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Figure 4. Distribution of the electric potential across the symmetry axis of the plasma chamber at time
steps: 0 and 1 uSec after application of 1 T UFTME.

Figure 4 shows that the arc voltage increased from 5.9 to 117 V by the application of an UFTMF of
1 T within just 1 uSec. A value of the parallel capacitor as illustrated in Figure 5 was calculated by
performing numerous simulations with a focus on the commutation of the arc current. Various values
of the parallel capacitor were chosen and simulated simultaneously with a plasma analysis in a range
of a few pF to several puF. An appropriate value for successful commutation was calculated as 200 nF.

Figure 5. The external circuit of the plasma chamber, which is equipped by a parallel capacitor.

As it is mentioned before, arc current commutation from the plasma chamber to the parallel
capacitor will be considered as an interruption of the arc current if the interrupter is capable of a
high-frequency current interruption. Waveforms of currents flowing through the arc and the parallel
capacitor were calculated and depicted in Figure 6.
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Figure 6. Waveforms of the plasma chamber and parallel capacitor current after application of an
UFTMEF of 1 T. Successful commutation is achieved with the 200 nF parallel capacitor.

As it can be seen in Figure 6, a successful current commutation was achieved by placement of
a 200 nF capacitor in parallel to the plasma chamber, where a zero-crossing in the arc current was
observed. In the commutation process, the impedance of the parallel capacitor was much lower than
the source side because of the high-frequency content of the arc voltage. The capacitor will charge up
to a higher voltage than the initial arc voltage because of the direction of the electric current. By the

charging process, the arc voltage will be restrained by the capacitor and a high arc voltage of 100 V as

expressed in Figure 3 will not appear. Actually, the voltage of the capacitor scales up from 5.9 to 13.7 V.
In addition, the effect of a stray inductance of the main circuit between the interrupter and parallel
capacitor was considered for three values of 0, 10, and 100 nH. As depicted in Figure 6, by increment
in stray inductance, a zero crossing time will occur with more delay and a zero crossing may be lost
with large values of stray inductance. A design with a minimum value of stray inductance in this
commutation system will be one of the key points.

The mentioned performance of this circuit under strong UFTMF expresses that successful
interruption of the DC current will be accessible by this method while the transient recovery voltage
across the interrupter will be limited by the parallel capacitor. There are, however, some technological
issues, which have been discussed in the following.

4. Technological Discussions

Provision of UFTMF especially in medium-voltage power networks is the first challenge of this
system. The main source of such high magnitude and an ultrafast magnetic field is a coil with the
perpendicular axis to the current path. In addition, the coil should present a low value of inductance.
In this system, there is a need to generate an ultrafast rising magnetic field, and consequently, there is a
need to the ultrafast rising current in the coil. If the inductance of the coil is too high, the rise time of
the current will increase, and UFTMF will not be accessible. The energy source to feed the coil may

be a capacitor, which is charged to an appropriate voltage, and it can provide a sufficient amount of
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energy to increase the current in the coil. Capacitance and inductance of this system will satisfy the
rise time of the electric current in the coil.

As illustrated in Figure 7, a two-turn coil was placed beside a VI. This coil was considered with
two individual single turn coils on both sides of the VI, and the connecting path between two coils
consisted of two symmetric parallel paths. These two parallel paths ensured the transverse magnetic
field with the minimum axial component.

i V2N
\ /)\ w Q

Vacuum Interrupter
Coil for External UFTMF

Figure 7. A vacuum interrupter (VI) equipped with an external UFTMF coil.

An electric current of 200 kA with a rise-time of 1 uSec flowing through the coil ensured UFTMF
with a rate of rise of 10° T/sec.

Distribution of the magnetic flux density and related arrow-lines inside the arcing medium of VI
has been depicted in Figure 8 for the mentioned coil current and by the use of a finite element simulation.

Magnetic Flux Density (T)

Figure 8. Distribution of the magnetic flux density amplitude generated by an electric current of 200 kA
with 1 uSec rise-time.
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A charged capacitor, which is capable of providing pulsed current to the coil, will be an appropriate
choice of energy source for this system. The capacitance and charging voltage of the capacitor can
be determined by knowing the inductance of the coil. Finite element simulation of the coil and
calculation of the magnetic field and magnetic energy distribution expressed that the inductance of the
coil was 0.2 uH. The capacitance and charging voltage of the capacitor were calculated by considering
an inductance value of 0.2 uH, a peak current of 200 kA, and a rise time of 1 uSec. The calculated
capacitance was 2 uF and the charging voltage was 60 kV. These values satisfied the necessary electric
current for the coil to reach the mentioned criteria. A schematic diagram of the feeding circuit is
depicted in Figure 9.

Vacuum Interrupter and
External Coil for UFTMF

Controlled Closing Switch
(Spark Gap or TVS)

0@

2 UF Capacitor
60 kV

Figure 9. Schematic diagram of an electric current feeding circuit.

As illustrated in Figure 9, a closing switch capable of passing 200 kA is required. Possible
candidates could be controlled spark gap closing switches or triggered vacuum switches (TVS).
The breakdown voltage of the gap can be controlled by gap distance and gas pressure of the spark
gap [21,22].

One of the big challenges in this technology is penetrating the magnetic field into the arc chamber.
Electric contacts of VI and the switching gap are surrounded by the vapor shields [23]. According to
the electromagnetic theory, it is expected that UFTMF will be damped by the metallic vapor shields
because of its high-frequency content and as a consequence of large induced currents inside the shield.
Conventional vapor shields act as a perfect electromagnetic shield for such UFTMF and so magnetic
field damps dramatically inside the shield. This problem should be addressed by changing the structure
of the vapor shield. One possible approach to resolve this problem is the replacement of the arc shield
with a similar one with a different material. The use of one-piece ceramic vacuum interrupters as
suggested in [24] could be considered in this context. The tolerable amount of a metal coating on an
isolating material (e.g., due to the deposition of metal vapor on the ceramic shield) is dependent on the
frequency range of UFTME. Since the highest frequency content of UFTMF is 500 kHz, a coating layer
of 10-20 um will be completely transparent to the UFTMF. In addition, the challenge may be overcome
by making specific cut-lines on the vapor shield and using an overlapping structure.

5. Conclusions

The system proposed in this paper can be an innovative concept to introduce new technology for
HVDC circuit breakers and fault current limiters. Imposing an UFTMF with the magnitude of 1 T and
the rise time of 1 uSec or less to a modified commercial VI led to a considerable disturbance in charged
particles” spatial distribution and consequently to a transient increment in arc voltage. The electric
current of VI will be commuted successfully to an appropriate parallel capacitive external circuit, and a
zero-crossing in the electric current of VI will be achieved. All of these results were calculated by the
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finite element method based simulation of copper vapor plasma in VI while the interaction of plasma
and UFTMF was considered.

This concept of current interruption introduces an alternative method for the interruption of
electric currents when there is no zero-crossing, or there is a long delay time in reaching the zero-crossing.
DC current in the HVDC power network and AC current of generators in the HVAC power etwork
are the main cases of these applications. Another application of the proposed system is in the HVAC
power network where there is a need to have an immediate current interruption. Fault current limiters
are the main examples of this situation.

The main technological issues—provision of UFTMF, feeding circuit, and penetration of UFTMF
into contact area of VI—were discussed. This novel method will definitely encounter other technological
limitations such as necessary variations in the structure of VI, contact surface treatment for the better
high-frequency current interruption, UFTMF positioning, etc. Thus, the presented results of this paper
call for future experimental validations.
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Abstract: Vacuum arc commutation is an important process in natural-commutate hybrid direct
current (DC) circuit breaker (NHCB) interruption, as the duration of vacuum arc commutation
will directly affect the arcing time and interrupting time of NHCB. In this paper, the vacuum arc
commutation model of NHCB was established by simplifying solid-state switch (SS) and vacuum arc
voltage. Through theoretical analysis and experiments, the vacuum arc commutation characteristics
of NHCB were studied. The mathematical formula of the effect of main parameters on the duration of
vacuum arc commutation is obtained, and the changing law of the influence of the main parameters
on the duration of the vacuum arc commutation is explored. The concept of vacuum arc commutation
coefficient is proposed, and it is a key parameter that influences the vacuum arc commutation
characteristics. The research on the characteristics of vacuum arc commutation can provide theoretical
foundation for the structure and parameter optimization of NHCB and other equipment that uses
vacuum arc commutation.

