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Abstract : The fundamental problem of interrupting a di-
rect current is producing a current zero which will allow for the
elimination of current flow. Historically. external circuits have
been used 1o extinguish a plasma (are) condncting medium
hy connterpulsing the arc current to cero. Preliminary re-
sults show that solid-state de interrupters utilizing gate turn-
off thyristors can provide for reduced capacitive energy storage
requirements over vactuium interrupters and SCRs in creating a
current zero. Additionally. the hardware required in the gate
cirenit of the GTO is significantly reduced over the counter-
pulse circuits in vacuut interrupters and SCRs by taking ad-
vantage of the tarn-off gain available in the GTO. Interrupters
designed around the GTO can have applications in the power
conditioning and protection circuits of particle accelerators and

fusion reactors.
Introduction

The most common method of interrupting direct current
i fusion research and particle accelerator applications is to
create an artificial current zero by applying a counterpulse
through the interrupting element. However, an alternative has
been made available by the development of the gate turn-off
thryristor (GTO). Like the silicon controlled rectifier (SCR]J.
the GTO can be turned on by a current pulse to the gate: how-
ever. tnlike the SCR, the GTO may also be turned off by a

negative gate pulse

This paper will investigate the energy storage and commu-
tation circuit requirements for interruption of direct current in
three different breaker schemes using a vacuum interrupter,
SCRs. and GTOs. The complexity of the associated circuitry
will be compared and research areas will be proposed.

Breaker Switching Elements

Traditionally, the vacuum interrupter has been the
switching element used to interrupt large direct currents. Vac-
uum interrupters are inexpensive and readily available with
Jarge VA ratings. Vacuum interrupter technology is well de-
veloped and further research into its use in dc applications
has resulted in large current capacities and enhanced reliabil-
ity. E
magnetic field to destabilize the arc are two such examples.t!

arly counterpulse technigues and application of an axial

While the vacuum interrupter provides large ratings with a sin-
gle device. its duty cycle is restricted by associated mechanical
hardware and by physical limitations such as contact erosion.
Therelore. it requires maintenance and has a limited lifetime.
Also. this is a device originally designed for ac switching and a
significant amount of external circuitry is required for its use
in de interruption.

Tlie attention given to solid state devices {or use in inter-
rupiing high direct currents has centered around the SCR. 2
At turn-on. the SCR is capable of withstanding large dr df
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and once conducting has good surge current capabilities andl
low on-state voltage. For use in fusion reactors and parti-
¢le accelerators. the SCR has shown promise because it has a
longer Jifetime. and requires less maintenance than a vacuum
interrupter and since a solid-state interrupter is not hampered
by the limitations of mechanical actuators. the switching fre-
quency can he much greater if needed. However. because indi-
vidual SCR device ratings are comparatively small. their use
can become expensive in large VA breaker applications.

One of the more recent advances in power semiconductor
technology has been the development of the GTO. The GTO
is structured similar to the SCR except the gate is designed o
that enough charge can be extracted to bring the GTO out of
conduction and turn the device off. The GTO possesses char-
acteristics which favor its application in a current interrupter,
for instance. the GTO can handle surge currents more than
10 times its current rating and has high power gain which re-
duces the requirements of the control circuits. As & member
of the thyristor family. the GTO is not only characterized by
its ability to begin conduction on command hut also it pos-

sesses a low on-state voltage drop which is necessary 1o keep

conduction losses low.

Turn-on of the GTO is initiated by a positive gate cur-
rent pulse in the same manner ax an SCR as shown Tu Fig. 1.

Figure 1: Switching Characteristics of the GTO

Given a sufficient turn-on pulse: the GTO will allow a very fast
rate of rise of anode current (450 A us) and turns on quickly.
Application of a negative gate voltage is used to draw cur-
rent out of the gate and turn the GTO off {Fig. 1). Since
the GTO is turned off by removal of sufficient charge. the rate
at which the device ceases to conduct is directls proportional
to the ~di, di. b
gate after the anode current has fatlen to nearly zero. This

A small “tail current” flows from anode to
current is partially attributed to avalanche breakdown in the
gale-cathode junction caused by reverse voltage imposed by
the gate circuil inductance after the GTO has turned-off. This
tail current appreciably increases switching losses and should

be minimized.
Commutation Energy Comparison

In commutating direct current in & switching element,
most of the energy required in commutation is spent ensuring

