is not used. Also, the supplementary winding value
is given in this table and it should be short circuited during normal
operation mode.

The current value of the DC reactor in normal operation mode is
adjusted to be slightly higher than the peak value of the line current
as shown in the simulation results. The simulation is accomplished
by MATLAB software and the impedance of the voltage source and
the line is considered in simulations.

H. Radmanesh et al. / Electric Power Systems Research 122 (2015) 198-207

Table 1

Network parameters.
Parameters Description Value
Vs (experimental) Source voltage (line-ground) (rms) 220V
Vs (simulation) Source voltage (line-line) (rms) 20kV
Ts Source resistance 1Q
Ls Source inductance 0.01H
i Line resistance 1Q
L. Line inductance 0.01H
f Power system frequency 50Hz
Vicer Voltage drop across IGBT 2V
Vb Voltage drop across diode 2V
T4 DC reactor resistance 0.1
Lq DC reactor inductance 0.5H
Primary and DC reactor windings turn ratio 20:1

supplementary windings
turn ration

Rioad Load resistance 48.4Q
Lioad Load inductance 0.1H
53 Fault resistance 0.001 2
L¢ Fault inductance OH
Zine Line impedance 0.6 Q2

In this section, the normal, fault and current limiting operation
modes are simulated. In limiting mode, the effect of supplemen-
tary winding on the fault current is studied. In the first mode, the
supplementary winding is open circuited and the DRFCL response
speed to the fault current is slow, so the fault current amplitude is
decreased with considerable delay. In the second mode, the supple-
mentary winding is short circuited during normal operation and is
open circuited at the instant of the fault occurrence. The PCC wave-
form (time domain and RMS values) with and without using the
proposed DRFCL is shown in Figs. 6 and 7, respectively.

As shown in Fig. 7, the DRFCL response time to the fault is
obviously decreased and the PCC voltage is restored to the spec-
ified level faster than the case with open circuited supplementary
winding. Due to the DC reactor impedance and the supplemen-
tary winding operation, the difference between three simulated
PCC voltage drops and also the limited line current is obvious. As
shown in these figures, the inductance of the DC reactor plays the
main role in fault current limitation and PCC voltage drop recovery.
In the case of open circuited supplementary winding, by increasing
the DC reactor inductance up to 2 H, the fault current is success-
fully limited. But the increased value of the inductance increases
the response time in the system operation. This problem can be
solved via short circuiting the supplementary winding in normal
operation mode and also in the case of system recovery after fault
clearance. The short-circuited winding bypasses the DC reactor and
DC reactor time constant is accordingly decreased. The line current
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Fig. 6. PCC voltage of proposed network during normal and fault operation modes in time domain.
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Fig. 8. Line current in pre-fault, during fault and post-fault conditions.
in normal and fault conditions is shown in Fig. 8. Before fault, the The DC reactor value is changed in three steps and the effect
line current is sinusoidal and feeds the electrical load. of the inductance increase on the fault current is shown. As shown

Before t=190 ms, the system is operating in steady-state mode here, the high value of the DC reactor (2 H) reduces the fault current
and after t=190 ms the occurred fault increases the line current up near to the normal current value but the system operation delay
to 5134 A. When the fault occurs and the proposed DRFCL s utilized, is not acceptable. Also, for 0.2 H, the system delay is acceptable,
it is obvious that the line current, as shown in Fig. 9, can be effec- but its impedance cannot decrease the fault current to an accept-
tively restrained. In Fig. 9 the effect of the supplementary winding able level. Fig. 10(b) shows the same simulation results while the
operation on the fault current is shown for two cases. In the first supplementary winding of the DC reactor is short-circuited during
case, it is assumed that the supplementary winding is open, so the normal operation mode and is open-circuited during the fault. As
DC reactor is connected in series with the line at the instant of CB shown here, during normal operation mode, the rector current is
energization. As shown in this figure in dotted curve, a high value DC and DRFCL has no effect on system power quality. After fault

of the DC reactor causes considerable delay in the normal opera- occurrence, the supplementary winding is opened and the DRFCL
tion mode. In the second case, it is assumed that the supplementary impedance is rapidly increased. In this figure, the effect of the DC
winding is short circuited via the antiparallel IGBTs, therefore, the reactor can be seen. The increased value of the reactor inductance

