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NMAPAMETPUYECKOE UCCJTIEAOBAHUE MOLLHOIO BbIK/THOYATEJIA

The process of commutation in DC circuits
differs from AC circuits in the sense that in AC
circuits, the breaker can be opened at the instant
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NMOCTOAHHOIO TOKA, OCHOBAHHOIO HA BAKYYMHBbIX
AOYTOTACHUTEJIbHbIX KAMEPAX U NMOJMTYNMPOBOAHUKAX

[IpoBeneHo napameTpuueckoe Uccaen0BaHWEe MOIIIHOTO BBIKJIIOUATES TOCTOSIHHOTO TOKA, BBITTOTHS -
1o111eT0 (PYHKIIVIO TOKOTPpAaHUYEHHS 32 CUET CBOETO ObICTpONECTBUS. B cocTaB BhIKITIOYATENST BXOAST
JIB€ BAaKyyMHbI€ AyroracuTejbHble KaMepbl, COEAUHEHHbIE TTOCIEA0BATEIbHO, MTPUYEM OHA U3 HUX
IIYHTUPOBaHa COOPKOM MOJyMPOBOAHUKOB. [IpUHILIMIT NeiicTBUS BBIKJIIOUATENIS OCHOBAH HAa TOM, UTO
MpU pa3MbIKaHU U KOHTAKTOB BAKYyMHOI KaMephbl CO31aeTCsl AJITePHATUBHBIN MyTh MPOTEKAHUS TOKA
yepe3 napasjieibHO BKIIOYEHHBIE NUObI, YTO CYIIECTBEHHO OOJieryaeT yCJIOBUSI MOTacaHUsl OyTU
B BaKYyMHOI KaMepe. OTU AUO/IbI TAKXKe 00JIeT4atoT YCI0OBUsI BOCCTAHOBJIEHUS 3JIEKTPUYECKOI MTPOY-
HOCTHU BTOPOi1 BAKYYMHO1 KaMepbl, KOHIEHCAaTOpHasi 6aTtapesi MpOTUBOTOKA MEPEKITI0YAeT TOK U3 LIS
IIMOJOB 1 BTOPOI1 BaKyyMHOI KaMephl B OaTapero U BapucCTOp. brICTponelicTBYIONIMI BhIKIIIOUATEb
MO3BOJISIET CYIIECTBEHHO OrPAHWYUTD aMITJIUTYAY TOKa KOPOTKOTO 3aMbIKaHUSI, YTO OCOOEHHO BaXKHO
IUTS1 LIeTei ¢ MajiblMy 3HAaY€HUSIMU UHIYKTUBHOCTEH, Tie OOoJIbllKe MPOU3BOAHbIE HApACTAHUS TOKA.
BBIKJTFOYATEJIb ITOCTOAHHOTO TOKA; BAKYYMHASA AYTOTACUTEJIbHAA KAMEPA; ITOJYITPOBO-
IHUK; KOHIEHCATOP; BAPUCTOP.
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Parametric study of a two-stage high-power DC circuit breaker is carried out. It is a current-limiting
breaker which is characterized by a fast opening time. The circuit breaker under consideration consists of
two vacuum interrupters in series and one of them has the semiconductors in parallel. The principle of
operation of this vacuum interrupter is mainly based on providing an alternate path for the load current to
flow through parallel-connected diodes so that the contacts of the vacuum interrupter can be opened under
minimal arc conditions. The diodes help restore the dielectric strength of the second vacuum interrupter
when the counter pulse capacitor switches the current from the diodes and the second vacuum interrupter
to the capacitance and varistor. A fast circuit breaker substantially reduces the short circuit current. This is
especially important for the circuits with small inductances and therefore high current derivatives.
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Introduction when the current is close to zero. But in the case of
DC circuits, since this phenomenon is absent
alternate methods of opening the circuit breaker need
to be devised. Also, the presence of energy storage
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elements (inductances) complicates the process of
commutation as the energy stored in these elements
can further fuel the arc between the contacts of the
circuit breaker. Therefore, all of these constraints are
taken into account while designing a DC circuit
breaker.

DC breakers

In DC circuits, during the short circuit mode,
the current increases monotonically up to the steady
state level which can be rather higher than a nominal
value.

A very important feature of the breaker is the
possibility to limit the maximum value of the short
circuit current. To execute such a function, the break-
er has to be as fast as possible. The current limiting
breakers are characterized by a minimal value of
opening time usually up to 5 ms.

