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Experimental Study of Enhanced Active Resonant
DC Circuit Breakers

Tim Augustin, Marley BecerraSenior Member, IEEEand Hans-Peter Neé&gllow, IEEE

Abstract—Enhanced active resonant (EAR) DC circuit break- interrupt the DC [11]-[20]. Hybrid DCCBs have substantially
ers (DCCBs) are a novel type of DCCB that use a discharge |ower on-state losses than solid-state DCCBs. On the one
closing switch as interruption medium. A technical limitation hand, power semiconductors with turn-OFF capability are

of discharge closing switches is the minimum voltage across the - on th ther hand . duct ith
main gap required for successful triggering. A novel commutation expensive. On he other hand, power semiconductors wi

process creating the minimum voltage internally is proposed, turn-OFF capability increase the exibility of hybrid DCCBs
which allows to simplify the EAR DCCB con guration and to  and, depending on the concept, allow advanced functionality
reduce its component count. In the prototype, the discharge such asproactive commutatiorand fault current limitation
closing switch is implemented with a triggered vacuum gap. EX- praactive commutation compensates for protection delay [21]

periments show that the triggered vacuum gap can be triggered . - T
reliably down to a voltage of 50V and that the discharge in and provides fast backup protection. Fault current limitation

the triggered vacuum gap is highly oscillatory at low current. increases interruption speed and reduces the peak energy [22]
The originally proposed EAR DCCB con guration has to be as well as the stress on the converters.

tuned such that the commutation to the triggered vacuum gap  The tube-based DCCBs described in [23], [24] operate sim-
succeeds at low current. Conversely, the novel commutation ilarly to hybrid DCCBs. The tubes used must be able to turn

process decouples the minimum voltage from the current level by -~ . .
adjusting the triggering delay. This allows reliable commutation ON and OFF similar to power semiconductors with turn-OFF

irrespective of the operating conditions. It is shown that the novel capability. The hybrid DCCBs in [25]-[27] use thyristors in-
commutation process does not adversely affect DC interruption. stead of power semiconductors with turn-OFF capability. The

Proactive commutation operation and auto-reclosing strategies thyristors must be turned OFF with an external circuit com-

are demonstrated. parable to an injection circuit. The enhanced active resonant
“Index Terms—DC circuit breakers, DC power systems, Gas (EAR) DCCBs introduced in [28] are tube-based DCCBs that
discharge devices, HVDC circuit breakers, Spark gaps. use discharge closing switches (DCSs) as interruption medium.

DCSs are like discharge-based thyristors because DCSs can
be turned ON and not OFF. Thus, EAR DCCBs depend on
an injection circuit for turn-OFF similar to current-injection
POWER electronics-dominated DC grids are evolvingccBs and thyristor-based hybrid DCCBs. Nonetheless, EAR
around the world to integrate intermittent renewable efpyccgs internally operate similarly to hybrid DCCBs, thus
ergy sources. Such DC grids will play an important role in thgfering comparable functionality. In addition, EAR DCCBs
power system of the future. DC faults, however, pose a thre@fow for a design with asymmetric interruption capability.
to DC grids since the fault currents rise rapidly and manyhjg implies that the EAR DCCB works as an hybrid DCCB
commonly used voltage-source converters cannot control fiegne current direction and as a current-injection DCCB in
DC-side current during the fault. Hence, DC circuit breakegge other current direction.
(DCCBs) are crucial components needed to handle DC faultstpe knowledge about EAR DCCBs and their properties
in power electronics-dominated DC grids [1]. is still limited. The operation modes of originally proposed
Various DCCB topologies have been proposed and @&hR DCCBs were explained in [28]. However, the preliminary
overview of DCCBs is given in [2]. Most DCCBs are eithefest results only demonstrated the basic operating principle
current-injection DCCBs or hybrid DCCBs. Current-injectiohf EAR DCCBs. [29] focused exclusively on the actuator
DCCBs use an arcing mechanical switch as interruptigf} the mechanical switch used in EAR DCCBs. The main
medium with an injection circuit that injects a counter currerontribution of this article is an in-depth experimental study
into the arcing mechanical switch to force a local current zegd the EAR DCCBs in various operating modes and of a
crossing [3]-{10]. This extinguishes the arc and interrupts thgyel commutation process. As explained in [28], operating
DC. Hybrid DCCBs use power semiconductors as interruptiQ@enarios such load current interruption and high impedance
medium and commutate the DCCB current from normalligyits with relatively low current can be challenging for EAR
conducting mechanical switches to power semiconductors thatCBs, because of the minimum voltage requirement of
) ) ) the DCS. The article also addresses this open question by
Tim Augustin's research project was funded through SweGRIDS, by the . . -
Swedish Energy Agency and Hitachi ABB Power Grids. Marley BecerrgXper'menta”y studying the characteristics of the DCS and the
would like to acknowledge the nancial support of the Swedish strategigOmmutation processes at low current and low voltage. The
resTeagcuhgﬁgt’i%rar’\T/‘l S‘B"J‘é‘é‘eggfogr'i]”eég}’ﬁ Nee are with KTH Roval Ingg1OVE! COMMutation process proposed in this article allows to
' Sloa ; 3 Y implify EAR DCCBs and to reduce the component count by

tute of Technology, Teknikringen 33, 10044 Stockholm, Sweden (e-maﬁ i ) -
timau@kth.se; marley@kth.se; hansi@kth.se). a resistor, capacitor, and diode valve rated for DCCB voltage,

