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Abstract—As one of the most important component in mechan-
ical and hybrid dc breaker (MCB and HCB), operating time of
ultrafast vacuum switch (VS) determines the breaking speed of
MCB and HCB. However, limited by the high capacitive storage
energy requirement of Thomason-coil actuator (TCA), the low-
efficiency and large-volume of operating mechanism are main re-
strictions for wide application of ultrafast VS. This article proposes
a high-efficient and miniaturized operating method for ultrafast VS
by recycling the residual energy in capacitor banks for sequential
open- and close-operations (O-C). Mathematical model of ultrafast
VS during the sequential O-C operation process is established,
and the prototype with rated parameters of 3.6kV/2.5kA/Ims is
developed for experimental verification. The research shows that
by using the proposed method, the total required capacitive storage
capacity for sequential O-C operation is decreased by 50%, from
2038 to 1019 ]J, resulting in the doubled operating efficiency. In
addition, the cost and volume of the operating mechanism for
ultrafast VS are decreased significantly.

Index Terms—DC breaker, Thomason-coil

actuator, ultrafast vacuum switch.

high-efficient,

I. INTRODUCTION

ITH demand for fast fault current interruption and flex-
W ible load current interruption in dc system, dc circuit
breakers (DCB) are the key equipment for dc networking. Up to
now, instead of the solid state dc breaker (SSCB), the mechanical
and hybrid DCB (MCB and HCB) have been successfully used in
practical demonstration projects [1], [2]. The reason is MCB and
HCB have ultrafast vacuum switch (VS) for long-term load cur-
rent conduction, generating advantages of low-operating losses
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Fig. 1. Basic structure of ultrafast VS. (a) Front-view of ultrafast VS.
(b) Top-view of ultrafast VS. (c) Existing drive circuits for ultrafast VS and
its operating characteristics.
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and no need for complex cooling system [3], [4]. According to
the working principle of MCB and HCB, the operating time of
ultrafast VS determines when the transient interruption voltage
(TIV) can be established [5], [6], meaning operating time of
ultrafast VS determines the breaking-speed of DCB [7], [8], [9].

As shown in Fig. 1(a) and (b), an ultrafast VS consists of three
parts as follows [10], [11]. 1) Part-A is the vacuum interrupter
which has static contact and moving contact inside. Part-B
and Part-C form the operating mechanism. 2) Part-B is the
mechanical part, and it is mainly composed of Thomason-coil
actuator (TCA) [12], [13] and permanent magnetic holding unit
(PM-HU). 3) Part-C is the energy storage unit, and it is mainly
composed of precharged capacitor banks and thyristor modules,
whose function is to supply energy for TCA to complete open-
and close- (O- and C-) operations of ultrafast VS.

The typical drive circuit for ultrafast VS and its operating
characteristics are illustrated in Fig. 1(c). Taking the O-operation
process as example, the basic working principle is: by triggering
T, and Ty in sequence, C, and Cq4 discharges through coil_up
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(L) and coil_down (Lg), respectively, in sequence, generating
eddy current and electromagnetic force (£, and F) in the metal
disk with different directions. F,, can accelerate the moving
contact first and then, Fy decelerate it to avoid strong mechan-
ical shock, ensuring the moving contact can move from close-
position (C-position) to open-position (O-position) smoothly
[14], [15], [16]. The C-operation process is just opposite with
the O-operation process.

