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Abstract

®

CrossMark

Vacuum gaps have rapid dynamic dielectric recovery speed while SFg gaps have high insulation
strength. The series-connected vacuum and SF¢ gaps are used as the main switch (MS), which
combines their advantages. The work aims to verify the feasibility of serial vacuum and SF¢ gaps
in mechanical HVDC interruption. The test circuit of the dynamic dielectric recovery
performance (DDRP) is set up. The DDRP is tested under free recovery condition by the high
voltage pulse source. The DDRP of the vacuum circuit breaker (VCB) and SFg gas circuit
breaker (GCB) in DC interruption with active current injection is analyzed and compared. The
test results indicate that the dielectric recovery duration of the VCB is below 30 us while that of
the GCB is above 100 us. In order to achieve the cooperation between the VCB and GCB, a
novel hybrid HVDC circuit breaker (CB) based on series-connected vacuum and SF¢ gaps is
proposed. The ‘voltage-zero’ duration is created by introducing the follow current loop and there
more recovery time for the dielectric recovery of the MS. The voltage distribution is controlled
by the voltage dividing method so that the VCB undertakes the initial transient recovery voltage
(TRV) and the later TRV is took by the GCB. The theoretical synergy characteristic of the novel
HVDC CB is obtained. The paper supplies a new method to improve the custom mechanical
HVDC CB, which is useful to achieve the HVDC CB with less serial breaks.

Keywords: dielectric recovery performance, vacuum interrupters, SF¢ interrupters

(Some figures may appear in colour only in the online journal)

1. Introduction

With the development of the distributed power supply, the
multi-terminal HVDC transmission system is a future trend.
There are a series of key technical problems to be solved for
the HVDC application. The HVDC circuit breaker, which is
one of the important key challenges, is used to connect and
protect the multi-terminal HVDC system [1, 2].

The HVDC circuit breaker (CB) has been the research
hotspot in the world. Common classification includes a
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mechanical type with active current injection, hybrid type
with mechanical switch (MS) and power electronic equip-
ment, high voltage power electronic apparatus type. The cost
of the mechanical HVDC CB is low while that of the power
electronic HVDC CB is high. The on state resistance of
the power electronic HVDC CB is larger than that of the
mechanical type. The hybrid HVDC CB combines the
advantages of the MS and power electronic device, which has
made significant progress in recent years [3]. The ABB
Company designs the hybrid DC CB, whose rated voltage and
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breaking current are 80 kV and 16 kA respectively. The
breaking time is only 5 ms and it can be connected in series to
achieve the 320 kV HVDC CB [4]. The 120 kV/7.5 kA
HVDC CB prototype is designed by Alston Company [5].
China Global Interconnection Research Institute develops the
200 kV hybrid HVDC CB with the breaking current and time
of 12 kA and 3 ms, respectively [6]. The mechanical HVDC
CB with the active current injection is one of the main
research directions of the HVDC CB. The dielectric recovery
time of the vacuum is always below tens of microseconds.
The MS is always a vacuum circuit breaker (VCB) driven by
the high speed repulsion actuator. There are some mechanical
DC CB prototypes whose rated voltage is below 80 kV
because of the saturation effect of the long vacuum gap [7, 8].
The existing mechanical DC CB module includes 80 kV/10.5
kA/5 ms and 55 kV/16 kA /5 ms, which can be connected in
a series to gain the mechanical HVDC CB. In 2018, the
mechanical HVDC CB with the rated voltage of 160 kV has
been designed and applied in the China Southern Power Grid
[9, 10]. The on state resistance and cost of the mechanical
HVDC are low while the synchronism and the serial structure
of the HVDC CB are complex. As the development of the
mechanical HVDC CB, the reliability and breaking speed will
be enhanced.