0018-9499/85/1000-3784301.00© 1985 IEEE



that turn off is complete by providing ample time for the elim-
ination of excess carriers so that restrike does not occur. The
commutation energy must be stored. usnally in capacitors. so
that it may be used as desired or needed XThis capacitive com-
mutation circuit contributes signficantly to breaker complexity.
A good measure of the relative complexity of the commutation
circui” is 1o compare the capacitive energy storage requirement
for the various alternative switching elements. This analysis
compares the energy slorage necessary to interrupt 2000 A us-
ing a vacuum interrupter. an SCR.and a GTO as the switching
clement. The operational capacitor voltage was assumed to be
the voltage rating of the device being studied.

The circuit in Fig. 2(a) is used to determine the turn-off
energy requirement for the GTO. The response of this circuit
is shown in Fig. 2(b). It is assumed that when the GTO comes
out of conduction, it turns-off instantly because the resulting
avalanche breakdown does not affect load current. The largest,
GTO presently available is a Hitachi Mode! No. GFP2000825
which h:

Wi Nds 4 Vo

age rating of 2.5 kV and a current rating of
800 Apsg. The maximum controllable current specification,

or peak current which can successfully be interrupted. is 2000

A for this device.'?
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Figure 2. GT0 Turu-off

From the response of the gate circuit as shown in Fig.

2(b), the gate current can be described as

t(8) = v (C/LY s L) Vg

where ¢, is the gate current, v, is the gate capacitor voltage. ¢
is the gate capacitor, and L is the gate inductor. In the gate
circuit. the conditions for turn-off are a maximum - di, /dt of
16A us which allows for a specified turn-off time of 35 us. The
turn-off gate charge is specified as 10 mC. The equations which
describe the turn-off response are

dig/dt)in = Vel L = 16 10" A s,

l' rgdd = OV - cos((LC) 1535 - 10 Y) = 107 *C.

where Vs the initial giate capacitor voltage and t,is the GTO
turn-off time. If the initial gate capacitor voltage is chosen to
be 16V, which is the rated reverse gate voltage. the element
values of inductance and capacitance can be determined as

L-1pl and C=667uF

From this the capacitive energy storage requirement will be

£ = (667 » 1079){16)?

E. =85« 107%)

The circuit in Fig. 3(a) is used to analyze the energy re-
quirements to counterpulse a vacuum: interrupter. The wave-
forms in Fig. 3{b) show the ideal cormmutation capacitor volt-
age and currert if it is assumed that the current rises instan-
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taneously. This assumption is made since the actual fall time
of current. 1-3 us. is much smaller than a deionization margin
of the interrupter, #,. of 20 gs. Since no manufacturer’s data
is available on the de properties of vacuum interrupters. these
data have been ohtained by experimental methods. ® This as-
sumption is further enhanced if the saturable reactor. L.. is
assumed to be ideal with an inductance of 0 when saturated
and oc inductance when in the active region. The vacuum
interrupter studied is a Westinghouse Model No. WL23332
which has a voltage rating of 15.5 kV and a current rating of
600 Agrams. The interrupting capacity of this vacuum bottle is
2000 A.

L /.hVacuum Interrupter (a)
D i /
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p
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Figure 3: Vacuum Interrupter Commutalion

With 1. being the commutation capacitor current, v, the
commutation capacitor voltage, C the commutation capacitor,
an initial voltage, V.., equal to rated interrupter voltage and a
constant load current, the commutation capacitor can be sized

1.(t) = Cdv,/dt = C ¥, ity

20004 = € 15.5 « 107720 - 10 ©
C =254 F

The total energy for turn-off would necessarily include the en-
ergy required for the opening actuator of the interrupter. It
was taken that a 500 uF capacitor charged to 1000 V would
be used to part the interrupter contacts. The total turn-off
energy can be found

Ec= 1125 » 1079)(15.5 » 10%)% 5 (500 - 10 “}(1000)*
E, 310 - 250

Any energy dissipated in keeping the contacts open is not in-
cluded becanse turn-ofl has already occurred.