I. INTRODUCTION



respectively. The novel commutation process also improves { Main Path Lcs
the performance and reliability of EAR DCCBs by generating

L
Ipc i

a voltage suf ciently above the minimum voltage irrespective T ¥ 4"

of the current level. Commutation Path g
The structure of this work is as follows. Section Il describes 3 N

EAR DCCBs and the novel commutation process. Section Il : D Rocs DCS

explains the prototype, the test circuit, and the test procedures. j

Section IV studies the triggering of the DCS, the commuta- ; ICDCS

tion processes, DC interruption after the novel commutation ! = ;

process, proactive commutation, and auto-reclosing strategies |9 |AMD2+iBQN—<BstmBi

in experiments. Section V discusses the experimental results rig;;;g;:;gsg;p;g;:P;;h::::{‘

and their impact on the design of EAR DCCBs. Section VI 3 win 3

concludes the article. \ Mov

Il. ENHANCED ACTIVE RESONANTDC CIRCUIT T ERRRRE .

BREAKERS } !
A. Overview C;D.;y R
The EAR DCCBs were introduced in [28]. The originally ;/g;;’n;;;;i’;,;’;;;g’z ””””
proposed unidirectional EAR DCCB con guration is shown 3 ‘
in Fig. 1a. The core of all EAR DCCBs is a DCS in the 3 !
commutation path that replaces the power semiconductors with A e
turn-OFF capability used in hybrid DCCBs. The main path is [Energy Absorption Path |

implemented with a mechanical switéhand a load commu- ! wa
tation switch (LCS) similar to [11]. DCSs are discharge-based @~~~
devices that only turn OFF at current close to zero comparable
to thyristors. An injection circuit as used in current-injectioffrig. 1. Unidirectional enhanced active resonant DC circuit
DCCBs is applied to force a current zero crossing in the DG$eakers.
for turn-OFF and to interrupt the D¢ . The operation states
of the originally proposed EAR DCCB con guration were
explained in [28] for several operating scenarios. The use of
DCSs is bene cial in terms of costs, reliability, robustness,
current and voltage ratings, and footprint.

Bidirectional EAR DCCB con gurations were described in
[28] as well. EAR DCCBs allow to implement bidirectional L L

con gurations with symmetric or asymmetric interruption carig, 2. Equivalent circuit of the originally proposed enhanced
pability. Asymmetric bidirectional EAR DCCB con gurations active resonant circuit breaker con guration during the trig-

imply that the interruption time or the functionality providedgering of the discharge closing switch.
is not same in both current directions. Despite the similarities

with current-injection DCCBs, EAR DCCBs offer functional-
ity comparable to hybrid DCCBs, for instance proactive COMS~_cide fault occurs towards terminal B of the DCCBs
mutation. Auto-reclosing operation in overhead line system

can be executed either by turning ON the main path or by rdtsécreases belows . However, the decrease og depends on

turning ON the commutation path and then commutai ?he fault resistancRg . Severe fault currents ow during solid
g >n P B9 faults with Rr =0, the DC line voltage collapses and, hence,
to the main path.

ug = 0. Consequentiypcs = Uuc 0 = uc and the voltage
o . across the DCS approximately equals, which exceeds the
B. Minimum Voltage Requirement minimum voltage substantially. If, howeveRg is high or for
The voltage between the anode C and cathode B of the D@&d current interruptionRg = 1 ), ug is equal to or slightly
Upcs has to exceed a minimum voltage to turn ON whedifferent from ug. In this case,upcs would be small and
triggered. The minimum voltage depends on the particulaimost zero. Ifupcs is lower than the minimum voltage of
DCS technology and is a limiting factor for the operatiothe DCS, the DCS can mistrigger and the EAR DCCB cannot
of EAR DCCBs. The voltage potentials at the anageand commutate properly. Even though high resistance faults and
cathodeug determine the voltage across the DQScs = load current are not critical for the DC system, because of
Uc ug as shown in Fig. 2. The RC circuit in the commutatiothe low current level and redundancy in various EAR DCCB
path is charged from the DC line through the diodeto topologies to handle mistriggering [28], the limitations due to
provide the voltage potentialc with approximately the same the minimum voltage still have to be quanti ed experimentally.
magnitude as the DC bus voltages. The voltage potential Moreover, the stability of the discharge in the DCS at low
at the cathodeug is approximately equal taig. When a current must be investigated.




