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Re-ignition System using Vacuum Triggered Gap-switch
for Synthetic Breaking Test

Seung-Jae Park' , Yoon-Taek Suh*, Dae-Won Kim*, Maeng-Hyun Kim*, Won-Pyo Song**
and Hee-Seog Koh***

Abstract - The synthetic breaking test method was developed to evaluate the breaking performance of
ultra high-voltage circuit breaker and made up of two independent circuits; current source circuit and
voltage source circuit. In application of this test method, it is necessary to extend the arc of the test
breaker. So, the new re-ignition system using VTGS (Vacuum Triggered Gap-Switch) was constructed
to improve the efficiency and reliability of this test. In this re-ignition system, VTGS operates in high
vacuum state of 5 10”torr and control system consists of the triggering device and the air M-G
(Motor-Generator). This re-ignition system showed the operating characteristics, such as delay time
(ty) and jitter time (t;) not exceeding 5 #s and 1 ¢s respectively, and had the operating voltage of

25~150kVdc at the gap distance of 24mm.
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1. Introduction

In general, the direct breaking test method that produces
the test voltage and current from single power source, such
as high capacity short-circuit generator, is most ideal in
evaluating the breaking performance of circuit breaker.
However, for the breaking performance evaluation of ultra
high-voltage circuit breaker, alternative test method is
required due to the capacity limitation of the test facilities.
Therefore, most short-circuit testing laboratories have
adopted the synthetic breaking test method that at zero of
the power frequency test current superimposes two
separated sources; current source which supplies the rated
power frequency test current and voltage source which
produces the rated test voltage [1]-[3]. In this synthetic
breaking test method, the re-ignition system is needed to
extend the arc of the test breaker. And gap-switch plays an
important role in the re-ignition system [4].

VTGS (Vacuum Triggered Gap-Switch), which has the
properties such as the wide operating voltage range and the
short delay time, has substituted for the conventional air
gap-switch [5]-[8].

KERI (Korea Electro-technology Research Institute)
also constructed the new re-ignition system using VTGS.
This VTGS was developed by applying the interrupter for
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vacuum circuit breaker rated on 38kV, 40kA. And control
system consisted of the triggering device and the air M-G
{(Motor-Generator).

Accordingly, this paper describes the design features and
experimental results of VTGS, control system and the
newly constructed re-ignition system.

2, Synthetic breaking test and arc extension
2.1 Synopsis of the synthetic breaking test

Fig. 1(a) depicts the synthetic breaking test circuit using
the parallel current injection method which is most
generally adopted. The current source circuit is made up of
short-circuit generator and transformer and supplies the
rated power frequency test current under the low voltage of
approximately 20kV. And the voltage source circuit
provides the rated test voltage by using the pre-charged
capacitor (Cv) [9].

As illustrated in Fig. 1(b), if gap-switch (GSv) for the
voltage source circuit is triggered at T,, earlier 500~
1000 ¢s than zero (T,) of the power frequency test current
(ic(t)), the high-frequency injection current (iy(t)) of the
voltage source circuit is superimposed on ic(t) and flows
into the test breaker (Bt). Just after the test breaker
interrupts the total test current (i(t)=ic(t)+iv(t)) at Ts, the
test voltage(v(t)) which consists of TRV(Transient Recovery
Voltage) and RV(Recovery Voltage) is applied between
contacts of the test breaker.
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2.2 Arc extension in the synthetic breaking test

Since the current source circuit voltage is much lower
than the rated voltage of the test breaker in the synthetic
breaking test method, current may be interrupted in shorter
arcing time than that of the direct breaking test method. So,
in order to maintain the arc of the test breaker, the re-
ignition current (irc) with high rate of rise should be
injected at current zero (T,) earlier 0.5cycle than the final
current zero (T,) of the power frequency test current (ic(t)),
as shown in Fig. 1(b).
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(a) Circuit for synthetic breaking test
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(D High-voltage (Er) of approximately 100~150kVdc is
charged in capacitor (C) through the step-up
transformer (Up Tr) and the rectifier unit (D).

@ If making switch (Ms) is closed in Fig. 1(a), the
current source circuit is activated and the synthetic
breaking test process starts. At Ty of Fig. 1(b), the
triggering device (TD) is activated by the optical
signal of CZA (Current Zero Anticipator) [10] and
the triggering signal is transferred into the triggering
electrode of gap-switch (GSr).

® Once gap-switch (GSr) is electrically short-circuited
by the triggering signal, the charging voltage (Er)
discharges through series resistor (R) and generates
the re-ignition current. Fig. 3 shows the re-ignition
currents with positive and negative polarity.