Keywords: hybrid dc circuit breaker; vacuum arc commutation; solid-state switch; vacuum arc voltage

1. Introduction

With the development of fully controlled power electronic devices (FPEDs), such as the gate
turn-off thyristor (GTO), insulated gate bipolar transistor (IGBT), integrated gate commutated thyristor
(IGCT), and injection-enhanced gate transistor (IEGT), the hybrid direct current (DC) circuit breaker
based on power electronic technology has become an important technical solution and research hotspot
for DC breaking [1-4]. This type of DC circuit breaker combines the advantages of solid-state switches
(SSs) and mechanical switches (MSs), and shows the characteristics of a strong current carrying capacity,
low on-state loss, fast breaking speed, and no need for cooling devices [5,6].

According to the difference of the current commutating method from MS to SS, hybrid DC circuit
breakers based on power electronics technology are divided into forced-commutate hybrid DC circuit
breakers (FHCBs) and natural-commutate hybrid DC circuit breakers (NHCBs) [7,8]. The FHCB is
mostly used in the field of voltage above 10 kV [9,10], and one of the most representative FHCBs
is the 320 kV/2.6 kA hybrid DC circuit breaker developed by ABB in 2011 [11]. NHCB is mostly
used in the voltage field of 10kv and below, and there has been a lot of research on the NHCB [12].
Geniji et al. [13] proposed the NHCB firstly in 1994, and SS of NHCB is mainly composed of GTO.
Polman et al. [14] developed a 600V NHCB by fast MS and IGBTs in 2001, and it is a bi-directional
switch. Luca Novello et al. [15] developed a prototype of 1 kV/10 kA NHCB by using IGCT’s series and
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parallel technology in 2011. Lv gang et al. [16] studied the vacuum arc commutation characteristics of
NHCB, and a 10 kV/3.5 kA NHDB prototype was designed and tested.

There have been some studies on the vacuum arc commutation characteristics of NHCB.
The vacuum arc commutation model was constructed in [16,17], and the theoretical calculation
formula of the rate of the current rise in the commutation branch is given. In [18], a theoretical
analysis model is established, and the influence of adding impedance on vacuum arc commutation
was studied. The authors of [19] simplified an equivalent treatment of the IGBT module in SS, and the
criteria of the vacuum arc commutation were obtained. The authors of [15] studied the vacuum arc
characteristics at different breaking distances and different currents. The authors of [20] studied
the two current commutation measures for hybrid DC circuit breakers, and proposed a new current
commutation measure. The authors of [21] studied the influence of internal and external factors on
vacuum arc commutation, and reasonable parameters that can promote vacuum arc commutation
were summarized.

The duration of vacuum arc commutation is a very important parameter, as it will directly affect
the arcing time and interrupting time of NHCB, and shortening it will facilitate the interruption of
NHCB. However, little work has focused on the duration of vacuum arc commutation, and, especially,
there is a lack of mathematical formulas about it. In this regard, we conducted research on the vacuum
arc commutation characteristics of NHCB, and focused on the influence of the main parameters on the
duration of vacuum arc commutation. Section 2 establishes a simplified vacuum arc commutation
model of NHCB, and theoretically derives the influence of the main parameters on the vacuum
arc commutation characteristics. Sections 3 and 4 establish a vacuum arc commutation test circuit,
and experimentally study the influence of the main parameters on the vacuum arc commutation
characteristics. Section 5 first discusses the theoretical derivation and experimental results of the
previous two sections, proposes the concept of the vacuum arc commutation coefficient, and then
discusses the influence of the main parameters on the vacuum arc voltage. Finally, Section 6 concludes
this paper.

2. Theoretical Analysis

2.1. Principle of NHCB

As shown in Figure 1, an NHCB mainly includes an MS, an SS and a metal-oxide varistor
(MOV) [14]. The current limiting reactor is mainly used to limit the fault current. SS is mainly composed
of FPEDs through series and parallel connection, and the most commonly used FPEDs are GTO, IGCT,
IGBT, and IEGT. According to the literature [9], the interruption process of NHCB mainly includes
vacuum arc commutation and the interruption process of SS. The interruption process of NHCB
is shown in Figure 2. In this paper, we will focus on the vacuum arc commutation during NHCB
interruption. I;, Is, and I, represent the currents of the MS, SS, and MOV, respectively.

NHDB

H—fmﬂ—\ A

Current Limiting | | Mechanical Switch |
Reactor

1
-7 <

Solid-state Switch

MOV

Figure 1. The schematic of a natural-commutate hybrid DC circuit breaker (NHCB).
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Figure 2. Interruption process of NHCB.
2.2. Vacuum Arc Commutation Model

The typical waveform of the vacuum arc commutation is shown in Figure 3 [18]. According
to the research of the literature [16,17], the vacuum arc commutation model of NHCB is shown in
Figure 4a. Then, according to the model shown in Figure 4a, the vacuum arc commutation should
follow Formula (1). As shown in Formula (2), Formula (1) can be further rewritten as the relational
expression about the current commutating speed dI./dfc. Ug. represents the vacuum arc voltage.
Us, represents the on-state voltage of the SS at the end of vacuum arc commutation. L represents the
stray inductance of the SS. I,, represents the currents of NHCB. L; represents the current of the SS at the
initial moment of vacuum arc commutation. [, represents the current of the SS at the end of vacuum
arc commutation. I is called the commutation current, which represents the current commutated to the
SS during the vacuum arc commutation. I is called the final commutation current, which represents
the current commutated to the SS from the beginning to the end of the vacuum arc commutation.
t. represents the time it takes for the commutation current to increase from zero to I.. T, represents the
duration of vacuum arc commutation.

dI,
Ugre = Ls_c +Us 0< I < e, (1)
dt.
dI. Ugpe — Us
—— = 2 0<I[.<I.,.
ar. L 0<I<Ie (@4

Figure 3. Example of typical vacuum arc commutation.
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In In

Uarcavg

(b)

Figure 4. The vacuum arc commutation model of NHCB (a) before and (b) after simplification.

For FPEDs, such as IGBT, IGCT, and IEGT, the relationship between their on-state voltage Ucg and
collector current I is shown in Formula (3) [22]. As shown in Figure 5, the value of their on-state voltage
U is basically linear with the collector current I. Therefore, as shown in Figure 5, the relationship
between Ucg and I can be linearly processed, and the relationship between Ucr and I is obtained
as shown in Formula (4). Because SSs are made of FPEDs through series and parallel connection,
the relationship between Us and I; can also be obtained as shown in Formula (5). Ucgg represents the
on-state voltage of the FPEDs when the collector current is zero. r represents the on-state resistance of
the FPEDs. U represents the approximate on-state voltage of the FPEDs when the collector current is
zero. R represents the approximate on-state resistance of the FPEDs. U, represents the approximate
on-state voltage of the SS when the I; is zero:

Uce = Ucpo + 71, 3
Ucg = Uy +RI, 4
Us = usO + Rsls. (5)
24
. /
— T=25C
2.0 — —T=125°C /
/
1.6 /
<
% 12 /
0.8
04 Ucko” Ucko
/ Uo
0 \/ o

0 05 10 15 20 25 3.0 35 40
Vee(V)