C. Injection Circuit J%
Injection circuit topologies can be grouped into three char- =

acteristic types with examples shown in Fig. 3: pre-charged

with an external power supply (Fig. 3a), pre-charged from (a) Pre-charging from external power supply [6]
the DC line (Fig. 3b), and injection current build-up with T, .
successive oscillations (Fig. 3c). If an external power supply It

is used to pre-charge the injection circuit as in Fig. 3a, the
external power supply has to be rated for a voltage in the order

of magnitude of the DC line voltage. The switch is closed 1
to discharge the pre-charged capacitor such that the injection _ .
current causes a current zero crossing. Injection circuits that (b) Pre-charging from DC line [4]

are pre-charged from the DC line require more switches than ] qupzfie
injection circuits with external power supply, for instance two

thyristorsT; andT ; in the topology from [4] shown in Fig. 3b. (c) Successive oscillation technique [7]
Before operating, the grounding switch is closed to provide
a charging path to ground anf; is red to start charging
from the DC line. When the injection circuit is activaterl

is red causing an oscillation in the LC circuit that reverses ) .
the polarity of the capacitor; is red again to discharge proactive commutation, the controller of the EAR DCCB has

the capacitor such that the injection circuit causes a currdftSense abnormal operr]atmg conditions with, for instance, :”
zero crossing. In the successive oscillation technique [7] Sho&\ﬁercgrsre.nt crr]lter|on. W ehn .proactlvg g)mmutanon IS Initiated,
in Fig. 3c, a converter rated for a fraction of the DC liné"€ LCS In the main path is turned OFF to commutale

voltage builds up the injection current in several cycles HJC its snubber circuit (Fig. 4b). The snubber circuit can
switching a pre-charged capacitor into the resonant circ an MOV as deplcte_d oran elaborate_zd design as needed
with alternating polarity. The successive oscillation technithe Sis |mplemented V\_”th an _ultra-fast disconnector m;tea_d
requires an external power supply rated for a fraction of tf @n arcing mechanical switch [30]. The snubber circuit
DC line voltage to energize the converter. In contrast to t2SCrbs the turn-OFF voltage of the LCS. Siras stil
other injection circuit topologies, the successive oscillatigoS€d: the turn-OFF voltage also appears across the DCS.
technology inherently adapts to the fault current level withoy'® PCS 1S triggered when the turn-OFF voltage surpasses
added complexity. This is a clear advantage of the succds- minimum voltage (Fig. 4c). W'th'n mwrosecondg;c

sive oscillation technique because, unlike the other injectiG@mmutates from the snubber circuit to the DCS (Fig. 4d).
circuit topologies, it does not suffer from arc reignitions N€ rn-OFF voltage of the LCS does not affeg¢ during
when interrupting lower than peak fault current. Thereforéf,1e fast commutatlgn process because the turn-OFF .voltage
the successive oscillation technique allows a promising desighthe LCS is considerably lower than the voltage rating of
with a smaller and cheaper resonant circuit. Nonetheless, g MOV in thg energy abs_orpnon path_. Considering the role
diode in the commutation path of the originally proposedl t€ LCS, this commutation process is referred td.&sS-
EAR DCCB con guration would block the injection current in2SSiSted triggering . _ _
reverse direction. Hence, the successive oscillation techniquél€xt; S opens while the DCS condudtsc (Fig. 4e). This

is incompatible with the originally proposed EAR pccplakes several milliseconds depending on the actuato®. of
con guration. If the DC grid condition is deemed to be noncritical, the

EAR DCCB aborts proactive commutation after a set duration.
) ) ] However, if the EAR DCCB receives a trip signal from the
D. LCS-Assisted Triggering DC grid protection or ifipc exceeds the maximum DCCB
The minimum voltage requirement and the incompatibilitgurrent, the EAR DCCB starts the interruption process by
with the successive oscillation technique are disadvantagedivating the injection circuit (Fig. 4f). The injection circuit
of the originally proposed EAR DCCB con guration. Bothcreates a current zero crossing in the DCS to extinguish the
disadvantages are partly due to the diddand the RC circuit. discharge. After thati,c commutates to the injection circuit
Hence, an EAR DCCB without diod® and without RC to recharge its capacitive storage (Fig. 49). The voltage across
circuit as shown in Fig. 1b would be preferable. For suchthe injection circuit increases until the MOV in the energy
con guration to work, the minimum voltage of the DCS mustbsorption path becomes conductive commutaitirg to the
created internally within the commutation loop formed by th®OV (Fig. 4h). The MOV imposes a counter voltage, which
main path and the commutation path. The operation statesdetreaseic to zero nishing the interruption process. When
this simpli ed EAR DCCB are illustrated in Fig. 4 exemplarythe EAR DCCB has cleared the fault, it prepares for reclosing
for a unidirectional con guration. Under normal operatindyy replenishing the energy storage of the injection circuit and
conditions, the main path condudtsc (Fig. 4a). The EAR of the actuator foiS. In fast auto-reclosing strategies for DC
DCCB is activated before it is tripped by the DC systermystems with overhead lines, the maximum charge capability
protection and it proactively commutates as described in [28hd the maximum operating frequency of the DCS have to be
for the originally proposed EAR DCCB con guration. Forobeyed. Common auto-reclosing times like0 msto 300 ms