Just as shown in Fig. 1(c), up to now, depending on if free-
wheel diodes exist or not, there are two kinds of drive circuit
as follows [17], [18]. 1) The first is the case without (¥D,, and
FD,) parallel with relative capacitors (C, and Cq) [10]. In this
case, because the oscillation between C,, and L, (Cq and Lg)
is underdamping, T, and T4 are extinguished at current zero
point, and part of the energy returns to (C, and Cq), resulting
in residual energy in the form of reversal electric field energy in
(Cy and Cq4). When dc source recharges (C, and Cy) to the preset
voltage in preparation for the next operation, the residual energy
is dissipated by the charging resistors (R, and R4), meaning the
residual energy is wasted, and the precharged energy in (C, and
Cq) are totally consumed for this O-operation. 2) The second is
the case with (FD,, and FDq) parallel with relative capacitors
(Cy and Cy) [18]. In this case, after voltage on C,, (Cq4) decreases
to zero, the current through L, (Lq) flows through FD,, (FDy),
meaning the precharged energy is totally dissipated in coils (L,
and L) gradually without returning back to the capacitor banks.
Therefore, for the existing two drive circuits for ultrafast VS, no
matter (FD,, and FD,) exist or not, all the precharged energy in
capacitor banks is dissipated during one operation process.

According to the previous research data [10], with moving
part of 5 kg, moving over 13 mm within 2.3 ms needs two
capacitor banks of 2.5 mF with precharged voltage of 1.3 kV
(4.225 kJ). Because the operating-time is the most important
performance indicator and speed of moving part is variable
during the operation process, average speed of moving part is
used to represent the transformed kinetic energy. Therefore, only
78] = 5 kgx(13/2.3 m/s)? is transferred to be the kinetic energy,
and the operating efficiency is only 1.89%. In other words, the
low-operating efficiency of existing drive circuits requires high
capacitive energy capacity in ultrafast VS.

With only two capacitor banks for O-operation illustrated,
the front- and top-view of ultrafast VS with same scale of the
developed prototype (detail3.6 kV/2.5 kA/1ms) in this article
is shown in Fig. 1(a) and (b). Parameters of capacitor banks in
Part-C is 2x2x520 uF with rated voltage of 1.2 kV. It should
be noted, with the equivalent inductance and resistance of the
coil very small, the discharge of the capacitor is similar to a
short-circuit discharge. In this case, electric charge in the capac-
itors is released instantaneously, resulting in a pulse discharging
current with amplitude of 2~3 kA, which may cause serious
heating in electrolytic capacitors, while film capacitors are able
to withstand the pulse current with high-amplitude. In addition,
the lifetime of electrolytic capacitors is much shorter than film
capacitors. Therefore, from the perspective of reliability, metal
film capacitors instead of electrolytic capacitors are widely used
in operating mechanism of ultrafast vacuum switch. Besides,
to prevent the voltage drop of metal film capacitors due to
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self-leaking, the precharged circuits maintain the charging to
the capacitors before the fault occurs. Once the fault occurs,
the precharged circuits are disconnected and the precharged
capacitors discharge to the coil, enabling successful sequential
O-C operations.

However, limited by the low energy density, dimensions
of the used commercial metal film capacitor banks are
2x2x P85 mmx 175 mm. Without considering thyristor mod-
ules, volume of Part-C (2x2x®85 mmx 175 mm) is much
larger than the other two parts (140 mm x 120 mm x260 mm),
meaning Part-C is the largest part in ultrafast VS. In addition,
sequential C-operation within ~200 ms after O-operation is
required for ultrafast VS in DCB, and the existing scheme is to
configure another two capacitor banks, meaning volume and cost
of Part-C is further doubled. Therefore, the low energy density
of commercial metal film capacitors results in large-volume of
Part-C, and the requirement of sequential C-operation could
further lead to doubled volume and cost of Part-C in ultrafast
VS.

The rest of this article is organized as follows. To tackle
these problems, a high-efficient and miniaturized operating
method for ultrafast VS is proposed in this article. The basic
working principle is recycling the residual energy after the first
O-operation for the sequential C-operation in ultrafast VS, which
is presented in Section II. Simulation model is established in
Section III for prototype design. Then, prototype development
and experimental verification are carried out in Section IV.
Finally, Section V concludes this article.

