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Controlled Fast Vacuum Breaking of an AC
Short-Circuit Current in a Short-arcing Time
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Abstract—A quick elimination of short-circuit faults in a short
time can significantly promote the transient stability of an AC
power grid. This paper proposes controlled fast vacnum breaking
(CFVB) of a short-circuit current within a short-arcing time. The
CFVB technology performs the following: determining a lower-
limit opening speed of 3.5 m/s for a 40.5 kV fast vacuum circuit
breaker (FVCB), quickly predicting the fault current-zero within
4.0 £ 0.4 ms to command the FVCB to open at a selected current
phase-angle, and optimizing an electromagnetic repulsion actuator
with an opening time of 2.5 &+ 0.05 ms to achieve an accurate open-
ing operation. The CFVB technology was deployed in a prototype of
single-phase multiple-break 363 kV FVCB to validate its feasibility.
The validation involved test duties of T100s(b) and T100a following
standards IEC 62271-100 2017 and GB/T 1984-2014. Test results
demonstrated that by adopting the CFVB technology, the 363 kV
FVCB can successfully interrupt a fault current of 80 kA rms within
the first half-wave fault current with a short-arcing time of 2.5 ms.
Further application of the CFVB technology could help promote
the transient stability of power distribution and transmission sys-
tems.

Index Terms—Arcing time, controlled fast vacuum breaking,
electromagnetic repulsion actuator, fast vacuum circuit breaker.

1. INTRODUCTION

ONTINUAL growth in generation and consumption of
C electrical energy and enhanced connectivity of power
networks has led to a significant increase in fault currents.
Considerable effort has been devoted to technologies that limit
or break short-circuit current in various ways to promote the
transient stability of a power grid [1], [2]. Current-limiting
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technologies in such applications as superconductivity, liquid
metals, and solid-state permits the power equipment to remain in
service even though the prospective short-circuit current exceeds
its rated peak and short-time withstand current [3]-[6]. However,
it is heavy-duty for a circuit breaker (CB) to directly interrupt a
fault current over its rated values, let alone to quickly eliminate
the fault in an extremely short time. This is because the opening
time of the CB driven by traditional operating mechanisms
like those involving springs, permanent magnets, or hydraulics
exceeds about 30 ms [7], [8].

There has been renewed interest recently in controlled switch-
ing technologies as an introduction of the electromagnetic repul-
sion actuator (ERA) into developing fast vacuum circuit breakers
(FVCBs) [9], [10]. The closing and opening times of the FVCB
could be dramatically decreased to several milliseconds and
their deviations to tens of microseconds. Moreover, a higher
short-circuit breaking current than the rated value of the FVCB
canalso be achieved in a short-arcing time current interruption as
reported in [10]. This is due to the lower arcing energy deposited
onto both contact surfaces in the case that a high opening speed is
applied to interrupt a high current. Therefore, it is conceivable
to use the FVCB to eliminate an over short-circuit fault [10]
or limit the exceeding short-circuit current particularly by a
superconducting fault current limiter (SFCL) [6], [11] in the first
half-wave fault current in conjunction with a system that could
quickly identify a short-circuit fault. This could significantly
improve the transient stability of the power grid and render a
considerable cost saving for an under-planning power network
by allowing the application of equipment with lower ratings.

However, there are no such technologies, from the state of
the art, that could quickly eliminate a short-circuit fault within a
short time for the AC power grid. This paper proposes controlled
fast vacuum breaking (CFVB) of a short-circuit current within
a short-arcing time. The CFVB technology operates in the
following sequence: 1) determining a lower-limit opening speed
for the FVCB, 2) quickly predicting a short-circuit current-zero,
and 3) optimizing the ERA with a low deviation of opening time.