Figure 5. Collector-emitter saturation voltage characteristics of FZ1200R17HP4_B2 [23].
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As shown in Figure 3, because the change in the vacuum arc voltage is relatively small during
the vacuum arc commutation [24], Uayc-ang can be taken as the vacuum arc voltage value, and Uarc-ang
is the average value of the maximum value Ugc-may and the minimum value Uiy of the vacuum
arc voltage. According to Formula (5), the model shown in Figure 4a can be rewritten as shown in
Figure 4b. Then, according to the model shown in Figure 4b, the vacuum arc commutation should
follow Formula (6). It is easy to know that I = I;; + I, and according to Formula (5), the system of
equations shown in Formula (7) can be easily obtained. Us; represents the on-state voltage of the SS at
the initial moment of vacuum arc commutation:

dl, - uarc—avg - Us

—_— = <I. <]

dtc LS 0 = 1c = Lces (6)
Us; = Uso + Rslsi (7)
Us = Uy + R 0< I < I

After solving Formulas (6) and (7), the relationship expression of t. about I, is obtained as shown in
Formula (8). Itis easy to know that when I = I, t, = T, then according to Formula (8), the relationship
between T, and I, can be obtained as shown in Formula (9). From Formula (9), we can see that Ls,
Rs, Ice, Uarc-avg, and Us; are the main parameters that affect T.. Meanwhile, according to Formula (6),
if dI/dt. <0, the current will stop commuting to the SS branch, so dI./dt. > 0 should always be ensured
during the vacuum arc commutation. By solving dl./d¢. > 0, Formula (10) can be obtained:

Ls uurc—uvg - Usi— RSIC)
te=——Inl————————)0< I <, 8
‘ Rs ( uarc—avg - Us; ‘ “ ®
Uare-avg — Usi — Rsl
T, - _E h‘l( arc-avg si slce ), ©)
Rs uarc-avg = Us
Uare-avg = Usi = Rslee > 0. (10)

2.3. Influence of Main Parameters on Vacuum Arc Commutation Characteristics

In this section, the effects of parameters, such as Ls, Rs, Ice, Uarc-ang, and Us;, on T, are further
studied. Firstly, it is easy to know from Formula (9), under the condition that other parameters remain
unchanged, T, has a linear relationship with L.

Assuming that the parameters Ls and Rs remain unchanged and Ls/Rs = b, let k = (Uarc-aug —
Us;)/Rslce, then as shown in Formula (11), Formula (9) can be further rewritten as a function about k,
and it is easy to know from Formula (10) that k > 1:

T, = —b-ln(l - %)k S1. an

It is easy to know that changing the parameters Uasc-ang, Usi, and I, is equivalent to changing
the parameter k, and the relationship curve between T, and k is plotted according to Formula (11),
as shown in Figure 6. It can be seen from Figure 6, T. decreases with increasing k, but the rate of
decrease becomes slower and slower and even tends to be constant. k is the ratio of the parameters
uarc-avg = Uy and Rsle.

Assuming that the parameters Ls, Iee, Uarc-ang and Us; remain unchanged and Ls = a, the variation
of T, with R; is explored. Let the value of R at the initial time be a fixed value Rsy. Correspondingly,
k = (Uarc-avg — Usi)/Rsolce = ko; let the changed Rs = xRsp, and correspondingly, k = (Uarc-avg — Usi)/xRsolce
= ko/x. Then, as shown in Formula (12), Formula (9) can be further rewritten as a function about x,
and it is easy to know from Formula (10) that x < ko:

a X
T, = —;11’1(1—E)x<k0. (12)
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When kj takes the values of 4 and 8, respectively, as shown in Figure 7, the variation curves of T,
and k are plotted with x according to Formula (12). It can be seen from Figure 7, T, increases with
increasing x, and the rate of increase becomes faster and faster; k decreases with increasing x, but the
rate of decrease becomes slower and slower. The change curve of T, with k is plotted in Figure 7 as
shown in Figure 8. As it can be seen from Figure 8, T decreases with increasing k, but the rate of
decrease becomes slower and slower and even tends to be constant. kj is the ratio of the parameters
Uare-avg — Usi and Rsolee, and Ry is the initial value of Rs.

5b 1 T T T T g

4b~ b

3b 9
£
2b- 1

a 20
0.8a7 116
0.6a 112

= ~

0.4a 18
0.2a7 14

0 T T T T T T T T 0

0 1 2 3 5 6 7 8 9
x
Figure 7. The variation curves of T¢ and k with x.
a T T T T

0.8a7

0.6a7
= 4

0.4a-

/k0—4
0.2a ko=
0 T T T T
0 4 8 12 16 20

Figure 8. The relationship curve between T and k in Figure 7.
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It can be seen from Figures 6 and 8 that when k is small, T. changes greatly with the increase of
k, and when k is large, T changes little or even tends to be constant with the increase of k; therefore,
the larger the value of k, the more effective it is to reduce the value of T..

3. Test Configuration

As shown in Figure 9, the test platform is mainly composed of an LC oscillation circuit, NHCB,
controller, and data acquisition system. The LC oscillation circuit is composed of a capacitor C; and an
inductance L;, and is mainly used to generate the large current required for the experiment. K, is the
experimental control switch, responsible for introducing current into NHCB. K, represents the MS of
NHCB. The SS of NHCB is mainly composed of impedance Z, and the IGBT module, and the impedance
Z, is formed by the inductance L, and the resistance R, in series. The on-state resistance and stray
inductance of the SS are changed by changing R, and L,, respectively, to explore the effects of on-state
resistance and stray inductance on vacuum arc commutation characteristics of NHCB. The IGBT
selected in this experiment is CM1000HA-24H, the collector current of a single CM1000HA-24H is up
to 2 kA, and two IGBTs are connected in parallel to form an IGBT module. Cy; and Cy; are current
sensors, which are used to collect the currents of the MS and SS branches, respectively. Pt is a voltage
sensor used to collect the vacuum arc voltage. The controller is used to control the operation sequence
of the entire experiment. The data acquisition system is used for data collection and display.

~
/_|| \I :F [
| I+ | Kn
| Ci
| |
| |
I LC oscillation |
L Py
| circuit |
| |
| |
| L
L~
N 7

Data Acquisition
System

Figure 9. Vacuum arc commutation test platform.

4. Experimental Results

4.1. Influence of Stray Inductance of the SS

Under the condition that R, is 5 m(), and I is approximately 0.5, 1, and 1.5 kA, respectively,
we obtained the waveforms of vacuum arc commutation with different stray inductances. When the I,
is approximately 1 kA, the waveforms when the added stray inductance L, is 0 and 2 uH are shown in
Figure 10a,b, respectively. As shown in Figure 10, when the added stray inductance L, increases from 0
to 2 puH, T, increases from 66 to 346 us, and Upyc-qvg increases from 11.7 to 15.8 V. Both T and Ugrc-ang
increase with the increase of L.
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Figure 10. Waveforms of vacuum arc commutation when the added stray inductance L, is (a) 0 and
(b) 2 uH.

When the added stray inductance L, ranges from 0 to 4 puH, the relationship curve between T
and Ugrc.ang and L, is shown in Figure 11. As shown in Figure 11, the relationship between T, and L, is
approximately linear, which conforms to the law shown in Formula (9), and Ugrc.ang also increases with
the increase of L,, but the magnitude of the increase becomes smaller and smaller.
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Figure 11. Curve of T¢ and Uarc-ang With different stray inductances.
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4.2. Influence of the Final Commutation Current

Under the condition that R, is 2 m(), and L, is 0 uH, we obtained the waveforms of vacuum
arc commutation with different commutation currents I,. The waveforms when the commutation
current I, is 0.28 and 2.68 kA are shown in Figure 12a,b, respectively. As shown in Figure 12, when the
commutation current I, increases from 0.28 to 2.68 kA, T, increases from 13 to 195 us, Uarc-ang increases
from 9.2 to 12.9 V, Us, increases from 2.7 to 11.8 V, and I; increases from 0.02 to 0.48 kA. All of T,
Uarc-avg, Use, and I5; increase with the increase of Ie,.