II. PROPOSED HIGH-EFFICIENT OPERATING METHOD BASED
ON ENERGY RECYCLING

For the sake of reclosing to permanent fault, operating mech-
anism of ac breakers should be capable of open-close-open
operations (O-C-O) so that the fault current could be successfully
interrupted twice. However, adaptive reclosing strategies for
DCB have proposed in [19] and [20], meaning permanent and
transient fault can be distinguished in advance before the reclos-
ing, only sequential open-close operations (O-C) is required for
ultrafast VS in DCB. Moreover, only fast O-operation (2-3 ms)
is needed, and the C-operation could be relatively slow.

As shown in Fig. 2(a), to enable the sequential O-C oper-
ation of ultrafast VS, four capacitor banks are configured in
the conventional drive circuit in Part-C of an ultrafast VS. As
shown in Fig. 2(c), with T, Tq., triggered in sequence, C_o,
Cq.o discharges through L, and L4, respectively, generating
acceleration force (F,_,) and deceleration force (Fq.,) applied
on metal disk to complete the smooth O-operation; then, after
~200 ms for the deionization of fault point, with T4, Ty
triggered in sequence, Cq.., Cy_. discharges through L4 and L,
respectively, generating acceleration force (Fq..) and decelera-
tion force (F,._.) applied on metal disk to complete the smooth
C-operation. As mentioned before, for the conventional drive
circuit with or without freewheel didoes parallel with relative
capacitor banks, the precharged energy in these four capacitor
banks is totally consumed for the sequential O-C operations,
resulting in quite low operating efficiency.
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Fig. 2. Drive circuit to enable sequential O-C operations of ultrafast VS.
(a) Conventional drive circuit. (b) Proposed drive circuit. (c) Operating char-
acteristics of VS with conventional drive circuit. (d) Operating characteristics
of VS with proposed drive circuit.

Aimed to increase operating efficiency, the novel drive circuit
shown in Fig. 2(b) is proposed. It can be seen, only two capacitor
banks are configured for sequential O-C operation. Referring
to the operating characteristics in Fig. 2(d), with T\, T4
triggered in sequence, C,, Cq with positive precharged voltage
discharges through L, and L4 respectively, generating accel-
eration force (F,.,) and deceleration force (Fg4.,) to complete
the smooth O-operation. Along with residual energy returning
back to C,, and Cq4, negative voltage appears on (C,, and Cy)
whose amplitude is 40%-50% of the initial positive voltage.
Then, after ~200 ms for the deionization of fault point, with
Tq.c, Ty triggered in sequence, Cq, C, with negative voltage
discharges through L4 and L, again, generating pulse current
with anticlockwise direction in Fig. 2(b) (indicated by the pink
arrow). The induced electromagnetic force (Fy.. and Fy_c) is
always tending to push the metal disk away from (L4 and L),
and force direction is not relevant with the detailed direction
of pulse current, meaning Fq.. and F_. is still the accelera-
tion and deceleration force for metal disk to complete smooth
C-operation.

It should be noted, because amplitudes of the negative voltage
on capacitor banks for C-operation are lower than the positive
voltage for O-operation, the pulse current and electromagnetic
force in C-operation are also smaller than O-operation, meaning
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the metal disk takes more time to move over the full stroke during
the C-operation process [>T, in Fig. 2(d)], and C-operation is
slower than O-operation. As mentioned before, there is no need
for fast C-operation of VS in DCB, and using the proposed drive
circuit for VS in DCB would not sacrifice both fast breaking and
reclosing performance of DCB.

Comparing Fig. 2(a) and (b), in the proposed driving circuit,
by using two thyristor antiparallel with diode which enables the
active turning-ON ability of bidirectional current, the residual
energy in capacitor banks after O-operation could be recycled
for the sequential C-operation, and the two capacitor banks in
Fig. 2(a) specially configured for C-operation (C.. and Cq4_.) are
completely saved. Therefore, compared with the conventional
drive circuit, only 50% of the precharged energy is required for
sequential O-C operation of ultrafast VS by using the proposed
drive circuit, meaning a significant improvement of operating
efficiency.