II. CFVB TECHNOLOGY
A. Lower-Limit Opening Speed for the FVCBs

An opening speed of a vacuum circuit breaker (VCB) has a
significant influence on transferring of the vacuum arc anode-
discharging modes, which tends to result in a successful current
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Fig.1. Geometry of cup-type AMF contacts, and typical evolvement of anode-
discharging modes in 40 kA rms current interruption. The total arcing time is
2.0 ms. The intense-arc mode transfers into diffuse-arc mode at an instantaneous
arcing time of 0.44 ms.

interruption in a case of long-lasting durations for the diffuse-arc
mode [12]. It is essential to acquire an adequate opening speed
for the designed FVCB to perform a reliable current interruption
within a short-arcing time. Take the commonly used cup-type
axial magnetic field (AMF) contacts in VCBs as an example.
The evolvement of anode-discharging mode was experimentally
investigated for different arcing currents and opening speed.
Fig. 1 shows the geometry of cup-type AMF contacts for a
40.5kV FVCB, together with the observed evolvement of anode-
discharging modes in 40 kA rms current interruption.

The evolvement of initial intense-arc mode into diffuse-arc
in current interruption was characterized by dispersing motion
of multiple cathode spots on cathode surface. The intense-arc
only transferred into the diffuse-arc, rather than the footpoint or
anode-spot, for various values of arcing current /,.;,,s and opening
speed v in the first half-wave arcing current. The dependence of
the instantaneous arcing time 7, at the mode-evolving point on
v and ;1,5 can be statistically obtained as

tevit = —0.253 - v 4+ 0.024 - ;1,5 + 0.830 @))]

where 7., is the critical arcing time for the mode evolvement in
ms, v is the opening speed of the FVCB in m/s, and I, is the
rms arcing current in kA.

In this way, the critical contact-gap d..,i; for the evolvement of
intense-arc into diffuse-arc can be obtained by multiplying #.,i¢
with v. Fig. 2 shows the dependence of d.,i; on v for a 40 kA
rms current interruption. In fig. 2, the anode-discharging mode
would remain in intense-arc in the case that the instantaneous
contact-gap d is lower than d..;. Inversely, the intense-arc
would quickly evolve into diffuse-arc, which assists a successful
current interruption.

Notably, there exists a maximum critical contact-gap dy;, of
3.2 mm and a corresponding threshold speed vy, of 3.5 m/s.
The vy, is the lower-limit opening speed for the 40.5 kV FVCB.
When v is designed to be 5.2 m/s, higher than vy, dei¢ and
terit decrease from 3.2 to 2.47 mm and from 0.90 to 0.47 ms,
respectively. The decreased t.,;; means a short-lasting duration
for the intense-arc mode. Thus, a moderate contact surface
erosion, caused by the intense-arc mode, could be achieved.
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Fig. 2. Dependence of dc,it on v for arcing current of 40 kA rms, where v¢p
is a lower-limit opening speed for the 40.5 kV FVCB.
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Fig. 3. Flow chart of the quick prediction of fault current-zero program and

operating sequence for the CFVB technology.

A series of successful current interruption tests on the 40.5 kV
FVCB showed a minimum arcing time of 0.5 ms and a maximum
arcing time of 7.8 ms for v = 5.2 m/s. Therefore, the higher the
designed v is than vy, of 3.5 m/s, and the lower the arcing time
is than its maximum while remaining higher than its minimum,
the better the FVCB successfully interrupts a short-circuit cur-
rent. Besides, an extended electrical endurance of the FVCB
would benefit from a low arcing time in series of high current
interruptions.

B. Quick Prediction of Fault Current-Zero

A quick prediction of short-circuit current-zero is necessary to
command the FVCB to open at an adequate current phase-angle
to complete a successful current interruption. Fig. 3 shows the
flow chart of the program for predicting the short-circuit current-
zero and the operating sequence for the CFVB technology. Once
a short-circuit fault is detected, the program is launched to
predict the fault-current-zero and inform the FVCB to open after
atime delay z. The time delay ¢ strongly depends on the intrinsic
arcing time window (i.e., the time interval between the minimum
arcing time and the maximum arcing time) and the opening time
of the FVCB.

