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Power supply system for the ITER neutral beam injector (NBI) whose total injection power
is 1 MeV, 50 MW from three modules, has been designed. The power supply system consists
of a source power supply for negative ion production / extraction and a DC 1 MV, 45 A power
supply for negative ion acceleration. An inverter controlled multi-transformer / rectifier
system has been adopted to the acceleration power supply. An inverter frequency of 150 Hz
was selected to satisfy required specifications which are rise time of <100 ms, voltage ripple
of <10% peak to peak and cut off speed of <200 s. It was confirmed that the rise time, the
ripple and the cut off speed is about 50 ms, 7% and <200 s respectively by computation. It
was also confirmed that a surge current and an energy input to the ion source at the
breakdown can be suppressed lower than 3 kA and 10 J, which are considered to be lower
than allowable values. A 1 MV transmission line has been designed from a view point of
electric field on the inner conductors and grounded conductor.

The results from the design study indicate that all the required specification to the power
supply system can be satisfied and that R&D on the transmission line is one of the most

important subjects.

Keywords : ITER NBI, Power Supply, Inverter, DC High Voltage, Surge Current,

Energy Input, Transmission Line
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1. Introduction

A high power neutral beam injection (NBI) system is required for ITER to
demonstrate steady state operation by plasma current drive. The NBI system
consisted of a deuterium negative ion source and beamline system are being
designed in the ITER Engineering Design Activity. The system is designed to
inject a powerful neutral beam of 50 MW from three beamline modules at an

energy of 1 MeV for a pulse duration of >1000s [1].

The beam energy of the system is two times higher than the JT-60U negative ion
based neutral beam injector (JT-60U N-NBI) whose power supply capacity is 500
KV, 64 A, 10 s [2]. A DC ultra high voltage technology becomes more important
to design and construct the 1 MeV system. Further, power supply system for the
high power negative ion source needs special functions as foliows;

1) DC high voltage regulation to produce stable ion beams

2) High speed switching and surge suppression to protect the ion source
accelerator and power supply from electric breakdowns in the accelerator

3) DC ultra high voltage (UHV) insulation

4) UHV transmission from the power supply to the ion source

These are key issues in the design study.

Based on the design concepts reported in the Design Description Document
(DDD 4.2) [3], the preliminary design study on the neutral beam injector power
supply system has started in 1 September, 1995 for a period until 31 December,

1996.

In the present report, specifications and outline of the NBI power supply system
are described firstly. Secondly, design studies of the beam acceleration. power
supply, power supplies for the negative ion production are reported. Design of
the high voltage deck, the transmission line and the surge analysis are shown

thirdly. Lastly, preliminary cost estimate are given.

2. Specifications of the power supply system

Neutral Beam Injection (NBI) system for ITER is designed to inject the
deuterium neutral beam of 50 MW at an energy of 1 MeV for a pulse duration of
longer than 1000 s. The system consists of three injectors. Each injector produces
17 MW neutral beam from the 1 MeV, 40 A negative ion source. Table 2-1 shows
the specification of the ITER NBIL
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Table 2-1 Specifications of the neutral beam system for ITER.

Beam energy : 1 MeV
Beam power - 50 MW from three modules
Pulse duration > 1000 s

The power supply system for the ITER NBI system has to be designed from the
view point of an ultra-high voltage technologies and high speed controlled
power supply to match the ion source where electric breakdowns occur

frequently.

The power supplies can supply electric power to the ion source to deliver the
rated output of the beam. Required specifications of the power supply system

was investigated.

2.1 Acceleration power supply

A simplified NBI power supply system diagram is shown in Fig. 2.1-1. The
system consists of the acceleration power supply based on the converter and
inverter system, power supplies for the negative ion production and extraction,
surge protection system for both of the ion source and power supply itself, and
transmission line to the ion source. Specifications of the acceleration power
supply were designed based on the system requirement. The specifications of

the acceleration power supply are shown in Table 2.1-1.

Table 2.1-1_ Acceleration power supply

Voltage 1MV

Current 40 A

Ripple 110 % p-p

Rising time : < 100 ms

Cut off speed 1< 200 s

Pulse length : 10000s >t>1000s

Intermediate voltage : 800, 600, 400, 200 kV

Intermediate current 212 A (BO0O kV), 4 A (600 kV), 2 A (400 kV),
1 AQ200kV)
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Ripple specification was designed from the view point of beam optics. Beam
trajectory was investigated by using the ion beam orbit simulation code. An
allowable beam divergence fluctuation was considered to be lower than 1 mrad.
In the simulation, the extraction voltage and the D~ current density at the
extraction surface were kept to be 9 kV and 24 mA/cm?2, respectively. The
standard operation voltage of the acceleration power supply was assumed to be

990 kV.

Figure 2.1-2 shows the beam divergence as a function of the acceleration voltage.
The ripple of 10 % p-p gives a beam divergence fluctuation of < 0.5 mrad. This

ripple was confirmed to be in the permissible level.

Cut off speed of shorter than 200 us was adopted for protection of the ion source
and the power supply from the electric breakdown. Pulse length up to 10000 s

was considered in the design of the power supply.

2.2 Power supplies for negative ion production and extraction

Specifications of the power supply system for the negative ion production and

extraction are listed in Table 2.2- 1.

Table 2.2-1 Specifications of the ion production and
extraction power supplies

a) Filament power supply
Voltage : 15V AC
Current : three phase, 8.3 kA per phase
Pulse length : 1000 - 10000 s

b} Arc power supply
Voltage : 120V
Current : 7000 A
Ripple » 3 %p-p
Cut off speed : < 100 us
Pulse length : 1000 - 10000 s

c) Bias power supply
Voltage 110V



JAERI-Tech 97-034

Current :2300 A
Ripple 13 %p-p
Pulse length : 1000 - 10000 s

d) PG filter power supply
Voltage : 5V
Current :10kA
Ripple : 3 %p-p
Pulse length : 1000 - 10060 s

e) Extraction power supply
Voltage :10kV
Current :140 A
Ripple :2%p-p
Cut off speed : < 100 ps
Pulse length 1000 - 10000 s

Ripple effects on the beam optics were also investigated using the beam orbit
simulation code. The beam optics is strongly influenced by the negative ion
current density and the extraction voltage. The D current density depends on
the arc discharge power in the plasma generator. Therefore the effects of the arc
voltage ripple and the extraction voltage ripple on the beam divergence were
investigated. Results are shown in Fig. 2.2-1 and Fig. 2.2-2. Influence of
simultaneous variations of the ripples on the beam optics is shown in Fig. 2.2-3.
We confirmed that the proposed specifications are permissible values.