III. SIMULATION OF ULTRAFAST VS BASED ON THE PROPOSED
OPERATING METHOD AND PROTOTYPE DESIGN

A. Simplified Mathematical Model of Ultrafast VS During
Sequential O-C Operation

The method using TCA for both acceleration and deceleration
of metal disk is first proposed in [10], where the metal disk is
equivalent by m parallel loop-circuits with inductor and resistor
in series (LR circuit). The larger m is, the more accurate the sim-
ulation is, and the nonuniform distribution of eddy current inside
the metal disk can also be taken into consideration. However, for
the case when frequency of pulse current in metal disk is less
than 1 kHz, the uneven distribution of eddy current has slight
impact on the simulation results, meaning by setting m = 1, the
simplified simulation model can ensure both high-accuracy and
fast simulation speed. Therefore, the metal disk is equivalent by
only one LR loop-circuit in this part.

From the prospective of equivalent electrical circuits, TCA
consists of three mutually coupled loop-circuits as follows:
1) The first is up-coil-circuit with C,, and L, in series; 2) the
second is metal-disk-circuit composed of passive LR circuit; and
3) the third is the down-coil-circuit with Cq and L4 in series.
The metal-disk-circuit could move to any position between
O-position and C-position; the up-coil-circuit and down-coil-
circuit are static during the whole process.

Referring to Fig. 2(d), depending on if there are currents in
the three loop-circuits, the whole O-C operation process could
be divided into five stages as follows: 1) 5.1 ~ 7525 2) to.0 ~
16-353) to-3 ~ te134) teey ~ tegs and 5) feg ~ te3.

For the first stage: t,.1 ~ t,.o (the acceleration period of metal
disk in O-operation), with C,, discharging through the up-coil-
circuit, currents with initial values of zero flow in up-coil-circuit
(1) and metal-disk-circuit (/,,q), and the state equation is shown
in (1), where ¥, and ¥ 4 are the flux linkage of up-coil-circuit
and metal-disk-circuit. Uy, is the voltage on C,,, and its initial
value is the precharged voltage on C,,. R,, and Ry, q is the equiv-
alent resistance of up-coil-circuit and metal-disk-circuit. F_, is
the induced electromagnetic force between up-coil-circuit and
metal-disk-circuit which will accelerate the metal disk to move
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away from the up coil. z is the displacement of metal disk away
from up-coil-circuit. fy7 is the output force of vacuum interrupter
which is given in relative datasheet, fio1ding 15 the output force
of PM_HU. my,.q is the total mass of all the moving parts.

dipy _
¢ UCu Rqu
di,
%;d =0~ Rdemd
dUcu _ _ Cu : (1)
a - T,
d?2 _ (Fu—o—fhotding—fvi)
dt? Mioad

Because ¥, and ¥4 are field quantities, which can be ex-
pressed by inductance and current, (2) is deduced for simplicity,
where L, and L,,,q4 is the equivalent inductance of up-coil-circuit
and metal-disk-circuit, and M, ,q is the mutual inductance
between them. It should be noted, with metal disk moving, L,
and Ly,q are constant with z, and only M,, 1nq changes with z.

diy dI dla OMy ma dz

dt g T Mwma g Tmd T T g

dd)md dIu dImd aMu md dz

= md — +Lpmg—— + 1, ——— - —

dt wmd * g T A T e T g

dMy m
Fufoziyd'lu'lmd (2)
dz

For the second stage: t,.o ~ t,.3 (the deceleration period of
metal disk in O-operation), currents flow in down-coil-circuit
(14) and metal-disk-circuit (1,,q). The state equation is shown in
(3), where the expression of U4, U,,q and F4_, is shown in (4).