@ This re-ignition current is injected on the power
frequency test current (ic(t)) and prevents the test
breaker from interrupting this current, which results
in the arc extension to the next current zero.

(® Lastly, the residual voltage of capacitor (C) discharges
via dumping resistor (Rd), when dumping switch (Sd)
is closed.

Design of the re-ignition system is based on the breaking

ic(t)
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(b) Test voltage and current

T 213 Time

Where,
Gen: Short-circuit generator, Bb: Back-up breaker,
Ms: Making switch, CLR: Current limiting reactor,
SCTR: Short-circuit transformer, RS: Re-ignition system,
Cv, Lv, Re, Ce: Elements of voltage source circuit,
GSv: Gap-switch for voltage source circuit,
Ba: Auxiliary circuit breaker, Bt: Test breaker,
ic(t): Power frequency test current of current source circuit,
iv(t): Injection current of voltage source circuit,
igc. Re-ignition current, i(t): Total test current,
v(t): Test voltage
Fig. 1 Synthetic breaking test method

3. Re-ignition system

3.1 Operation of the re-ignition system

properties of the test breaker. For instance, in order to get
the successful arc extension for SFg gas circuit breaker, it is
generally required to have the charging voltage of
60~150kVdc and the re-ignition current which exceeds
2.0kAp in magnitude and 300 gs in width.

The newly constructed re-ignition system was designed
with reference to the above criteria and its parameters are
described below.

(a) Capacitor (C)

- Charging voltage (E,): 60~150kVdc
- Capacitance: 4.3 yf (=6.4 ul'x2/3)
(b) Series resistor (R): 35Q
(c) Re-ignition current
- Magnitude: 1.71~4.28kAp
- Time constant: =150 us (35Qx4.3 pF)
- Width: 450 ps

h 4

"~

AD) % Up Tr

In the re-ignition system shown in Fig. 2, the re-ignition
current generated by the discharges of the charging voltage
(Er) through series resistor (R) lets the test breaker not
interrupt the power frequency test current of the current
source circuit. The operating process of this re-ignition
system is illustrated as followings.

Where,

Up Tr: Step-up transformer, D: Rectifier unit,

Rec: Charging resistor, C: Capacitor, Er: Charging voltage
GSr: Gap-switch for re-ignition system, R: Series resistor,
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TD: Triggering device, CZA: Current zero anticipator,
SH: Current shunt, Sd: Dumping switch,
Rd: Dumping resistor

(a) Circuit diagram

(b) otograh
Fig. 2 Re-ignition system

005/ L ok *
(a) Positive charging (b) Negative charging
(Er=120kVdc) (Er=-120kVdc)

Fig. 3 Re-ignition current (irc)

The polarity changer was also installed on this system to
change the charging polarity to either positive or negative,
because polarity of the re-ignition current should be
identical to that of the power frequency test current for
extending the arc of the test breaker.

3.2 Vacuum triggered gap-switch and control system

Gap-switch (GSr) and its control system adjust the
injection timing of the re-ignition current. Up to recently,
the air gap-switch increasing the insulation strength by
using the compressed air has been generally used for GSr.
But this air gap-switch has revealed several defects in high-
voltage application, such as long delay time (t;) and jitter
time (t;). Accordingly, in order to improve these problems,
VTGS (Vacuum Triggered Gap-Switch) and its control

Fig. 4 Photograph of VTGS and control system

system were developed as shown in Fig. 4. Control system
consisted of the triggering device and the air M-G(Motor-
Generator).

3.2.1 Vacuum triggered gap-switch

Gap-switch(GSr) of the re-ignition system should
basically have the dielectric strength to withstand the high-
voltage and be electrically short-circuited by the triggering
device in the short delay time. And, where the test breaker
becomes open in the synthetic breaking test with O-CO or
CO operating duty, GSr should withstand the high-voltage
of maximum 200kVp, occurring by the maximum charging
voltage(Er, 150kVdc) and the TRV peak voltage (approximately
50kVp) of the current source circuit. Because this voltage
is approximately higher 2~3 times than the operating
voltage of the re-ignition system, gap distance of GSr may
be also increased in proportion to this voltage. And the
long distance generally gives rise to the bad effects on the
operating characteristics of GSr, such as long delay time
and jitter time.
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(b) Photograph
Fig. 5 VTGS (Vacuum Triggered Gap-Switch)

For improving these problems, VTGS shown in Fig. 5
was developed as GSr. This VTGS was designed by
adopting the interrupter of 38kV, 40kA vacuum circuit
breaker. The moving part of VTGS was designed to adjust
the gap distance between the main electrodes up to 30mm

“and the triggering electrode was installed in the center of

the fixed electrode.