Filament cathode and arc chamber should be protected from the arcing
phenomena in the plasma generator. The arc power supply has an inverter
system that can cut off the arcing current in < 100 ps. Also the extraction power
supply needs an inverter system to protect the extractor electrode from the

breakdown in <100 ps.

References

[1] R.S. Hemsworth, et al., Rev. Sci. Instrum. 67, 1120 (1996).

(2] M. Kuriyama, et al., ]. At. Energy Soc. Japan 38, 912 (1996).(in Japanese)

[3] ITER Joint Central Team, Design Description Document (DDD 4.2A)
June(1995).
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3. Design of the power supply system
3.1 Circuit diagram of the power supply system

A skeleton diagram of the NBI power supply system is shown in Fig. 3.1-1. AC
72 kV is distributed to the acceleration power supply and the negative ion
production and extraction power supplies. The acceleration power supply
consists of a step-down transformer, converter, inverters and transformer
rectifiers. Qutput of the transformer rectifiers are connected in series to supply 1
MV with intermediate potentials. The power supplies for plasma production
and the extraction are insulated from the ground potential by insulated
transformers. One big insulated transformer was adopted in original design.
However, from the restriction of the HVD space, only transformers and
rectifiers are installed in the HVD. Voltage regulation and switching are
controlled at primary side of the insulated transformer by high frequency
inverter systems. Therefore, insulated multi transformers are utilized.

3.2 The plant layout of the NBI power supply system

A layout of the NBI power supply system is shown in Fig. 3.2-1. A switch gear
system, transformer, converter, inverter, HV transformers and rectifiers,
insulated transformers, voltage current measurement system, filter capacitors,
surge blocking L-Rs and transmission lines are mounted in the NBI power
supply yard. The space for the system is 50 m x 70 m. The out put cables are
connected to the HV deck through the transmission lines. All of the high
voltagé components are installed in the SF6 gas pressurized tanks which are
connected to the ground potential. A schematic diagram of the HV transformer
and rectifier is shown in Fig. 3.2-2. A SF¢ gas insulated rectifier tank is

mounted on the oil insulated transformer.

3.3 Acceleration power supply
3.3.1 Comparison of the circuit diagram

At the beginning of the design study, two type of the circuit system were
compared. One is the separated multi transformer type that is based on the JT-
60U N-NBI power supply system. The other is the cascade transformer type that

is proposed by EU HT.
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Comparison between the separated multi transformer type and the cascade
transformer type is listed in Table 3.3-1. Based on the result, JA HT selected the
separated multi transformer type shown in Fig. 3.3-1.
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3.3.2 Converter/ inverter system

The NBI acceleration power supply consists of the converter and inverter
system. An AC 2830 V power from the step down transformer is rectified to DC
2830 V power by thyristor switches. The DC power is converted to AC high
frequency power by GTO (Gate Turn Off Thyristor) inverters. This component
provides a part of the load protection(fast switching system of the HV output),
voltage regulation and voltage control. Basic configuration of the inverter

controlled acceleration power supply is shown in Fig. 3.3-2.

The inverter that provides a frequency of 400 Hz, was reported in the Design
Description Document (DDD4.2A). However, the frequency of the inverter
should be decided by consideration of these 3 factors, i.e. the performance of the
system, the cost, and the size. The performance of the acceleration power supply
seems to be improved by increasing the frequency. On the other hand, both the
cost and the size of the inverter become larger according to higher frequency.
Therefore, the inverter frequency was selected based on the comparison of

these factors. Details are described as follows.
a) Design condition for the inverter frequency

The lowest frequency of the inverter system is designed to satisfy the following

specifications.

Surge current limit : <3 kA
Energy input to the ion source: <10]
Ripple : 10%p-p
Qver voltage limit: 1100 kV
b) Decision of ratings of acceleration power supply

(1)Rectifier transformer secondary voltage (Vht2)

Ve = Ed =177 kV 331
2T 35l1-%IX._ %IR ( )
200 100

where Ed : DC voltage (200 kV}
%IX = 15 % (assumption)
%IR = 5 % (assumption)
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(2)Rectifier transformer capacity ( Pht )
Phe= Y2 x Vheo x Id = 14.8 MVA - (3.3-2)

where Id: DC current (59A)
Single phase inverter capacity (Pinv) = 49 MVA.

(3)Inverter Input Voltage (Vd)

vd <YDRM X K1 _9gng v
NxK

(3.3-3)
2

where Vprym GTO Repetitive peak off-state voltage (6000V)
K1 : Deleting coefficient (0.5)
K2 : DC voltage fluctuation (1.05)
N : GTO series number (1) -

(4)Inverter output voltage (Vinv)

Inverter output voltage is controlled by
modulation.

120 deg
Vinv = VX 4/ 150 deg

= 2286 V (effective voltage) (3.3-4)

the method of pulse width

Therefore, the primary voltage of the rectifier transformer is
Vhtl =2286 V

(5) Converter capacity (Pconv)

Pconv = Pinv x 3 (phases) x 5 (steps)
=74 MW

(3.3-5)
Converter rating voltage (Vconv) = Cable loss (1.01) x 2800 V

=2830V
Therefore, the converter current {Iconv) is

Iconv =74 MW /2830 V= 13kAx 2
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(6)Converter transformer secondary voltage (Vi2)

A%
Vo = oy = 2720V (3.3-6)
N 1.35{cos amin - %IX _ %IR]
200 100

where Vconv =2830V
amin =15 deg

%IX =35 % (assumption)

%IR = 2 % (assumption)

(7) Converter transformer capacity (Pt)
Py =12 x Vg x Iconv = 100 MVA (3.3-7)
(8) DC filter capacitance ( refer to Fig.3.3-3 and Fig. 3.3-4)

It is assumed that the stray capacitance C of the HV line is negligible small
compared to the filter capacitance. Then, the ratings of the filter C-R are
determined based on the following specificatiohs.