Fig. 3. Main types of injection circuit topologies.
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Fig. 5. Advanced test circuit for enhanced active resonant DC
circuit breakers.

of constant load current, fault current, and temporary current.
@ ih) Moreover, the test circuit also includes a backup solid-state
DCCB to protect the EAR DCCB if it fails to interrupt or if
Fig. 4. States of the simpli ed unidirectional enhanced activlie DCS conducts for an excessive duration.
resonant DC circuit breaker con guration usibh§S-assisted
triggering during interruption.

B. Experimental Setup

The originally proposed EAR DCCB and the simplied
are not a problem. EAR DCCB are tested with the con gurations shown in
In the simpli ed EAR DCCB con guration, no componentFig. 5a and Fig. 5b, respectively. A triggered vacuum gap
is added compared to the originally proposed EAR DCCEVG) is used as DCS and a vacuum interrupter (VI) with
con guration and the RC circuit and the diofleare removed. a Thomson-coil actuator described in [29] is usedSag
It has to be kept in mind thaRpcs, Cpcs, andD have to the prototype EAR DCCB. The injection circuit shown in
be rated for the DCCB voltage, the voltage imposed by thég. 3b is used because this topology without external power
MOV during interruption, which has to exceed the DC linsupply simpli es the experimental setup. In this prototype, the
voltage. Assuming a DCCB voltage by a factor 1.5 highdarotective voltage level of the MOV in the energy absorption
than the DC line voltage angt5kV diodes, the diode count path is lower than the rated voltage of the LCS. Therefore,
is reduced by at least 11 for40kV MVDC system and by it is sufcient to use a single MOV as snubber of the LCS
88 for a320kV HVDC system. Additional voltage balancingand for energy absorption. The controller of the prototype
circuits for the series connections in the diode valve aie realized in the eld programmable gate array part of a
not needed either. Overall, the component count is reducéinx system-on-a-chip on the ZedBoard The controller
substantially without any trade-off. The connection to grourfths an input from the protection system for the external
within the RC circuit of the originally proposed EAR DCCBtrip signal and an auto-reclosing enable ag. The controller
is also undesirable in a high voltage design since it introducalso has an interface to the controller of the VI system via
stringent and costly isolation requirements. The simpli edptical bres. The Hall-effect-based current sensors LEM HAT
EAR DCCB con guration is, thus, more cost-effective tharB00-S are used to measure the total DCCB current and the
the originally proposed EAR DCCB con guration. current in the TVG for the controller. Depending on the DCCB
current level, the controller activates proactive commutation.
lIl. TESTMETHODOLOGY Apart from that the current measurements are currently only
o used for internal DCCB protection against overcurrent and
A. Advanced Test Circuit excessively long conduction of the TVG. The test settings,
A specialized test circuit as described in [31] and showDCCB settings, and the triggering delay of the TVG are set
in Fig. 5 is needed to test all functionalities of a DCCBvia a software interface. In an industrial application, aging
This test circuit allows to replicate various scenarios such eguld affect the interaction between LCS and TVG during
auto-reclosing and proactive commutation with combination<CS-assisted triggering. Therefore, the voltage across the TVG



should be directly or indirectly measured, for instance in the
gate driver of the LCS, in the simplied con guration to
adjust the triggering delay of the TVG correspondingly. The
parameters of the prototype and test circuit are given in Tab. |
with the maximum constant DG_ and peak fault currents.

st. Circuit W=
s
omponents [t

from a previous PhD project [32]. The IGCT power supply,
the triggering unit of the TVG, and the resonant circuit of
the injection circuit are mounted below the base plate of the
EAR DCCBs and can, hence, not be seen in Fig. 6. For safety
reasons, the experimental setup is housed in an explosion-
proof test room and the experimental setup is automated.

Active
Resonant

C. Test Procedures

Tests involving the VI are complex, although the VI itself
has a limited impact on the experimental results. The VI
is usually operated without arcing similar to a disconnector
and, consequently, does not affect the internal commutation
processes of the EAR DCCB. Thus, the VI is left unconnected
in the tests, in which the VI is not the subject of interest, to
reduce the complexity. A diode is inserted instead of the VI
since the injection current would otherwise freewheel through
the intrinsic anti-parallel diode of the IGCT used as LCS.
The following tests of aspects fundamental to the successful
operation of EAR DCCBs are executed.