The main electrodes had 76mm in diameter and were
made from Cu-Cr alloy to get the superior arc withstanding
property. The inside of VTGS maintains high vacuum state
of 5x107torr and distance between the fixed electrode and
the triggering electrode is 1.5mm with inserting Teflon for
insulation. Fig. 6 shows the electric field analysis of VTGS
with the gap distance of 24mm.
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(b) Equi-potential line

Fig. 6 Electric field analysis for VTGS

3.2.2 Air M-G (Motor-Generator)

In Fig. 2(a), the triggering device is installed on the high
potential of capacitor (C). Therefore, the special power
supply which has the insulation strength against voltage
exceeding 200k Vac from earth is required for supplying the

power to the triggering device.

For this purpose, air M-G (Motor-Generator) using the
compressed air was designed as shown in Fig. 7. First of all
air motor (M) transforms energy of the compressed air into

]

the mechanical energy. If the compressed air is fed into air

pressure switch (Air Pr. S/W), solenoid valve (Sol. V/V) is

open to start the air motor. Generator (M) directly

connected with the air motor through shaft generates 10Vac

and battery (B) is charged at 12Vdc through the rectifier

unit (D). This charged voltage provides the power into the

triggering device.

Au
Air Pr. S/W ux Reg
Aux
Compgssed 5 T_T’ "
Sal. V/V 0 triggering device
° [_fzyx Reg
| 00—y

B=
ol Aux

(a) Circuit diagram

| A Pr. S/W

®

Battery voltage is monitored and regulated as the
constant level. If battery voltage exceeds 15Vdc, ‘Reg’ is
energized to close Sol. V/V and to stop the motor. And if
battery voltage falls below 11Vdc, ‘Reg’ is de-energized to

(®

5 i

Photograph
Fig. 7 Air generator

open Sol. V/V and to restart the motor.

In this air M-G, the average air consumption is 400L/min

and the rated output is 10Vac, 100W.

3.2.3 Triggering device
Triggering device of Fig. 8 consists of three parts;

(D Input power supply circuit that provides the power
for the charging of capacitor (C,=75nF) and other

accessories

@ Optical receiver circuit that converts the optical
signal transmitted from CZA into the electrical pulse

signal to trigger GP-41

® High-voltage circuit that produces the triggering pulse

of 30kVp to operate VIGS
Input power supply circuit High-voltage circuit
High-volt fe e o
igh-voltage
generating unit 33M 100M U t.5
12vde ————|(30kvdc. ImA)
CI=75n
1 7 Rz I L1 3ton
- 200M = L
Optical receiver circuit C3 L
Y
500P
Jj +12 R3 €2 poqp
1OUI 470 il
L 10K LMl osu j“
x N 100 y
} RIS
i220? § =

(b) Photograph
Fig. 8 Triggering device
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Operating process of this triggering device is described
as followings. :
@ In Input power supply circuit, 12Vdc supplied from
battery is transformed and boosted to 2.6kVac by
SMPS (Switching Mode Power Supply) and

transformer (Trans-1) of high-voltage generating unit.

High-voltage generating unit of Fig. 9 boosts
2.6kVac up to 30kVdc. This output voltage charges
capacitor (C,) up to 30kVdc by charging resistorR,
(33 MQ). And this voltage is also divided by R,
(200MQ) and R; (2MQ) and charges capacitorC,
(0.5uF) up to 300Vdc.

@ Optical receiver (R) converts the optical signal
transmitted from CZA into the electrical signal to
operate thyristor (Q).

@ If thyristor (Q;) operates, voltage (300Vdc) of
capacitor C, discharges through the primary winding
of pulse transformer (P-Tr) and the pulse voltage of
10kVp occurs in the secondary winding. This pulse
voltage (10kVp) is delivered to the triggering
clectrode of gap-switch (GP-41) via coupling
capacitor C; (500pF).

@ If GP-41 is triggered, voltage (30kVdc) charged in C,
discharges through Reactor(L;) and generates the
triggering pulse signal. This signal is transferred into
the triggering electrode of VTGS through resistorR;

(1.5Q).
C
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(a) Circuit diagram

(b) Photograph
Fig. 9 High-voltage generating unit with 30kV, ImA

4. Experimental results of the re-ignition system

In order to evaluate the performance of the re-ignition
system, power consumption of the air M-G was
investigated first. And the operating characteristics of the
triggering device and the re-ignition system were evaluated.

