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Abstract

In this paper, two new hCB concepts for DC-grids are presented, which use a pulse current to extinguish
the arc in the mechanical switch after opening. Both concepts are capable to adjust the pulse current
amplitude/waveform to the fault current amplitude and so generate a slow current slope di/a: directly
before the zero current crossing without large passive components for a fast and reliable fault clearing.
By improving the controllability of the hCB and with a new control concept the capacitor volume of
the first concept could be reduced by 60% and the inductor volume by 88% compared to the existing
solution. At the cost of more active components, the capacitor volume could be even more reduced by
98.4% compared to the first concept (99.4% compared to the existing solution).

1 Introduction

In recent years, the interest in bulk HVDC transmission has significantly increased. A reason is the in-
creased need for offshore energy transmission from windfarms, which is limited to short distances with
AC technology due to cable capacitances. Also the need to transport energy of wind or solar parks over
long distances increases the interest in HVDC-transmission, which has lower losses than AC transmis-
sion. With the increasing power ratings of semiconductors using voltage source converters (VSC) in
HVDC systems is significantly simplified. Such converters enable a power reversal in a transmission line
fvithoutla voltage reversal, being a first step to a meshed multi-terminal DC grid with low transmission
osses [1].

One of the major remaining problems of HVDC transmission is to turn lines on and off, especially
in case of a fault, where currents rise quickly to high values, because of the low inductances and the
high capacitances encountered in HVDC systems. Besides turning off the complete DC grid [2] or
using AC circuit breaker with resonant circuits, hybrid circuit breakers (hCB) are a very interesting
alternative. hCBs combine a mechanical switch (MS) of slowly opening pure mechanical circuit breakers
for minimizing the conduction losses with a power electronic circuit, for enabling a fast turn off/fault
interruption [3, 4].

In HVDC systems, hCBs have to fulfill three basic requirements [1]: Thyr—-LC
1. To generate a zero current crossing in the MS for interrupting the arc Mgvc
2. To dissipate the stored energy in the connected lines L MCB L3
I P ’
i ault| IMCB ~_
3. To withstand the system voltage fault ?1 C Crﬁ:lvcr
For generating a zero current crossing in the MS several possibili- ~ Vbc i pulse ‘

ties exist [6, 7]. For example, some topologies use a load commu-
tating switch (LCS) (typical semiconductors), which commutates
the current to a parallel breaker branch consisting only of semi-
conductors [8, 9] or capacitors [10]. Topologies with LCS have Figure 1: An unidirectional hCB with
the main advantage that the current commutates fast from the MS SR )

to the semiconductor branch. Therefore, the MS can open with- MCB and an LC circuit with a thyristor
out arc, so that these topologies can use ultra fast disconnectors as to generate a single pulse current in the
MS and are able to block an increasing voltage while opening the MCB (Thyr-LC) [5] for turning the hCB
MS[11] resulting in a faster interruption process. However, the ¢

LCS generates additional conduction losses in the on-state.
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Topologies with a mechanical circuit breaker (MCB) as MS, which open under current with an arc,
can operate without LCS and cause therefore no additional on-state losses. The arc in the MCB is
extinguished by generating a zero current crossing in the MCB after the MCB is completely open. The
zero current crossing can be achieved by superimposing a resonant current higher than the fault current
[12] or by injecting a pulse current in opposite direction to the fault current [5, 13]. A successful arc
extinction in the MS without reignition depends on several parameters as for example the gap distance at
zero current crossing [14], the arc duration [15], the dv/d: across the MCB shortly after the arc extinction
and the di/a: of the current in the MCB shortly before the arc extinction [16-18]. While a large and
quickly increasing gap distance and a short arcing time can be achieved by quickly opening the MCB,
the dv/d: and di/a: depend on the grid and the design of the hCB. However, the known hCB concepts allow
no significant control of the pulse current and a low di/d¢; and dv/dr for all possible fault currents can be
achieved only by large passive components. Depending on the used MCB, di/d: values between 1004/
[17] and 204/us [15] are required for a successful arc extinction.