1) Triggering of Triggered Vacuum GapThe triggering
characteristics of the TVG are studied using the con guratio -
shown in Fig. 5a, particularly focusing on the minimum volt- Thyri%tor Stack
age. According to the manufacturer of the TVG, the theoretica 10V e T g Ll
minimum voltage isL5V to 20 V. However, it is recommended N\
not to operate belovd0V to avoid damaging the TVG. First,
the RC circuit is pre-charged by turning ON and OFF the
backup DCCB. Second, the TVG is triggered manudlycs f /o apn M
is varied to analyze the effect of the current provided by the R( Z 1 oot R, ';g;t:‘“’r
circuit and of the RC time constant on the triggering process =\ ‘ X | Drieis

2) Commutation from Main Path to Commutation Path: " : DAl N
Commutation from the main path to the commutation path cal
only succeed if the TVG is triggered successfully. The com
mutation process is affected by the delay between triggering
the TVG and turning OFF the LCS and possible interactions
of the discharge in the TVG with the RC circuit, among
other factors. The diode replacing the VI as described above
can introduce phenomena not representative for EAR DCCBs
since the parasitic elements of the diode and its dynamical
properties can lead to interactions with the discharge in the
TVG. Therefore, the diode is shorted in this test. A temporary
fault with a de ned peak current is used as test scenario
because it does not require the EAR DCCB to interrupt. Hence,
the injection circuit is not activated at all and freewheeling of
the injection current through the anti-parallel diode of the LCS
is avoided. The commutation process takes a few microseconds
and the test current is practically constant during this time. < -

3) Auto-Reclosing:Auto-reclosing can be executed with (c) Close-up of the triggered vacuum gap
the main path, the VI, or with the commutation path, the TVGsjg 6. Experimental setup used to test the enhanced active
However, the triggering unit of the TVG used is only Capab'f’esonant DC circuit breaker.
of operating the TVG atl Hz, which is substantially slower
than typical deionization times of arc faults. Consequently,

(b) Enhanced active resonant DC circuit breaker prototype




Parameters of DCCB test circuit and EAR DCCB
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Fig. 7. Test scenario to study the capability of enhanced active
resonant DC circuit breakers to abort proactive commutation.

80

60

reclosing is attempted aftérl107 s(experimentally determined
to work) in the commutation path reclosing tests.

4) Memory Effect:Using proactive commutation also re-
quires the capability to abort this operation state again. This
is done by reclosing the VI and then turning ON the LCS.
The discharge voltage of the TVG is higher than the voltage
drop across the main path, thus commutatisg from the | | | | |
TVG back to the main path. The abortion of proactive com- 20 0 20 40 60 80 100
mutation was demonstrated in [28]. However, in one of the t=ps

very rst experiments immediately after an interruption test,

proactive commutation could not be aborted. Hypotheticallly!d- 8- Triggering tests of the triggered vacuum gap for various
C circuit pre-charge voltages wiRryg =4:7

the relatively high current of the interruption test could ha

altered the initial state of the TVG in its next operation. To
exclude a potentially detrimental memory effect, the abortiq . .
of proactive commutation has to be studied systematicalhE'.e end of the conduction phase, the discharge voltage and

The test scenario used as illustrated in Fig. 7 starts with loayS bggm fo uctuate again and the d|schgrge in the TVG
}-éxtmgwshes. After thatitys equals the residual voltage of

iTVG =A

current followed by a fault with subsequent auto-reclosin 2
y d v - The observed waveforms do not change qualitatively

followed by a temporary fault and ends with load current. T r the voltage levels tested since the current provided by the

EAR DCCB should be able to abort proactive commutation &C circuit is relatively low. Nevertheless, the discharge voltage
the end of the test scenario. Tests are run ea&fynin to y low. ! 9 9
tends to be more chaotic for decreasing current.

assure that the TVG is in the same state in each test. : ) ) .
Figure 9 shows the discharge voltage during the conduction
IV. EXPERIMENTAL RESULTS phase and extlnctlop phase for varlqasvg at a pre-charge
_ ) ] voltage of60 V. During the conduction phas&yc barely
A. Triggering of Triggered Vacuum Gap affects the discharge voltage. However, the discharge extin-
Figure 8 studies the triggering of the TVG with differenguishes earlier with a larger residual voltage aci©sg; for
pre-charge voltages ari@rvg = 4:7 . Initially, the voltage increasingRryc because the lower current is chopped OFF
across the TVQutyg equals the voltage acro$sryg . The earlier and the RC circuit does not completely discharge.
forming phase immediately after triggering is characterized The discharge in the TVG is highly stochastic as shown
by high-frequency discharge voltage oscillations with peaks Fig. 10 for several measurements wityyg =1 and
of several kilovolts while the discharge is forming in theRywg =15 . Even in this low-current regime, the discharge
TVG. When the discharge burns in the conduction phasaltage is remarkably more volatile with strong oscillations
the discharge voltage and forming current are less volatfier higher Rty , because of the lower forming current. The
compared to the forming phas€tys discharges into the discharge voltage oscillations also affect the discharging of the
TVG until the voltage across the RC circuit decreases beld®C circuit and can lead to premature discharge extinction as
the minimum voltage necessary to sustain the discharge. éMident by the higher residual voltage acr@ss,c . Despite



Utve =V

t=ps

Fig. 9. Triggering tests of the triggered vacuum gap with a
RC circuit pre-charge voltage &0V and variousRtyg .