A fault-identifying algorithm works with the program to
predict the current-zero. The algorithm is based on the detection
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of curvature mutation of current waveform:

o Z'nJrl - Zn _ Zn - Z.nfl
Aa = atan (Ts > atan <Ts ) )
(ing1 —in)> — T2 — \/(ing1 — in)* — T2
s Vi) T3 flins N

2
where A« is the angular variation of the current waveform
tangent lines between two adjacent sampling points in rad/s;
in+1, in, and 7,1 are three adjacent current sampling points in
kA; As is the length between two adjacent points in kA; and
Ts is the sampling period in s. In this case, the curvature of
current-wave can be obtained as

k:E'TS 4)

where k is the curvature of current-wave in kA-s/rad. Once the
absolute value of k rises exceeding a critical value, typically
0.01 in this study, the current is identified as a short-circuit
current. The fault-initiated phase-angle could also be available
when k>0.01 kA-s/rad.

The fault current-zero prediction algorithm is based on the
least-squares method. Take the unidirectional short-circuit cur-
rent Igc as an example, the equation of Igc is

isc = Iy sin (wt + a — )

t
+ [Im\0| sin (Oé - ﬁp\o\) — Iy sin (a — (p)} e I (3)

The parameters of igc in (5) can be obtained by solving its
orthogonal equation

isc = Xy sin (wt) + Xocos (wt) + X3 -t — Xy (6)

where X; — X are the coefficients of the fault current equation,
which can be resolved by introducing an identity matrix U and
an orthogonal n x 4 matrix A, respectively. The dimension value
n for both U and A is closely correlated with the sampling rate
of the fault current. In this case, the coefficients in (5) are the
solutions of (7):

X, isc (t1)
? — (ATUTUA) ' (ATUTUA) - | ()] )
X4 iSC (tn)

where A is an orthogonal matrix of (6) with dimensions n x 4,
U is an identity matrix with dimensions n X n, and isc(#1) —
isc(ty) are the sampling points of the fault current.

The current-zero prediction program was implemented with
an STM32H7B0 microprocessor, a sampling rate of 50 kHz, and
asampling window of 4.0 ms. The sampling window kept sliding
in steps of 1.0 ms. In the sliding process, the microprocessor
worked to calculate the curvature of the sampling current k and
to detect whether a short-circuit fault occurred. Once a fault was
detected, the current-zero prediction algorithm was set up to
calculate the coefficients of the short-circuit current and output
the current-zero information.

The feasibility of the fault current-zero prediction program
was validated in RTDS (i.e., Real-time Digital Simulation
system). The essential time to predict the fault current-zero
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Fig.4. Exhaustive view of the optimized ERA integrated with the gas damper.

was verified to be 4.0 = 0.4 ms for different fault initiation
phase-angles, signal-to-noise ratios (SNRs), harmonic compo-
nents, and basic frequencies. In the validation, the fault-initiated
phase-angle ranged from 0° to 360° in steps of 10°. The SNR rose
from 10 to 20 and 30 dB. The harmonic components included
the fifth and seventh harmonics with amplitudes that were 10%
of the basic frequency of the fault current. The basic frequency
ranged from 49.5 Hz to 50.5 Hz in steps of 0.1 Hz.

C. Optimization of the ERA with Low Deviations

It was necessary to optimize the ERA with a low deviation
of opening time for the CFVB technology to perform an accu-
rate opening operation. The deviations were mainly caused by
deformations of the components in the dynamic transmission
system, which were due to the high impact force in closing and
opening operations of the FVCB. A gas damper was integrated
into the ERA to lower the impact force by providing a buffering
force in the end-phase of closing and opening operations. The
gas damper works based on the differential pressure between
the chamber in the moving direction and that in the opposite
direction. Both chambers are separated by a repulsion disk.
Series of exhaust vents, with a diameter of 1.0 mm, are machined
in the air cylinder of the actuator to release the compressed air
in the end phase of operations. Fig. 4 shows the exhaustive view
of the optimized ERA geometry.

