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Abstract: 4.6GHz/6MW Lower Hybrid Current Drive (LHCD) is one of plasma current heating methods for Experimental
Advanced Superconducting Tokamak (EAST). High Voltage Power Supply (HVPS) is the power supply subsystem of
4.6GHz/6MW LHCD system, which was designed, built and accepted successfully by Chinese National Development and
Reform Commission in 2015. Then the new system has been in use for the 2015 EAST campaign. This paper presents the
structure of 4.6GHz/6MW LHCD-HVPS and its transient operation state when its klystron load has short circuit fault. In order to
protect the klystron and HVPS itself, the short-circuit fault and its transient process are analyzed and calculated in detail. And a
three-electrode gas switch has been built to eliminate the short-circuit fault in microseconds. In addition, the effectiveness of the
three-electrode gas switch has been verified by simulation and experiment result. The HVPS has been used in 4.6GHz/6MW
LHCD system and it has good performance for the entire 2015 EAST campaign.

Keywords: Lower Hybrid Current Drive, High Voltage Power Supply, Pulse Step Modulation, Three-Electrode Gas Switch,
Short Circuit Fault

field during the EAST campaign. The klystron loads may
happen short-circuit fault occasionally. In order to avoid
damage the klystron loads and HVPS itself, the power energy
absorbed by one klystron must be no more than 10J [10], [11]
from start of short-circuit fault to action of protection switch.
However, the transient process of short-circuit fault is few
studied during LHCD- HVPS operation.

In this paper, the 4.6GHz/6MW LHCD-HVPS is mainly
introduced, and the transient process of short-circuit fault is
analyzed and calculated in detail, including the transient
energy of distribution capacitance and stray inductance of
high voltage transmission line, the remaining energy of HVPS.
Then a three-electrode gas switch has been presented for
protecting the klystron and HVPS against short-circuit fault.
In the end, the experimental results with 4.6GHz/6MW LHCD
system is presented in 2015 EAST campaign, demonstrating
the capability of system.

1. Introduction

The Experimental Advanced Superconducting Tokamak
(EAST) [1] is the first non-circular section and fully
superconducting tokamak. Which was built in 2006 and has
done series physical experiments. In order to achieve steady
state and high performance plasma current, a new lower
hybrid current drive (LHCD) [2], [3], [4] system at a
frequency of 4.6 GHz with 6 MW power has been built in 2014
and been accepted successfully by Chinese National
Development and Reform Commission in 2015. In order to
satisfy the property of Lower Hybrid Wave (LHW) [5], [6]
from 4.6GHz LHCD, the 4.6GHz/6MW LHCD High Voltage
Power Supply (HVPS) based on Pulse Step Modulation (PSM)
switching technology [7], [8], [9] has been built in the
meantime.

As klystron loads are under the condition of strong electric
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2. Description of HVPS System

Totally there are four same sets of HVPS system for
4.6GHz/6MW LHCD system and the main circuit
configuration of one set of HVPS system is shown in Figurel.
Each HVPS system is composed of 10kV power distribution
cabinet, soft start switchgear, multi-windings isolation
transformer, PSM module power supply, control units, and so
on. Three phase 10kVAC net supplies 2 multi-windings
isolation rectifier transformers through the power distribution
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cabinet and the soft start switchgear. Then 64 identical PSM
modules in series connection are made up a DC power supply
system. The output voltage of each module power supply is
810VDC. Different kinds of output voltage waveform can be
gotten by controlling the IGBT of each PSM module power
supply. Therefore, the maximum output voltage of the HVPS
system is about -50kV. Then it serves for 6 klystrons in
parallel. The main parameters of each HVPS system are listed
in Table 1.

=50kVdc/75A
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6¥8L-0MA

30 snirs;

PSM Switched-mode power supply

Figure 1. The main circuit configuration of one set HVPS for 4.6GHz LHCD system.

Table 1. The main parameters of one set HVPS system.

Item Parameter

System Name 4.6GHz LHCD-HVPS
Rated Voltage 50kVDC

Rated Current T5A

Efficiency 40%

Pulse Width 0-1000S

Stability 1%

Precision 1%

Response Speed 1mS

3. Transient Process Analysis of
Short-Circuit Fault

When the klystron happens the short-circuit fault, the
protection switch will act soon. During the transient process,
there are mainly three parts of energy injecting into the
klystron, including the energy of distribution capacitance, the
energy of stray inductance and the remaining energy of HVPS.
The detailed analysis is presented respectively as below.

3.1. The Distribution Capacitance

The klystron is a special high-power pulse load, which
needs wide range of voltage regulation, fast response time and
frequent anti-short circuit ability. So the transmission cables

between HVPS and klystron must have the special design
requirements, including transmitting 1.SMW power from
HVPS to klystron, anti-electromagnetic interference and as far
as possible small distribution capacitance.