It should be noted, the initial value of g is zero and the
initial value of 1,4 is the terminal value of the first stage. Wy
is the flux linkage of down-coil-circuit. Ugq is the voltage on
Cq, and its initial value is the precharged voltage on Cq. R,
is the equivalent resistance of down-coil-circuit. Fgy_, is the
induced electromagnetic force between down-coil-circuit and
metal-disk-circuit which can decelerate the metal disk to prevent
its strong mechanical shock to the down-coil, and ensure the soft
landing.

dwd =Ucq — Ralg

dm
11(’# 4 =0~ Rmdlmd
a0y _ _Ca (3)
dt I
(1272 _ (Fd—o_fholding_fVI)
dt? Mioad
da dId OMa,md  dz
g = La Jermd md* g gt

dma L dlng  OMa,ma dz
dt —Mdmd L+ Ly - Yt + 1y - =5 dt

dMg,m
Fyo=—F"%1Iq-Ina

“

For the third stage: t,_3 ~ t._1 (the period of metal disk keeping
static at the O-position), current only flows in metal-disk-circuit
(Ima), and it decays with time according to the zero-input
response of LR circuit. The state of equation is expressed in

{d%[tnd =0- Rdemd (5)
dYma __ dl,, .
2t = Lma - =+

For the fourth stage: t.., ~ t.o (the acceleration period of
metal disk in C-operation), with the negative voltage on Cqy
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discharging back in down-coil-circuit, currents flow in down-
coil-circuit and metal-disk-circuit again, and the state equation
is the same with the second stage [(3) and (4)], but the initial
values of state variable (U.q) is different from the second stage.

For the fifth stage: t._o ~ t._3 (the deceleration period of metal
disk in C-operation), with negative voltage on C, discharging
back in up-coil-circuit, the state equation is the same with the first
stage [(1) and (2)], and also the initial values of state variables
are different from the first stage.

With inductances and mutual inductances (L., Lmg, L4,
M, md, Mq ma) extracted by solving static magnetic field based
on finite element method in advance, if fiolding 1S also known,
the differential equations in the five stages can be easily solved
by Runge-Kutta method. Therefore, how to obtain fio1ding 18
discussed in Section III-B.

B. Output Characteristic of PM-HU and Its Design

For VS in open-state, a negative holding force is needed to
overcome the contact closing force, keeping the moving contact
at the O-position away from the static contact. For VS in close-
state, a positive holding force is needed to overcome the contact
counterforce, keeping the static and moving contacts are closely
compressed to obtain ultralow conduction resistance in the order
of uf). Therefore, bistable holding unit which could provide
bidirectional holding force is essential for VS.

Holding force should be designed according to the surge
current that might flow through contacts in vacuum interrupter
[10]. Considering surge current through VS in DCB usually does
not exceed 20 kA, the recommended holding force is 0.8—1kN,
given in datasheet of commercial vacuum interrupters [21].

Compared with the bi-stable spring unit used in high-voltage
VS with long-stroke [ 10], PM-HU based on permanent magnet is
more suitable for low-voltage VS with short-stroke. The reason
is with full-stroke (~5 mm) in low-voltage VS much smaller
than high-voltage VS (20-30 mm), PM-HU has advantages of
simple-structure, light-moving part, easy-installment, and low-
inertia than bistable spring unit.

Detailed diagram of PM-HU proposed by us is illustrated in
Fig. 3(a), and it consists four components that are the connecting
rod (7075 aviation aluminum-alloy), the static core and the
moving core (pure iron DT4), and the permanent NdFeB magnet
(N48SH). Because the magneto-conductivity of the connecting
rod is almost equal to air, it has no effects on the magnetic field
distribution.

The holding force between the static and moving core (pure

iron DT4) can be expressed by (6) where E and PI is the magnetic
induction strength and magnetic field strength of air gap near the
surface of moving core; 1 is the permeability of air-gap between
moving and static core; and S is the intersection area between
moving and static core.