4.0 T T T T T T T T T 20
3.0 - 115
5 2.0 A U = Uarcang 1108
= S
1.0 1 15
T,

I — _
Is Lsi
T T T T T T T T T T
0 50 100 150 200 250 250
t(us)
(@)
4.0 — 20
3.0 - 15
Uarc-avg
< 20 A 10
T & <
1.0 1 5
0 - 0
T

T T T T T T T
0 50 100 150 200 250 250
t(us)
(b)

Figure 12. Waveforms of vacuum arc commutation when the final commutation current I, is (a) 0.28
and (b) 2.68 kKA.
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As shown in Figure 12, it is easy to know that changing I, is achieved by changing Is,. When the
Is, ranges from 3.0 to 3.16 kA, the relationship curve between Uasc-avg, Use, Ice, Isi, and Ige is shown in
Figure 13a. As shown in Figure 13a, all of Uarc-ang, Use, Ice, and I;; increase with the increase of I,
and according to Figure 5 and Formula (7), as shown in Formula (13), the linear expressions between
U, and Is, and Us; and I;; can be obtained, respectively, and then we can get the calculation formula of
k about Uare-aug, Use and Us;:
Use = Uso + Rslse = 2.0 + 3lse

Usi = Uso + Rslsi = 2.0+ 315 . (13)
uﬂrc—uzvg_ugi uarc—nvg_usi
k= =
Rslce use_usi
3.0 T T T T 15 250 T T T T 16
25 - o ]
| 12 200 - 112
2.0 1 9 150
§ 15 Use=2.0+31s o Unrcasg % é | 18w
= ue=20v, Ue 1 67 =100 1
1.0 1 —v— I i — T
— [ | i 4
0.5 4~ 3 50 -k
0 A L T T T T T O O T T T T T O
0 05 10 15 20 25 3.0 35 0 05 10 15 20 25 30
Le(kA) Tee(kA)
(a) (b)
250 T T T T
200 A -
?150 T 7
2
=100 - R
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Figure 13. (a) The relationship curve between Uasc-avg, Use, Lee, Lsi, and Ise; (b) Curve of T and k with
different final commutation currents; (c) The relationship curve between T, and k in (b).

Therefore, according to Figure 13a and Formula (13), the k value corresponding to different I,
values can be calculated, and the relationship curve between k and T, and I, is shown in Figure 13b.
As shown in Figure 13b, k decreases with the increase of I, and the rate of decrease becomes slower
and slower; T, increases with the increase of I, and the rate of increase becomes faster and faster.
The relationship curve between T, and k was plotted according to Figure 13b, as shown in Figure 13c.
It can be seen from Figure 13c that T, decreases with increasing k, and the rate of decrease becomes
slower and slower; the change law shown in Figure 13c basically coincides with the change law shown
in Formula (11) and Figure 6.

120



Energies 2020, 13, 4823

4.3. Influence of the On-State Resistance of the SS

Under the condition that L, is 0 pH, and I, is approximately 1 and 2 kA, respectively, we obtained
the waveforms of vacuum arc commutation with different on-state resistances. When the I is
approximately 1 kA, the waveforms when the added on-state resistances R, is 0 and 9 mQ are shown
in Figure 14a,b, respectively. Because when the added on-resistance is different, the value of I; will
also be different; so, to eliminate the impact of different I;;, as shown in Figure 14, the IGBT module is
turned on after the vacuum arc is generated, and in this case, I;; = 0 and I, = Is,. As shown in Figure 14,
when the added on-state resistances R, increases from 0 to 9 mQ), T, increases from 34 to 99 us, Ugrc-avg
increases from 9.5 to 12.8 V, and U, increases from 3 to 12.1 V. All of T¢, Uarc-avg, and Use increase with
the increase of R;. Meanwhile, it can be seen in Figure 14 that when the IGBT module is turned on,
the vacuum arc voltage drops.

2.0 T T T T T T T T T 20
Uarc Vaccum arc
L5 1 voltage drop 115
I’n UHrc-avg ISL’
< 1.0 ~ e S 105
z s
< I
05 7 IGBT module “ 5
Turn on
0 Lsi 0
0 25 50 75 100 125 150
t(us)
(a)
2.0 T T T T T T T T T 20
Vaccum arc
Uare voltagedrop Uarcavg
15
105
=
5
0
T T T T T

T T T T T T
0 25 50 75 100 125 150
t(us)

(b)

Figure 14. Waveforms of vacuum arc commutation when the added on-state resistances R is (a) 0 and
(b) 9 mQ).
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When I is 1 and 2 kA, respectively, the relationship between Ugrc-avg, Use, and R, is shown in
Figure 15a. It can be seen from Figure 15a that whether I is 1 or 2 kA, both Ugrc.ang and Use grow
approximately linearly with R;. As it is known from the previous section that Uso = 2.0, and I; = 0,
we can easily get Us; = Usp + L;Rs = 2.0. Therefore, according to Figure 15a and Formula (13), the k
value corresponding to different R, values can be calculated, and the relationship between k and T, and
R; is shown in Figure 15b. It can be seen from Figure 15b that whether I, is 1 or 2 kA, k decreases with
the increase of R,, and the rate of decrease becomes slower and slower; T, increases with the increase
of R,, and the rate of increase becomes faster and faster; the change law shown in Figure 15b basically
coincides with the change law shown in Figure 7. Meanwhile, when R, = 0, the corresponding kg value
is 8.2 when the I, is 1 kA, and the corresponding ky value is 4.3 when the I, is 2 kA. The relationship
curve between T and k was plotted according to Figure 15b, as shown in Figure 15c. It can be seen
from Figure 15¢ that T, decreases with increasing k, and the rate of decrease becomes slower and slower
and even tends to be constant; the change law shown in Figure 15¢ basically coincides with the change
law shown in Formula (12) and Figure 8.
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Figure 15. (a) Curve of Uarc-avg and U, with different on-state resistances; (b) Curve of T, and k with
different on-state resistances; (c) The relationship curve between T, and k in (b).

5. Discussion

5.1. Vacuum Arc Commutation Coefficient

Compared to the theoretical analysis and experiments above, it is easy to find that the experimental
results can better match the theoretical Formulas (9)—(12). This shows that Formulas (9)-(12) can better
reflect the influence of the main parameters, such as the vacuum arc voltage Uy, final commutation
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current I, on-state resistance Rs, and stray inductance Ls;, on the vacuum arc commutation
characteristics. Meanwhile, according to Formulas (11) and (12) and Figures 6, 8, 13c and 15c, the ratio
k of Ugre-aug-Us; to Rslee is a key parameter that affects T¢; and according to Formula (10), it is necessary
to ensure that k > 1 so that the current can be commutated to the SS branch. Overall, k is a very
important parameter during the vacuum arc commutation. Therefore, this paper defines k as the
vacuum arc commutation coefficient.

According to Figures 6, 8, 13c and 15¢, when k is small, T, will increase significantly. Therefore,
in order to reduce T, the value of Uare-ang — Usi should be increased or the value of R¢l should be
decreased. The main method of increasing the value of Uayc-qpg — Us; is to increase the vacuum arc
voltage. Applying an external magnetic field and connecting multiple MSs in series are currently
common methods of increasing the arc voltage [25,26]. The main method to reduce the value of R,
is to reduce the on-resistance R, and final commutation current I, but reducing I, will reduce the
interrupting ability of NHCB. The method to reduce the on-resistance R; is to select FPEDs with low
on-resistance or to increase the number of parallel FPEDs [27,28]. Meanwhile, it can be seen from
Formula (9) and Figure 11 that reducing the stray inductance L in the SS is also an effective method to
reduce T..

5.2. Influence of the Main Parameters on the Vacuum Arc Voltage

It can be seen from the experiment that when the parameters L, I.., and R; increase, not only T
increases but the vacuum arc voltage also increases, which is consistent with the positive feedback
characteristics of the vacuum arc voltage. This can explain the sudden drop of the vacuum arc voltage
in Figure 14, before the IGBT module is turned on, the vacuum arc commutation is very difficult, so the
vacuum arc voltage at this time is higher. When the IGBT module is turned on, the difficulty of vacuum
arc commutation decreases rapidly, so the vacuum arc voltage also decreases accordingly. Meanwhile,
to better describe the influence of parameters Ls, I, and Rs on T, in the future work, the influence of
the parameters Ls, I., and Rs on the vacuum arc voltage should be considered in Formula (9).