Surge current limit (Imax) : 3 kA
Fault energy limit (Wmax) : 10]

Energy input to the ion source accelerator (W) is described as follows,

w :’ Imxe'é dt x Vare
0

St
= [' [raxCR e C'?R'] , X Vare
= InaxCRVarc
(3.3-8)
Maximum breakdown current (Imax) is shown as follows,

Imax = Ed'/R’ (3.3-9)

From the power supply specifications,

Wmax : Maximum input energy to the ion source (10])
Imax : Surge current ( 3 kA )

Varc : Arc voltage (100V)

Ed’ : DC voltage (1000kV)
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Therefore, resistance of R' =340 Q

From the formula (3.3-8), the capacitance of the filter is obtained as follows,

10] 23000 A xC' x340Q x100V
C' <0098 pF

Maximum C (= 0.098-u F ) is chosen because of ripple reduction.

(9) Inverter frequency
9-1) Voltage ripple at no load condition for one stage. (£d)

(3.3-10)

ed=—F0l— Y} 1
{1—%}n meZi mjffm—z(z%kexf%c _ 1‘
= f

where €x : Transformer impedance { 0.15 pu)
f :Inverter frequency
Ed : DC voltage at one stage { 200 kV )
1d:DC current (59 A)
C :DC filter capacitance at one stage ( 0.49 pF)

Voltage ripple €d < 0.1.
Therefore, the frequency should be higher than 91 Hz.

9-2) Maximum voltage of capacitor at no load condition ( V¢ max )

Vemax = Al %Idz + Vcez

L= 10exEd.
4rfld
Ve max < 1100 kV (3.3-11)

(1100 kVP 3 108xEdery 4 v 2
4nfC'
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where L' : Leakage inductance of transformer
e x : Impedance of transformer { 0.15 pu )
Edo: DC voltage of transformer and rectifier (177 x 205kV)
f :Inverter frequency
C' : DC 1000 kV filter capacitor ( 0.098 uF)
Id :DCcurrent (5% A)
Vco : DC capacitor initial voitage ( 1000 kV')

Therefore, the frequency should be selected to higher than 80 Hz.

We investigated the required frequency of the inverter from the ripple
characteristics point of view. Table 3.3-2 shows the ripple condition for the

frequency.

Table 3.3-2 _Ripple condition (where the transformer percent impedance is

constant!

Frequency Ripple
50 Hz 18 %
100 Hz 9 %
150 Hz 6 %
200 Hz 45 %

Over voltage when the load {beam) is stopped by arcing etc. is investigated. The

result is shown in Table 3.3-3.

Table 3.3-3 Over voltage condition {charged voltage when the inverters turn off)

Frequency Over voltage
50 Hz 1156 kV
100 Hz 1081 kV
150 Hz 1055 kV
200 Hz 1041 kV
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From these observation, a frequency of higher than 100 Hz is required to satisfy

the ripple and over voltage specifications.

In addition to these investigations, we compared the 150 Hz inverter and the
400 Hz one. The inverter switching loss increases with increasing frequency.
One set of inverter has 35 kW loss at the frequency of 150 Hz and 73 kW loss at
400 Hz. Table 3.3-4 shows the comparison of the 150 Hz and 400 Hz inverter
system. Required cooling water at the 400 Hz system is twice larger than that of
the 150 Hz system. Volume and cost of the 400 Hz system are also higher than

that of the 150 Hz system.

Finally, the frequency of 150 Hz is selected from these investigations with
consideration of the achievement of the JT-60U N-NBI power supply whose

capacity is 500 kV, 64 A.

Table 3.3-4 Comparison of 150 Hz and 400 Hz inverters

Item 150 Hz 400 Hz
Total loss/lacc.ps 1.6 MW 33 MW
Cooling water/Tacc.ps 2400 1/min 5000 I/min
Volume 100 % 120 %
Cost 100 % 150 %
Achievement JT-60U N-NBi SV(Cs*

*) SVCS : Static Var Controle System

Basic configuration of converter circuit is shown in Fig 3.3-5. Thyristor switches
of 6000 V, 2400 A are utilized the system. Basic configuration of the GTO
inverter is shown in Fig 3.3-6. GTO switches of 6000 V, 3000 A are adopted in the
system. Outline of one cubicle for the converter system is shown in Fig 3.3-7.
Two cubicles are required for the system. Qutline of one cubicle for the inverter
is shown in Fig 3.3-8. Fifteen (3 x 5 stages) cubicles are required for the system.
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3.3.3 Analysis of dynamic property of the power supply
a) Analysis on normal condition

Computer simulations of the acceleration power supply characteristics were
done for both no load rise up stage and loading stage using an equivalent drcuit
model. The EMTP (Electro Magnetic Transient Program) code was utilized for

the simulation.

An equivalent circuit of the converter and inverter system for the acceleration
power supply is shown in Fig. 3.3-9. Converters are turned on at t=0 sec. After
t=0.35sec the inverters are turned on with no load. The switches for the load is

turned on at t=0.45 sec.

Main conditions of three analysis cases are shown in Table 3.3-5.

Table 3.3-5 Conditions of analysis

Case1:

Inverter control parameter
integral 10 msec
proportional 1.1

Converter control parameter
integral 17 msec
proportional 4

DC condenser 25 mF

Case 2:

Inverter control parameter
integral 10 msec
proportional 1.8

Converter control parameter
integral 17 msec
proportional 4

DC condenser 25mF

Case 3:
Inverter control parameter
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integral 10 msec
proportional 1.1
Converter control parameter
integral 17 msec
proportional 4
DC condenser 50 mF

Results of the analysis are shown in Fig 3.3-10 to Fig 3.3-12. We confirmed that
the rise time is about 50 ms and that the voltage ripple is smaller than 10 %.

These characteristics satisfy the required specifications.

b) Analysis on fault condition

It is important to suppress over voltage of the acceleration power supply in case
of load interruption by arcing phenomena in the plasma generator etc.. Further;
for designing of high voltage power supply system, a maximum voltage
appearing in the operation should be clarified. Computer simulations of the

acceleration power supply were done to investigate over voltage.
An equivalent circuit for the simulation is shown in Fig. 3.3-13. This circuit is

basically the same as Fig. 3.3-9. The converters are turned on at t=0sec. The
inverters are turned on at t=0.35sec, then the loading starts at t=0.45sec. After

0.7sec, the load is interrupted.
Circuit parameters for the analysis are shown in Table 3.3-6.