The rated voltage of the commercial single-break VCB is
below 72.5 kV in AC power system. In order to achieve the
high voltage CB, multi-break VCBs is proposed by con-
necting single-break VCBs in series with grading capacitors.
The MS of the mechanical HVDC CB is also multi-break
VCBs. More serial breaks for the 800 kV HVDC CB are
needed. The serial vacuum and SF¢ gaps has been proposed to
combine the rapid dynamic dielectric recovery speed (DDRS)
of the VCB and the high insulation strength of the GCB. In
our previous research, the synergy cooperation and voltage
distribution of the serial VCB and GCB have been investi-
gated and we designed the fiber controlled AC prototype
[11-13]. The vacuum gaps can be used to undertake the initial
transient recovery voltage (TRV), which creates beneficial
conditions for GCB so that it can improve the breaking
capacity [14]. The first mechanical HVDC based on the serial
VCB and GCB is proposed by S. Yanabu. The voltage dis-
tribution is adjusted by the nonlinear resistors and dividing
resistors. The 250 kV/1.2 kA mechanical HVDC CB is
achieved with the serial VCB and GCB [15]. Our team has
established the custom mechanical HVDC CB simulation
model and analyzed the dynamic voltage cooperation between
the VCB and GCB [16]. The advantage of the mechanical
HVDC CB based on serial VCB and GCB is that the number
of series-connected breaks is less. However, the synergy
mechanism and regulation methods of the above mechanical
HVDC CB, according to the dynamic dielectric recovery
performance (DDRP) of the vacuum and SF¢ gaps, are not
clear [17].

In this work, the DDRP test circuit is designed with DC
interruption current source and pulse high voltage source. The
DDRP of the VCB and GCB in different arcing time, di/d¢ is
obtained under free recovery condition. The DDRS time of
the above arc-extinguishing medium is gained, which is very
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Figure 1. Schematic diagram of the mechanical HVDC CB based on
serial VCB and GCB.

useful to the synergy control method in mechanical hybrid
HVDC circuit breakers. The voltage-zero duration and volt-
age dividing method are introduced to the custom mechanical
HVDC CB and the structure of the novel HVDC CB based on
serial VCB and GCB is proposed. The effect of the regulation
method is compared by simulation according to the DDRP
data of each break. The test and simulation results verify the
effectiveness of the novel structure, which is useful for high
voltage applications.

2. The mechanical HVDC circuit breakers based on
serial VCB and GCB

The mechanical HVDC CB based on series-connected VCB
and GCB is shown in figure 1. The vacuum interrupter unit
(VIU) and SFg gas interrupter unit (GIU) are connected in a
series, which are used as the MS of the mechanical HVDC
CB. The voltage distribution between the VIU and GIU is
controlled by the dividing resistors Rp and nonlinear resistors
Ry The resistance of Ry is much larger that of R, when the
nonlinear resistors do not act so that the initial TRV is almost
endured by the VCB. After the nonlinear resistors act, the
voltage of the VCB remains constant, which is dependent on
the reference of the nonlinear resistor. The later TRV will
be taken by the GIU. The oscillating current is produced by
the positive current injection circuit L, C, and TVS, or
negative current injection circuit L, C; and TVS;. The metal
oxide varistor (MOV) is the energy absorption unit. The
disconnect switch (DS) is used to achieve the insulation after
DC interruption. In this paper, we define the positive fault
current as being from left to right. We only analyze the
positive fault current interruption process.

As shown in figure 2, the interruption process of the
mechanical HVDC based on serial VCB and GCB is as follows.
Iucs, Ic and I represent the total current, oscillating current and
current of the MS. The total voltage, voltage of the VCB and
GCB are described by Vycg, Vyi and Vg respectively. The
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Figure 2. Principle of the mechanical HVDC CB based on serial VCB and GCB.

normal rated current is 2 kA and starts to increase after the fault
occurs at #z. Then, the MS opens and the positive oscillating
current circuit is closed by triggering TVS, when the opening
distance of the MS is enough to break the current. The current of
MS starts to decrease to zero after the introduction of the oscil-
lating current. The arc of the serial VCB and GCB will be
extinguished at current zero of the MS. The reserve TRV will be
produced just after the current zero. The peak value of the reserve
TRV is lower than the reference of the nonlinear resistors so that
it is mainly undertaken by the VCB. After several microseconds,
the positive TRV is produced and the initial positive TRV is also
mainly endured by the VCB, which creates more recovery time
for the GCB. The later positive TRV is taken by the GCB while
the voltage of the VCB is constant, which is consistent to the
reference voltage of Ry. The surge arresters MOV will act when
the TRV reaches the threshold voltage and the energy will be
absorbed by the MOV. The DC interruption process is finished
after the DS interrupts the residual current.