Although this paper focuses on NHCB, it is also applicable to other devices that use vacuum
arc commutation, such as fault current limiters [29,30]. In the future work, further research will be
conducted on other devices that use vacuum arc commutation.

6. Conclusions

In this paper, the vacuum arc commutation model of NHCB was established by simplifying SS and
vacuum arc voltage, and the vacuum arc commutation characteristics of NHCB were studied through
theoretical analysis and experiments. The mathematical expression of the relationship between the
main parameters of the vacuum arc voltage, on-state resistance, and stray inductance and the duration
of vacuum arc commutation was obtained.

The concept of the vacuum arc commutation coefficient was proposed based on the mathematical
expressions and experiments, and it is a key parameter that influences the vacuum arc commutation
characteristics. The value of the vacuum arc commutation coefficient should not be small; when it
is small, the duration of vacuum arc commutation will increase significantly. Further, it is not the
bigger the better, as when it is bigger, the duration of vacuum arc commutation will decrease slowly.
Meanwhile, it must always be ensured that the value of the vacuum arc commutation coefficient is
greater than one, so that the current can be commutated to the SS branch.

In the process of vacuum arc commutation, when the difficulty of vacuum arc commutation
increases, the vacuum arc voltage will also increase, and from the extremely difficult vacuum arc
commutation to the easier vacuum arc commutation, the vacuum arc voltage will also be reduced
immediately. This paper can provide the theoretical foundation for the structure and parameter
optimization of NHCB and other devices using vacuum arc commutation.
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Abstract: The prestrike phenomenon in vacuum circuit breakers (VCBs) is interesting but complicated.
Previous studies mainly focus on the prestrike phenomenon in single-break VCBs. However,
experimental work on prestrike characteristics of double-break VCBs cannot be found in literature.
This paper aims to experimentally determine the probabilistic characteristics of prestrike gaps in a
double-break VCB consisting of two commercial vacuum interrupters (VIs) in series under direct
current (DC) voltages. As a benchmark, single-break prestrike gaps were measured by short-circuiting
one of the VIs in a double break. The experimental results show that the 50% prestrike gap ds
of each VI in a double break, which is calculated with the complementary Weibull distribution,
was significantly reduced by 25% to 72.7% compared with that in a single break. Due to the
voltage-sharing effect in the double-break VCB, scatters in prestrike gaps of each VI in a double
break was smaller than that in a single break. However, without the sharing-voltage effect, ds( of the
low-voltage side in the double break was 65% higher than that of the same VI in the single break,
which could be caused by the asynchronous property of mechanical actuators, the difference of the
inherent prestrike characteristics of each VI and the unequal voltage-sharing ratio of VIs.

Keywords: vacuum circuit breaker; double break; prestrike characteristics; vacuum interrupter;
prestrike gap

1. Introduction

Vacuum circuit breakers (VCBs) are widely used in medium voltage power systems while SFq gas
circuit breakers are still the prevailing technology in high- and extra high-voltage networks. However,
SF¢ gas has been specified as a strong greenhouse gas since 1997 in the Kyoto Protocol and its emission
has been strictly restricted. Therefore, it has been of increasing interest to develop VCBs to higher
voltage levels due to their advantages such as being maintenance free, having a long mechanical life,
excellent dielectric strength, high interruption capability, and environment-friendly characteristics [1].

The major difficulty of extending the application of VCBs to higher voltage levels arises from
the physical disadvantage of a vacuum in terms of the dielectric characteristics, i.e., the non-linear
relationship between the dielectric strength and contact gap length [2]. To be precise, the breakdown
voltage is nearly linear to the vacuum gap length within about 5 mm [3]. However, for a larger gap,
the dielectric strength shows a strong full voltage effect. An appropriate way to develop high voltage
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level VCBs is to use the double-or multi-break VCBs consisting of two or more vacuum interrupters
(VIs) in series, which takes full advantages of the excellent dielectric strength and high interruption
capability of short vacuum gaps [4].

Prestrike in VIs happens when the movable contact is approaching the fixed contact during the
current-making operation. Once the electric field strength across the contacts becomes larger than the
breakdown strength of the vacuum gap, an electric arc may occur prior to the mechanical touch of
the contacts, allowing a high inrush or making currents flow through. The prestrike phenomenon in
VCBs can cause electromagnetic transients in electrical systems, which may lead to harmful effects
and even damage in electrical devices in the system such as transformers, electrical machines and the
circuit breaker itself [5]. The pre-breakdown phenomena in VCBs is complicated. There are mainly
two theories about the pre-breakdown in VCBs. One is that field-emission current induces breakdown,
the other is that microparticles induce vacuum breakdown [6]. If the field strength at the surface of a
clean cathode in a VCB exceeds about 2 x 107 V/m, then field emission currents will be observed [7].
If the field strength exceeds about 1 x 108 V/m, pre-breakdown will occur [8]. Pre-breakdown induced
by microparticles mainly occurs at larger gap spacing [9].

Numerous efforts have been made to understand the prestrike phenomenon in vacuum interrupters.
Some researchers mainly focused on the melting effect of the prestrike arc on the contacts of the VCB,
and this effect would affect the breaking performance of the VCB. To study this, Slade et al. [10,11]
undertook a series of experiments to find that as the prestrike gap of the single-break VCB increased,
the prestrike arc lasted longer. The prestrike arc could cause the contacts to weld and the damage
caused by the welding depended on the arcing time. In order to determine the correlation of the
prestrike process and the breaking process of the VCB which mainly was researched in the field of
switching capacitor banks, Dullni et al. [12] found that the restrike phenomenon had some correlation
with the prestrike process mainly due to the protrusions caused by the prestrike arc on the contacts
in the single-break VCB. Korner et al. [13,14] obtained similar but more detailed results to Dullni.
They found that the significant development of local protrusions on the contact surface affected both
the microstructure and the macrostructure of contact surface during the capacitive making and breaking
process. Some researchers focused on the welding force caused by the prestrike arc on the contacts
of the VCB. If the value of the inrush current was high enough, the contacts would be melted and
become welded. The welding force was a basic value that could reflect the melting degree of the
contacts. Kumichev et al. [15] found that there was a correlation between welding forces caused
by capacitive prestrike process and the number of non-sustained disruptive discharges (NSDDs).
Yu et al. [16,17] found that both the amplitude and the scattering of the prestrike gaps and the welding
force were significantly influenced by the contact materials about the capacitive current prestrike in
single-break VCB. The damage caused by the prestrike arc was mainly influenced by the value of
the prestrike current (5 kA, 10 kA or 20 kA). The material and structure of the contacts could also
influence the prestrike arc behavior. Geng et al. [18] found that axial-magnetic field (AMF) contacts can
effectively reduce the erosion of the contacts produced by the prestrike arc when the capacitive current
is generated because of the diffusing effect produced by the AMF in single-break VCB, and higher
inrush current value would cause larger damage on the contacts. Some researchers have undertaken
calculations and simulations in order to gain an in depth understanding of the prestrike process.
A.A. Razi-Kazemi et al. [19] established a new realistic transient model for prestrike phenomena in
single-break VCB. Non-linear movement of the contacts, probabilistic behavior of the breakdown
voltage and the non-linear dielectric strength curve of the VCB were fully considered in this model.
Other researchers focused on the prestrike process mainly due to the design or application of the
VCB. X. Ma et al. [20] undertook experiments to observe the direct current (DC) pre-breakdown and
breakdown characteristics of micrometric gaps varying from 25 to 1000 um. The results showed that
the pre-breakdown conduction was dominated by high field-electron emission and could be valuable
for the design of vacuum gaps in field emission displays. Kharin et al. [21,22], in a series of papers,
undertook calculations and experiments to explore the complexity of closing single-break vacuum
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interrupter contacts, in order to make an electrical circuit. Sima et al. [23] found that phase-controlled
VCBs can reduce the transient overvoltage and overcurrent compared with ordinary VCBs when they
were used to switch 10 kV shunt capacitor banks. However, previous studies mainly focus on the
prestrike characteristics of single-break VCBs. At present, experimental investigation of the prestrike
characteristics of a double-break VCBs has not been reported so far.