Fig. 1 illustrates the difference between current
limiting and non-current limiting breakers.

The current diagrams for current limiting break-
er (i") and for the breaker without current limiting
function (i") are shown in Fig. 1. The first interval,
t,is the time which is needed for the current to reach
the limiting level, this depends on the circuit param-
eters and not on the breaker; #;, — is the breaker
opening time and it is an important breaker param-
eter. The current tends to increase for a short period
oftime until #, since the voltage appearing on the arc
is still less than the source voltage. Time interval
t=1,+1t, +1,is the time for current limiting. During
this time interval, the di/dt (current derivative) is very
high and prolongation of it leads to a high increase
in current. The values of the #; + 7, time interval
strongly depends on the breaker design. Therefore,
by limiting it, the short circuit current can be limited.

Time interval #; is the time duration for arc shut
down during which the current monotonically de-
creases.

Two stage vacuum valve breaker

The DC circuit breaker considered herewith is a
two stage breaker. The first stage is one (or several)
mechanical vacuum interrupters (V/) which under
normal operating conditions carries the current. The
second stage is a controlled semiconductor assem-
blage is connected in parallel to the mechanical valve
and this carries the short circuit current for a short
period, this is done for the current to bypass the
mechanical valve through the semiconductor as-
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Fig. 1. Breaker current and voltage behavior:
i"and u' — for current limiting breaker;
i" and ©” — for non-current limiting breakers

semblage. A counter pulse capacitor (CC) is used to
mitigate the current through the semiconductor
which is eventually transferred to and damped by a
varistor [1-3].

Fig. 2 represents the circuit scheme with two
vacuum interrupters OS1 and OS2 which are con-
nected in series. A diode set VD2 is connected in
parallel to 0S2. The counter pulse capacitance along
with the discharger FV1 and diode VD1 together are
connected in parallel to both the vacuum interrupt-
ersand a varistor RU1 is connected across the branch
of the counter pulse capacitance.

The vacuum valves QS1 and OS2 can be con-
nected in parallel or in series. The reason for having
the vacuum valves in series as opposed to them being
in parallel is to reduce the total switching time by
opening the contacts of both the vacuum valves si-
multaneously instead of one after another.

The command to open the contacts of both the
vacuum valves, OS1 and OS2 are given simultane-
ously. Under the influence of the arc voltage drop on
082 and voltage drop on its inductance, the current
from QOS2 switches into VD2.

After the current through OS2 reduces to zero
and after OS2 regains its dielectric strength, the
counter pulse capacitance (C1) is introduced into
the circuit by means of igniting the discharger FV1.
A choke, L connected in series with C1 is used to
limit the value of the current derivative through the
semiconductors. Asthe capacitance discharges, the
current through VD2 and QS1 is mitigated and now
the current begins to flow through the counter pulse
capacitance thereby recharging it. When the current
through OS1 reduces to zero, the voltage remaining
onthe Cl1 isapplied to VD2 to keep it in the off state,
so that it is ensured that QS1 regains its dielectric
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Fig. 2. Scheme of the with two vacuum interrupter: QS1, QS2 — vacuum interrupter; VD1, VD2 —
diode sets; C1 — counter pulse capacitor; L — choke; FV1 — discharger; RUI — varistor

strength. The diode, VD2 serves two purposes, one
to provide a path for the current to bypass Q.52 so
that its contacts can be opened and another to en-
sure that a high voltage does not appear across
QS until the moment the voltage across C1 chang-
es polarity. When the voltage of the counter pulse
capacitance Clchanges polarity and reaches the
operating level of the varistor, the current now flows
through the varistor. The operating voltage level of
the varistor is approximately two times the initial
voltage on the C1 which is close to the voltage
ofthe main DC source. Due to the varistor voltage,
the current in the circuit subsequently damps
to zero.

Switching virtual test

Main technical parameters of the circuit compo-
nents:

1. Circuit inductance and resistance are calcu-
lated from the nominal values of source voltage and
maximum prospective short circuit current. Tests are
done for two values of source voltages, 5SkVand 10KV,
while the maximum value short circuit current in
both the cases is taken to be 200 kA. The time con-
stant in the short circuit mode is 6ms. From the
aforementioned values, the values of circuit resis-
tances are 0,05 €2 and 0,025 Q for 10 kVand 5 kV re-
spectively and the values of circuit inductances are
0,3 mH and 0,15 mH for 10 kV and 5 kV respec-
tively.