4.1 Power consumption

When the triggering device illustrated in 3.2.3 became
no-loaded after completing the charging process of 30kVdc
on capacitor (C;), power consumption was approximately
10W as shown in Fig. 10(a). And when the triggering
device became full-loaded with the recharging process on
capacitor (C;), power consumption reached approximately
20W as shown in Fig. 10(b).

[]

i | 0.9Adc . _u\[1 .7Adc
28 . [ .
nl . . 4

(b) Power consumption of
full-load condition

Fig. 10 Power consumption of the triggering device

15Vdc

12Vdc |

(a) Power consumption of
no-load condition

4.2 Operating characteristics of the triggering device

The triggering device must be able to generate more than
voltage required to activate VTGS and its delay time and
jitter time be as small as possible. Hence, in order to
analyze the pulse voltage that represents characteristics of
the triggering device, experiments with open condition and
load condition were performed as shown in Fig. 11.

In experiment of open condition with disconnecting the
output terminals from VTSG, the pulse voltage of
approximately 30kVp and 195kHz occurred as shown in
Fig. 11(a). And in experiment of load condition with
connecting the output terminals to VTSG, the pulse voltage
had rising time of 17ns, peak value of 30kVp and delay
time not exceeding 100ns as shown in Fig. 11(b).

A e

90ns§1~

5.12us)

huk

(a) Output of open condition  (b) Output of load condition
Fig. 11 Characteristics of the triggering device
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4.3 Operating characteristics of the re-ignition system

In order to estimate the operating characteristics of the
re-ignition system, experiments were performed with
changing the charging voltage (Er) from 25kVdc to
150kVdc and with output terminals of the re-ignition
system short-circuited in Fig. 2(a). In these experiments,
magnitude of the re-ignition current and the operating
characteristics such as delay time (ty) and jitter time (t)
were analyzed. Table 1 demonstrates that delay time was
maintained approximately within the range of 3~5 us and
jitter time did not exceed 1 gs. In these experiments, the
gap distance of VTGS was fixed at 24mm, even though the
charging voltage was varied. Based on these results, the
normal operating voltage of this system was set at
100kVdc.

Table 1 Experimental results of the re-ignition system

Cv}::ltflgr;g 0?’12!‘_52;‘:‘;32“ Delay time | Gap distance
of VTGS
current

(Er, kVdc) (kAp) (o b9 )
24.0 0.68 3.84 24
345 1.02 3.84 24
44.8 1.23 437 24
54.9 1.48 4.37 24
74.9 2.03 421 24
85.7 231 3.96 24
95.3 2.53 3.96 24
105.0 2.83 3.97 24
115.0 3.11 3.97 24
124.5 3.43 3.97 24
136.5 3.65 3.88 24
148.7 4.13 3.88 24

5. Conclusion

Most short-circuit testing laboratories have vigorously
made an efforts on developing the new synthetic test
methods and test facilities to enable the performance
evaluation more efficient and closer to the service
condition of the power system. KERI (Korea Electro-
technology Research Institute) has also been carrying out
the studies for constructing the world-class test facilities
with government assistance, since 2000.

As a part of these studies, KERI constructed the new re-
ignition system using VTGS. And the normal operating
voltage of this system was set at 100kVdc to obtain the
efficient arc extension and the stable system operation.

This system considerably improved the efficiency and
reliability of the synthetic breaking tests and following
results were obtained.

(1) VTGS (Vacuum Triggered Gap-Switch)

VTGS showed the operating voltage of 25~150kVdc and

the insulation strength of 200kVp with the fixed gap
distance of 24mm. And the delay time did not exceed
100ns.

(2) Triggering device and air M-G (Motor-Generator)

Triggering pulse of the triggering device was designed
as 30kVp. And also, air M-G was developed to supply the
power to the triggering device and had the insulation
strength of 200kVac. This air M-G makes it possible to
protect the triggering device from the external surge
voltage and to prevent malfunctions or troubles due to the
external noise.

(3) Re-ignition system

In newly constructed re-ignition system, width and
energy of the re-ignition current were increased by 35%
compared to the old system. This re-ignition system had
the superior operating characteristics, such as delay time
and jitter time not exceeding 5 #s and 1 us respectively.

In this study, VTGS was developed only as gap-switch
for the re-ignition system with the operating voltage of
150kVdc. But, it may be essential to develop gap-switch
for the voltage source circuit that requires the operating
voltage of 500kVdc, in order to get the test qualities more
highly upgraded.
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