The objective of this paper is to determine experimentally the probabilistic characteristics of
prestrike gaps in a double-break VCB under DC voltages. This work can provide very important
information on the prestrike arcing process, which is of significant importance for the study of the
dielectric performance in VIs. Moreover, a better knowledge of the scatter in prestrike gaps in VIs can
be very helpful to improve the control accuracy of phase-controlled switching.

2. Experimental Setup

Figure 1 shows an experimental circuit, including a capacitor bank Cs, a double-break VCB,
a capacitive-resistance voltage divider, and an auxiliary electrical circuit. Figure 2 shows a picture of
the experimental setup. During the experimental tests, the capacitor bank was initially charged to a
certain voltage Us, which was applied to the double-break VCB as soon as the switchgear SWpc was
closed. The VCB was then triggered to close the circuit. During the closing operation, the moving
contact was approaching the fixed contact leading to a decrement of the dielectric strength of the
vacuum gap between the contacts. When the pre-charged voltage exceeded the breakdown voltage of
the vacuum gap, prestriking occurred before the mechanical touch of the contacts.

The double-break VCB under test included two commercial 12 kV vacuum interrupters in series,
which were denoted VI_A and VI_B as shown in Figure 1. Cup-type AMF contacts were adopted.
The contact material was CuCr30 (30% weight of Cr). The surfaces of the contacts were initially
well-conditioned. A capacitive-resistance voltage divider, which can reduce the influence of the stray
capacitance to ground, was used to measure the voltage U, across the VCB during the transient
prestrike process. When the first prestrike occurred, a stepdown in the measured voltage waveform
of Un, was then captured. Moreover, with the help of an auxiliary circuit, which included a battery
and two resistors in series that were connected to the auxiliary contact (SWay) of the VCB, the time
instant of the mechanical touch of the contacts in VIs can be detected from the waveform of voltage
U,. The displacement curve of the moving contact, denoted by Lgisp, was measured by using a
high-precision linear displacement transducer. Figure 3 shows an example of the waveforms of the
measured voltages and contact displacement curve, where tpre is the instant when the first prestrike
occurs and f,ux is the instant when the moving contact is mechanically mated to the fixed contact.
Finally, the prestrike gap d, i.e., the vacuum gap length between the contacts when the prestrike occurs
during the closing operation, can be obtained.

—— J __________ Double- break

L | VCB

Figure 1. Schematic diagram of the experimental circuit.
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Figure 3. Example of the waveforms of voltages Uy, and U, and the moving.

Three groups of tests were carried out under the experimental conditions that are summarized
in Table 1, where the applied DC voltage Us were set as four levels of 10, 20, 30, 40 kV. In Test 1 and
Test 2 the prestrike characteristics of vacuum interrupters (VI_A and VI_B) under DC voltages Us were
investigated separately. In this case, only one vacuum interrupter (VI_A or VI_B) was connected into
the experimental circuit while the other one was shorted to ground by a busbar. In Test 3, the prestrike
characteristics of the double-break VCB with two vacuum interrupters (VI_A together with VI_B) in
series were analyzed, where VI_A was installed in the high-voltage side of the VCB and VI_B the
low-voltage side (Figure 1). In this case, the total prestrike gap d was defined as the sum of the prestrike
gaps in VI_A and in VI_B. The current-making operations were repeated 30 times in each test for all
the test groups.

Table 1. Experimental conditions.

Test Group Applied Voltage (kV) Experimental Condition Making Operation
Test 1 Us Single-break test with VI_A 30
Test 2 Us Single-break test with VI_B 30
Test 3 Us Double-break test with VI_A and 30

VI_B in series
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The prestrike arc current during each current-making operation was only tens to hundreds of
amperes. Considering all the contact surfaces had already been well conditioned, the erosion effect
on the contact surfaces was low and could be neglected. Moreover, because of the asynchronous
property of the mechanical actuators in the double-break VCB, the contacts in VI_A and VI_B were
not mechanically closed at the same time. The average time delay of VI_B compared with VI_A was
0.1 ms (computed from 50 closing operations with no load), which was used as a compensation when
calculating the time instant faux.

3. Experimental Results

3.1. Probabilistic Characteristics of the Pestrike Gap

The prestrike phenomenon in the vacuum circuit breakers can be characterized by prestrike gap
d, which is the instantaneous vacuum gap length between the contacts of the vacuum interrupters.
It is measured at the occurrence of the first prestrike during a current-making operation. In this work,
a probabilistic analysis of the prestrike gap under different applied voltage levels had been carried
out. The distributions of the prestrike gaps in the test groups under each voltage level were calculated.
Let f(d) be the density function (DF) of the prestrike gap distributions, which indicates the chance of
the prestrike between the contacts in VIs at a vacuum gap length d. The corresponding complementary
cumulative distribution function (CCDF) can be then calculated by:

F(d) = fd " fu)du M

which gives the probability of the prestrike between the contacts in VIs when the vacuum gap length is
no less than d. Figures 4-6 show the calculated CCDF under applied voltage Us from the experimentally
measured prestrike gaps in Test 1, Test 2 and Test 3, respectively. In Test 3, the total prestrike gap as well
as the prestrike gaps in VI_A (high voltage side) and in VI_B (low voltage side) were all given.
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Figure 4. The complementary cumulative distribution function of prestrike gaps in Test 1.

For the characterization of the CCDF, the Weibull distribution is used and the CCDF is then

given by:
a\f
F(d) = exp(—(ﬁ) ] 2

where 1 > 0 is the shape parameter of the Weibull distribution [24] and > 0 is the scale parameter of
the Weibull distribution or the characteristic value of the prestrike gap. Both 1 and f are obtained by
fitting the experimental data, as shown in Table 2.
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Figure 5. The complementary cumulative distribution function of prestrike gaps in Test 2.
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Figure 6. The complementary cumulative distribution function of prestrike gaps in Test 3 with VI_A
and VI_B in series: complementary cumulative distribution function (CCDF) of prestrike gaps in VI_A
(a), in VI_B (b), and CCDF of the total prestrike gaps (c).

Table 2. Values of the Weibull parameters.

Test Group Uskv) g n(mm) R-Square
10 22 0.3 0.99
20 4.9 0.5 0.98
Test 1 (VI_A) 30 6.7 0.7 0.99
40 10.3 1.0 0.95
10 1.8 0.1 0.99
20 32 03 0.99
Test 2 (VI_B) 30 37 0.7 0.97
40 34 11 0.99
10 0.9 0.2 0.97
20 2.6 0.6 0.99
VILAand VLB 3 53 0.9 0.99
40 4.6 1.1 0.97
10 12 0.2 0.95
20 33 0.4 0.99
Test 3 VI_A 30 59 05 0.99
40 4.7 0.7 0.96
10 0.8 0.04 0.99
20 1.9 0.2 0.99
VI_B 30 47 0.3 0.99
40 4.7 0.4 0.97

The fitted curves with the Weibull distribution given in (2) with respect to Test 1, Test 2 and Test 3
are shown in Figures 4-6, respectively, where a good agreement between the fitted curves and the
experimental data can be observed. Besides the evaluation of the fit from the figures graphically,
R-square is used in order to evaluate the goodness of the fit numerically, which is the square of the
correlation between the predicted prestrike gaps and the experimentally measured values. R-square
can take on any value between zero and one, where a value closer to one indicates a better performance
of the fitted model [24-26]. The calculated values of the R-square parameter are presented in the last
column of Table 2. From Table 2 it can be noted that the values of R-square are no smaller than 95% in
all tests, which indicates that the prestrike gap has a Weibull distribution with parameters n and g
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and that the model with the given parameters fits the prestrike gap distributions well. CCDF density

function f(d) is given by
p-1 B
f(dn.p) = g(%) exp[—(%) ] ©

The scatter in the prestrike gap is of significant importance for investigating the prestrike
phenomenon in vacuum interrupters. Moreover, for the phase-controlled switching application with
vacuum circuit breakers, a better knowledge of the scatter in the prestrike gap could help to improve
control accuracy. The scatter in the prestrike gap can be characterized by the standard deviation of the
experimental measurement of the prestrike gaps, which is given by:

6=+ /%Zil(d,- -ay @)

where N is the number of each experimental data set; d is the average value of each set of the
experimental data, and d; is the prestrike gap measured during the iy, making operation. The scatters
in the prestrike gaps in all the test groups under varied applied voltages are given in Table 3. In the
last column, o indicates the scatter, where a lager value of ¢ indicates more scatter in the experimental
data of the prestrike gaps.