Table 3.3-6 Circuit parameters for the computation.

Case 1:
Converter PI controller 1+0.0685/0.017S

Inverter PI controller 1+0.0115/0.015
Dummy load 1 MQ
Inverter gate blocking time 50 us

Case 2:
Converter Pl controller 1+0.0685/0.0175

Inverter PI controller 1+0.0115/0.015
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Dummy load 1000 MQ
Inverter gate blocking time 50 [t s

Case 3.
Converter PI controller 1+0.0685/0.0175

Inverter PI controller 1+0.0115/0.01S
Dummy load " 1 MQ
Inverter gate blocking time 100 i s

Case 4: Converter PI controller 1+0.0685/0.0175
Inverter PI controller 1+0.0115/0.01S
Dummy load 1000 MQ
Inverter gate blocking time 100 s

Case 5: Converter PI controller 1+0.0685/0.0175
Inverter PI controller 1+0.0115/0.015
Dummy load 1MQ
Inverter gate blocking time 100 ms

Case 6: Converter Pl controller 1+0.0685/0.0175
Inverter PI controller 1+0.0115/0.015
Dummy load 1000 MQ
Inverter gate blocking time 100 ms

Results of the analysis are shown in Fig 3.3-14 to Fig 3.3-19. Value of over
voltage depends on the delay time of the inverter gate block. Fig. 3.3-20 shows
the over voltage as a function of the gate block delay time. The over voltage can
be suppressed lower than 1100 kV when the inverter gate block delay is 100 ps.

Bleeder current does not depend on the over voltage.
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Fig. 3.2-1 Layout of the NBI power supply.
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Fig. 3.2-2 A schematic diagram of the HV transformer and rectifier.
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@— Source PS

DC2.8 kV ——— e
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LF T
™ - r l
Converter @-

Inverter Accelartion ‘—?_/
PS

Fig.3.3-1 ITER NBI power supply concept

DC 1 MV

MR -

Inverter  Transformer

Rectifier Filter  Stray C lon Source

Fig. 3.3-2 Basic configuration of the inverter controlled acceleration power

supply.
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Varc

R 700 V

Fig. 3.3-3 Equivalent circuit of breakdown.

Imax

0 t

Fig. 3.3-4 Waveform of discharge current
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Fig. 3.3-5 Configuration of converter.
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2800 V
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Fig. 3.3-6 Configuration of inverter.
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3.4 Power supplies for negative ion production and extraction
Specifications and dimensions of the power supplies are listed in Table 3.4-1.
These data are based on the original configuration of the HVD which contains

all components of the negative ion production and extraction power supplies.

Table 3.4-1 _Dimensions of the power supply components in the HVD

a) Filament P/ 5 AC15V, 8.3kA/phase, 2mw X 15mdx22mh, 6ton

104 s

b) ArcP/S 120V, 7 kA, 10% s 4mwx13mdx22mh, 9ton
¢) PG Filter P/S 5V,10kA,104s 3mwx15mdx22mh, 4ton
d) Bias P/S 10V, 2.3kA, 1045 15mwx1mdx22mh, 1 ton
e) Extraction P/S 10 kV, 140 A, 104 s 4mwx25mdx22mh, 15 ton
f) Transformer I 3.8 MVA 3mwx15mdx22mh, 15 ton
[:4) Transformer II 3.2 MVA Imwx1l5mdx22mh, 15 ton
h) Switch gears VCB x 2 725mwx15mdx22mh, 3ton

Outline drawings of the filament power supply, the arc power supply, the bias
power supply, the PG filter power supply and the extraction power supply are
illustrated in Fig. 3.4-1to Fig. 3.4-5.

The NBI power supply requires cooling water for long pulse operation.
Heat loads of the power supplies and quantity of cooling water for the power

supplies are listed in Table 3.4-2.

Table 3.4-2 Heat load and required cooling water for power supplies

Filament power supply @ 30 kW and 80 1/min /set
Arc power supply : 80 kW and 100 1/min /set
Bias power supply - 7kW and 12 1/min /set
PG filter power supply 20kW and 60 1/min /set
Extraction power supply : 100kW and 160 1 /min /set

Dimensions of the power supplies in the modified HVD are shown in Table 3.4-

3. These dimensions are estimated to fabricate as rectangular boxes for each
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power supply. Total volume of the power supplies is estimated to be 38 m?3.
This satisfies the space of 45 m3 in the modified HVD.

Table 3.4-3 Dimensions of the power supply components in the modified HVD

a) Filament P/ S AC15V, 8.3kA/phase, 1.5 mw x 2.4 md x 2.3 mh

104 s
b) Arc P/S 120V, 7 kA, 104 s 225mwx24mdx23mh
c) PG Filter P/S 5V, 10 kA, 104 s 075mwx16mdx2mh
d) Bias P/S 10V, 2.3 kA, 10%s 0.75mwxl6émdx2mh

e) Extraction P/S 10kV, 140 A, 104 s 22mwx24mdx23mh
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Fig. 3.4-1 Outline drawings of the filament power supply.
3
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Fig. 3.4-2 Outline drawings of the arc power supply.
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Fig. 3.4-3 Outline drawings of the bias power supply.
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Fig. 3.4-4 Qutline drawings of the pG filter power supply.
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Fig. 3.4-5 Qutline drawings of the extraction power supply.
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3.5 Power fluctuation compensator

At the breakdown in the accelerator, the power supply system cut off the out
put rapidly. This causes the power fluctuations on the electric power line. A
power fluctuation system is considered as optional equipment and is required
only if occasional power steps of > 50 MW are not allowed by the utility. The
compensation system absorbs the power to restrict power fluctuations under an
allowable level shown in DDD4.2C. Maximum power demand when NBI is

operating alone is listed in Table 3.5-1.