DC reactor is negligible during normal operation mode, because can limit the fault current better and the problem of operation delay
the short circuited winding bypasses the DC reactor very fast. At is solved by using the supplementary winding.

fault inception, the power supply of the control circuit is discon-

nected and the supplementary winding becomes open-circuit. The 5. Experimental results

solid wave shape in Fig. 9 shows the DRFCL operation during nor-

mal, fault and post-fault modes. By comparing these two wave Prototype of the system is built as shown in Fig. 11, the param-
shapes, the effectiveness of the supplementary winding applica- eters of which are listed in Table 2. This prototype consists of a
tion is obvious. The improved structure of the DRFCL can increase bridge rectifier, a DC reactor including two windings and a simple
the DC reactor response to the fault limitation and system recovery fault detection circuit.

after fault removal. Using a start/stop switch, a single line to ground fault is modeled.
Moreover, the DC reactor current at the energization instant The controlling circuit includes a transformer, a rectifier bridge, a
with and without supplementary winding application for differ- RC filter, aresistive voltage divider, hysteresis block and a reference

ent DC reactor inductances are shown in Fig. 10(a) and (b). In these DC voltage as shown in Fig. 12. In the normal operation mode, the
figures, the five operation modes of the proposed DRFCL, i.e. periods control circuit is connected to the node “n” shown in Fig. 1. The
to<t<t,t1<t<tyty<t<tsty<t<tgandty <t < tscanbe network measured voltage is applied to the rectifier bridge, then
seen. the output DC voltage is filtered by the RC filter and the filtered
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Fig. 9. Line current in normal and faulty operation modes.
Table 2 DC voltage is compared with the reference DC voltage (V,ef). If the
Experimental setup parameters. difference between the generated DC voltage and reference one is
IGBT Voltage 1200V near zero, the IGBTs pulses are generated and turn on the switches.
FGH25N120FTDS Current 25A At fault inception, the line voltage is decreased to zero and there is
Diode SKN Voltage 1200v no generated DC voltage so the V, is greater than the DC voltage of
26/12 Current 2ah the control circuit and IGBTs' pul hanged and th itch
Distribution Feeder F1 03140 e control circuit an s’ pulses are changed and these switches
feeders data Feeder F2 j0.157 turn off.
Load data Sensitive load 10+j15.7Q Also, the corresponding measured PCC voltage of the prototype
Ilioad Oflf'zd ;52"1_{3149 system is shown in Fig. 13 and can be compared with Fig. 7. In
Reactor data R:Zgg; igsswance 090 this figure, the measured PCC voltage is 220 Vrms. During normal
- operation mode, the voltage is 220 Vrms and DRFCL has negligible
effect on network power quality. At fault inception, the PCC voltage
isdecreased but DRFCL could restore its value to an acceptable level.
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25 T
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Fig. 10. DC reactor current with different DC reactor inductances (a) supplementary winding is open and (b) supplementary winding is short-circuited.
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Fig. 11. DRFCL laboratory test setup.

Fig. 14 shows the line current and load voltage before and after
fault occurrence. The fault occurs at instant (a) shown in the figure
and is removed at instant (b). Before the fault occurrence, the line
current amplitude is 1 A and the load voltage is 220 V. The load volt-
age and line current are sinusoidal and system works under normal
condition. In this case, the voltage drop on DRFCL is negligible. At
the instant of the fault occurrence, the fault current is decreased to
4 A as shown in Fig. 14. After fault removal, the DRFCL voltage drop
is zero and the system works under normal Condition again. Fig. 14
is in good agreement with Fig. 9.

The suggested DRFCL has a fast response by using controllable
DC reactor. In Fig. 15, the effect of the supplementary winding of
the DC reactor on the network steady state response is shown.
Fig. 15(a) illustrates the DC reactor current rise after CB energiza-
tion while the supplementary winding is open both in normal and
fault operation modes. In Fig. 15(b), the DC reactor current rise after
CB energization is shown while the supplementary winding is short
circuited during normal operation mode and is opened during the
fault.

The measured current waveform shows the considerable delay
of the DC reactor charging when the supplementary winding is not
short circuited. These experimental results are in agreement with
the simulation results shown in Fig. 10(a) and (b). In practice, when
the DC reactor freewheels in the steady state, it seems to be short
circuited.