As shown in Figure2. it is the circuit topology of HVPS,
klystron and the transmission cables. S is a three-electrode gas
switch. F,is a copper fuse. L is the transmission cables. R, is
the current limiting resistor. K is the klystron. One end of a
25mm* XLPE cable with 30m length is connected the high
voltage terminal of HVPS. The other end is connected 6
klystrons in parallel by 6mm® XLPE cable. Every 6mm’
XLPE cable is 80m length. Finally, the other joint is connected
to the ground through a 50mm* XLPE cable with 100m length.
Obviously, there will be some distribution capacitances
between different cables under the high electric field.
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Figure 2. The circuit topology of HVPS with loads.
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The electric axis method [12] will be used to calculate the
distribution capacitance between different cables in this
chapter. Build a distribution capacitance model between two
parallel cables as shown in Figure3.

Figure 3. A distribution capacitance model between two parallel cables.

From Figure 3., list a equation as below.

hf—h22=a12—a§ 0
h+h,=d
a,;, a, is the radius of cable, b is the length between the
origin and cable conductor, %;, & is the length between the
origin and cable center, d is the length between different
cables center.
According to equation (1),

h1:d2+a12—a§
2d
P -d+dd @
h, = 9 a
: 2d
2, 2 2\? 2 2, 2\?
o T o

Then according to the electric axis method, the electric
potential of two cablesy,, v, are,

_ 9 lnb"‘(hz —ay)

A one, " b—(hy—a,) @
@ = q lnb_(hl_al)
2ngy b+ (h-—a,)
The electric potential difference between two cables is,
U=q-@ = 4 4, b+(h2_a2)xb+(hl_al) (5)

Comg, | b-(h-a)) b-(h-a)

The distribution capacitance of one metre cable between
two cables is,
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C':i: 27[50
U 1I{b+(hz—az)xb+(h]—al) (6)
b=-(hy-a,) b-(h—a)
In the HVPS, a =828mm for the 50mm’ cable,

a, =13.25mm for the 25mm’ cable, a, = 10.5mm for the
6mm’ cable. According to equation (6), the distribution
capacitance of one metre cable between 50mm’ cable and
25mm’ is C.; =8.21pF, the distribution capacitance of one

metre cable between 50mm” cable and 6mm*is C’, =8.02pF .
So the total distribution capacitance of HVPS cables is,

C, =30x8.21+80x8.02 =888pF =0.888nF  (7)

3.2. The Stray Inductance

HVPS needs response in microseconds and overshoot less
than 1% for the klystron load. The stray inductance affects the
response rate of HVPS. So it is necessary to analyze the stray
inductance and calculate the energy of stray inductance
between HVPS and the klystron.

The stray inductance of one metre transmission cable is,

L= /.lln;f:/R1 ®)

R, is the radius of inner conductor, R, is the radius of outer
conductor, K is the magnetic conductivity, /1:41t><10_7
for XLPE.

According to equation (8),

The stray inductance of one metre 25mm’ transmission
cableis L; =0.309uH.

The stray inductance of one metre 6mm? transmission cable
is L, =0.406pH .

The stray inductance of one metre 50mm’ transmission
cableis L, =0.146uH.

So, the total stray inductance of one loop is,
L,=30*L;+80*L,+110*L;=57.81uH )
3.3. The Analytic Calculation

The protection stage of short circuit fault is the key transient
process for HVPS. When the klystron occurs short circuit fault,
the protection transient process will include two stages. One
stage is from the starting of short circuit fault to the action of
the three-electrode gas switch. The other stage is from the
action of the three-electrode gas switch to the ending of
protection. During the protection transient process, the change
curve sketch of current is shown in Figure4. When the
klystron occurs short circuit fault at #;, the current increases
from rated current /,. To reach the set value of overcurrent
protection I, at #,. At the moment, the three-electrode gas
switch is triggered, and operates at #;. The klystron is protected.
I reaches to the max point /,. The distribution capacitance and
the stray inductance start to discharge, and the current
decreases. It changes to zero at ¢, eventually.
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Figure 4. The change curve sketch of current.
Here, a RLC equivalent model with second order network has been built, as shown in Figure 5.
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Figure 5. RLC equivalent model with second order network.

E; is the power source, and E;=-50kV. R, is the internal
resistance of power source, and R=1Q. L is the current (R +Rg)/sC,
limiting inductor, and =13.6mH. R; is the current limiting Uo(s) _ Ry + Ry +1/5C,
resistor, and R;=30Q. Ry is the resistance of a klystron, and U, (s) Fs(L 4 L)+ (R, +Rg)/sC,
Rx=7009Q. §; is the main switch model. S is the model of the Ry S 07 R +Ry +1/sC, (10)
three-electrode gas switch. R, is the fuse. S, is the switch R |
model of short circuit fault. L, is the stray inductance. C, is the X K__ =
distribution capacitance. Ry +R¢  LRG, s+ RRC, *+ 1L s+ R +R

When S; is closed, the equivalent circuit becomes a second % K Ry

order system with a series damping and a parallel damping . _ _
[13]. The transfer function between £; and V_R is, In the equation, R=R; +Ry, L=L+L,.