- =
B-H
Ho

To obtain folding, static magnetic field model of PM-HU is
established in Ansoft Maxwell based on finite element method.
In the simulation, key parameters for permanent NdFeB magnet

fholding = -dS (6)
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Fig. 3. Structure and output characteristics of PM-HU. (a) Diagram of PM-
HU. (b) Magnetic field distribution of PM-HU at C-position. (c) Magnetic field
distribution of PM-HU at O-position. (d) Output characteristics of PM-HU.

are H. (1000 kA/m) and B, (1.38T), which can be found in
the datasheet of NdFeB [22]. Key characteristic of static and
moving core (pure iron DT4) is the magnetization curve (B-H
curve) which is given in datasheet of this material. The simu-
lated magnetic field distribution with moving core at C-position
and O-position is illustrated in Fig. 3(b) and (c), and they are
completely symmetrical.

By changing z from 0 to 5 mm with the step of 0.1 mm, the
output characteristic of PM-HU is obtained, just as shown in
Fig. 3(d). By indexing fi,o1ding(2) according to the displacement
of metal disk (z), mathematical model shown by (1)—(5) could
be solved successfully.

Physical dimensions of the static and moving core are de-
termined by sensitivity analysis to obtain the desired holding
force, and to ensure the mass of moving core is as small as
possible. The physical dimensions of moving core are listed
as follows: inner radius is 5 mm; outer radius is 30 mm; and
height is 10 mm. With mass density of 7.8759 g/mm?, mass of
moving core is only 50g, far less than the bistable spring unit
(200¢) in [10] for high-voltage VS with long-stroke, and this
is absolutely beneficial for the high-efficient and fast operating
of VS.

C. Prototype Design and the Simulation Results

In this part, an ultrafast VS prototype with rated parameters of
3.6 kV/2.5 kA/1ms is developed for experimental verification.
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TABLE I
VS PROTOTYPE DESIGN OF 3.6KV/2.5KA/1MS

Parameter Value Parameter Value

C (mF) 1.040 h, (mm) 8

Us (V) 900 R, (mm) 0

he (mm) 6 R, (mm) 50

R1 (mm) 12.5 Mioad (kg) 1

R> (mm) 50 s (mm) 3

n 48 z1 (mm) 5

p1(Q-m) 1.75*%108 p2(Q-m) 2.83*%108

A total of 3.6 kV is the rated voltage; 2.5 kA is the rated current;
and 1ms is the rated O-operation time, which is actually the
time when the contacts separation of vacuum interrupter is large
enough to withstand TIV of 1.5p.u. Based on the mathematical
model in Section III-A, structural and electrical parameters of
the prototype are designed by using the optimization method
proposed by us in [10], and they are listed in Table I. Where
C is the capacitance of capacitors (C,, Cq, DKMJ1.2-520 pro-
vided by NINGBO HARONG ELECTRIC); Uy is the initial
precharged voltage of C, and Cgq; h, Ry and R5 are the height,
the inner radius and the outer radius of the coil respectively; n
is the number of turns of the coil (made by copper wire); ,,
R, and Ry, are the height, the inner radius and the outer radius
of the metal disk (made by 7075 aviation aluminum-alloy),
respectively; mjoaq 1S the mass of moving parts; s is the initial
distance between metal disk and coil; z; is the full-stroke of
ultrafast VS; p; and ps are the resistivity of copper and 7075
aviation aluminum-alloy, respectively.

Based on the structural parameters of coils and metal disk in
Table I, inductances (Ly, Lind, La, My, md, Myu,ma) are extracted
by finite element method. With fi,o1ding known in Section III-B,
the mathematical model in the form of differential equations in
Section III-A is solved, and the results are illustrated in Fig. 4 .

The simulated operating characteristics of the sequential O-C
operation are consistent with the theoretical analysis in Fig. 2(d).
As for the O-operation process, during the acceleration period
of O-operation (0—1 ms), C,, discharges through L., generating
pulse current (/,,.,) with amplitude of 2.4 kA and the acceleration
force (Fy.o) with amplitude of 13.6 kN. After this discharge of
Cy, voltage on C,, (Ucy,) changes from 900 to —373 V, meaning
~17% of the initial energy returns back to C,. Then, during
the deceleration period of O-operation (1-2 ms), Cq discharges
through L, resulting in voltage on Cq (Ucq) changes from 900
to —408 V. The metal disk moves over 5 mm from C-position to
O-position within 2 ms.