In order to overcome these limitations, two new unidirectional hCB topologies with the ability to adapt
the shape and amplitude of the pulse current, the di/a: and the dv/dr are presented in this paper. The unidi-
rectional hCBs conduct currents in both directions, but are only able to interrupt currents in one direction,
which decreases the required components and is sufficient for applications in grids [6]. Both topologies
are derived from the basic concept shown in Fig. 1 [5], whose design, basic principle and limits are
briefly explained in section 2. The two new topologies, which allow a much better control of the di/dr
and dv/dr are then presented in section 3.1 and section 3.2. Both presented topologies use semiconductor
switches, which can be turned on and off, to adapt the pulse current and so reduce the probability of an
hCB failure. Moreover, the proposed topologies can also be used to increase the performance in terms of
a lower maximum fault current, as is shown in section 3.4. The proposed topologies are compared with
existing solutions in detail in section 4 in terms of passive components, number of semiconductors and
performance. In section 5 the main results are summarized.

2 Single pulse hCB with LC-circuit and thyristor

A relatively siFlp%e and robust conCceipt to tullrln off
an increasing fault current in a DC line is shown

in Fig. 1 [5].g To minimize the on state losses, only IMCB[vk Al : VIkV]
a MCB is used in the main current path. A pulse i
current generator, consisting of capacitor C,, in- 10f _,11~""'/"""7Mc3,01<m|$=23.4ﬁ
ductor L, and thyristor Thyr, is in parallel to the - g
MCB (Fig. 1). Before the turn off, the capaci-
tor C, must be precharged. In case of a fault, the

/Ifault,Okm

1500

o
T

\ .
+IMCB.100km| $=601% 400
‘ s

current /¢, through the MCB quickly increases. 6 C K 7300
After detecting the fault, the MCB is opened un- 4 1200
der current resulting in an arc. While opening, | <VMCB.100km

the fault current increases further. After the MCB | 1100
is completely open, thyristor T hyr is triggered to i

generate a pulse current through the MCB in op- 0
posite direction to the fault current. The arc is then L (\V 56519

extinguished at the zero current crossing caused ‘ ITIV=565T9V | ‘ ‘

by the pulse current. After the arc extinction, the 4 4.5 5 55 6 6.5 t[ms]

current commutates to the C,L,-path and charges Figure 2: Two fault current turn off simulations for the
capacitor C, until the voltage over the varistor

MOV has increased so much that the fault current hCB given in Fig.1 for a short circuit fault at t=0ms. The
commutates completely to the varistor. This volt- assumed detection time is 2ms and the MCB opening
age must be higher than the system voltage Vyo, time is 2.3ms. The simulations reveal for two different
to decrease the fault current and is called transient  distances the three disadvantages of this concept: 1) The

interruption voltage (TIV). The energy in the ca-

ble inductances L; — Ly is then dissipated by varis- di/a: at the zero current crossing is higher for low fault
tor MOV. ! currents than for higher fault currents. 2) The dv/dr across

the MCB is lower for small currents resulting in a slower

and control. “In addition. there are no additional fault clearing. 3) The high negative initial transient in-
conduction losses during’ normal operation since terruption voltage (ITIV) after the zero current crossing

there is no LCS. However, there are several dis- generated across the MCB.
advantages as will be explained with the help of
Fig.2:

One advantage of this hCB is its simple topology

o The first disadvantage is that the shape of the pulse current is determined mainly by the capacitance
value of C,, by the precharge voltage and by the inductance value of L, and therefore stays the
same for all possible fault currents. However, the fault current amplitude and slope depend on the
initial current, fault type and the fault location. Consequently, the maximum pulse current must be
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designed such that it exceeds the maximum possible occurring fault current Iy;cp oxm- This means,
that for a fast switching action, the pulse current must rise quickly to very high values. However,
the arc extinction requires also for low fault currents a low di/a: shortly before the extinction, to
reduce the possibility of a reignition [18]. Therefore, the design of the pulse circuit is a trade-off
between the rise time to the maximum current lycp opn and the di/a: of the lowest fault current
IyicB,100km and/or of the nominal current during normal turn off, resulting in a high capacitance
value of C, and a high inductance value of L,.

e A second disadvantage is that the 4v/da: of the TIV V);¢p across the MCB depends on the capacitance
value of C,, which is charged by the fault current /¢,,;. The maximum allowed dv/a: across the
MCB after the arc extinction must not be exceeded in order to prohibit a reignition. Therefore, the
capacitance value of C, must be designed for the fast increasing Vicp o Of the maximum fault

current. However, by designing the capacitance value of C, for the highest fault current, the voltage
Vumca, 100k after the arc extinction rises only slowly for a low fault current Jy;cp. 100km, resulting in

a longer time until the fault current decreases and therefore also in a higher fault current and a
longer turn off time.

e A third disadvantage is the series connection of L, and L; — L4 after the arc extinction. Before the
arc is extinguished, the complete source voltage is shared by the line inductances L; — L4. After
the arc extinction, inductor L, must have the same di/d; as the line inductances. This results in an
initial transient interruption voltage (ITIV) across the MCB directly after the arc extinction, and
could lead to a reignition. Therefore, the inductance value of L, in the pulse current circuit should
be low, which contradicts the need for a low di/dr.