Because,
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2
A :[RRSC" +L] —4LRC° X R+R =3x107">0 (11)
Ry Rx R¢

So, the equivalent circuit is a RLC overdamped circuit. And
the process of time response won't occur oscillation.

When S, is closed, suppose that the load resistance becomes
to 0.1Q at the moment. And before S being closed, The
transfer function is still equation (10). The characteristic
equation of equation (10) is,

LRC, >  RRC,+L R +R

5 =0 (12)
Ry Ry Ry
Solve the equation, and get two characteristic roots,
s; ==25000, s, =-3.4x10’ (13)

Because s, is near the point of origin, and s; >4s, . So, s;
is the predominant pole. The system could be equal to a RC
first order circuit. The voltage of the load is,

Uyg(1) =U; (1)1 —-e™™) (14)
The current through the load is,
L0 = Uy R =U, ()1 =)/ R (15)

Solve the equation, and get that #,- #,= 0.8pus, [y= 68.4A, I
=85A.

At the moment, S is triggered. After Sus delay, S is closed
completely. I,= 172A.

Later, the distribution capacitance discharges to the load.

Analysis of Short Circuit Fault for 4.6GHz/6MW LHCD High Voltage Power Supply

The voltage of the load is,

1

-t
Up()=Uc(t)e ™ (16)
The current through the load is,
1,
Lyt)=Uy(t)/ Ry =Uc(t)e ™ /Ry 17

In the equation, =RC=9.3s.
After T=57=46.5ps, the discharge is over. / becomes to zero.
The energy injecting into the load is,

t 5 5.8 5 52.3 5
Q:j I RKdt:J' 7 0.1dz+j 1,20.1d: =0.1642J (18)
0 0 5.8

3.4. The Simulation Analysis

As shown in Figure6., a simulation circuit model has been
built by the circuit analysis software of Ansoft Simplorer 7.0.
The simulation waveform is shown in Figure6. The power
supply and load are protected immediately when the klystron
occurs short circuit fault. The voltage (Uy) of the load drops
to zero rapidly. The current (/) through the load increases
from 68A to the peak value 170A. Then it discharges to zero
gradually. The simulation circuit is an ideal model. So, there is
no delay for all switches. In addition to this point, the
simulation waveform is largely in line with the analytic
calculation. And by the integral calculation for the
subtriangular area of simulation waveform, the energy of
injecting into the load is about,

0 :J812RKdt =170% *0.1*60*107°J =0.1734J
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Figure 6. The simulation waveform of short circuit fault transient process.
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4. Experimental Result

A experimental platform has been built for the experiment
of short circuit fault. HVPS is running at full power. The
klystron is instead of the dummy load. The current setting of
protection switch trigger is 85A. Control signal is transmitted
through the fiber-optic network. The voltage signal and
current signal of the load are collected by an oscilloscope,
whose type is Tektronix TPS2024. And the experimental
waveform is shown in Figure 7. When the load occurs the
short circuit fault, the current is increasing rapidly. About Sus
later, the three-clectrode gas switch is triggered. HVPS and the
load are protected. Then the current begins to decrease, and it
decreases to zero gradually after 50us. Ignore the noise of

Tek oA b

@ Acq Complete M Pos: 30.00us
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signal. Stick out the envelope line of signal. The max current
is about 200A. Finally, by the integral calculation for the
subtriangular area of experimental waveform, the energy of
injecting into the load is Q=~0.24J. The result is approximate
with the analytic calculation and the simulation value. And
4.6GHz/6MW LHCD system is successfully used in 2015
EAST campaign. As shown in Figure 8., it is the typical
experimental waveform at No.57115 shot in 2015 EAST
campaign. It is obvious that H-mode plasma can be obtained
with LHCD (2.45GHz and 4.6GHz)at high density. Which is
indirectly demonstrated that HVPS has good performance for
4.6GHz/6MW LHCD system in EAST.
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Figure 7. The experimental waveform of short circuit fault transient process.
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Figure 8. The typical experimental waveform at No.57115 shot in 2015 EAST campaign.
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5. Conclusion

A high voltage power supply based on PSM switching
technology is introduced in this paper, which is supplying power
for the 4.6GHz/6MW LHCD in EAST. The distribution
capacitance and stray inductance of the transmission cables are
quantitatively analyzed. And the transient process of
short-circuit fault is detailed calculated by the methods of the
analytic calculation and simulation. Experimental result is
almost consistent with the analytic calculation and simulation.
And the energy of injecting into the load is Q=~0.24J, which is
much less than 10J. So it suggests that the power supply and its
load are immediately protected well by the three-electrode gas
switch, when the klystron occurs short circuit fault. Then HVPS
works well and meets the requirement for 4.6GHz/6MW LHCD
system in the entire 2015 EAST campaign.
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