The partial enlarged diagram of the current zero region is
shown in figure 2(b). According to the above analysis, the current
zero of the MS is created by introducing the reverse oscillating
current. Then the TRV is produced and the voltage distribution
between the VCB and GCB is dependent on the resistance
relationship between the voltage dividing resistor and the non-
linear resistor. The dynamic dielectric recovery time of the VCB
is always below 20 us while the DDR time of the GCB may be
above 100 ps. There is the synergy cooperation between the
DDR and the voltage distribution of VCB and GCB. The VCB
takes the initial TRV, which supplies about 50 ps for the DDR of
the GCB, and then the GCB can endure the later TRV. In
addition, the insulation of the GCB is linearly increasing with the
gap length and pressure so that the static breakdown voltage of
the GCB is higher than VCB [18-20]. The synergy strategy
mainly depended on the DDRP of the VCB and GCB. We
obtained the DDRP in DC interruption by experimental research.

3. The DDRP of the vacuum and SFg in DC
interruption
3.1. Test circuit and configuration

The test circuit of the DDRP under free recovery condition is
shown in figure 3. L; and C; represent the equivalent
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Figure 3. The test circuit of DDRP of VCB and GCB.

capacitance and inductance of the large current source while
the reverse oscillating current circuit is composed of L;, C;
and SG. The auxiliary current circuit consists of TCR and R,
which supplied the holding current for AB1 and AB2. The
main power-frequency current will be introduced after the
closing circuit breaker CB is closed. The reserve oscillating
current is superposed into the main current and the DC
interruption current can be produced. The protection switch is
double-break VCBs by connecting AB1 and AB2 in series,
which are used to achieve the insulation of the pulse high
voltage. The rated current and voltage of AB are 20 kV and
1200 A respectively. The pulse voltage is triggered with a
duration after the forced current zero. The peak value of the
main current is 10 kA and the di/dr of the reverse currents are
13.3Apus™ ', 22 A s ' and 30 A ps™', which are adjusted by
changing the inductor L. The peak value and rising time of
the pulse voltage source are 65 kV and 1.2 us, respectively.

The principle of the DDRP test circuit is shown in
figure 4. In the initial status, AB1, AB2, VCB and GCB are
closed while TCR, CB, SG are open. The C; is charged with
positive voltage while the C; is charged with negative volt-
age. The auxiliary current is introduced by close TCR and the
current is limited by the resistor R,. The maximum value of
the auxiliary current is about 50 A. Then the protection
switches AB open and the auxiliary current supplies the
holding current. The main current is introduced after the CB
is closed. The contact resistance of CB is much less than that
of the auxiliary current circuit. The test circuit break, such as
VCB or GCB, opens with different arcing time. The reserve
oscillating current circuit is superposed into the main current



Plasma Sci. Technol. 21 (2019) 074010

X Cheng et al

Auxiliary
current

Main

Pulse
current

voltage

S

[ [ [
[ | [ [
TCR close AB open CB close TB open

Figure 4. Principle of the DDRP test circuit.
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Figure 5. Prototype of the VCB and GCB.

after the SG is ignited. The forced current zero is created at #.
The current flowed through the test circuit breakers (serial
VCB and GCB) is the DC interruption current, which is the
same to the current in mechanical DC CB breaking. The pulse
voltage is triggered with a delay duration after the forced
current zero. We can obtain the breakdown voltage in dif-
ferent delay durations when the main current is the same so
that the DDRP can be obtained with a series of tests. The
control accuracy of forced current zero and the moment of
pulse voltage is vital to gain the effective results. The scatter
of SG and pulse voltage is 10 us and 5 us, respectively, which
ensure the accuracy of the test.

3.2. Results of dielectric recovery performance

The DDRP of the VCB and GCB in DC interruption is tested
under the free recovery condition. The arcing time is adjusted
from 3 ms to 7 ms for VCB while that of the GCB is adjusted
from 5 ms to 18 ms. The maximum value of the main is 4 kA.
The di/dt can be adjusted by changing the inductor of the
reverse oscillating current circuit, which is 13.3 A ,us_l,
22 A ps~" and 30 A ps ' in the test research.

The prototype of the VCB and GCB is shown in figure 5.
The rated voltage is 10 kV while the breaking current is 20
kA. The permanent magnet actuator (PMA) is used to drive
the VCB and the average opening speed is about 1.0ms .
The structure of the GCB is magnetic arc control type and
its breaking capacity is 10 kV /6.3 kA. The GCB is driven by
the spring mechanism and the average opening speed is
25ms L.
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Figure 6. Typical breakdown in DDRP test.

501
40+
>
< 304
D’E
204 di/dt=30A/us
= f,.=3ms
101 ®f,,~5ms
At~ Tms
0 T T T T T T T T T g 1
0 10 20 30 40 50

At(us)

Figure 7. DDRP of VCB in different arcing time when the di/d¢ is
30A pus .

