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1. INTRODUCTION

The shunt reactors (SR) are designed to be connected to the endpoints of high-voltage cables or to
the high-voltage transmission lines with the intention of regulating the line voltage by absorbing reactive
power [1]-[3]. SR can be permanently installed or switched on under light-load situations for voltage
regulation solely in service. In response to the varying system load requirements, SR switching is carried out
daily. However, the switching processes present serious problems, particularly when the SR is disconnected
during times of heavy load. The circuit breaker (CB) usually chops the reactor current before it reaches its
potential zero value when interrupting the current. This occurrence is referred to as inductive current chopping,
and depending on value of chopped current, significant overvoltages will result as a consequence [4]-[7].

Calculating this overvoltage, often referred to as chopping overvoltage, requires observation of the
reactor circuit’s energy balance. The oscillation that results has a frequency range between 1 kHz and 5 kHz [8].
In addition to the chopping overvoltage, the interruption of the current will cause a transient recovery voltage
(TRV) to occur across the CB. A CB performance as well as the configuration at the reactor location
determines the magnitude of TRV. If damping is neglected, its predicted maximum value is the sum of the
source’s peak voltages plus the overvoltage produced by the current chopping [9]. Switching that is
controlled is a technique for disposing dangerous transients through time-controlled switching operations.
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Commands to close or open the CB are delayed so that contact separation or making will occur at the ideal
time instant for the voltage, current, as well as phase angle [10]. With the use of controllers, energising and
de-energizing processes can be managed in relation to the position of the point-on-wave, in addition to no
harmful transients will be produced. The aim of controlled opening is to prevent short arcing times as they
pose the greatest risk of re-ignitions or restrikes [11]. CB performance, load circumstances, and system
frequency will all have an impact on the need for controlled opening. Controlled switching is possible for all
kinds of SR, irrespective of the magnetic and electrical circuit. A controlled opening method involves
determining arcing times that are long enough to prevent re-ignitions during de-energizing [12]. During both
energization and de-energization, SR switching transients have been analyzed, as reported in [13]. In a
400 kV system, the overvoltage caused by removing a 100 Mvar reactor can reach to 2.05 p.u. if the surge
arrester is not installed. The voltage steepness in an occurrence of reignition was computed to analyse the
dielectric stress on the SR windings in additional to the overvoltage to ground [14].

The objective of this paper is to provide a comprehensive overview of switching transient
overvoltages during a shunt reactor de-energization case and the impact of the current chopping in this
condition. Additionally, switching transients generated by both controlled and uncontrolled switching of the
CB are explained. The switching overvoltage across the SR is computed using two different rating of SR
(50 MVAr) and (150 MVAr) in order to clarify the effect of SR rating on the transient overvoltage. The
mitigation method for the switching transient has implemented through the proposed model in this study
which represented by circuit modification. To achieve this work, a model of the SR and system equipment
was implemented using ATP-draw software program.

2. SHUNT REACTOR RATING

The shunt reactor rating should indeed be described in terms of Mvar and rated voltage. For
illustration, a three-phase shunt reactor installed on a 500 kV system might well be rated at 135 MVar at
525 kV [15]. Figure 1 illustrates how SR are often connected to electrical networks. Rated power (MVar) and
rated voltage are used to describe SR ratings.
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Figure 1. Typical connections of SR

SR can be installed to systems with voltages lower than 60 kV by using a power transformer’s
tertiary winding that is connected to the overhead transmission line being compensated. Tertiary-connected
SR come in a variety of configurations, including air core, dry type, single-phase per unit or oil-immersed as
well as three-phase or single-phase per unit design. SR are often directly connected to the high-voltage
transmision line or busbar that needs to be compensated at system voltages of 60 kV and higher as shown in
Figure 2 [8].