To avoid these three disadvantages, two new circuits which allow to adapt the pulse current for decreasing
the current slope at the zero current crossing are presented in the next section.

3 Hybrid DC circuit breaker with adaptable pulse current and partially
controllable MCB voltage

3.1 Single pulse hCB with adaptable pulse current

An extended hCB with partially adaptable pulse current shape without using a hi%h number of passive
components is shown in Fig. 3. Instead of thyristors, IGBTs in series are used in this circuit. In parallel
to each IGBT and to the R,C,L, circuit are varistors MOV; — MOV n,MOVc. Again, capacitor C, has to
be precharged by a charging circuit (see section 3.3).

In case of a fault, the hCB is turned off in five
steps as shown in Fig. 4:

e Fig. 4-1: First the fault current through the Da IGBT — LC

MCB increases until the fault is detected
and the MCB is opened resulting in an arc. ~ Lyaur [Tmc _
. . | 1 MCB i
e Fig. 4-2: Shortly before the MCB is com- v  ____| . +

pletely open, a pulse current is triggered by _ i G
turning the IGBTs on. The ideal timing is -3 &JI UGBT, outse
that the current in the MCB becomes zero = ‘

L HMOVC

when the MCB just has reached its maxi-
mum contact distance/ is fully open.

S Ja Ji \IGBT,
e Fig. 4-3: After the arc is extincted, diode ST R,
Dy starts to conduct until the pulse current
becomes lower than the fault current.
e Fig. 4-4: After diode D4 blocks, the cur- Figure 3: hCB WiFh MCB and an LC cifcuit with IGBTs
rent in the MCB branch remains zero and (IGBT-LC). By using IGBTs for generating the pulse cur-
the fault current continues to charge capaci- rent, the voltage after the arc extinction can be controlled.
tor C, while the MCB regains its full block- In addition, by turning on not all IGBTs for generating
ing capability. the pulse current, the pulse current can be adapted to the
e Fig. 4-5: As soon as the capacitor volt- fault current. A further adaptation of the pulse current

age is high enough to commutate the fault could be achieved by changing the number of IGBTS also
current to MOV, the energy of the lines is  during the pulse.

dissipated in MOV, and varistors MOV| —

MOV,

Control
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1 Ra
MCB Jj JL—!— Ij(/u/t 4_& Iﬁ/ulr
g T = I
MOVl : :IGBT] Ipul.\'u I/)u/.w
b L, L, HMove WMove
MOV, IGBT,
ke R, -
L ]_f(lu/r
T
L)_ ([/ MOVC

Figure 4: Operation principle of IGBT-LC with adaptable pulse current and partially controllable MCB voltage.

For generating the pulse current, all IGBTs can
be turned on (IGBT-all), resulting in the same
pulse current as with the system based on thyris-
tors. However, since the IGBTSs can be turned off,
the IGBTs can block part of the TIV. The TIV in-
creases then faster and can be partially controlled,
resulting in a faster decreasing fault current.

However, the topology has the advantage, that the
pulse current amplitude and shape can be adapted
(IGBT-APC1) to the fault current by varying the
number of turned off IGBTs with paralleled varis-
tors. By using more series connected varistors
in the pulse current path for generating the pulse
current (i.e. turn on less IGBTs), the voltage
across the inductor L, is decreased, resulting in a
slower current increase and a lower peak current.
Therefore, a pulse current with a peak value only
slightly higher than the fault current can be gen-
erated, which has a relatively low di/a:before its
maximum. This leads to a low di/dr at the zero cur-
rent crossing in the MCB. Due to the low di/dr be-
fore the pulse current peak, the inductance value
of L, can be reduced, leading to a faster rise time
of the pulse current, and thus also allows to de-
crease the capacitance value of C,.