2. The inductance of the vacuum interrupter is
fixed as 0,4 uH. The dynamic resistance of the arc in
the vacuum interrupter is 1,5 m<2. The cathode arc
voltage drop is 15 V. The vacuum interrupter voltage
recovery time is taken to be 0,1 ms and the vacuum
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interrupter opening time is 0,5 ms. It can be reached
by help of the special electro dynamic drive system.

3. The parameters of the diode set (V'D2) in par-
allel to the vacuum interrupter are:

The inductanceis 0,1 uH, VD2 threshold voltage —
4V, VD2 slope resistance — 0,15 mQ. Permissible
value of the current derivative in the VD2 — 1 KA/ us.

4. The counter pulse capacitor (C1) which is ini-
tially charged is provided to supply a current in the op-
posite direction to the fault current so as to mitigate it.

C1 parameters are as follows:

Initial voltage — 10 kV (for the source of 10 kV)
and 5 kV (for the source of 5kV).

The initial value of the C1 capacitance was taken
as 0,4 mF, but it may be changed to obtain the re-
quired time interval to recover the interrupter voltage
strength (0,1 ms). Permissible overvoltage of the C1 =
= 20 kV (for the source of 10 kV) and 10 kV (for the
source of 5 kV).

The dynamic resistance of the FV1 switch is
0,1 mQ.

Results and observations

Switching test was carried out for two values of
source voltages 10 kV and 5 kV.

The following are the results obtained for a source
of 10 kV.

The behavior of the load current can be seen in
Fig. 3.

Fig. 4 represents the voltage across the counter
pulse capacitor.

1(QS82) is the current through the VI connected
in parallel across the VD2. I(VD2) is the current
through the diode set. /(C1) is the current through
the counter pulse capacitance.
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Fig. 3. Load current vs. time
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Fig. 4. Current pulse capacitor voltage vs. time
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Fig. 5. Breaker current vs. time: /(VB1) — vacuum interrupter QS1 current;
1(DS) — diode set VD2 current; I/(CC) — current pulse capacitor current;
I(RU) — varistor RU1 current

The typical operation of the DC breaker under
consideration can be divided into three stages. The
first stage begins when the command to open the
contacts of both the vacuum interrupters (QS1 and
082) is given. As the breaker opening time is specified
to be 0,5 ms, the contacts are opened after this dura-
tion and an arc appears between the contacts. Under
the influence of the arc voltage drop, the current in
082 start to reduce and switches to the diode set

(VD2). The current through OS2 completely drops
to zero at t, this is the end of the first stage and after
aperiod of 0,1 ms which is the time necessary for the
vacuum interrupter to regain its dielectric strength,
the discharger (FV'1) is ignited so as to introduce the
counter pulse capacitor (C1) into the circuit which
is the beginning of the second stage at #;. The C1 is
initially charged and when connected, it discharges
by supplying a current in the direction opposite to
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the load current through VD2 and QS1. When this
current completely drops to zero at t4, the remaining
voltage on the C1 kept applied to VD2 in order to keep
it in the switch off state and to ensure that there is no
voltage applied to Q51 in order to enable it to regain
its dielectric strength. It is necessary that the back
voltage is kept applied across the VD2 for not less
than for 0,1 ms.

Thus, for a period from £, to #, the load current is
completely transferred from the branch of the vacuum
interrupters 951 and OS2 to the counter-pulse ca-
pacitance branch. Now the current entirely flows
through the C1 branch and thus forming a series RLC
circuit. The end of the second stage is attained when
the voltage on the C1 changes its polarity and in-
creases up to the level of the DC source voltage and
even further. So the load current reaches its maximum
value and begins to decrease thereafter.

The third and final stage begins immediately af-
ter the completion of the second stage when the load
current is decreasing. When the capacitor voltage
exceeds the operating voltage of the varistor, it leads
to a rapid decrement of the varistor resistance and,
as a result, a complete shunting of the capacitor bank
by the varistor takes place. Full transition of the load
current from the capacitor branch to the varistor oc-
curs at the instant #,. Varistor parameters are se-
lected such that the voltage across the capacitor does
not exceed 20 kV for a source voltage of 10 kV (and
10 kV for a source voltage of 5 kV). Thus provides
both a sufficient level of the load voltage which is
necessary for a rapid decrease of the load current,

and protection of the capacitor bank against over-
voltages. The varistor subsequently damps the load
current to zero which terminates the switching pro-
cess at 7. The results obtained for a source of 5 kV have
similar characteristics to that of 10 kV.