Fig. 11. Commutation from the load commutation switch to
the triggered vacuum gap of the originally proposed enhanced
active resonant DC circuit breaker con guration.

DCCB con guration are shown in Fig. 11 at relatively low
current. ForRtwg = 1 , the commutation succeeds at
t =19 pys. Then, the discharge in the TVG becomes unstable
and the discharge voltage uctuates until the current in the
TVG is interrupted at = 87:4ps. For Rng = 15 , the
discharge voltage is also volatile, but the discharge does not
extinguish. Despite the stochastic nature of the discharge, the
outcomes for commutation were consistent in the experiments.
Nevertheless, the discharge in the TVG did occasionally not
extinguish after commutation fdRrvg =1 . At increased
voltage and current, commutation wikr, =1 does not

Fig. 10. Triggering tests of the triggered vacuum gap@yv. fail as shown in Fi_g. _12 sinc_e the volatility of the discharge
voltage reduces with increasing current.

A closeup of the commutation process is shown in Fig. 13.
the highly volatile discharge voltage, the TVG triggers reliablffor Rrve =1 , the current in the TVG equals the forming
and mistriggering has not been observed in the experimeriigtrent from the RC circuit prior to the commutation. The
Nonetheless, the TVG will not trigger any moreRfrg is current in the TVG collapses dt= 12 s with tremendous
increased further. The forming current would be too small f@ositive discharge voltage peaks. This indicates a discharge
sustain the discharge and the capacitor energy would dissipagability, which could be due to physical phenomena in the
in the discharge without proper commutation. discharge or interactions with the RC circuit. Commutation

is also tested with various delays between the triggering of

. _ the TVG and the turn-OFF of the LCS. Obviously, the delay

B. Commutaton from Main Path to Triggered Vacuum Gap cannot be arbitrarily large because the discharge in the TVG
1) Originally Proposed CommutationThe internal DCCB would extinguish at a current close to zero before the commu-
currents andutyg during the commutation from the maintation. Apart from that, the delay is irrelevant for the success
path to the commutation path of the originally proposed EABf the commutation process, which can even succeed during



Fig. 12. Commutation from the load commutation switch t&ig. 14. Closeup of the commutation from the load commu-
the triggered vacuum gap of the originally proposed enhancedion switch to the triggered vacuum gap of the simplied
active resonant DC circuit breaker con guration Wiy = enhanced active resonant DC circuit breaker con guration with
1 atUy =50V. LCS-assisted triggering andgyg = 1:417ps.

the triggering of the TVG, the TVG is triggered when the
turn-OFF voltage of the LCSJro is approximately280V

and the commutation succeeds witlips. Immediately after
triggering, discharge voltage oscillations comparable to the
originally proposed commutation process are visible. The
volatility of the discharge voltage is actually reduced with
LCS-assisted triggering and commutation did not fail once at
any of the current levels tested frot® A to 1200 A Thus,

the stochastic nature of the discharge in the TVG does not
affect LCS-assisted triggering. The triggering delay is critical
for LCS-assisted commutation because it has to be chosen to
assure thatJto exceeds the minimum voltage of the TVG.
By careful selection of the triggering delay, LCS-assisted
triggering works at any current level. Figure 15a demonstrates
how the triggering delay affectslyo . The triggering delay
has to be adapted for each current level to limit the turn-OFF
voltage of the LCS since the turn-OFF voltage of the LCS
increases faster with increasing current as shown in Fig. 15b.

C. Interruption

The interruption capability of originally proposed EAR
DCCB con guration was already studied in [28]. The results
from interruption tests of the simplied EAR DCCB con g-
uration in Fig. 5b with LCS-assisted triggering are shown in
Fig. 16 up t01200A In these tests, the VI is connected to

. . . resemble operation in industrial applications, even though the
Fig. 13. Closeup of commutation from the load commutatiof qoes not in uence the commutation processes as described

switch to the triggered vacuum gap of the originally proposgghtore. The simplied EAR DCCB con guration works as
enhanced active resonant DC circuit breaker con guration. expected in the tests, which demonstrates its feasibility.

the forming phase of the discharge as depicted in Fig. 13 fgr Auto-Reclosing

Rtve =15 . The commutation process is, however, slower 1) Memory Effect:The potential memory effect is studied

in the forming phase compared to the conduction phase. with the originally proposed and simplied EAR DCCB
2) LCS-Assisted TriggeringA closeup of the commutation con guration and the test scenario shown in Fig. 7. The peak

process in the simpli ed EAR DCCB con guration with LCS- fault current is set td000 A and the peak temporary fault is

assisted triggering is shown in Fig. 14. With the choseset betweerBOO A to 900 A. Reclosing is executed with the

triggering delayttyg between the turn-OFF of the LCS andT'VG and only this part of the experiment is shown in Fig. 17.