T Stest
GA Ls
t) O Vo 5 5 o W
Li Ri Srest A Rz L: —ﬁ;
Ry
La
=% =™
© Lt R StstB R La L]
R
& Ko
= = _L==== L R SesC R L
He olLTT ™

Figure 2. Shunt reactor connection

The power rating of these SR ranges from 30 to 300 MVar (three-phase). Directly connected SR are
typically of the oil-immersed kind. Depending on the voltage profile, this direct connection to an overhead
transmission line is performed either at the line’s terminal or a middle place.
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3. INTERRUPTING SHUNT REACTOR BANK

The CB normally interrupts the current at the first current zero following contact separating, but it
might not be instantly able to withstand the high magnitude recovery voltages that may later arise across the
contacts. This may result in re-ignition, another current loop at the rated frequency followed by a successful
interruption. The equivalent single phase circuit seen in Figure 3 can be used to investigate the switching of
directly grounded reactors. Fundamentally, SR current can be abruptly interrupted by CB, and this is known
as “current chopping,” when the current is imposed to prematurely to zero. However, the current chopping
and subsequent reignitions that follow can produce massive transient overvoltages [15]. Overvoltages of the
two types that follow are produced: i) chopping overvoltages and ii) reignition overvoltages. Two additional
CB features may have a considerable impact on the switching process: i) increasing the contact gap’s
dielectric withstand after an interruption, which affects the possibility that re-ignitions may occur and ii) the
ability to disconnect high-frequency currents following re-ignitions, which affects the possibility of multiple
re-ignitions and voltage escalation.

On the CB and connected system, a specific and severe duty is imposed due to SR switching. The
current that must be interrupted at high voltages is typically less than 300 A, but effective interruption
depends on a complicated interaction among both the CB and the circuit. Small inductive currents are the
general term used to describe the load currents of SR [16]. Typically, it is not a concern for CB to be capable
to interrupt low inductive currents.

=T =1
1 1

Figure 3. Shunt reactor switching analysis using a single-phase equivalent circuit [15]

Where Ls is the load side inductance, CB is the circuit breaker, Cs is the source side capacitance, Lb is the
connection series inductance, CL is the shunt reactor stray capacitance, Lp and Cp are the breaker stray
inductance and capacitance.

4. EFFECT OF CURRENT CHOPPING OCCURRENCE

Due to the possibility of current chopping and the subsequent switching overvoltage, it was once
considered to be harmful to disconnect small reactive current. In addition, the propensity of the CB to chop
reactor current is not as strong for normal high voltage (HV) SR rated current values, hence modern surge
arresters are completely able to handle this circumstance. Current instability and a fast increase in the current
magnitude are activated by the abrupt opening of the CB, which results in current chopping. For the purpose
of preventing the influence of overvoltage as a consequence of the current chopping, the SR is typically
de-energized when the current is zero. To investigate the chopping number, which shows the characteristics
of the CB in every type as well as the total capacitance in parallel with the breaker as (1), the case of
switching a CB to open a SR has been used [15], [17].

Iep = A\/Ft @

Where 21 is chopping number [A-F]°%, C is total capacitance seen from the CB terminals [F].
As stated, only CB with a single chamber is covered (1). The following equation applies to CB
having N chambers units per pole [15].

I = AYNC, (2

According to different types of quenching medium, the chopping number A could be considered of
as a CB characteristic constant (with the exception of vacuum CB). Table 1 provides typical A constants for
SF6, air blast, and minimum oil CB. Boundary values have to be given because the chopping number had not
been clearly stated. In (1) uses the equivalent capacitance C to account for how the system characteristics
affect the chopping current value [17].
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Table 1. Chopping numbers on some kinds of CB [15]

CB type Chopping number AF%5
Minimum oil 5.8-10*-10-10*
Air blast 15-10*-20-10*
SFe puffer 4.10-19-10*
SFe self-blast 3.10*-10-10*