For successful switching, the value of the counter
pulse capacitance should be such that a minimum of
100 us is ensured between the instants when the current
through the VD2-0QS1 branch drops to zero and the
instant of changing polarity of the C1 voltage. It is
found to be 0,55 mF for a source voltage of 10kV and
1.1 mF for a source voltage of 5 kV. Therefore, it is
observed that as the source voltage is halved (10 kV to
5 kV), the minimum capacitance value is doubled
(0.55mF to 1,1 mF), but the capacitance energy will
be halved too. The maximum stored energy in the
C1 was found to be 27,5 kJ (for 10 kV) and 13,75 kJ
(for 5 kV).The maximum load current was found to
be 47,08 kA (for 10 kV) and 45,875 kA (for 5 kV).

Summary and conclusion

The switching off process in the two stage break-
er was studied. It was shown that by using vacuum
interrupters with a small opening time (0,5 ms), one
can significantly reduce the maximum values of the
short circuit current from 200 KA up to 48 kKA. The
diode assemblage connected in parallel to one of the
two vacuum interrupters, which are connected in
series, allows not to pay attention to the value of the
current derivative near the zero point during the cur-
rent switching off as it is usually important to the
vacuum interrupters.

CrIUMCOK JIUTEPATYPbI

1. Anommn O.A., Kyraep I1.I1. CpaBHeHMe TeXHUYE-
CKUX ITApaMEeTPOB BAKYYMHBIX BBIKITIOUATEICH Pa3IMIHBIX
bupm // DrnekTpoobopynoBaHME: SKCIUIyaTaLIUsI U pe-
MoHT. 2007. Ne 8. C. 29-32.

2. Sidorov V.A., Alferov D.F., Alferova E.D. Dielectric
Strength of Series-Connected Vacuum Gaps // IEEE

Trans. On Dielecteric and Electrical Insulation. Vol. 13, Is-
sue 1. Feb. 2006. P. 18—25.

3. Kyunnckuii B.I'. Diexrpuyeckue anmaparsl Mo-
CTOSTHHOTO ToKa: YueOHoe mocobue. CII6.: U3n-Bo
CII6I'ITY, 2012. 200 c.

CBEAJEHUSA Ob ABTOPAX

KYYNHCKU Buamumup Teopruesma — dokmop mexnuyeckux nayk npogeccop Canxm-IemepGypeckoeo
noaumexnuyeckoeo ynugepcumema Ilempa Beaukoeo. 195251, Poccus, r. Cankr-Iletepoypr, [lonurexHuueckast

yi1., 29. E-mail: vladkuchinsky@mail.ru

CUAXAPT Haunakymap Hazape — cmydenm Canxkm-Ilemepbypeckoeo noasumexuu4eckozo yHueepcumema
Ilempa Beauxoeo. 195251, Poccus, r. Cankr-IletepOypr, [lonurexuuueckas yi., 29. E-mail: nnsiddharth@

gmail.com

138



* JneKkTpoTeXHUKa

REFERENCES

1. Anoshin O.A., Kutler P.P. Sravneniye tekhnicheskikh ~ On Dielecteric and Electrical Insulation. Vol. 13, Issue 1.
parametrov vakuumnykh vyklyuchateley razlichnykh firm.  Feb. 2006. P. 18—25.
Elektrooborudovaniye: ekspluatatsiya i remont. 2007. Ne 8. 3. Kuchinskiy V.G. Elektricheskiye apparaty postoy-
S.29-32. (rus.) annogo toka. Uchebnoye posobiye.SPb.: [zd-vo SPbGPU,
2. Sidorov V.A., Alferov D.F., Alferova E.D. Dielectric ~ 2012. 200 s. (rus.)
Strength of Series-Connected Vacuum Gaps. IEEE Trans.

AUTHORS

KUCHINSKII Viadimir G. — Peter the Great St. Petersburg Polytechnic University. 29 Politechnicheskaya St.,
St. Petersburg, 195251, Russia. E-mail: vladkuchinsky@mail.ru

SIDDHARTH Nandakumar N. — Peter the Great St. Petersburg Polytechnic University. 29 Politechnicheskaya
St., St. Petersburg, 195251, Russia. E-mail: nnsiddharth@gmail.com

[arta noctynneHuns cratbm B pepakuyuio: 10.10.2016.

© Cankr-IletepOyprckuit monurexuudeckuit ynusepcuret [1erpa Bennkoro, 2017

139