(a) Discharge voltage of the triggered vacuum gap at triggering
instance for various triggering delays at various current levels

Fig. 16. DC interruption tests of the simpli ed enhanced active
resonant DC circuit breaker con guration withCS-assisted
triggering. The solid part of the traces corresponds to the state
shown in Fig. 4e, in which the triggered vacuum gap conducts

iDC-

(b) Discharge voltage of the triggered vacuum gap starting at turn-
OFF of the load commutation switch

Fig. 15. Study of the turn-OFF voltage fdrCS-assisted
triggering.

LCS-assisted triggering is not used for auto-reclosing with the
simpli ed EAR DCCB con guration since the DC-line voltage
provides the voltage required by the TVG in this case. The
only difference between both con gurations is that the RC
circuit provides an initial current for the TVG in the originally
proposed con guration, which is visible at= 0 in the upper
graph. Both con gurations succeed to reclose with the TVG
and to commutatépc from the TVG back to the main path
afteripc decayed. This result is reproduced for all temporary
fault current tested and, thus, the memory effect does not
exist. The unsuccessful abortion of proactive commutation

after an interruption test described in Section 11Il-C4 was Ag. 17. Temporary fault after auto-reclosing operation of the

. . . |
singular event due o another cause. For instance, 'mpro%ﬁwanced active resonant DC circuit breaker with the triggered

conditioning of the TVG prior to the rst experiments could acuum aap and subseauent commutation to the main bath
have affected the discharge in the DCS adversely. Given e 9ap q path.

above, EAR DCCBs feature proactive commutation because
they can reliably abort this operation state.
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Fig. 19. Auto-reclosing operation of the simpli ed enhanced
active resonant DC circuit breaker con guration with the
vacuum interrupter.

arc in the VI. The peak current is higher compared to the
previous DC interruption because the protection delay cannot
be compensated with proactive commutation.