A second, more advanced adaptation of the pulse
current (IGBT-APC2) is to change once the num-
ber of varistors, which are in the current path dur-
ing the pulse current. First, a relatively high num-
ber of IGBTs are turned on, which results in a
fast increase of the pulse current. After a de-
fined time, several IGBTSs are turned off, which
leads to a lower current slope before the zero cur-
rent crossing. This second control strategy allows
even lower inductance and capacitance values and
a faster pulse rise time.

In Fig. 5a), the three possible zero current cross-
ings of the MCB currents for the three control
methods IGBT-all, IGBT-APC1 and IGBT-APC2
are shown for hCBs, which generate a maximum
di/ar < 704/us. The corresponding pulse currents
are given in Fig. 5b). The improved controlla-
bility allows to decrease the time until the zero
current crossing is generated and therefore to de-

t=2ms  MCB opening time 2.3ms
tpulse,al[ = 100/15
TpulgeAPCL = SSS |
ImcalkA] tpulse APC2 = 35S
51
4l <«—IiGpr.apc2
3 Number of turned on

¥IGBTs is changed

1L \\Arj extinction

a) ol
lpulxge [kA]
1 3
M| IGBT-APCI\
Arc extinction
6 ™
S D, blocks
4 L
3 L1GBT-all / “11GBT-APC2
b) 2 Number of turned on|
1+ IGBTs is changed
0

418 42 422 424 426 428 43 432 flms)

Figure 5: MCB currents (a) and pulse currents (b) for the
hCB in Fig.3 for three different control methods. There,
a fault at t=Oms, a detection time of 2ms and an open-
ing time of the MS of 2.3ms are assumed. The wave-
form Ijgpr—q is generated by turning on all IGBTs.
Waveform IjGprapci is generated by only turning on a
part of the IGBTs and inserting varistors instead of the
IGBTs in the current path during the pulse. The wave-
form I;Gpr—_Apc2 is achieved by additionally changing the
number of IGBTs/varistors in the current path once dur-

ing the pulse.
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crease the values of C, and L, (Tab.I). In addition to decreasing the capacitance values, also the initial
capacitor voltage can be decreased.

Of course, the topology allows more than only Table I: Capacitance and inductance values of the pulse

these presented switching strategies, €.g. Varying  cjrcyit for the different control approaches in Fig.5.
the number of varistors several times during the

pulse generation. However, the number of switch- IGBT-all IGBT-APC1 IGBT-APC2
ing operations are limited since the switching time C.luF 7 T T

of high voltage IGBTs is in the range of several us rluF)

and the switching losses are high. Therefore, with L, [uH] 950 300 120

the presented strategies the IGBTs are turned on
at the beginning of the pulse current and then individual IGBTs are sequentially turned off during the
pulse current.

As additional possibility to reduce the di/d¢: around the
zero current crossing a saturating inductor could be
used in series to the MCB (Fig.6). The inductor sat-
urates at relatively small currents and therefore only
influences the MCB current around the zero current
crossing.

For generating the pulse current, it must be taken into
account that the fault current amplitude and waveform
in the MCB cannot be predicted exactly since it de-
pﬁ:n(fis (l>n the griél 1structure, thedgne im[;adan(l:es and
the fault type and location. In addition, the pulse cur- . . .
rent cannZF be immediately adapted to thege distur- Figure 6: IGBT-LC with saturating inductance Lyq.
bances. Therefore, the amplitude of the pulse current must be at least as high as the maximum possible
fault current to which the fault current could change after turning the IGBTs on. However, the fault cur-
rent can also be lower and lead to an earlier zero current crossing. Therefore, the generated pulse current
must generate a zero current crossing with an acceptable di/da: for the full range of possible fault currents.
Thus, the inductance value of L, is also a trade-off between the time to the zero current crossing from
the last switching operation of an IGBT (and the resulting possible current change) and the limitation of
the di/da at the zero current crossing due to the inductance.