Table 3.5-1 Maximum power demand when NBI is operating alone

Peak Active Power ;150 MW
Peak Reactive Power ;110 Mvar
Peak Power Derivative : 50MW/s
Active Power Step : 50MW

To satisfy these specifications, the compensation system was designed. Power
step change of one module should be lower than 16 MW (50 MW / 3).
Therefore, the required capacity of the compensation system is 50 MW - 16 MW
= 34 MW for one module. Electric power is absorbed by resistor with GTO switch
connected in series to the resistor. The circuit of the system is shown in Fig. 3.5-
1. When simultaneous breakdown or emergencies occur in the system, the GTO
switch is turned on at the same time of the inverter cut off. Ratings of
compensation system is shown in Table 3.5-2. We assumed that the frequency of

the emergency is one time per 10 sec.

Table 3.5-2 Ratings of the bypass circuit

Resister: 2830V, 12 kA, 0.2360
34 MW x 100 ms = 3.4 Mj
34 MJ /10 s =340 kW
R=35Q(23kW)15-148P
GTQ switch : GTO 6 kV- 6kA, 15 - 4P
Size :aboutémW x 3mD x 4mH
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GTO Inverter Rectifier

Converier

—¥

Trans.

& D ¥

L
I

< 16 MW step per module (50MW/3)

" Resistor 2830 V., 12 kA, 0.236 ohm
34 MW x 100 ms = 3.4 MJ
3.4 MJ/ 10 s = 340 KW

R= 35 ohm (2.3 kW) 1S-148 P

.

~

/

GTO 6kV,6KA 1S-4P]

Size: 6 MW x3mD x4 mH

Fig. 3.5-1 power flluctuation compensator.



JAERI-Tech 97-034
3.6 AC harmonics, filter specifications, active and reactive power

AC harmonics were calculated using EMTP code. Table 3.6-1 shows the
harmonics at a rated out put of the power supply for one module. In the
designing of harmonic filters for 12-phase rectifier (Converter), harmonics of
5th, 7th, 11th, 13th, 17th, 19th, 23th and 25th are generally considered. From the
result of the simulation, total harmonics is estimated to be about 3.8 %.
Receiving apparent power is 85 MVA. A capacity of the filter system for the

harmonics is estimated as follows.
PE=8MVAXx38 %

=32 MVA / one module

Power supply output (Pout) is calculated to be 143 MW (= (45 MW(Acc) + 2.7
MW (Source)) x 3 modules). Receiving active power for three modules is
estimated to be 150 MW ( = 143/0.95 ) which include a loss of 7 MW. Therefore
the reactive power (EIr=Elsin8) for three modules is estimated as follows.
EIr = (EI2 - Elcos6? )12

= (2552 —1502 312

=206 MVar.
A phase compensator will be utilized if the reactive power is not accepted in the

AC power system.
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Table 3.6-1 Harmonics computation

Harmonic No. (%)

100
0.40913026
0.12119003
0.07107385
0.03739578
0.0612601%9
0.01268385
0.02615153
0.00707094

0.003253
2.24547815
0.071429678
2.78809969
0.00718939
0.00620712
0.00740808
0.00577703
0.00513919
0.00380883
0.00466536
0.00466536
0.00736617
0.97188938
0.01271129
0.64061461
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4. Design of the high voltage deck (HVD) and the transmission line

4.1 Original configuration of the high voltage deck

An original design of the high voltage deck, the water choke and the
transmission line is shown in Fig. 4.1-1. The water choke is mounted near from
the HVD tank. Dimensions of the cylindrical HVD tank are 9.4 m in length and
8.3 m in diameter. Power supplies for the ion source are installed in the tank
and insulated from the ground by using pressurized SFg gas of 3.5 bar. The
transmission lines are connected to the tank. Cables and intermediate potential
conductors are fed through the transmission line to the ion source. Two
bushings are installed in the line fo reduce the gas pressure by two steps from 20
bar at the ion source to 3.5 bar at the HVD.

4.2 Modified configuration of the high voltage deck with the water choke and
D32 gas feeding system

The space for the HVD is limited. A modified configuration of the HVD  was
designed. The layout of the system is shown in Fig. 4.2-1. The dimensions of the
HVD tank are 5 m in diameter and 7.5 m in height. The tank is mounted on the
wall of the building. The transmission lines are connected bottom part of the
tank. Detail configuration of the HVD tank is shown in Fig. 4.2-2.

In the original configuration, all components of the source power supplies
except for the insulated transformer are installed in the HVD. However, in the
modified configuration, only transformers and rectifiers for each power supply
are mounted in the HVD. Insulated multi transformer system is utilized instead
of the single transformer. Control system such as thyristor switches and DC
switches for the power supplies are moved to the primary side of the insulated
transformer in the NBI power supply yard. Since a high speed switching is
required for the extraction and the arc power supplies to protect the ion source
from the arcing and breakdowns, high frequency inverters are utilized for these
power supplies. High speed switching of < 100 Ws can be performed for the arc
and extraction power supplies by the high frequency inverter system. Switching
and voltage regulation for other power supplies are also controlled at the

primary side of the insulated transformer by thyristor switches.

The water choke is installed in the HVD tank in the modified configuration.

The resistivity of the cooling water is assumed to be in a range of 5 M{Q-cm to
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10 MQ—cm. The water choke serves as bleeder resistor for the acceleration power
supply to eliminate an exclusive bleeder resistor in the power supply system.
The minimum bleeder current to stabilize the high voltage out put was
investigated using the EMTP. The result shows that the minimum bleeder
current can be reduced to 0.1 A with the resistor of 10 MQ. The waveform of the

simulation is shown in Fig. 4.2-3.

The water choke consists of insulator pipes made by FRP. Size of the pipes are
designed to satisfy the required resistance and water flow rate. Table 4.2-1 shows
the required water flow rate for the ion source and power supplies in the HVD.
Table 4.2-2 shows the dimensions of the insulator pipes, dissipated power in the
water choke, leak current and temperature rise in the water choke, etc.. The
dimensions of the 1 MV insulator pipes are 15 cm in diameter and 3m in length.
The bleeder current is 0.24 A with 5 MQ-cm water and two pipes. In case of 10
MSQ-cm, the bleeder current becomes 0.12 A that is enough for the power supply.
Leak current through the insulator pipes for the intermediate potentials are

negligible small.

A Dp gas flow controller is mounted in the HVD. The D7 gas is fed from the
ground potential to the HVD through an insulation tube with a high pressure
of < 1 MPa.

