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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].
Genji 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, I;, and Iy, represent the currents of the MS, SS, and MOV, respectively.

NHDB
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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 dl./df.. U, represents the vacuum arc voltage.
Us, represents the on-state voltage of the SS at the end of vacuum arc commutation. Ls represents the
stray inductance of the SS. I, represents the currents of NHCB. I;; 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.
tc represents the time it takes for the commutation current to increase from zero to I.. T, represents the
duration of vacuum arc commutation.

dI
Uarc = Ls_c + us 0< Ic < Ice/ (1)
dt.
dIc Uurc - us
ST TS 0 < ] < L 2
dtc L 0<I <l ( )
ISL’

I Uare Ua re-avg

~~
Uare-min

Figure 3. Example of typical vacuum arc commutation.
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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
Ucr 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 Ucg and I is obtained
as shown in Formula (4). Because SSs are made of FPEDs through series and parallel connection,
the relationship between U 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. Uj 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)
Uce = Up + R, 4)
Us = Usp + Rsls. (5)
24
o / /
— T=25°C
2.0 — —T=125C /
1.6 /
<
= 12 /
0.8
04 Uceo” Ucko
Uo
0 —
0 05 10 15 20 25 3.0 35 4.0
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], Upyc-q0q can be taken as the vacuum arc voltage value, and Ugrc-aug
is the average value of the maximum value Ugc-may and the minimum value Ugyepip, 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, 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:

dIC u{l'r‘C-lZUg - uS
e T8 o< <]
dtc LS O —= 4c = Lces (6)

Usi = Uso + Rslsi @)
Us = usi+RsICOSIc <Ie ’

After solving Formulas (6) and (7), the relationship expression of ¢, about I, is obtained as shown in
Formula (8). It is 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 Lg,
Rs, Ice, Ugrc-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 dI./dt; > 0, Formula (10) can be obtained:

Ugre-avg — Ui — Rl
tC _ —Eln( arc-avg st sic

0<1I <, 8
Rs uarc—avg = Us; ) ‘ “ ( )

Usre-avg — Usi — Rsl,
T, = _E 11’1( arc-avg si slce ), )
Rs uarc—uvg — Usi
uarc—uvg — Ui — 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-avg, 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-avg —
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~1n(1 - %)k > 1. (11)

It is easy to know that changing the parameters Uayc-qvg, 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
Uurc—uvg - usi and Rglee.

Assuming that the parameters Ls, Ice, Ugrc-avg 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 = (Uare-avg — Usi)/Rsolce = ko; let the changed Rs = xRsp, and correspondingly, k = (Ugrc-aug — 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 < k:

a X
T, = —;ln(l—%)x<k0. (12)
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When k 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. kg is the ratio of the parameters
Uarc-avg — Usi and Rsplee, and R is the initial value of R;.

5b T T T T T T - T

4b- b

3bA b

e

2b A b

1b- :

Figure 7. The variation curves of T, and k with x.

a T T T T T T T T
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k

Figure 8. The relationship curve between T and k in Figure 7.



Energies 2020, 13, 4823 7 of 15

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. Ky, 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. Ci; and Cy; are current
sensors, which are used to collect the currents of the MS and SS branches, respectively. Py 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.

l T !
+ :
m Il‘l IS i
Ci K : {}Im i | Controller
|
I
Pt+[
|
i
i
Li i
LYY Y ‘\

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 uH, T, increases from 66 to 346 us, and Uarc-avg increases from 11.7 to 15.8 V. Both T, and Uarc-avg
increase with the increase of L.



Energies 2020, 13, 4823 8 of 15

20 ——————————————— 71— 20

Uare Uarca vg

T T T T T T T T T
0 100 200 300 400 500

t(us)
(@)
2.0 T T T T T T T T T 20
ugrc
15 T \Uarmzvg T 15
—_ Iﬂl ISE
é 10 +——>__ 10 g
~ T. Us =
05 - Is IICE i 5
Lsi i
N
0 - 0
T T T T T T T T T
0 100 200 300 400 500
t(us)
(b)
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 pnH, the relationship curve between T,
and Ugyc-aug 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-avg also increases with
the increase of L,, but the magnitude of the increase becomes smaller and smaller.