As already mentioned in section 2, the capacitor TIkA] ] Vikvl
is designed to achieve the maximum allowed dv/ds 10 Jault I s oo T 500
of the MCB at the maximum fault current and in i Va == S
case of lower fault currents, the TIV is therefore ¢ @ /aIGBT 1400
increasing slower. Here, the IGBTs yield another . Viucsiesrs

advantage beside varying the pulse current. Since | ‘Al IGBTs of 1300
they can be turned off individually and commu- N

tate the fault current to their parallel varistors, the 4| 1200
IGBTs can increase the TIV while capacitor C, ,

is charged (Fig.7). The fault current starts to de- 5| Lucp>: “VMCB Thyr 1100

crease earlier and the remaining energy in the line _
inductances is dissipated faster. In addition, the O SO S 0
maximum voltage across the MCB can be con- D, conducts
trolled. After the capacitor is completely charged N N N N N S N N N
and as long as the current is still high, the volt- 4 42 44 46 48 5 52 54 56 5.8 f[ms]
lz;%etui(rzlreociso;[lhien lggg tlcs) gé%?éaslgifl% \}Sgg; 021; Eigure 7: By turning on all IGBTsj the pulse current' and
soon as the fault current decreases and the voltage difar of control method IGBT-all is the same as with a
over the varistors decrease, additional IGBTs can Thyr-LC system. After the zero current crossing, diode
be turned off so that additional varistors are added D, starts to conduct and prohibits a negative voltage

in the fault current path. The additional varistors across the MCB (ITIV in Fig.2). After diode D, blocks,

maintain the high TIV and so decrease the fault the IGBTs are turned off to increase the voltage over the
current as fast as possible. Another advantage of

using IGBTs is that the TIV across the MCB is MCB faster.
distributed to the capacitor and the IGBTs. Therefore, neither the capacitor nor the IGBTs must be able
to block the TIV. An additional advantage of the new concept is diode Dy so that the ITIV after the zero
current crossing is prohibited, since the diode starts to conduct.

For the control of the pulse current, the fault current in the line needs to be measured. While the MCB is
opening, the controller estimates the fault current for the time when the MCB is completely opened. With
this estimation, the point in time for starting the pulse current and the number of IGBTSs to turn on are
determined. For control method IGBT-APC2, where the number of IGBTs is changed during the pulse
current, the updated number of IGBTs and the point in time for updating are also calculated. However,
the point in time for changing the number of IGBTs or even the updated number of IGBTsS to turn off
could be changed in an advanced control method depending on the fault current development during the
pulse.
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1. Ra 2. DRa 3. R
5] ] ]
et MCB CrLf L fauir . MCB . | :+ ! fauir e MCB C,:Lf L fauir
MOV, IGBT, MOV, @J 'IGBTI Lpuise MOV, QJ \IGBT, Louise
| t L, ADp | ! ADg | il L, ADp
.IGBT MOV, \IGBT,

MOV, @ IGBT, . MoV,
[ ) r .

s
MCB [ Ifuulr
E - T
MOV]: J :IGBTl Ilmlsv
| ; | L, ADp
MOV, \IGBT,

1_ fault

Figure 8: Operation principle of /GBT — Dp with adaptable pulse current and controllable MCB voltage.

3.2 Single pulse hCB with adaptable pulse current and controllable MCB voltage

The IGBT-LC given in Fig. 3 is able to adapt the
pulse current shape and to control to some degree
the voltage across the MCB. However, the voltage
across the MCB still significantly depends on the
voltage of capacitor C,, which therefore requires a
value high enough to limit the maximum allowed
dv/a: of the MCB. Additionally, for low fault cur-
rents, the dv/dar of the TIV is still lower than the
maximum allowed dv/dr and thus the fault current
starts to decrease later. This could be avoided by
the bypass diode Dp parallel to the R,L,C, circuit
instead of the varistor MOV as shown in Fig. 9.

With bypass diode Dg, the fault clearing of the
hCB can be divided into five steps:

e Fig. 8-1: In case of a fault, the current rises
until the fault is detected. Then, the MCB
is triggered to open.

Fig. 8-2: As soon as the MCB is completely
open, the pulse current is generated by turn-
ing on all or part of the IGBTs.

Fig. 8-3: After the zero current crossing
of the current in the MCB, diode D, starts
to conduct until the pulse current decreases
and Dy blocks again.

Fig. 8-4: As soon as D, blocks, bypass
diode Dp starts to conduct and the current of
the R, L,C, circuit oscillates (Fig.10) until it
decreases to zero. During this ste{), further
IGBTs are turned off and the parallel varis-
tors of the IGBTs already start to dissipate
the stored energy of the line.

Fig. 8-5: When all IGBTs are turned off,
the complete stored energy of the line is dis-
sipated 1s varistors MOV; — MOV,,.