4.3 Design of DC insulation in the transmission line
4.3.1 Design concept for SFg gas insulation

SFe gas insulation technologies have been investigated for gas insulated

substations (GIS) in electric power distribution networks for many vears. The
breakdown initiation in SFg gas is dependent on the electric field strength. The
theoretical breakdown electric field, Egpy, is proportional to the gas pressure as

follows [1].

Egpy = 8787 [kKV/mm] (4.3-1)
(P : gas pressure [MPa])

The DC breakdown voltage of a gap between 80/200 mm diameter coaxial
cylinders was shown in Fig.4.3-1[2]. The voltage polarity effect is prominent at a
pressure above 1 kg/cm?2. The positive-polarity breakdown voltage is slightly
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lower than the theoretical value. However, the negative-polarity breakdown
voltage is much lower than the theoretical value, especially at a higher pressure
region. The negative DC breakdown voltage at 4.0 kg/cm? is approximately 80
percent of the AC peak breakdown voltage and lower than half of the theoretical

value,.

SF, gas of 4.5 kg/ cm? pressure is used in the transmission line of the JT-60U N-
NBI. We adopted the same gas pressure for the transmission line of the ITER
NBI. A design value of the withstand electric field was derived based on the data
in Fig.4.3-1. The gas pressure for the DC breakdown voltage shown in Fig.4.3-1 is
ranged up to 4 kg/cm2 The DC negative breakdown voltage at 4.5 kg/ cm? can be
extrapolated to be approximately 600 kV. The breakdown field at the surface of

the inner cylinder is calculated to be 16 kV/mm.

The breakdown field is influenced by the electrode area as shown in Fig. 4.3-2.
The breakdown field is reduced at a larger electrode area, because probability of
breakdown initiation is increased[3], [4]. The area of the inner electrode surface,
which is immersed in the high electric field, is 628cm? in the experiment
reported in Fig. 4.3-2, while the area of the HV conductor surface immersed in
the high electric field is estimated to be about 105 ¢m? in the NBI transmission
line of more than 10 m length. This leads to reduce the breakdown field
approximately by a factor of 0.7, which is estimated by the reduction
characteristics in Fig. 4.3-2. The breakdown field is reduced to 11 kV/mm by the
area effect. There is another reduction effect that depends upon metal surface
finish. The reduction factor is considered to be 0.8 by the DC breakdown
experiment, Iin which dependence of the breakdown electric field on the
electrode surface finish was investigated{3]. Finally the DC breakdown field is

estimated to be 8.8 kV/mm. .

Insulation reliability can be improved by consideration of breakdown probability
distribution. The ratio of the breakdown field that corresponds to 0.1%
breakdown probability to that of 50% probability is estimated to be
approximately 0.6 based of the experimental result[3]. We chose the maximum
electric field of 5 kV/mm for the design. The breakdown probability is

considered to be lower than 0.1%.

Breakdown voltage is reduced by the levitation of metal particles from the
bottom of the outer conductor of the transmission line. Reduction of
breakdown voltage is not dependent on the gas pressure. Withstand voltage can
not be increased by raising the gas pressure in case of the levitation of metal
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electric field at the bottom of the outer conductor is 2.3 kV/mm, which is
higher than the metal particle levitation electric field of 1.8 kV/mm.

As the second step, we tried to reduce the electric field at the bottom by
rearrangement of the T MV conductor to upper position. However, the gap
length between the 1 MV conductor and AGI conductor becomes shorter. To
keep the electric field lower than 5 kV/mm, the diameter of AGl and AG2
conductors were reduced to 100 mm. An result of the simulation is shown in
Fig. 4.3-6. Bach conductor position was not changed to examine the effect of the
diameter on the maximum electric field E] on AGI1. The electric field Ef is about
5.3 kV/mm which is increased Slightly. An electric field E2 at the opposite

surface of AG1lis 1.7 kV/mm.

We investigated the effects of the position of 1 MV conductor on the electric
field strength E3 at the bottom of the outer conductor. The 1 MV conductor was
moved from y = -100 mm to -20 mm. The electric field variations as a function
of the position of the 1 MV conductor is shown  in Fig. 4.3-7. As the 1 MV
conductor is moved from -100 mm to -20 mm, the maximum electric field E] on
AG1 decreases from 5.3 kV/mm to 5.0 kV/mm. The electric field E2 at the
opposite side of AGI increases from 1.7 kV/mm to 5 kV/mm. On the other
hand, the duct-bottom electric field E3 decreases from 2.3 kV/mm to 1.7
kV/mm, which is approximately equal to the metal particle levitation electric
field. The result of the simulation with the position of y = -20 mm is shown in

Fig. 4.3-8.

As the final step, the electric field at the bottom of the outer conductor was
reduced by decreasing the diameter of the 1 MV conductor. An electric field
simnulation result with the 1 MV conductor diameter of 600 mm is shown in
Fig. 4.3-9. The electric field E3 at the bottom is greatly reduced to 1.0 kV/mm. It
is approximately equal to the electric field at the bottom of the JT-60U N-NBI
transmission line and lower than the metal particle levitation field with

coating.

b) Investigation of the revised design

The arrangement of the conductors in the transmission line was revised as
shown in Fig. 4.3-10 for connection of the conductors to the ion source and
remote maintenance. An electric field simulation result for the revised
structure is shown in Fig. 4.3-11. The highest electric field is 5.9 k¥V/mm on the
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particles[5]. The electric field on the bottom is required to be lower than the
particle levitation electric field to keep the insulation reliability. The levitation
electric field strength can be increased by coating of the inner surface of the
transmission line as shown in Fig,. 4.3-3[6]. Particles were levitated at the field of
0.5 kV/mm without coa'ting, however, the levitation voltage was increased to
1.8 kV/mm with coating for negative DC voltage. In order to prevent the
particle levitation, the surface coating should be adopted inner surface of the
transmission line of the ITER NBIL

4.3.2 Insulation design of the transmission line and electric field simulations

a) Investigation of the initial design

We designed the transmission line between the HV deck and the ion source
tank in terms of high voltage insulation. The 1 MV HV conductor diameter
must be large enough to contain cables and water cooling tubes for the plasma
generator and the extractor. An outer diameter of the transmission line must be
as small as possible to prevent radiation from the reactor. On the other hand,
gap length between the outer and inner conductors should be designed to

sustain applied high voltage.