After CB energization, the proposed network works under nor-
mal condition and the DC reactor is bypassed, so its current is Iy
with a smallripple as shown in Fig. 16. After fault occurrence, the DC
reactor current rises and the increased current in the reactor wind-
ing is brought out of saturation. The unsaturated reactor presents a
considerable inductance in series with the line and the fault current
is accordingly decreased. Fig. 16(a) shows the DC reactor current
and load voltage before, during and after fault and Fig. 16(b) shows

Rectifier Bridge

3
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-
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Fig. 13. PCC voltage during normal and fault operation modes (volt-
age/division =20V with probe X10 and time/division =100 ms).

the DC reactor current in two repetitive fault cases. As shown in
this figure, the DRFCL can successfully control the fault current in
the case of repetitive fault occurrence.

The advantages of the proposed DRFCL in comparison with other
DC reactor type FCLs, can be stated as follows:

¢ In comparison with the FCLs presented in [14-18], the proposed
DRFCL uses only one DC reactor to restrain the PCC voltage and
control the fault current amplitude with high inductance, which
enables a simpler operation by opening and closing the supple-
mentary winding circuit, less power losses in the steady state,
very fast response to fault occurrence and consistency in fault
current suppression.
Although the DC reactor is inserted in series with the line,
between the voltage source and the load, it will not cause reso-
nance problems, since it is almost invisible during the steady state
and will not affect the steady-state performance of the network.
The configuration of the DRFCL is simple and reliable because its
operation is based on the series reactor and rectifier bridge.
¢ There is no need for any additional control or detection circuit
therefore, the response of this DRFCL is so fast and the total cost
of DRFCL is considerably decreased.
As long as the amplitude of the DC reactor current is greater than
that of the line current, the proposed DRFCL keeps the original
performance under unbalanced fault condition.
¢ The proposed DRFCL not only restrains the PCC voltage drop but
also limits the fault current when a fault occurs at the load side.
Furthermore, it can reduce the interrupting rating of the circuit
breaker.
By proper switching of IGBTSs, the DRFCL does not need bias volt-
age source because these switches can quickly open circuit the
main winding by opening the circuit of the supplementary wind-
ing and also rapidly force the DC reactor into short circuit state
by closing the supplementary winding circuit.
¢ In addition, power losses and voltage drop on switches must be
taken into account during the fault. The suggested topology can

1kQ 1KQ Vier

Transformer

[ 4
Connecting point to

the line (n) 1uF —

A% %A% )

1kQ §

Switching Pulse

Fig. 12. IGBTs control circuit.
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Fig. 14. DRFCL effect on line current and load voltage before and after fault occurrence (voltage/division =2V with probe X100 for CH1, current/division =1V with probe X1

for CH2 and time/division =50 ms).
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Fig. 16. (a) DC reactor current and load voltage during normal and fault operation modes (measured DC reactor current (lower curve) and load voltage (upper curve) during
normal and fault operation modes while supplementary winding is short-circuited during normal operation and is open-circuited in fault operation mode). (b) DC reactor
current during repetitive fault case (where (voltage/division =2V with probe X100 for CH1, current/division =1 A with probe X10 for CH2 and time/division =50 ms).

employ the self-turn off switch for switching implementation
just in a short time. Also, series-parallel connections of semi-
conductor switches have been recently introduced to satisfy the
requirements of a wide range of voltage and current levels.

6. Conclusion

This paper presented a novel DC reactor-type fault current lim-
iter (DRFCL) to reduce the fault current and improve the PCC
voltage. In the paper, the analytical study of the proposed DRFCL
has been developed. Unlike other DC reactor-type FCLs, the pro-
posed DRFCL has a simple circuit topology and there is no need for