3.2. Scatters in the Prestrike Gap

Table 3. Prestrike gaps of 10%, 50% and 90% and scatters in prestrike gaps.

Test Group Us (kV)  dyp (mm) dsp (mm) dgg (mm) o (mm)
10 0.39 023 0.10 0.11
20 0.62 048 0.33 0.16
Test 1 (VI_A) 30 0.82 0.69 0.52 0.12
40 1.09 097 0.81 0.15
10 0.20 0.11 0.04 0.06
20 035 0.24 0.13 0.16
Test 2 (VIB) 30 0.82 0.60 0.36 0.17
40 1.38 0.96 0.55 041
10 0.46 0.13 0.02 0.16
20 0.83 0.52 0.25 0.23
VI Aand VLB 30 1.02 0.81 0.57 0.16
40 1.35 1.04 0.69 027
10 032 0.12 0.03 0.11
20 0.50 035 0.19 0.13
Test 3 VLA 30 0.62 0.50 0.37 0.0
40 0.82 0.63 0.42 0.16
10 0.12 0.03 0.00 0.06
VI B 20 0.33 0.18 0.07 0.10
- 30 0.40 031 021 0.07
40 0.52 0.40 027 0.11

To study the probabilistic characteristics of prestrike gaps, the 10% prestrike gap d19, 50% prestrike
gap dsp, and 90% prestrike gap doy, i.e., the prestrike gap at which the value of CCDF is 10%, 50%,
and 90%, respectively, are commonly used [7,16,25,26]. In this case, the influence of the approximation
error between the fitted CCDF and the measured prestrike gaps that are higher than dgg or lower than
dyp on the probabilistic characteristics of prestrike gaps can be neglected. The values of d1¢, dsp, and dgg
can be calculated by (2), which are shown in Table 3. It can be noted that with the increment of applied
voltage Us, the dyg, dsp and dgg are all increasing significantly. Moreover, the 50% prestrike gap dsg can
be used as one of the most important parameters since it gives the prestrike gap at which there is a
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50% chance for the vacuum gap to achieve breakdown in the VCB, i.e., d5y acts as the mean value of
the prestrike gap in the sense of the Weibull distribution. The relationships between dsp and applied
voltage Us in Test 1, Test 2, and Test 3 are shown in Figure 7, Figure 8, and Figure 9, respectively, where
the error bar at each data point shows the corresponding scatter in the prestrike gaps. It can be noted
that the value of ds( is approximately proportional to applied voltage Us.
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Figure 7. The relationships between dsy and applied voltage Us in Test 1 with VI_A.
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4. Discussion

4.1. Positive Effects of the Double-Break Vacuum Circuit Breaker

A vacuum interrupter in the double-break tests (Test 3) may have different prestrike characteristics
in terms of prestrike gaps and scatters in prestrike gaps compared with that in the single-break tests
(Test 1 and Test 2) due to the voltage-sharing-effect, the asynchronous property of the mechanical
actuators, and the inhomogeneity of the inherent prestrike characteristics of VIs in a double-break VCB.

From Table 3, it can be noted that the scatters in the prestrike gaps of VI_A (resp., VI_B) in the
double-break tests, i.e., in Test 3 are smaller than that of VI_A (VI_B) in the single-break tests, i.e.,
in Test 1 (with respect to Test 2). Vacuum interrupters with less scatters in the prestrike gaps would be of
great importance in order to improve the accuracy of the phase-controlled making technique. Therefore,
with the same VIs, a double-break VCB would be better suitable for the phase-controlled switching.

The double-break VCB takes full advantage of the good dielectric insulation ability of the vacuum
gap. A double-break VCB which has two gaps in series can withstand higher voltage compared to the
single-break VCB in the same total break length [27]. The relationship between breakdown voltage
and electrodes gap of the single-break VCB has two different expressions. When the electrode gap is
less than 5 mm, the breakdown voltage and electrodes gap length is a linear equation, as shown in:

Uy =k-d (©)

When the electrode gap is greater than 5 mm, Breakdown voltage and electrodes gap length is a
non-linear equation when the electrodes’” distance is greater than 5 mm, as shown in:

Uy =k-d" (6)

The value of m is between 0.4 to 0.7, d stands for the electrodes’ gap length, k is a constant number.
The relationship between breakdown voltage and electrodes’ gap length of the double-break VCB
is shown in (7). It is based on the assumption that the voltage distribution value of two interrupters
is equal.
Uu; = 2k - d™ ?)

However, in the double-break VCB which does not have a grading capacitor in parallel with
each VI, the shared voltages of each VI are not equal because of the stray capacitance. It is impossible
to realize double withstand voltage as (7) shows [28]. In order to investigate the influence of the
voltage-sharing effect in double-break VCBs on the prestrike characteristics, the relative variations in
the prestrike gaps of each vacuum interrupter under different applied voltage levels are calculated by:

4(DB) _ 4(SB)

(3(61) = W % 100% (8)

where d(PP) is the prestrike gap of vacuum interrupter VI_A (resp., VI_B) obtained from the double-break
test, i.e., Test 3 and d(SB) is the prestrike gap from the single-break test, i.e., Test 1 (resp., Test 2).

Table 4 shows the values of relative variations ¢ in dy, dsp and dgy. The vacuum gaps in VI_A
and VI_B in the double-break test can be considered as two capacitors in series [29] and each gap
shared part of the total applied voltage Us. Therefore, the voltage applied to each gap was smaller
than Us, leading to a smaller prestrike gap. The smaller the prestrike gap was, the shorter the prestrike
arcing time was. For a given applied voltage, a double-break VCB has a better performance than a
single-break one in terms of reducing the prestrike gaps in the vacuum interrupter, which is termed as
the positive effects of double-break VCBs.
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Table 4. Relative variations in the 10%, 50% and 90% prestrike gaps.

Us (kV) 10 20 30 40

5(do) -17.9%  —194%  —244%  -24.8%
VLA §(ds) -478% —27.1% -275%  —35.1%
5(doo)  —70%  —424%  -28.8%  —48.1%
5(dg)  —40%  -57% = -512%  —62.3%
VLB  6(ds)) -727% -250% —483%  —58.3%
5(deo) —-100%  —462%  —417%  —50.9%

4.2. Negative Effects of the Double-Break Vacuum Circuit Breaker

Due to the voltage-sharing effect, the actual voltage applied to each vacuum interrupter VI_A or
VI_B in the double-break tests was smaller than that in the single-break tests. In order to investigate
the prestrike characteristics of vacuum interrupters in double-break tests by comparison with that in
single-break tests under the same applied voltage, the influence of the voltage-sharing effect has to
be eliminated.

In an ideal case, if both interrupters VI_A and VI_B share the same percentile of the total applied
voltage Us, i.e., both share 50% out of Us, then the sharing voltage of VI_A (resp., VI_B) in Test 3 would
be 10 kV or 20 kV, i.e., the same voltage applied to VI_A (resp., VI_B) in Test 1 (resp., Test 2), when the
applied voltage to the double-break Us in Test 3 is 20 kV or 40 kV. Figure 10 shows the 50% prestrike
gap dso of VI_A and VI_B in the single-break tests compared with that in the double-break tests where
the value of applied voltage Us in Test 3 is twice as large as that in single-break tests (Test 1 and Test 2).
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Figure 10. The negative effects of double-break vacuum circuit breakers (VCBs) on the prestrike gaps
of vacuum interrupters. (a) The single-break VCB under 10 kV compared with the double-break under
20kV. (b) The single-break VCB under 20 kV compared with the double-break under 40kV.