The size of insulator spacers for inner conductors were designed. According to
the data reported in ref.(7), it shows that the breakdown electric field is
independent of the spacer size. A height of the spacer for the 1 MV conductor
was designed to be 350 mm that is twice longer than the spacer for the JT-60U N-
NBI 500 kV transmission line.

Arrangement of the conductors in the transmission line proposed by JCT is
shown in Fig. 4.3-4. The inner diameter of the outer conductor that is grounded
potential is 1700 mm. The outer diameter of the 1 MV conductor (HV) is 800
mm. The outer diameter of the 800 kV (AG1), 600 kV (AG2), 400 kV (AG3), 200
kV (AG4) conductors is 180 mm, 140 mm, 80 mm and 60 mm respectively. Each
conductor is located so as to reduce distortion of equipotential lines. These
conductors serve as water feeding pipe for the ion source. A center of the 1 MV
conductor is placed at y = -100 mm from the center of the outer conductor.

Computer simulation of the electric field for this configuration was performed.
The result is shown in Fig. 4.3-5. The highest electric field of 5 kV/mm appeared
at the surface of AG1. It is just equal to the design criterion. However, the
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surface of AG1. It is about 20 % higher than the design criterion of 5 kV/mm.
The duct bottom electric field is 1.9 kV/mm, which is also higher than the

particle levitation electric field.

To reduce the electric field at the bottom, the 1 MV conductor was moved to
higher position {(y = + 80 mm) in the simulation (see Fig. 4.3-12). The electric
field was reduced to 1.3 kV/mm, which is lower than the particle levitation
electric field. The electric field of 5.6 kV/mm on AG2 is higher than the design
criterion. The vertical position of the 1 MV conductor is considered to be a little

high.

" The position of AG1 conductor and 1 MV conductor were lowered to 60 mm to
reduce the electric field. The result is shown in Fig. 4.3-13. The electric field on
AG2 was reduced lower than 5 kV/mm. The electric field on AG1 was also
reduced about 10 % from the former configuration shown in Fig. 4.3-12.
However, it is approximately 10 % higher than the designed value. The duct
bottom field of 1.4 kV/mumn is a little higher than the field in Fig. 4.3-12.

Above simulations are 2-Dimensional simulations for the straight part of the
transmission line. Transmission line must be bent with a bending radius of 4 m
as shown in Fig. 4.3-14. We investigated the electric field concentration at the
bending position using the 2-Dimensional simulation code. A model of the
transmission line is similar to a doughnut that has a radius of 4 m. A resultis
shown in Fig. 4.3-15. Electric fields except for the duct bottom field are almost the
same as the fields at the straight position shown in Fig. 4.3-13. The bottom
electric field is enhanced by approximately 10 % because of the bend (1.5

kV/mm).
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¢) Design of a bushing for high pressure separation

SFg gas will not be used in the ion source tank to prevent radioactive problems
by neutron irradiation. Therefore, other gas such as CO2 will be used with
higher pressure of 20 kg/cm?. In this case strong bushing, which can sustain
pressure differences from 20 kg/cm?to 3.5 kg/cm?, is utilized. Concept of the
bushings are shown in Fig. 4.3-14. There are two steps to reduce the pressure.

An outline of the bushing is shown in Fig. 4.3-16. Material of the bushing is
epoxy resin. Quter diameter of the bushing is 1950 mm and total thickness is 440
mm. Thickness of the epoxy is 150 mm. The diameter of the IMV conductor is
decreased to 600 mm to obtain enough distance of the insulator surface.
Arrangement of the conductors is changed for reduction of surface electric field
between conductors. This configuration was designed based on the existing post
spacers. However, there is no experience for such a DC 1 MV bushing with
multi conductors. A 3D electric field simulation and experimental R&Ds are

necessary to fabricate such bushing.

An electric field simulation for the conductor arrangement using the 2D code is
shown in Fig. 4.3-17. The highest electric field {4¢.5 kV/mm) on AGI is 20 %
Jower than the electric field described in Fig.4.3-12. It is 10 % lower than the
designed value for gas insulation. However, for the surface insulation, further
investigation is necessary as mentioned above. The bottom electric field of 1.9
kV/mm can be reduced to 1.2 kV/mm as shown in Fig. 4.3-18 by moving the 1

MV conductor to higher position of y= 0 mm.

Following two subjects should be investigated to design the bushing.

(1) Metal particle effects
There is a high possibility of particle attachment on the surface of the bushing

which is specially installed in the vertical part of the transmission line. Metal
particles reduce the withstand voltage. There are some methods to prevent
such problem.

(a) The surface structure of the bushing can be optimized to minimize the effect
of particles. The insulation voltage with particle effect should be examined by an
electric field simulation.

(b) By changing the arrangement of the transmission lines, the bushings can be
installed not in the vertical part but in the horizontal part of transmission lines.



JAERI-Tech 97-034

(2) The diameter of the 1 MV conductor for connections and fitting of inner
cables and water pipes

The diameter of the 1 MV conductor is required to be 800 mm for remote
connections of all cables and water pipes. Therefore, it is necessary to reduce
conductor diameter from 800 mm to 600 mm near the bushing. This makes the
fransmission line structure a little complex. Fitting mechanisms of cables and

pipes in the reduced conductor are also required.
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Table 4.2-1 Required water flow rate for the ion source and power supplies in the
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HVD.

Ion source (Assumption: dT=40 degC) Power supplies on HVD} Total
Part of ion Heat load | Flow rate Heat load | Flow rate g?w r a)te
source (kW) (1/min) (kW) (1/min) fn

Arc 895 321 80 100
Fila. 475 17 30 80
1MV
PG fiL. 166.3 59 20 60 959
Ext 419 150 100 160
Bi . -
ias 7 1
800kV] AG1 1315 500 500
600kV|] AG?2 4 500 500
400kV
00k AG3 _ * 500 500
200kV{ AG4
* 500 500
E GRG % 500 500
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Table 4.2-2 Specifications of the water choke.