The circait in Fig. 4{a) shows the SCR as the switching
element of a de breaker. The commutation circuit is similar
1o the circnit chosen to counterpulse the vacoum interrupter
except that the saturable reactor is removed and an induc-
tor, L. is included. Figure 4{b) shows the voltage and current
waveforins of the commutation capacitor when the fall time of
the interrupted current is much smaller than the turn-off time
of the SCR. Because the switching frequency is of no concern
here, a General Electric phase control SCR Model No. €784
is chosen for the analysis. This SCR has a voltage rating of
4300 V', a current rating of 2120 A ys. @ one cycle surge ca-
pacity of 25 kKA. and a specified 1urn-ofl time of 200 ps.

In an analysis similar 1o the vacuum interrupter: sizing
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ol the commutation capaciior is hased on the sssumption that
The capacitor will be precharged 1o the voltage rating of the
SCRC For this cirenit: the commmmaion capacitor will be

[ 2000 215 10
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Figure 4. SCR Commutation

The total energy storage requirement will be
Eo H0n 107 s00)F
I &GO

The foregoing three case studies show thar for the given
conditions of 2000 A, and rated switch data. the GTO re-
quires far less capacitive energy 1o interrup! the direct current.
Furthermore. the turn-off circuitry for the GTO is a1 the elec-
tronic voltage level and can fit on a small circuit board whereas
the large counterpulse circuitry for the SCR and vacuum in-
terrupter s on the high power side of the circuir.

[t i apparent that it is the gain provided by the gate
of the GTO whiclh allows for the greatly reduced 1arm-off cir-
cuitry. This can be phvsically realized because the energy to
turn-ofl the GTO is only required to be suflicien enough to
extract a charge necessary 1o bring the device out ol conduc-
tion. Whereas the counterpulse circuit is reguired 1o store more
energy because it must not only produce a current zero very
quicklv. it must also hold a reverse hias across the switching
element long enough for the device to regain forward blocking
capabilities.

270 MVA Interrupters

Even though the GTO is easier to turn-off. its device rat-
ing is simall when compared to vacuum interrupters available
for applications in nuciear experiments. In order 1o use the
GTO i these applications. several devices must he combined
and 1t is desirable to know how this will aflect the advantage
of using a GTO. For this study. the GTO will be compared
against a 270 MVA vacumm interrupter which is a size more
corumonly used.

The vacuum interrupter to be compared is a Westinghouse
Model No. WL34121 which has a voltage rating of 15 kV
and an interrupting capacity of 18 kA. The continuous current
rating for this interrupter is 2000 Aga<. For the commutation
circuit and waveform of Fig. 5{a) and (b). the capacitor can
be sized

C= 1% 1077750 - 10
- 2w F
and the stored energy required for interruption is
£ (24 010 (15 104F 5000 10
£ 2700 0 230

}(1000)*

ln order to utilize the SCR deseribed carlier as a switching
eletent for nuclear experiments. many of the deviees must
be used in combination. To meet the voltage fequirements,
the moduie must consist of 4 of these SCRs in series. Qnly
one branch will be needed f{or this SCR module 10 nave the
same continuous and surge current capacity as the vacuum

interrupter. In this case, the commutation capacitor must he
10%75 - 10
(= 240p F

[GEER S

Nine branches ol six series Hitachi G7Os would be
needed for a module the size of the Westinghouse vacuum in-
terrupter. This-would result in a stored energy requirement of
3 Joules needed to interrupt current in a 270 MVA module if
a separate gate circuit is supplied for each GTO.

Even though it is seen that the G'TO is much ecasier to
switch off and the associated hardware is simpler. the applica-
tion of the GTO to a large VA interruper is not very well re-
searched. The use of GTOs in series and parallel constructions
would require voltage and current equalizing circuits. These
circuits can be designed 1o work equally well on turn-off as
well as turn-on. Furthermore. gate circnit complexity of the
multi-GTO module can be simplified.

Conclusions

The stored energy requirements and commutation circuit
complexity of breakers based on the GTO are greatly reduced.
as opposed 10 force commutated SCRs or vacuum interrupters.
A dcinterrupter hased on any one of these switching elements
will probably have additional components, not considered in
this paper. which depend on the power circuit. Although the
ratings ol available GTOs are improving rapidiy. their use in
the large VA switching requirements of particle accelerators
and other nuclear experiments demands that several of the
devices be connected in series and parallcl consiructions to
provide the capacity available from a vacuum ‘merrupter. The
design and operation ol these circuits arc currently a topic of
research at Texas AL M. University,
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