A main advantage of the additional diode Dg is
that the MCB voltage after the zero current cross-
ing is independent of the R,L,C, circuit. Directly
after the zero current crossing diode Dy starts to

Vucs
Dy IGBT — Dg
_ Ifagll IMgB )
ligsry, MCB Ji

) T

1 1
- ~:§ §J| :IGBTI Ie, Ip,
£ ! P L, *DB
8 . $ 1

S HJ \IGBT,
= L1 R,

Figure 9: IGBT-Dg: hybrid CB topology with bypass
diode Dg. The pulse current waveform amplitude and
the MCB voltage can be adapted.

I[kA] V[kV]
10t Ipy—~ Vmes—, {500
8l Losr / 400
6 Y 1300
4l 1200
2l 100
0 0
ol Dy conducts == Ie— 1100
-4} 12200
41 42 43 44 45 46 47 i[ms]

Figure 10: Zero current crossing in the topology /GBT —
Dg for a short circuit fault at t=0ms. The zero current
crossing is generated after the MCB is completely open
after a detection time of 2ms and an opening time of
2.3ms. After the zero current crossing in the MCB, the
MCB voltage remains zero until diode D4 blocks again
and diode Dg bypasses the R,.L.C, circuit. Due to Dp, the
voltage across the MCB is equal to the voltage across the
turned off IGBTs and thus is controlled increased.
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conduct and the voltage across the MCB is zero. As soon as D4 blocks, the MCB voltage is solely de-
fined by the number of varistors in the fault current path respectively by the number of turned off IGBTs.
Therefore, the voltage across the MCB can be directly controlled during the fourth and fifth step. An-
other effect of Dp is that capacitor C, is not charged by the fault current after the zero current crossing,
because C, is not used to block a part of the TIV as in topology IGBT-LC. Therefore, the maximum
voltage across capacitor C, is much smaller. However, this results in a higher number of semiconductors
have to be increased, because they need to block the maximum TIV. An advantage of blocking all the
TIV with the semiconductors is the possibility to conduct the line current with the IGBTs and Dy before
a turn on of the MCB, so that the MCB can be turned on without arc and the disturbances in the grid at
the turn on of the hCB are lower.

D(A

MCB
3.3 Charging circoit ] .
For chargin% capacitor C,, the circuit given in MOVIE,{J@ \[GBT)
Fig. 9 can be enhanced with a charging circuit ! ' DrcA
as depicted in Fig. 11. For keeping capacitor C, ! g
charged when the hCB is closed, a resistor Rec MOV, "GBT,
is connected between the capacitor and the return IR .
conductor of the line. However, capacitor C, must L h Dan
be precharged before the MCB can close in order :

to allow an immediate turn off after the turn on of
the MCB. Figure 11: Circuit of Fig. 9 with charging circuit.
To charge C, before the MCB closes, /IGBT| —
IGBT, and thyristor T, are turned on to gener- 1[A] VIkV]
ate current Iy in L, (Fig. 11). First, the cur- 600}
rent /7, is increased in the inductors L, and L. i
Diode Dp blocks here after capacitor C, is slightly 400
charged via Dp. Current 7, increases further un- 20 O>
til IGBT, — IGBT, are turned off or the resistor |

R, limits the maximum current. As soon as the 0’

IGBTs IGBT, — IGBT,, are turned off, the current

is commutated to M Or‘l/l — MOV, and the current L all Number of turned on IGBTs -
in L, decreases (Fig. 12). Therefore, the cur- 200[

rent in L., commutates to the freewheeling diode 100+

D¢y (Ic) and charges capacitor C,. By turning a o

part of the IGBTs on again, the current in L, 0 1 2 3 4 5 t[ms]
and L, increases again. The number of IGBTs, _. . . L
which are not turned off is such that capacitor C, Figure 12: Precharging of C, with the circuit given in
is not discharged over diode D4. This charging Fig.11: The IGBTs and the thyristor are turned on gener-
process is repeated several times until capacitor ating a current in L,. By turning the IGBTS off, a part of

C is charged and the MCB can be closed. the current in L., commutates to D, and charges C,.

3.4 Early turn off at low fault currents 1[kA] VIkV]

So far, topologies with an MCB first open the
MCB completely and then extinguish the arc with
the pulse current. The main reason to wait until 8
the MCB is completely open before triggering the
pulse current is to reduce the risk of a reignition. 6
However, a secure arc extinction is also possible
for the same current with smaller gap distances if

the maximum di/a: at the zero current crossing is 4/
decreased [14].