SF rotating arc 0.39-10*-0.77-10*

The value of A is often dependent on the period of the arc for CB. The statistics average of the
variable A can be employed if the relationship between it and the arc period is not obviously linear.
According to Bhatt et al. [10], the typical values of A for high voltage CB having various arc-extinction medium
range from 0.39 10* to 20 10* AF®5 [12]. Overvoltages are produced as a result of the current-chopping
phenomena, also known as current suppression. A straightforward example of current chopping and its related
overvoltage across the shunt reactor is shown in Figure 4. Figure 4(a) shows stands for the circuit breaker’s
current chopping, and Figure 4(b) shows indicates the transient overvoltage across the shunt reactor, where
the current is abruptly stopped before it naturally crosses the point of zero. Figure 5 shows the moment which
the current is forced to the zero value before its natural zero crossing [18].
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Figure 4. Overvoltage caused by current chopping: (a) current across breaker and (b) voltage through reactor

When the current is abruptly interrupted occurs, the voltage is almost at its maximal value because
the circuit is mostly inductive in nature. When current chopping happens, a considerable magnitude of energy
is trapped on the reactor [19]. Figure 6 demonstrate that when an immediate disconnected current happens,
the load side’s overvoltage is obtained. It is possible to determine the suppression peak overvoltage (Vma) or
the chopping overvoltage from the energy balance shown in (2) [20].

~CV? = LIZ, +-CV} ©)

Where in (2) provides the extinction peak overvoltage to reactor voltage ratio in pu form (3).

v LI?
(e (4)
Where u(t) is voltage, i(t) is current, I is nominal current peak, i., is chopping current, U, is peak voltage
after de-energization, U, is nominal phase voltage, fo is frequency of oscillations [17].

Modern puffer type SF6 CB rarely reignite during the suppression peak overvoltage loop and have
modest chopping levels of 5-10 A. Depending on the parallel capacitance of the circuits, air blast breakers can
chop inductive load currents of 50 A or above, but they are susceptible to multiple reignition overvoltages [21].
It is observed that when disconnecting a low inductive current related with disconnection of the SR, an instantly
produced TRV tends to activate residual electrons and it may cause the reignition between the CB contacts [22].
A CB’s TRV is the point-by-point differential in voltage between its incoming and outgoing sides. The
connected side of the bus or supply, or the incoming side, tries to restore power frequency voltage level and
when a CB interrupts, the outgoing side oscillates as well, depending on what is connected. Recovery voltage is
the difference between these voltages [17]. Figure 7 illustrates re-ignition concept diagram.

TRV and insulation recovery characteristics of the fracture medium have the greatest effects on
re-ignition. The fracture’s dynamic dielectric strength exhibits some dispersion, and as a result, the arc’s
re-ignition exhibits some randomly. As the re-ignition proceeds, the overvoltage will increase, potentially
damaging additional system components [23]. Any type of CB can re-ignite, and this is not absolutely
prevented. Regardless of the switching mechanism, the re-ignition overvoltage could occur when the reactor
is disconnected if there is no particular voltage suppression measure in place. Figure 8 illustrates the effect of
arcing time on the dielectric strength and as a consequence the possibility for occurrence of re-ignition.

Effect of shunt reactor rating on the switching transients overvoltage in ... (Mazyed A. Al-Tak)



42 a ISSN: 2302-9285

Pre-m ature current chopping )
before zero crossing L L O, -
o+ SO T ity uft)
——————————————————————————————————————— \ g u
SN ”
AR [
____________________________ ian ;’u" |‘ . -I ||II | I;'I |.I ! v [
-------------------------------------------------------- / A
_3754] Current choppingleads to high transient ..E.... Natural zero crossing - l|| !
overvoltage across shuntreactor and CB ' current chopping || oscillations f;
£ b T T T ¥ T t t t t
0 DZ.UU 252 3.04 3.56 4.08 [ms] 4860
Figure 5. Current chopping instant Figure 6. Inductive current interruption without arc
re-ignition

Insulation breakdowg

Transicnt recovery
voliage of fracture

Fracture diclectric insulation recovery aurve

High-performance circuit

breaker suppression method
Phase
———f~-—\"——fF- suppression
technology
suppress ion\>
method
A A
b | Reduce the suppression of transient recovery voltage
I (R}
Figure 7. Re-ignition mechanismdiagram [23] Figure 8. Extend the use of arcing time (t,) phase

control technologies [23]