A multi-physics coupled simulation method was adopted to
optimize the ERA configuration by considering the multibody
dynamics, fluid-solid coupled field, and eddy current electro-
magnetic field. The optimization aimed to lessen the impact
force of the ERA at high closing and opening speed. Table I
shows the parameters of the optimized ERA. The optimized
moving mass of dynamic transmission system of the FVCB
decreased from the original 7.5 kg to 4.5 kg. The optimized
closing and opening speed of the FVCB was 2.5 m/s and 5.2 m/s,
respectively. The speed was defined as average speed in the
first half contact stroke of 20 mm in the moving direction. The
closing and opening times and their deviations were found to
be 12.5 £ 0.3 ms and 2.5 £ 0.05 ms, respectively, after 2000
opening and closing operations.
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TABLE I
PARAMETERS OF THE OPTIMIZED ERA

Items Symbol  Units  Quantity
Turns of opening & closing coils N — 15
Hight of opening & closing coils H mm 15
Inner diameter of opening & closing coils r mm 60

Outer diameter of opening & closing coils R
Thickness of repulsion disk T
Diameter of repulsion disk D mm 200
Air gap between disk and coils 0
C

Opening & Closing capacitors mF 15

Charged voltage of opening capacitor U,y kV 0.65
Charged voltage of closing capacitor Udio kv 0.65
Moving mass of the 40.5 kV FVCB m kg 4.5

Fig. 5.
testing.

Photograph of a single-phase 363 kV/5000A-63 kA FVCB under

III. VALIDATION OF THE CFVB TECHNOLOGY

A single-phase prototype of multiple-break 363 kV FVCB
was used to confirm the feasibility of the CFVB technology.
The rated current of the prototype is 5000 A, and the rated
short-circuit breaking current is 63 kA. Fig. 5 shows the pho-
tograph of the prototype under testing. The prototype consists
of two parallel-connected circuit branches, with each branch
comprising six series-connected 40.5 kV FVCBs. The opening
time of the prototype, from triggering of opening operation to
contacts separation of the last break, is 2.5 ms. The opening
speed in the first half contact stroke of 20 mm for each 40.5 kV
FVCB is 5.2 m/s. A short-arcing time of 2.5 ms is assigned to
the porotype in a purpose that it can eliminate the short-circuit
fault in the first half-wave fault current.

The test duties of symmetrical short-circuit breaking test
T100s(b) and asymmetrical short-circuit breaking test T100a
were both conducted following the requirement of international
standard IEC 62271-100 and Chinese standard GB/T 1984—
2014. Fig. 6 shows typical test records of T100s(b) and T100a
with a prospective breaking current of 80 kA rms. The test results
demonstrated the prototype could handle a current interruption
of 80 kA rms within the first half-wave fault current with a
short-arcing time of 2.5 ms.

Further application of the controlled fast vacuum breaking
technology could benefit power distribution and transmission
systems from more reliable operations, high power energy
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Fig. 6. Test records of the terminal fault test duties: (a) symmetrical short-

circuit current interruption test duty T100s(b) and (b) asymmetrical short-circuit
current interruption test duty T100a.

transmission capacities, low costs of RAMS (i. e. reliability,
availability, maintainability, and safety), and enhanced accessing
of new clean energy. Also, in achieving high operating
reliability of resistive-type high-temperature superconductivity
(HTS) based SFCL, the CFVB technology could be adopted
to effectively moderate the thermal stress imposed and
accumulated in the HTS tapes.

IV. CONCLUSION

This paper proposed CFVB technology for an AC short-circuit
fault elimination within a short-arcing time. The technology
operates in the following sequence: 1) determining a lower-limit
opening speed for the FVCB to perform a reliable high current
interruption, 2) quickly predicting the fault current-zero to com-
mand the FVCB to open at a selected current phase-angle, and
3) optimizing the ERA integrated with a gas damper for a low
deviation of low opening time to achieve an accurate opening
operation. The CFVB technology was deployed in a single-phase
363 kV multiple-break FVCB to validate its feasibility by per-
forming test duties of T100s(b) and T100a following standards
IEC 62271-100 and GB/T 1984-2014. Test results proved that
the CFVB technology can eliminate a short-circuit fault within
the first half-wave fault current. Further application of the CFVB
technology would contribute to promoting the transient stability
of the power grid.
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