1.5 T T T T T T T T 20
Ure-aeg, Te=1 5kA
Unreasg, Te=1.0kA
1.2 =¥ Uuecas, I.=0.5kA 4 16
09 A =4 12 .
E S
= —&—T,, I.=1 5kA 5
06 9 ——T, L=10KkA 1 8
| ——T, .=05kA
0.3 1 4 4
O T T T T T T T 0
0 1 2 3 4
Lo(pH)

Figure 11. Curve of Tc and Ugrc-qvg 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, Ugrc-ang increases
from 9.2 to 12.9 V, U, 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 I; increase with the increase of Iee.

4.0 — T T T T T 20
3.0 A 1 15
,:ME 20 T Uare /Uﬂrc—avg 1 10 g
= 1 1 =
1.0 o 1 5
T
| Im \ ot USE |
— QTISE
0 1 dane 0
- Em
0 50 100 150 200 250 250
t(us)

(@)

4.0 ; T - T - . . . . 20

15

10 S
S

5

0

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 kA.
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As shown in Figure 12, it is easy to know that changing I.. is achieved by changing I;.. When the
Is ranges from 3.0 to 3.16 kA, the relationship curve between Ugrc-avg, Use, Ice, Lsi, and Ise is shown in
Figure 13a. As shown in Figure 13a, all of Ugasc-aug, 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 U; and I;; can be obtained, respectively, and then we can get the calculation formula of
k about Ugyc-aug, Use and Us;:
Use = usO + Rslse = 2.0 + 3

Usi = Usp + Rslsi = 2.0+ 3l . (13)
uarc—avg —Us; uurc—m:g —Us;
k = =
Rslee Use—Us;
3.0 T T T T T T T T T 15 250 T T T T T T T T T 16
2.5 - ]
_ 12 200 1 11
2.0 1 ]
~ ] 19 . =150 1
:5 1.5 - Uarcfuvg % % ] 1 8w
= Jue=20v, e 46 F 100
10 . b ol Ice | ] —— TC
| Lsi . . 4
0.5 4~ 3 50 K
0 =711 T 71— 0 0 LN L I LN B B 0
0 05 10 15 20 25 30 35 0 05 10 15 20 25 30
Lu(kA) Ie(kA)
(@) (b)
250 T T T T T T T T
200 ~ 7
/0)\150 7] 7]
2
=100 - .
50 ~ .
0 T T T T T

Figure 13. (a) The relationship curve between Ugrc-avg, Use, lee, Isi, 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 .., 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.
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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 m() 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, = I,,. As shown in Figure 14,
when the added on-state resistances R, increases from 0 to 9 m(), T, increases from 34 to 99 us, Uarc-avg
increases from 9.5 to 12.8 V, and Us, increases from 3 to 12.1 V. All of T¢, Uarc-avg, and Us, 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

Uare Vaccum arc

15 1 voltage drop 1 15

I
Uarcav Lse
8 /I\/

210 - 105
= S
N
0.5 7 IGBT module 5
Turn on N
0 N 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 Uarc-avg

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 Ugc-aug, Use, and R, is shown in
Figure 15a. It can be seen from Figure 15a that whether I, is 1 or 2 kA, both Ugrcqp and Use grow
approximately linearly with R,. As it is known from the previous section that Uy = 2.0, and I;; =0,
we can easily get Us; = Usg + I;;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 kq value
is 8.2 when the I, is 1 kA, and the corresponding kg 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 15c 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 15c basically coincides with the change
law shown in Formula (12) and Figure 8.

N 200 ——————— 1 10
| == Uurc-avg, Ic=2.0kK A —0— ULirc-ang, [c=1.0k Al ] —a—T,, [.=2.0kA 1
b, [.=2. e, Ie=1. c=2. 7

15 4 Us, I.=2.0kA —=—U, [.=1.0kA i 150 —v—1k, [.=2.0kA 8

T., I.=1.0kA
— ~ | kI=10kA 7 ©
2 10 - . =100 {1 o~
S = 1 4
5 - . 50 1 42
0 T LR T 7T LI L 0 T L L T T T LI L 0
01234567 89 0123456789
Ro(mQ) Ra(mQ)
(@) (b)
200 T T T T T T T T
—a— T, ko=4.3
150 - T, k=8.2
— i
2100
= i
50 - ]
O T T

Figure 15. (a) Curve of Uarc-ang and Us, with different on-state resistances; (b) Curve of Tc 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 R;, and stray inductance L;, on the vacuum arc commutation
characteristics. Meanwhile, according to Formulas (11) and (12) and Figures 6, 8, 13c and 15¢, 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 Uarc.ang — Us; should be increased or the value of R¢I should be
decreased. The main method of increasing the value of Ugcq0g — 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 Rl
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 Ls 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 L, I, and R; 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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