The intersection of the fracture TRV and the fracture dielectric insulation recovery curve is the
primary cause of re-ignition. As a result, as seen in Figure 8, the concept of preventing or minimizing
re-ignition may be divided into three categories. When the CB’s dielectric insulation recovery curve and the
fracture TRV is tangent, a space known as the “re-ignition window” is created between the associated arcing
time and the zero-crossing point T,,. The configuration at the reactor location as well as the effectiveness of
the CB determines how much TRV will be generated. Its expected maximum value is equal, if damping is not
taken into consideration, to the summation of the peak voltages of the source plus the excess voltage
produced by current chopping. Taking the viewpoint that the maximum acceptable voltage across the CB
must not exceed than 80% or 2.43 p.u [15].

5. ANALYTICAL MODEL FOR REACTOR SWITCHING

An ATP-draw component three-phase AC source is used to depict the supply network in Figure 9.
As shown in Table 2, other factors taken into account include the source’s internal impedance as well as the
surge impedance visible from the reactor terminal. The CB is modeled by a time-controlled switch with a
chopping level of 20 A for each pole. This model is considered to be the simplest substitute for breaker
modeling and could be used to represent both the SF6-insulated and air-blast type breakers. Finally, to
demonstrate how the SR rating affects transient overvoltages, two simples SR (50 MVAr and 150 MVAr)
with an inductor and capacitor connected in parallel are used.

Along with the previously described mitigation techniques. This study proposed a different strategy
for reducing transient overvoltage. The circuit shown in Figure 9 can be modified to implement the proposed
technique, where it was described by adding CB; with its resistance and connecting it parallel to the SR
terminals. Figure 10 presents the circuit diagram after modifications. This technique aims to close CB,
simultaneously when CB; is opened. The idea behind the suggested approach is to use CB; and its resistance
to absorb transient overvoltages that occur during SR de-energisation.
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Figure 9. Shunt reactor’s equivalent ATP-draw model

Table 2. Parameters of the reactor [24], [25]
Source side parameters

Parameter Value Unit
Equivalent source resistance (Rs) 0.77  ‘Q/phase
Equivalent source impedance (X) 6.19  Q/phase
Stray capacitance on the source side (Cs) 4 nF/phase
SR parameter with rating of (50 MVAr)
Stray capacitance on the load side (C,) 8.2 nF/phase
Equivalent resistance of reactor (R,) 8.6 ‘Q/phase
Inductance of reactor (L) 9.92 H/phase
SR parameter with rating of (150 MVAr)
Bus inductance (Lg) 32 uH/phase
Stray capacitance on the load side (C,) 3.2 nF/phase
Equivalent resistance of reactor (R,) 1.2 ‘Q/phase
Inductance of reactor (L) 3.395  H/phase
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Figure 10. Circuit diagram after modification

6. RESULTS AND DISCUSSION

This part of the paper includes the results of the switching transient case, as it is centered on two
main parts, the first is the results that included the case of uncontrolled switching and the second is the results
that included the case of controlled switching. Both cases have applied for different rating of shunt reactor.
The results will be discussed in detail in this section.

6.1. Uncontrolled switching

The following section presents the voltage responses of the SR as well as the CB during the
worst-case de-energizing transient. The highest value of the reactor current corresponds to the instant at
which the switching time was selected. The estimated SR voltage for this situation is shown in
Figures 11 and 12. Unfavorable conditions at the moment of opening cause high produced overvoltages on
all phases of the SR, as is to be predicted. Capacitive and inductive interphase coupling can be observed.