any additional control circuit. Novelty of the suggested DRFCL s the
application of a high inductance DC reactor, which does not have
any additional delay. This application is based on using supplemen-
tary winding with two antiparallel IGBT switches. The application
of this scheme introduces a new DRFCL with fast response to the
fault and fast recovery speed after fault removal. It reduces com-
plexity and increases the system reliability. A point that should
be noted is that it needs fewer components as compared with
other DC reactor type FCLs and considering its simple structure, the
total cost of the DRFCL is decreased. Since the DRFCL provides high
impedance during the fault period, the amplitude of the fault cur-
rent can be effectively decreased. During the steady-state period,
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the DC reactor freewheels, the PCC voltage remains fix and there is
no sever voltage drop during the fault period. The installation of the
DRFCL almost will not result in voltage and current distortions, or
power quality problems. According to simulation and experimental
results, it has been shown that the proposed DRFCL is effective for
fault current limiting and restoring the PCC voltage to the accept-
able level. Furthermore, the proposed DRFCL can return the system
to the normal state after fault removal as well. In addition, the
advantage of this DRFCL is that neither controlled equipments nor
fault detection circuits are needed since it acts automatically when
the fault occurs.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.epsr.2015.01.005.

References

[1] C.S. Chang, P.C. Loh, Integration of fault current limiters on power systems for
voltage quality improvement, Electr. Power Syst. Res. 57 (2) (2001) 83-92.

[2] M. Jafari, S.B. Naderi, M.T. Hagh, M. Abapour, S.H. Hosseini, Voltage sag com-
pensation of point of common coupling (PCC) using fault current limiter, IEEE
Trans. Power Deliv. 26 (4) (2011) 2638-2646.

[3] B. Vyas, R. Prakash Maheshwari, B. Das, Protection of series compensated
transmission line: issues and state of art, Electr. Power Syst. Res. 107 (2014)
93-108.

[4] E. Calixte, Y. Yokomizu, H. Shimizu, T. Matsumura, Theoretical expression of
rate of rise of recovery voltage across a circuit breaker connected with fault
current limiter, Electr. Power Syst. Res. 75 (1) (2005) 1-8.

[5] A.Plesca, Numerical thermal analysis of fuses for power semiconductors, Electr.
Power Syst. Res. 83 (1) (2012) 144-150.

[6] G. Chiriac, Thermal analysis of fuses with variable cross-section fuse links,
Electr. Power Syst. Res. 92 (2012) 73-80.

[7] R.L. Doughty, T.E. Neal, T.L. Macalady, V. Saporita, K. Borgwald, The use of low-

voltage current-limiting fuses to reduce arc-flash energy, IEEE Trans. Ind. Appl.

36 (6) (2000) 1741-1749.

D. Shoup, J. Paserba, R.G. Colclaser Jr., T. Rosenberger, L. Ganatra, C. Isaac,

Transient recovery voltage requirements associated with the application

of current-limiting series reactors, Electr. Power Syst. Res. 77 (11) (2007)

1466-1474.

[9] C.A. Baldan, ].S. Lamas, A.A. Bernardes, C.Y. Shigue, E. Ruppert, Fault current
limiter using transformer and modular device of YBCO coated conductor, IEEE
Trans. Appl. Supercond. 23 (3) (2013) 5603804.

[10] A. Belov, V. Belyakov, T. Belyakova, V. Bondarenko, A. Firsov, A. Hon, M.

Kaparkova, N. Krylova, V. Kukhtin, E. Lamzin, M. Larionov, A. Pugachev, I. Rodin,
N. Shatil, S. Sychevskiy, V. Vasiliev, E. Zapretilina, Computational technique for
analysis of superconductive fault current limiters with saturated core, IEEE
Trans. Appl. Supercond. 24 (3) (2014) 5600205.

[8

[11] T.-P. Tsao, C.-H. Lin, W.-C. Tsai, Suppress torsional vibrations on turbine shafts
by high temperature superconductive fault current limiter, Electr. Power Syst.
Res. 55 (2) (2000) 65-72.

[12] H.-I. Du, S.-O. Heo, T.-M. Kim, B.-S. Han, Evaluation of the current-limiting
properties for a superconducting current-limiting element with the winding
direction of the reactor of the second winding, IEEE Trans. Appl. Supercond. 24
(3)(2014) 1-5.

[13] K. Yokoyama, T. Sato, T. Nomura, S. Fukui, M. Yamaguchi, Application of sin-
gle DC reactor type fault current limiter as a power source, IEEE Trans. Appl.
Supercond. 11 (1) (2001) 2106-2109.

[14] HJ. Boenig, D. Paice, Fault current limiter using a superconducting winding,
IEEE Trans. Magn. 19 (3) (1983) 1051-1053.