However, the voltage-sharing ratio of VI_A and VI_B in double-break VCBs was not the same
due to the stray capacitance to ground. In fact, from the previous studies the voltage-sharing ratio of
the vacuum interrupter installed on the high voltage side (i.e., VI_A in our case) is larger than that on
the low voltage side (VI_B) [30]. Note that a larger applied voltage leads to a higher prestrike gap.
Therefore, the prestrike gaps of VI_A in Test 3 should be larger than that in Test 1, while the prestrike
gaps of VI_B in Test 3 should be smaller than that in Test 2 when U in Test 3 is twice as large as that
in Test 1 and Test 2. This can be verified for the vacuum interrupter VI_A from Figure 10, but not for
VI_B. As can be observed from Figure 10, the prestrike gap of VI_B in Test 3 is larger. To be precise,
the voltage applied to VI_B in Test 3 with Us = 20 kV (resp., 40 kV) is lower than 10 kV (resp., 20 kV)
due to the voltage-sharing effect while the 50% prestrike gaps ds is larger than that in Test 2 with an
applied voltage of 10 kV (with respect to 20 kV) instead. That is to say, the double-break VCB does not
make fully advantage of the dielectric strength of the vacuum gap on the low voltage side, which is
termed as the negative effects of double-break VCBs.

The negative effects of double-break VCBs may be caused by the asynchronous property of the
mechanical actuators, the inhomogeneity of the inherent prestrike characteristics and the unequal
voltage-sharing ratio of VIs in a double-break VCB.

The double-break VCB is closed or interrupted by the mechanical actuators. In the ideal case,
the two VIs of the double-break VCB moves at the same velocity and the operating characteristics are
same too. Due to the inevitable performance differences between the mechanism’s actuators of the
double-break VCB, and their tolerance to various environmental changes not being the same, the effect
caused by the asynchronous property of the mechanical actuators on the double-break VCB must
not be underestimated. In the breaking process, when the operating time interval of two breaks is
2 ms, the distance difference between two vacuum gaps is significant. The arcing time of the two VIs
is different, which makes the sharing voltage of each VI is unequal in the breaking process. In the
most serious situation, reignition will occur [31]. On the other hand, in the current-making process,
considering a double-break VCB with two vacuum interrupters VI_A and VI_B in series, we denote
by dz, (VI_A) and dEO(VI_B) the inherent 50% prestrike gaps of VI_A and VI_B, which is the 50%
prestrike gap when tested separately in the single-break tests. Due to the asynchronous property of the
mechanical actuators in the double-break VCB, one of the moving contacts, for example the moving
contact in VI_A, moves faster than the other, as shown in Figure 11a. Let both VI_A and VI_B share half

of the applied voltage (Us/2) and have a same inherent 50% prestrike gap, i.e., dz,(VI_A) = dz,(VI_B).
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During the closing operation, the vacuum gap length between the contacts in VI_A is smaller than that
in VI_B (I4 < Ip). Therefore, it is very possible for VI_A to breakdown earlier than VI_B. As soon as the
prestrike occurs in VI_A, the total voltage Us would be applied to the vacuum gap in VI_B. Then the
prestrike occurs in VI_B. In this case, the measured prestrike gap of VI_B is the same as I5, which is
larger than d, (VI_B) the inherent 50% prestrike gap of VI_B.

Moreover, let both VI_A and VI_B be synchronized perfectly and share half of the applied voltage
(Us/2), as shown in Figure 11b. The inherent 50% prestrike gap of VI_A is larger than that of VI_B, i.e.,
d;O(VI_A) > dEO(VI_B). Then, it is very possible that the prestrike occurs in VI_A earlier that in VI_B,
leading to a higher prestrike gap of VI_B (that is Ig) than dz, (VI_B).

Similar effects can also be found in the case when the voltage-sharing ratios of VI_A and VI_B
are not equal to each other. As shown in Figure 11c, both VI_A and VI_B are synchronized perfectly
and have the same inherent 50% prestrike gap, since VI_A on the high voltage side shares voltage
higher than U,/2. The interrupter VI_A is highly possible to breakdown when the vacuum gap length
is larger than the inherent 50% prestrike gap, i.e., [z > dz,(VI_A). Noting VI_A and VI_B are perfectly
synchronized (/o = Ig), the measured 50% prestrike gap of VI_B would be larger than its inherent one.

The mechanical actuators of the double-break VCB used in this work are not perfectly synchronized,
which is practically impossible. The mechanical actuator installed on the low-voltage side moves slower
than that on the high voltage side with a time delay of 0.1 ms. Moreover, from Table 3, the inherent 50%
prestrike gap of VI_A is always larger than that of VI_B under the tested applied voltages. Together
with the effect of the unequal voltage-sharing ratio, the negative effects of double-break VCBs are
observed as shown in Figure 10.
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Figure 11. Schematic diagram of the negative effects of the double-break VCBs in terms of the
asynchronous property of the mechanical actuators (a), the inhomogeneity of the inherent prestrike
gaps (b), and the unequal voltage-sharing ratio (c).

The prestriking phenomena are irrelevant to the initial contact gaps in the double break and the
single break in this work. As for the experimental setup, the double-break VCB consisted of two VIs.
When carrying out the single-break tests, only one vacuum interrupter (VI_A or VI_B) was connected
into the experimental circuit while the other one was shorted to ground by the busbar. The initial
gaps of both VIs were 10 mm. Therefore, the initial gap of the single-break VCBs was 10 mm, and the
initial gap of the double-break VCB was 20 mm (two 10 mm gaps in series). There are mainly two
theories about the breakdown in the vacuum. One is that field emission induces breakdown, the other
is that particles induce vacuum breakdown [6]. If the vacuum gap is less than 2 mm, the field emission
plays the dominant role in the breakdown process [9]. In these tests, all the prestrike gaps were
less than 2 mm. The prestrike was field-emission induced. The prestrike arc current during each
making operation was only tens to hundreds of amperes, the erosion effect on the contact surfaces
can be neglected. During the making process of the VCB, there is a threshold electric field strength
that determined whether breakdown occurs or not [32]. When the electric field strength exceeds the
threshold electric field strength between the contacts, the prestrike arc occurs and the gap between the
contacts at that instant is called prestrike gap, which is independent of the initial gap of the VCB [33].
However, if there is an inrush current in the prestrike process that causes erosion on contacts or the
prestrike gaps are larger than 2 mm, the initial gap of the single-break VCB and the double-break VCB
must be kept the same in order to compare the characteristics of prestrike gaps.

5. Conclusions

In this paper, the prestrike characteristics of a double-break VCB consisting of two 12 kV VIs in
series under DC voltages had been experimentally analyzed. The following conclusions can be drawn.

(1)  With the increment of the applied DC voltage, the 10% prestrike gap dyo, 50% prestrike gap dsg
and 90% prestrike gap dgop were all increasing significantly, whereas the scatters in the prestrike
gaps were not changing too much. Specifically, the value of dsy was approximately proportional
to the applied voltage.

(2) With a given applied DC voltage, the positive effect of the double-break VCBs on the prestrike
characteristics can be observed, i.e., the prestrike gaps of the vacuum interrupters in the
double-break tests can be significantly reduced in comparison with that in the single-break tests
due to the voltage-sharing effect in double-break VCBs. Moreover, fewer scatters in the prestrike
gaps during the double-break tests can be found.

(3) The double-break VCB with two vacuum interrupters in series did not take full advantage of
the dielectric strength of the vacuum gap on the low-voltage side, i.e., the negative effect of a
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double-break VCB on the prestrike characteristics, which may be caused by the asynchronous
property of the mechanical actuators, the inhomogeneity of the inherent prestrike characteristics
and the unequal voltage-sharing ratio of VIs in a double-break VCB.
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