Phase C, which was the first phase to clear, had the largest amplitude of the suppression peak
overvoltage, measuring 609 kV. The second and final interrupted phases, phase A and phase B, have
calculated suppression peak overvoltages of 600 kV and 607 kV, respectively. These values where
considered in case of (50 MVAr) as a SR rating. The worst-case de-energizing transient at the CB is shown in
Figures 13 and 14. As can be observed, all phases of the CB create voltage at approximately the same
magnitudes as in the prior simulation scenario. In contrast to the preceding scenario, the peak overvoltage
magnitude in this instance was slightly lower and was seen on phase C. The main reason that leads to the
excessive overvoltage is the high value of chopping current, which in turn leads to the release of the stored
energy in the form of high voltage.
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Figure 13. TRV on CB with rating of (50 MVAr) Figure 14. TRV on CB with rating of (150 MV Ar)

6.2. Controlled switching

When the de-energization of the SR takes place at the exact instant that corresponds to the minimum
value current chopping, the results shown are obtained. Figures 15 and 16 displays the estimated SR voltage
for all phases during open operation. All phase of the SR voltage were shown in the figure and there were no
overvoltages that could be noticed since the current during the disconnection on these phases were at their
lowest. The working times of each pole, which in turn define the amount of the chopped current, have a
significant role in determining their magnitudes.
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rating of (50 MVAr) rating of (150 MVAr)
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As demonstrated in Figures 15 and 16, there was no overvoltage on any of the SR voltage’s phases;
however, their magnitudes were influenced by how each pole’s operating time. The voltage across the CB, as
represented by the TRV in Figures 17 and 18. It is noticeable in this part of the work that with the decrease in
the value of the chopping current to its lowest level, it did not produce a significantly high voltage. The
estimated voltage across the CB during SR disconnection has been illustrated. According to the results, there are
less significant overvoltages on each of the three phases. The difference between the system voltage on
source-side and load-side oscillations is represented by the stress that results. Although switching at current zero
crossing is the ideal circumstance to avoid overvoltages and re-ignition, in reality, because these CB are
mechanical switches, there is a delay between the moment of zero crossing and actual switching instant
(approximately + 15 deg or more). The efficiency of switching might be increased by continuously monitoring
the line voltages and currents on both ends of the breaker poles and by using modern power electronics.
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Figure 17. TRV on CB with rating of (50 MV Ar) Figure 18. TRV on CB with rating of (150 MVAr)

6.3. Using of the proposed method (circuit modification)

The approach proposed in this section is more effective than conventional techniques at reducing
overvoltages across the SR and TRV over the CB. Therefore, the results presented here have been
categorized into two parts, part 1 presents the results of the circuit modification technique without controlled
switching and part 2 presents the results of the circuit modification technique with controlled switching. This
could help in highlighting the relevance of the circuit modification as a recommended approach. The
overvoltages across the SR, when employing the circuit modification alone, are shown in Figures 19 and 20.

When employing the modified circuit with uncontrolled switching, Figures 21 and 22 respectively
exhibit the TRV across the CB. The proposed modification to the circuit will reduce the excess transient
voltages. This process was carried out with a high chopping current to show the importance of the proposed
modification to the circuit in reducing the high transient overvoltages. The proposed methodology of circuit
modification decreased the transient overvoltage even with significant current chopping which represents the
uncontrolled switching case. The modified circuit served as an overvoltage absorber. Figures 23 to 26
represent the state of the using of circuit modification with controlled switching, that is, at the value of the
chopping current 1.,=0 A, where the Figures 23 and 24 represent the transient overvoltage across the SR,
while the Figures 25 and 26 represent TRV over the CB. Thus, no transient overvoltages were created during
the de-energisation of the SR.
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Figure 19. Overvoltage across SR using circuit Figure 20. Overvoltage across SR using circuit
modification when I, =15 A with rating of (50 MVAr)  maodification when I, =15 A with rating of (150 MVAr)
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Figure 22. TRV across CB using circuit modification
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Figure 24. Overvoltage on shunt rector bank with
rating of (150 MVAr)
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Figure 25. TRV on CB with rating of (50 MVAr)

Figure 26. TRV on CB with rating of (150 MVAr)

Along with controlled switching, the proposed strategy involving circuit modification also absorbs a
huge proportion of transient overvoltage across a SR and a CB. Simulations were used to examine the
three-phase SR switching overvoltages during an operational substation. The disconnection of the SR was
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specifically evaluated at 0° and 90° on the voltage waveform of phase A, which are supposed to be the most
significant instants for a comparison data of the switching overvoltages. High overvoltages are produced
when the CB randomly opens.