The typical test waveform of the DDRP test is shown in
figure 6. The peak value of the main current is 4 kA, the pulse
voltage is applied after the forced current zero about 600 ps.
The breakdown voltage is the DDR strength. The DDRP can
be obtained by a lot of repeated tests in different delay
durations.

3.2.1. DDRP of the VCB. When the peak value of the main
current is 4 kA, the arcing time is 3 ms, 5 ms and 7 ms; the
repeated tests are conducted in different delay durations. The
DDRP of the VCB when the di/dr is 30 A us_l is obtained,
which is shown in figure 7. The DDRS increases as the delay
duration increases. The DDR time of VCB increases while the
final DDRS decreases with decreasing arcing time. The initial
DDRP of the VCB when the arcing time is 5 ms and 7 ms is
almost the same. However, the final DDRS is higher when the
arcing time is 7 ms because the final vacuum gap is longer
than that of 5 ms. According to the figure 4, the DDR time of
the VCB is below 30 us and the insulation strength is about
50 kV when the arcing time is 7 ms. The vacuum gaps are
3 mm, 5 mm and 7 mm when the arcing time is 3 ms, 5 ms
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Figure 9. DDRP of GCB in different arcing time when the di/dt is
30A s

800

and 7 ms respectively. The optimal distance of the vacuum
gap is 5-7 mm.

The DDRP of the VCB with different di/dr can be gained
by the above repeated tests when the arcing time is 5 ms. The
influence of the di/dr on the DDRP is shown in figure 8. When
the di/dr is adjusted from 13.3 A s~ ' to 30 A us ™', as the di/
dr increase, there is a slight decrease of the DDRP. The
influence of the di/dt is not obvious. In the mechanical HVDC
interruption, the frequency of the reserve oscillating current is
always about 1-5 kHz. The oscillating frequency is 5 kHz in
the test. Therefore, the influence of di/dt is ignored in the serial
connection as the reserve oscillating current is the same.

3.2.2. DDRP of the GCB. The DDRP of the GCB is gained
when the arcing time is 5 ms, 10 ms and 18 ms. DDRP in
different arcing times are shown in figure 9. The DDR speed
noticeably increases as the arcing time increases. The DDR
time is above 600 us when the arcing time is 5 ms and when it
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Figure 10. DDRP of GCB with different di/dz.

is below 100 ps when the arcing time is 18 ms. Generally, the
arc extinguishing type is puffer type in GCB while the test
GCB is magnetic arc blow type. The DDRP of the GCB with
magnetic arc blow is lower than that of the puffer type GCB.
The SF¢ gaps are 12.5 mm, 25 mm and 45 mm when the
arcing time is 5 ms, 10 ms and 18 ms, respectively. According
to test results, if we want to gain the advanced DDRP, the
magnetic arc blow type GCB should be driven with high
speed operation so that the contact distance can endure the
transient interruption voltage (TIV).

The influence of the di/dr on the DDRP of the GCB is
conducted when the arcing time is 10 ms. The influence of the
di/dt on the DDRP is shown in figure 10. There is a great
improvement of the DDRP with the arcing time of 5 ms,
while the influence of the di/dt is slight if the arcing time is
above 10 ms. The results indicate that the DDRP can be
markedly enhanced by increasing the opening speed.

Based on the above DDRP results of the VCB and GCB,
the DDR speed of the VCB is rapid and the DDR time is
below 30 ps while the DDR time of the GCB is about 100 us
when the arcing time is 18 ms. The dynamic dielectric
recovery strength (DDRS) of the GCB is larger than that of
the VCB. The arcing time of the VCB should be between
5 ms and 7 ms, so that the DDR time is below 15 us and the
DDRS is above 50 kV. The arcing time can be represented by
the contact distance. The average speeds of the VCB and
GCB are 1.0ms ' and 2.5ms™", respectively. So the best
contact distance of the VCB should be 5-7 mm while the
contact distance of the GCB should be above 25 mm. The
maximum DDRS of the GCB is above 65 kV.

3.2.3. DDRP of the HCB. Based on the above results, the
maximum DDRP of the HCB can be gained when the
voltage distribution is consistent to the DDRP of each gap.
The maximum DDRP of the HCB is shown in figure 11,
when the vacuum gap and SF¢ gap are 5 mm and 25 mm,
respectively. The DDRS increases as the delay duration At
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Figure 11. The maximum DDRP of the HCB.
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Figure 12. Current and voltage waveforms of the MS.

increases and the final DDRS can be above 105 kV when Ar
is 200 ps.