This early arc extinction can be used for reducing 7!
the arcing time and the energy, which improves
the life time of the MCB [19]. A second advan-
tage is the possibility to increase the TIV while the 0 : ‘
MCB is still opening. This results in a decreased 5 5.5 tlms]

maximum fault current and a lower energy to dis- Figure 13: Fault and MCB current as well as MCB
sipate in the hCB.

400

*IMCB,early o 300
1200

100

0

voltage during a conventional turn-off with IGBT-APC2
For performing always an early turn off, the di/dr (blue) and an early turn off with IGBT-APC2 (red) for
for all possible fault currents would have to be de- 4 short circuit fault at t=Oms in 60km distance. Due the
creased. This would result in higher values for the
passive components. However, the IGBT-LC with
a pulse circuit designed for generating a specific

early arc extinction, the TIV rises earlier and the fault
current starts already to decrease before the MCB is com-
pletely open.
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Table II: Maximum fault current and dissipated energy from the grid for normal/early turn off at different distances

Okm 20km 40km 60km 80km
I} [KA] 10.38/10.38 8.43/8.05 7.13/6.86 6.19/5.85 5.59/5.15
E,riq [MJ] 24.8/24.8 20/18.2 17/15.6 15/13.2 13.7/12

maximum di/d: at the zero current crossing experi-

ence this maximum di/d: only for high fault currents. The reason is that the generation of a pulse current
for high fault currents needs the turn on of most of the IGBTs and therefore the turn on or off of one
additional IGBT changes the pulse current significantly. For low fault currents only a low number of
IGBTs are turned on, which allows to adapt the pulse current much easier. Thus for low fault currents,

the di/dr can be decreased, the arc earlier extinguished and therefore the performance increased (Tab.II).
Two exemplary turn off processes of a CB designed for a maximum di/a: = 704/,s are shown in Fig.13.
Since the zero current crossing can be achieved with a low di/ar = 244 /s, the arc is extinguished 0.35ms
earlier with a maximum current of 5850A instead of 6190A.

4 Comparison

In this section, the simulation results of the two

: > Table III: Design parameters of the monopolar DC grid
presented topologies are compared in terms of

passive components, required semiconductors and Nominal direct voltage Ve 320kV
performance with the existing concept discussed Rated power P 200 MW
in section 2. The different concepts have been de- Length of line 100 km
signed for a DC-grid according to the parameters Maxi | 480KV
in Tab.III with the line parameters given in Tab.IV. aximum overvoltage
The main design criteria are to minimize the size Maximum dv/a: of MCB 1 kV/us
of the passive components and the required semi- Assumed detection time 2.0 ms
conductors, while being able to generate a zero Opening time of the MCB 2.3 ms
gugrgnt crossing as soon as the MCB is completely Maximum d7/a: for arc extinction  704/ps
pe. _ Maximum TIV 480 kv
The components of the concepts are compared in Current limiting inductances 146.8uH

terms of the maximum stored energy in the induc-

tors and the capacitors, which is approximately
equivalent to the component volume, the maxi-
mum energy to dissipate and the required ratings
of the semiconductors. The performance of the
hCBs is compared based on the maximum occur-
ring fault current in the line, the interruption time
an.d the energy drawn during the fault from the
grid.

The results of the simulations (Tab.V)
show that the chan%e from Thyr-LC to

E[MJ]
IGBT-all already allows to decrease the A

Table IV: Parameters of the 320kV HVDC OHL [20],
which is assumed in the simulations.

935.6 uH/km
0.0114 Q/km
12.3nF/km

Line inductance
Line resistance
Line capacitance

Liine
Rl ine
Cl ine

Vblock [kV]
A

maximum fault current in the line and
therefore also decreases the maximum

30
stored energy in the inductances. This

is achieved by turning IGBTs off after W
the arc extinction to increase the TIV

across the MCB faster. The faster in- 207
crease of the TIV and keeping the TIV
constant at the maximum allowed MCB
voltage results also in a shorter time to
zero current and therefore a lower en-
ergy to dissipate in the varistors. Ad- T

10

ditionally, the stored energy in the ca-

600

Dy |DB;

4001 16

Thyristors
IGBTs

_ [Thyristors

200
1w
'Y

E E,

pacitor is decreased since the maximum Eni Eyoy E . Semiconductor  Semiconductor
voltage of varistor MOV is decreased, Blocking Voltages Maximum Currents
since varistors MOV, — MOV, parallel
to the IGBTSs block a share of the TIV. Thyr-LC =IGBT-all IGBT-APC]

IGBT-APC2 =IGBT-Dg

Thyr-LC and IGBT-all achieve the low
di/a: of the zero current crossing with
comparably high values of inductance
L, and capacitance C,, which results in

: ance the grid.
a high current in diode D4 and therefore

Figure 14: Comparison of required semiconductor blocking voltage,
volume of passive components and maximum dissipated energy of
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Table V: Comparison of required semiconductor blocking voltage/passive components and the performance of the
CB in terms of maximum current, maximum time from start of the fault until clearing and dissipated energy.