V. DISCUSSION

The expected volatile nature of the discharge in the TVG at
low current and high-frequency oscillations, especially in the
Fig. 18. Auto-reclosing operation of the enhanced actiferming phase, do not adversely affect the operation of EAR
resonant DC circuit breaker with the triggered vacuum gdpCCBs. It would, nonetheless, be interesting to know more
and persisting fault. about the discharge processes in the TVG. Vacuum arcs and
the role of the cathode spots have been extensively researched
in the past. Vacuum arcs mainly burn in a diffuse regime and a
2) Commutation Path ReclosingFigure 18 shows a sce-constricted regime. The vacuum arc voltage is oscillatory in the
nario, in which the originally proposed and simpli ed EARdiffuse regime and relatively stable in the constricted regime.
DCCB con guration interrupt a fault current, reclose withApart from the stochastic oscillations observed, the discharge
the TVG, and then clear the persisting fault in a secondltage was relatively stable arourtDV to 15V, which
interruption. As visible, the EAR DCCB does not need tindicates that the discharge in the TVG is an arc discharge.
commutateipc from the TVG back to the main path afterConsidering the low current used in these experiments, the
reclosing and can instead interrupt the fault current directhacuum arc is most probably in the diffuse regime. The
with current injection. The EAR DCCBs could also clear theehavior of vacuum arcs in VIs at low current was already
persisting fault without delay since the VI is not operatedtudied in [33]. Even though similarities to VIs are likely,
However, the capacitor of the injection circuit is recharged tothe cause of the substantial discharge voltage oscillations in
higher voltage during the rst interruption, which would entaithe conduction phase of the TVG at low current has yet to
a too large injection current for an earlier second interruptidse understood. Possibly, the discharge in the interelectrode
at lower current. Therefore, the current trip level after reclosingap is never fully established during the oscillations in the
is implemented to be equal to the regular current trip level. Tiierming phase and conduction phase and the current in the
reclosing operation works similarly for the originally proposedevice is maintained by the forming glow discharge between
and simplied EAR DCCB con guration. The reason for thecathode and triggering electrode. The high positive voltage
difference inurys for both con guration is that the MOV is excursions could be indicative for a cathode spot trying not
connected differently. to extinct at low current. Theoretically, the discharge could
3) Main Path Reclosing:Auto-reclosing operation of the also oscillate back and forth between the triggering electrode
simpli ed EAR DCCB with the VI is demonstrated in Fig. 19.and the cathode after triggering with current in ow from the
Auto-reclosing is initiated300 msafter the rst DC interrup- anode. Interactions of the discharge with the RC circuit of
tion by reclosing the VI and the fault current immediatelyhe originally proposed EAR DCCB con guration should be
rises again. The triggering unit of the TVG is not readgonsidered because the voltage oscillations did not occur in
yet and, hence, proactive commutation is not possible. Whtire experiments with the simpli ed EAR DCCB con guration.
the trip current is surpassed, the VI is opened with an amdonetheless, the experimental results show that the minimum
In the second interruption, current injection extinguishes thweltage requirement of approximate§0V and low current
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operation down to50 A are not a severe limitation for thelGBTs. For MVDC, the EAR DCCB design would resemble
originally proposed EAR DCCB con guration. common AC metal-enclosed switchgear and does not require
The failed commutations to the commutation path of theny modularization since VIs and TVGs with suitable ratings
originally proposed EAR DCCB con guration at loRtys  are available. For HVDC, the EAR DCCB design would have
shows that the choice dRtyg has a lower boundRrvs a physical layout similar to the DCCBs from [7], [11]. Even
has a higher bound as well since the TVG does not trigggrough MVDC and HVDC designs would differ from the
at all if Rryg limits the forming current below a certainprototype studied, it is expected that the ndings of this study
level. The fault impedance adds to the impedance of the R equally valid because the underlying operating mechanisms
circuit during the triggering phase, which has to be considerdd not change.
for the upper bound oRnys . It is, therefore, relatively  For future research, it would be interesting to investigate
complex to dimension the RC circuit such that the originallthe possibility to integrate the DCS as auxiliary contact gap in
proposed EAR DCCB con guration can operate at a widéghe mechanical switch. The arc in the mechanical switch could
range of fault impedances. Thus, the inherent redundammpvide charge carriers that reduce the triggering requirements
of the originally proposed EAR DCCB con guration usingof the auxiliary contact gap. In certain applications, it may
mechanical switches instead of disconnectors described in [B8] preferable not to use an LCS, for instance, because of
is indispensable for reliable interruption. the losses, and LCS-assisted triggering cannot be applied.
As demonstrated, auto-reclosing can be executed with #istead, a fast mechanical switch could build up an arc
ther the main path, the VI, or the commutation path, theoltage suf cient to commutateyc from the main path to the
TVG. However, several commutation path auto-reclosing testsmmutation path [34]. In this case, the originally proposed
without persisting fault exhibited commutation failure afteEAR DCCB con guration could potentially commutate faster
successful triggering, which still requires research for clacompared to the simplied EAR DCCB con guration.
i cation. As for now, it is unclear whether these problems
are technology or implementation related. In the experiments

with the originally proposed EAR DCCB con guration, the _ _ .
problem occurred only forRrys = 1 and not with  This work studied the originally proposed EAR DCCBs and

Rrve = 477 andRpg = 15 . The simplied EAR the simplied EAR DCCBs that use LCS-assisted commuta-
DCCB con guration inconsistently exhibited this problen’Fion experimentally. The experiments show that the DCS used,
with and without persisting fault. Connecting an RC snubbéte TVG, triggers reliably down t&0V and at current as
dimensioned as the RC circuit of the originally proposed EARW as20 A despite substantial discharge voltage oscillations.
DCCB con guration in parallel to the TVG of the simplied Thus, the minimum voltage requirement of the DCS is not
EAR DCCB con guration improved commutation reliability, 25 critica! as previously expected. However, the RC circuit
however, not to an acceptable level. Another disadvantage@fthe originally proposed EAR DCCB con guration must
commutation path auto-reclosing is that the TVG can potehe carefully tuned for reliable commutation from the main
tially not be immediately triggered again after the subsequetth to the commutation path at low current. For LCS-
commutation to the main path. Hence, a mechanical switgfSistéd commutation to work reliably, the triggering delay
would be required instead of a UFD to handle persisting faulf§ust be adapted depending on the current level. Moreover,
Overall, the simplied EAR DCCB con guration reducesProactive commutation operation, main path auto-reclosing,
the component count considerably and allows for a more codfld commutation path auto-reclosing are demonstrated. If an
effective design than the originally proposed EAR DCCB cor-CS is used in the EAR DCCB con guration, LCS-assisted
guration. LCS-assisted triggering improves the operation&iiggering allows to simplify the EAR DCCB con guration,
reliability because the commutation process is decoupled frdfhreduce the component count, and to improve commutation
the DC grid and its in uence on the voltage potential at theeliability under all operating condmon_s._Hence, the simpli ed
cathode of the DCS. Moreover, the simplied EAR DCCBEAR con guration is superior to the qngmally proposed EAR
con guration can be combined with any injection circufPCCB con guration in most applications.
implementation because the current in the commutation path is
not recti ed. Symmetric bidirectionality can be implemented REEFERENCES
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