After the O-operation, 200 ms is usually reserved for the
deionization of fault point. During this period (2-202 ms), the
metal disk is kept static at the O-position by PM-HU and the eddy
current in metal-disk-circuit decays to zero gradually according
to LR circuit with zero-input response, just as shown in Fig. 4(e).

As for the C-operation process, Cq and C, with residual
voltage of —408 and —373 V discharges reversely through
L4 and L, respectively, generating the pulse current (/4.. and
I,.c) in Fig. 4(c) and electromagnetic force (F4.. and F,_ ) in
Fig. 4(d), whose amplitudes are smaller than the O-operation.
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Fig. 5. Experimental platform.

The metal disk moves over 5 mm from O-position to C-position
within 17 ms.

It should be noted the opening-time of VS indicates the time
for contact separation increasing from O to the distance which is
enough to withstand TIV. Because the breakdown field strength

9523

500kQ
I } static
R, contact
— W |
24V \wving
contact

Fig. 6. Test circuit to obtain the accurate time of contacts separation and
contacts closing.

of vacuum gap is ~30 kV/mm [23], half of the stroke (2.5 mm)
is set to withstand the TIV by taking a safety margin into
consideration. The other half of the stroke is reserved for the
deceleration of moving part. The closing-time indicates the time
interval for contact separation changing from the full-stroke to
zero. Therefore, according to Fig. 4(a), the opening-time of VS
is 1 ms, and the closing-time of VS is 17 ms.

IV. EXPERIMENTS VERIFICATION
A. Experimental Platform

According to the proposed drive circuit shown in Fig. 2(b)
and the parameters listed in Table I, a prototype of ultrafast VS
(3.6 kV/2500 A/1ms) has been successfully developed, and the
picture is illustrated in Fig. 5.

In the tests, currents were measured by two Rogowski coils
(CWT140B/4/1000 provided by PEM); voltages were measured
by two high voltage differential probes (S19010A provided by
Sapphire); and all the signals were recorded by oscilloscope
(DL950 provided by Yokogawa). The movement of metal disk
is recorded by high-speed camera (FASTCAM Mini provided
by Photron) which can capture the position of metal disk with a
time step of 100us. The thyristors antiparallel with diode were
MEX110A provided by SHANGZHENG.

Except for the drive circuits for ultrafast VS shown in
Fig. 2(b), a test circuit to obtain the accurate time of contacts
separation and contacts closing is designed, as shown in Fig. 6.
In the test circuit, a dc voltage source (24 V) in series with a
resistor (500k(?) is connected by the static and moving contacts
inside the vacuum interrupter.

When ultrafast VS is closed, static contact and moving contact
are compressed together, and the equivalent resistance is in
the order of S, resulting in the voltage across the contacts
(Uvg) is zero. During the O-operation process, when contacts
are separated, Uyg increases to 24 V gradually, which is caused
by the charging effect of parasitic capacitor across contacts
(Cs) by Ugc through R;. Therefore, the moment when Uyg
starts to increase from zero indicates the moment when contacts
are separated. When ultrafast VS is open, static contact and
moving contact are separated, resulting in Uy is equal to 24 V.
During the C-operating process, the moment when Uysg starts
to decrease from 24 V indicates the moment when static contact
and moving contact get in touch.
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B. Experimental Results

Sequential O-C operation test of the developed prototype is
carried out, and the experimental results are illustrated in Figs. 7
and 8.

As shown in Fig. 8(a), when t = Oms, static contact and
moving contact are compressed together, and Uy is zero; Ucy
and Ugq 18 990 V.