Unit Thyr-LC IGBT -all IGBT-APC1 IGBT- APC2 IGBT —Dg

Inductive energy storage Ej, [MIJ] 8.88 7.99 7.99 791 7.92
+— in current limiting inductances [MJ] 8.82 7.94 7.98 7.9 7.9
— in the pulse circuit [kJ] 56.6 514 16.3 6.45 11.2

Capacitive energy storage Ec [MI]] 3.15 2.99 1.26 1.25 0.02

Energy dissipation Eyoy [MIJ] 333 25 25.5 25.1 24.9

IGBTs blocking voltage [kV] - 161 161 161 643

Diode D4 blocking voltage [kV] - 480 480 480 480

Diode Dp blocking voltage [kV] - - - - 60

Thyristors blocking voltage [kV] 160 - - - -

Maximum IGBT current [kKA] - 10.4 10.43 10.38 10.38

Maximum diode current of Dy [A] - 1300 1000 500 900

Maximum diode current of Dp [kA] - - - - 20

Maximum thyristor current [kKA] 10.96 - - - -

Stress of IGBTS [ I;;prdt [As] - 32.7 36 35.5 24.28

Stress of Diodes Dy [1,;,,,dt [As] - 0.04 0.04 0.011 0.036

Stress of Diodes Dg [1;,,,dt [As] - - - - 54.4

Stress of Thyristors [ 1, dt [As]  86.56 - - - -

Peak fault current ff ' [kKA] 10.96 10.4 10.43 10.38 10.38

Time to zero g [ms] 32.5 16.22 15.2 15.2 15.2

Dissipated energy from grid Eg,;y [MJ] 34.6 25.8 25 24.8 24.9

a long time until D4 blocks. IGBT-LC with the advanced control methods IGBT-APC1 and IGBT-APC?2,
which adapt the pulse current, result in a lower current in D4 with shorter duration and with lower values
of inductance L, and capacitance C,. Due to the earlier blocking of Dy, the TIV across the MCB starts
to increase earlier. However, due to the smaller inductances, the maximum fault current decreases only
slightly in case of IGBT-APC2. This lower current also results in a decreased stored inductive energy,
especially in L, with its decreased inductance value. Additionally, the decreased inductance value and
the shorter rise time of the pulse current in L, decreases the required energy for the pulse current and
therefore allows to decrease the capacitance value of C,.

The additional diode Dp in IGBT — Dp allows to control the MCB voltage completely with the number
of turned off IGBTs and leads to the same maximum fault current. Additionally, the capacitor does not
have to block a share of the TIV across the MCB, which decreases the maximum capacitive stored energy.
However},l;hﬁ number of IGBTs must be designed to withstand the maximum TIV and the currents in Dg
are very high.

5 Conclusion

In this paper, a new hCB topology using a pulse current to extinct the arc in the MCB at the turn off is
presented. The proposed topology uses a series connection of IGBTs with parallel varistors in the pulse
circuit, which allows to adapt the pulse current to the fault current amElitude. With the adaptation of the
pulse current, the capacitor volume could be decreased by 60% and the inductance volume in the pulse
circuit by 88% while a low di/a: at the zero current crossing in the MCB could be maintained. Another
advantage is that the IGBTs only need to block a part of the TIV and therefore the number of IGBTsS is
comparably low. A variant of the proposed hCB concept, uses an additional diode and therefore allows
full control of the MCB voltage after the arc extinction. Additionally, the diode enables the hCB to
precharge the line before the MCB is closed and so avoids grid disturbances. This concept allows to
decrease the capacitor volume by 98.4% compared to the first concept, but has four times more IGBTs.
It has been also shown, that the increased controllability of the pulse current shape and MCB voltage
allows to decrease the di/dr at the zero current crossing for low fault currents, which enables to extinguish
the arc earlier and therefore results in smaller fault currents without increasing the number and volume
of components.
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