Additionally, the effects of chopped current on overvoltage were investigated; greater chop levels
result in severe overvoltages between the reactor and the CB. Switching during current zero that corresponds
to the point at which the reactor has the smallest amount of energy stored can reduce these amplitudes. The
results of transient overvoltage for the shunt and the CB are provided in Tables 3 and 4 for different rating of
SR (50 MVAr) and (150 MVAr). Both tables include results for both before and after the proposed methods,
which is represented by the circuit modification.

Table 3. Transient overvoltage results before and after circuit modification (50 MVAr)

Overvoltages and TRV
Before circuit modification After circuit modification
I Overvoltage on SR TRV on CB I Overvoltage on SR TRV on CB
ch A B C S B C ch A B C A B C
(A )

V) KvV) Kv) (Kv) (k) (k) k) kv) (kv) (k) (V) (k)
20 755 762 760 1110 1118 1113 20 690 695 688 1008 1014 1011
15 600 607 609 951 947 944 15 523 521 518 860 858 854
12 519 524 521 855 860 858 12 415 422 417 741 745 740
10 468 473 470 797 804 800 10 348 355 352 673 680 678

7 400 398 403 725 723 729 7 251 253 255 576 572 573
5 365 364 362 687 686 684 5 193 190 186 509 507 503
3 340 338 337 659 657 658 3 143 141 135 455 453 449
0 325 325 325 640 640 640 0 104 106 107 422 420 418

Table 4. Transient overvoltage results before and after circuit modification (150 MVAr)
Overvoltages and TRV

Before circuit modification After circuit modification
I Overvoltage on SR TRV on CB I Overvoltage on SR TRV on CB
( X‘) A B C A B C ( X’) A B C A B C

V) k) kv) (kv) (V) (kV) kv) kv) (kv) (k) (V) (k)
20 698 688 707 1037 103 1044 20 615 608 626 961 948 969
15 562 554 546 901 896 891 15 462 454 443 805 797 788
12 490 484 476 832 823 816 12 370 363 355 710 702 695
10 445 438 433 781 778 772 10 310 303 295 648 636 629

7 372 382 376 696 705 700 7 205 215 208 538 546 543
5 346 353 351 676 682 679 5 145 159 152 472 486 478
3 328 333 330 659 660 657 3 102 110 107 428 436 432
0 323 322 324 650 652 649 0 90 95 87 411 416 408

In the absence of dampening, the chopped current level (values vary from 0 to as high as 20 A or
more) and the surges impedance at the reactor terminals define the phase-to-ground overvoltage magnitude.
Additionally, the MVAr rating of the reactor affects how much overvoltage is generated at the shunt reactor.
The simulation results have shown that the proposed model proved that the reduction of the overvoltage were
86% in case of (50 MVAr) SR rating and 87% in case of (150 MVAr) SR rating in comparison with [1]
which get (71%) of suppression overvoltage.

7. CONCLUSION

The switching transients resulting by the controlled and uncontrolled switching of a three-phase
400 SR at a reactive power of (50 MVAr and 150 MVAr) are discussed in this study. A SR with a high
MVAr rating has low inductance and high capacitance values for the same rated voltage. Since the surge
impedance of the SR will be low as a result of this LC combination, the overvoltage magnitude will be
decreased. A SR, on the other hand, has a low rated power and a comparatively large inductance as well as
low capacitance values. Due to the large surge impedance present in this reactor, the overvoltage created is of
a significantly higher magnitude. As recommended by IEEE C37.015 standards, the overvoltage factor in this
study never exceeded 80% when employing the proposed technique, which could be represented by circuit
modification. It can be seen that the proposed method limits peak values of overvoltages, caused by current
chopping and reignitions to very low level that will not cause insulation damage, it is noted that even with
current chopping value reached 10 A no significant overvoltage is considered.
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