4. The regulation of the serial vacuum and SFg gaps

4.1. Voltage distribution regulation

The voltage distribution of the serial VCB and GCB is
dependent on the dividing resistor Rp and the nonlinear
resistors Ry. According to the analysis in section 2, the initial
TRV is mostly taken by the VCB while the GCB endures the
later TRV. The current and voltage waveforms of the serial
VCB and GCB in HVDC interruption are shown in figure 12.
The test results in section 3 show that the DDR time of the
VCB and GCB is about 10-30 us and 200 us with the final
breakdown voltage of 50 kV and 65 kV respectively. The
VCB can undertake the initial TRV until the value of the TRV
reaches to 50 kV in 30 us. However, the GCB can absolutely
recover after 200 ps, so that there is blank region in the
synergy cooperation between VCB and GCB. The maximum
DDRP cannot be obtained by voltage distribution regulation.

4.2. Voltage-zero regulation

In order to create more recovery time for the MS, the follow
current circuit is used to conduct the reverse TRV and then
there will be a voltage-zero region in the reverse TRV state.

Intelligent
controller

Figure 13. The novel mechanical HVDC CB with voltage-zero
regulation.
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Figure 14. Interruption process of the novel hybrid HVDC CB at
current zero region.

The serial positive SCR1 and negative SCR2 with current
limiting resistor and inductor are used as the follow current
circuit, which is connected to the MS in parallel. The novel
mechanical HVDC CB with voltage-zero regulation is shown
in figure 13. The current-limiting resistor R and reactor L are
serially connected to the SCR, which are used to limit the
maximum current of the follow current circuit. The positive
SCR2 is cooperated with positive oscillating current circuit.
The interruption process of the novel HVDC CB with
voltage-zero regulation at current zero region is shown in
figure 14. There is no reserve TRV after the current zero of
MS because the reserve TRV flows through the follow current
circuit. The ‘voltage-zero’ region is achieved at the reserve
TRV duration, which is from #p; to #pp. The positive SCR2
cut off after fp, and the positive TRV is applied to the
MS. Then the positive TRV distribution is adjusted by the



Plasma Sci. Technol. 21 (2019) 074010

X Cheng et al

voltage-dividing regulation methods. The ‘voltage-zero’
duration created by the follow current circuit can supply more
DDR time for the serial VCB and GCB, which is useful to
gain the synergy cooperation of the DDRP of the VCB and
GCB. The ‘voltage zero’ duration in the novel hybrid HVDC
CB is arranged from several microseconds to hundred of
microseconds by adjusting the oscillating frequency of the
reverse current. If the voltage zero duration is greater than 200
us, the serial VCB and GCB can be fully recovered. The
calculated DDRS is above 105 kV based on the DDRP in
figure 11. In addition, the VCB endures the initial TRV
because it is full-recovery in 30 us, and then the GCB takes
over the later TRV. The above synergy cooperation can also
supply the DDR time for about ten microseconds for GCB.
Therefore, the novel hybrid HVDC CB can create the ‘volt-
age-zero’ duration to improve the DDRP of the MS in HVDC
interruption. The prototype design and parameter optim-
ization will be deeply investigated in future work.

5. Conclusion

The DDRP of the VCB and the GCB in DC interruption
under free recovery condition is obtained. The influence of
the arcing time and di/d¢ on the DDRP is obtained. The best
arcing time of the VCB is 5-7 ms and the DDR time is below
15 ps. While the arcing time of the GCB should be above
18 ms so that the DDR time can be below 100 us. The contact
distance of the VCB should be 5—7 mm while that of the GCB
should be above 36 mm.

According to the difference between the GCB and VCB,
the voltage distribution and ‘voltage-zero’ regulation method
are proposed to achieve the synergy cooperation between the
VCB and GCB in DC interruption. The DDRS of the series-
connected 10 kV VCB and GCB is above 105 kV when the
voltage zero duration is above 200 us.

The principle of the novel mechanical HVDC CB based
on serial VCB and GCB is analyzed and tested. The DDRP of
the serial VCB and GCB in DC interruption is obtained and
the effectiveness of the novel mechanical HVDC CB is pre-
liminarily verified, which provides the reference for future
design.
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