As for the O-operation process, Ty_o, T4.o 18 triggered at t =
Oms and t =0.94 ms, respectively. As shown in Fig. 7, during the
acceleration period of O-operation (0-0.94 ms), C,, discharges
through L,, generating pulse current (/,,.,) with amplitude of
2.8 kA. After the discharge, residual voltage of —420 V ap-
pears on C,. During the deceleration period of metal disk for
O-operation (0.94-2ms), Cq4 discharges through L4, generating
pulse current (I4_,) with amplitude of 2.38 kA and residual volt-
ageon Cq is —446 V, which is ~45% of the initial voltage, mean-
ing ~20% of the initial energy returns back to C,. Referring to
Fig. 7(c), Uys starts to increase at t = 0.185 ms, meaning con-
tacts are separated at this moment, and this time delay is caused
by the inertia of moving contact and the over-stroke (I mm).
Referring to Fig. 8(b), the metal disk moves to the O-position
already at t = 2 ms, which validates the rapid O-operation of the
prototype.

As shown in Fig. 8(d), moving contact is still in O-position
at t = 202 ms. The time interval of 200 ms is reserved for
the de-ionization of the fault point. Then, C-operation of the
prototype is ignited with 7y and Ty_. triggered in sequence.
During the acceleration period of C-operation (202-202.94 ms),
Cq with voltage of —446 V discharges through L4, generating
pulse current (/4..) with amplitude of —0.97 kA. After the
acceleration period, metal disk moves toward the C-position with
almost constant velocity (202.94-215.6 ms). Then, with metal
disk moving near to the C-position, C,, discharges through L,
to decelerate the metal disk.
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TABLE II
PERFORMANCE COMPARISON

ltems Conventional Proposed operating
operating method method
Operating 2038 1019
energy (J)
Numbfer of 4 5
capacitors
Number of
thyristors 4 4
Size 4x2xP8Smmx175m  2x2xO8Smmx 175m
m m
Cost Ip.u. 0.55p.u.

Referring to Fig. 7(c), Uyg starts to decrease at 218.1ms,
meaning C-operation is completed at this moment. Referring to
Fig. 8(e), metal disk is in C-position at t = 218.1ms, meaning
the C-operation of ultrafast VS takes 16.1 ms which is longer
than the O-operation.

It should be noted, with the existence of friction force, par-
asitic resistance of coils, and the machining errors of coils and
metal disk, there is an acceptable deviation between simulation
results and experimental results. For example, the simulated and
experimental time duration of pulse current is Ims and 0.94ms,
and this deviation is caused by the machining error of coils.

V. PERFORMANCE DISCUSSION

To prove superiority of the proposed operating method over
the conventional operating method [10], the performance of
ultrafast VS is evaluated in terms of operating-energy, volume,
and cost.

From the design level, when using the conventional drive cir-
cuits of ultrafast VS, referring to Fig. 2(a), 4 capacitor banks and
4 thyristor modules are needed for sequential O-C operations.
However, by using the proposed drive circuit in this article,
only two capacitor banks and four thyristor modules are needed
for sequential O-C operation. Therefore, the capacitor usage
is reduced by 50%. According to the prototype in Section IV
(Cu = Cd = 1.04 mF; Uo = Ucu = UCd = 990V),
the precharge energy of each capacitor is 1/2xCxUy?,
and using the proposed operating method can reduce the
operating-energy from 2038 to 1019J, which are illustrated in
Table II.

In terms of volume and cost, the proposed operating method
is mainly focused on reducing the capacitor usage in Part-C of
Fig. 1, and Part-A and Part-B remain unchanged. Only volume
and cost of Part-C is discussed here. Referring to the prototype
in Section IV, volume of thyristor modules is negligible in
comparison to capacitors, and the price of thyristor is 10% of
the capacitor. For the conventional drive circuit, the total cost is
set as 1p.u. For the proposed drive circuit, the cost is 0.55p.u.
Therefore, the volume of the operating energy storage unit
decreased 50%, and its cost including capacitors and thyristor
modules decreased from 1 to 0.55p.u.
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