[15] S.B. Naderi, M. Jafari, M. TarafdarHagh, Parallel-resonance-type fault current
limiter, IEEE Trans. Ind. Electron. 60 (7) (2013) 2538-2546.

[16] M.T.Hagh, M. Abapour, Nonsuperconducting fault current limiter with control-
ling the magnitudes of fault currents, IEEE Trans. Power Electron. 24 (3) (2009)
613-619.

[17] AR. Fereidouni, B. Vahidi, T.H. Mehr, The impact of solid state fault current
limiter on power network with wind-turbine power generation, IEEE Trans.
Smart Grid 4 (2) (2013) 1188-1196.

[18] T. Ghanbari, E. Farjah, A. Zandnia, Development of a high-performance bridge-
type fault current limiter, IET Gener. Transm. Distrib. 8 (3) (2014) 486-494.

[19] M. Ahmed, M.R. Putrus, G. Li Ran, R. Penlington, Development of a prototype
solid-state fault-current limiting and interrupting device for low-voltage dis-
tribution networks, IEEE Trans. Power Deliv. 21 (4) (2006) 1997-2005.

[20] M.T. Hagh, M. Abapour, DC reactor type transformer inrush current limiter, [ET
Electr. Power Appl. 1 (5) (2007) 808-814.

[21] S.M.Madani, M. Rostami, G.B. Gharehpetian, R.H. Maram, Improved bridge type
inrush current limiter for primary grounded transformers, Electr. Power Syst.
Res. 95 (2013) 1-8.

[22] H.-T. Tseng, J.-F. Chen, Bidirectional impedance-type transformer inrush cur-
rent limiter, Electr. Power Syst. Res. 104 (2013) 193-206.

[23] J. Mohammadi, S. Afsharnia, S. Vaez-Zadeh, Efficient fault-ride-through control
strategy of DFIG-based wind turbines during the grid faults, Energy Convers.
Manag. 78 (2014) 88-95.

[24] S. Kazemi, M. Lehtonen, Impact of smart subtransmission level fault current
mitigation solutions on service reliability, Electr. Power Syst. Res. 96 (2013)
9-15.

[25] T.N. Boutsika, S.A. Papathanassiou, Short-circuit calculations in networks with
distributed generation, Electr. Power Syst. Res. 78 (7) (2008) 1181-1191.

[26] A. Khazali, M. Kalantar, Optimal power flow considering fault current level
constraints and fault current limiters, Int. J. Electr. Power Energy Syst. 59 (2014)
204-213.

[27] A. Prasai, D.M. Divan, Zero-energy sag corrector with reduced device count,
IEEE Trans. Power Electron. 24 (6) (2009) 1646-1653.

[28] A. Prasai, D.M. Divan, Zero-energy sag correctors—optimizing dynamic volt-
age restorers for industrial applications, IEEE Trans. Ind. Appl. 44 (6) (2008)
1777-1784.

[29] S.H. Hosseini, M. Abapour, M. Sabahi, A novel improved combined dynamic
voltage restorer (DVR) using fault current limiter (FCL) structure, in: Inter-
national Conference on Electrical Machines and Systems (ICEMS), 2007, pp.
98-101.

[30] S.Al Araifi, A. Moawwad, M.S. El Moursi, V. Khadkikar, Voltage booster schemes
for fault ride-through enhancement of variable speed wind turbines, IEEE Trans.
Sustain. Energy 4 (4) (2013) 1071-1081.


http://dx.doi.org/10.1016/j.epsr.2015.01.005
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0155
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0160
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0165
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0170
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0175
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0180
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0185
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0190
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0195
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0200
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0205
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0210
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0215
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0220
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0225
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0230
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0235
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0240
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0245
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0250
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0255
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0260
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0265
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0270
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0275
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0280
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0285
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0290
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0295
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300
http://refhub.elsevier.com/S0378-7796(15)00006-1/sbref0300

	Novel high performance DC reactor type fault current limiter
	1 Introduction
	2 Distribution network configuration and operation principles
	2.1 Distribution network and DRFCL configurations
	2.2 Operation principles

	3 Analysis of proposed DRFCL
	3.1 Circuit analysis
	3.2 DC reactor design consideration
	3.3 Power losses and stored energy

	4 Simulation results
	5 Experimental results
	6 Conclusion
	Appendix A Supplementary data
	References