(r = 5 MOhm.cm)

Insulator Pipe Vv drP R Current P T

Voltag D(cm) L(cm) |m/s) (kg/cm2) (MOhm) (A} (kW) (degC)
1MV 0.004

15 300 09 Gy 85/2 024 120x2  1.8x2

B0OKVI 6 240 29 0115 42472 0038 1522 0442
(5mx2)

600 KV 6 180 29 0115 31.8/2 0.038 11.4x2 03x2
(5mx2)

400kv| 6 120 | 29 0115 212/2 038 762 02x2
(5mx2)

6 60 29 0115 10.6/2 0.038 3.8x2 0.1x2
200 kV Smx2)

0

D : Diameter of pipe

L : Length of pipe
V : Water flow velodity
dP : Pressure drop

R : Resistance of water choke
Current : Leak current

P : Power loss in the water choke
T : Temeperature rize at water choke
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Fig. 4.2-3 Results on the simulation with bleeder current of 0.1 A.
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Fig. 4.3-3 Enhancement of particle levitation field strength by electrode coating
for 10 mm long aluminum particles of 0.2 mm in diameter. Insulating coat : €=

4.0 , thickness = 20 -40 um (Ref. 6).

H1700

Fig. 4.3-4 Cross sectional view of the transmission line.
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Fig. 4.3-5 Electric field simulation in the transmission line . (AG1:180 mm in
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Fig. 4.3-7 Relation between electric field and 1 MV HV conductor position.
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Fig. 4.3-8 Electric field simulation . (AG1, AG2 : 100 mm in diameter, HV
position : y= -20 mm.)
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Fig. 4.3-11 Electric field simulation for revised configuration. (HV: 800 mm in
diameter, AG1, AG2, AG3, AG4 : 100 mm in diameter, HV position : y = -50 mm,
AGT vertical position y = +160mm.)
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Fig. 4.3-12 Electric field simulation for revised configuration. (HV: 800 mm in
diameter, AG1, AG2, AG3, AG4 : 100 mm in diameter, HV position : y = -80 mm,
AG1 vertical position y = +160mm.)



JAERI-Tech 97-034

I | t i 1 \
wdinndimie ol

ol
o

sealvinine

(b) Close up view of AG2 (AV = 20 kV)

RS T L O R U T T T ET TR T O T

l|I|||l|IIllIllI|Il|IIIIIllllIllIIIlllIIIlllII|IIIIIllIIIll'IIlIIIIIl'lIlIIIIII'IIIIII

izl looneluen wnlinoe shrnnlone mlemndiuenn

; e : i} a
||||||||| I||‘|||u|||n||\|'I|||III|IIIlrllll|l||(1|l|l||"ll|lllllIll’III|||l"]ll”l“ll‘lllll”l‘l:- 3 Y :
(a) Overall view ( AV =50 kV) E 3

||||||||| JunE R e g o R e [EUU T

i

{c) Close up view of AG1 (AV =20kV)

l||IIIlllIIIIIIIHI]llIlIIIII‘IHI|IIIIII1llII'IlIllHl"II|IlIllIll'l|I|ll|||||lllll|ll|l’l'|Il!llllll

IR TO O jrraven |l!lIll|ll|]|||||||||||uu|[ll I L LA LU T AL LA L

L4 K%
(d) Close up view of the duct bottom (AV = 10 kV)

Fig. 4.3-13 Electric field simulation for revised configuration. (HV: 800 mm in
diameter, AG1, AG2, AG3, AG4 : 100 mm in diameter, HV position : y = -60 mm,
AG1 vertical position y = 0mm.)
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(d) Close up view of the duct bottom (AV = 10 kV)

Fig. 4.3-15 Electric field simulation for bending section. Radius of curvature is 4
m. (HV: 800 mm in diameter, AG1, AG2, AG3, AG4 : 100 mm in diameter, HV

position : y = -60 mm, AG1 vertical position y = +160mm.)



JAERI-Tech 97-034

| ‘ujesedss ainsseld 10} pazijn os|e
s Bulysng siy 1 "1030npuod-Inu yim Buiysng AW | Jo uoneinByuod 91-g'y "Bid

arv

esn &9 |[]m Je3oEVO0D

urssy Axod3 FIFEEEY

n/301 8JNSS8.

11000130 9FBY|OA




JAERI-Tech 97-034

..........................................................................................

llllllll“ll“[lllllllll

I||IllillllI||Iﬁl|lIIIItIlIlIlIiIlI!IlI!IIIIlIIHIHIIIIIIIII!I!IIIIII|I|IIIHIII|||I|| ‘
T LY R R Ty O AR R T

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

) overall view (av=tsokv) (b) close uy \/re.wof/q(irl
- (oV= 20k7)

/?kV/mm
(¢ cfose “p view of duct bottom:

Fig. 4.3-17 Electric field simulation of the transmission line. (HV: 600 mm in
diameter, AG1, AG2, AG3, AG4 : 100 mm in diameter, HV position : y = -150
mm, AG1 vertical position y = Omm.)
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Fig. 4.3-18 Electric field simulation of the transmission line. (HV: 600 mm in
diameter, AG1, AG2, AG3, AG4 : 100 mm in diameter, HV position : y = 0 mm,
AG1 vertical position y = Omm.)
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4.4 Surge protection system

Core snubbers and LR elements are utilized for protection of the ion source and

power supply system from electric breakdowns in the accelerator.

Stray capacitance and stored energy of the ion source accelerator, end part of the
transmission line and transmission line from the HVD were calculated. Stored
energy at the accelerator gap is higher than 10 J for each stage. Energy of 142 ] and
80 ] are stored at corona shield of the ion source and at the end part of the
transmission line respe'c_tively. These energy are considered to be distributed to
the five stage gaps at the breakdown. Therefore, inherent total stored energy for
each stage is about 60 J. From both of the voltage holding experiments reported
by F.Bottigilioni et al. [1] and JAERI HT{2], such energy is considered to be an
allowable level. Stored energy at the transmission line from the HVD is 297 ].
Required core snubber for the transmission line was estimated to be 0.4 V.s. The
size will be about 10 cr in thickness and 2.3 m long with using FINEMET cores.
Fig. 4.4-1 shows the core snubber configuration attached in the transmission

line. Detail calculations are described as follows;
4.4.1 Estimation of stray capacitance and stored energy

A model of the ion source and the transmission line is shown in Fig. 4.4-2.

1} Ion source accelerator
Stray capacitance in the accelerator was calculated from the drawing. Gap lengths

are 9, 8,7, 6, 5 cm for five stage accelerator grids. Capacitance of accelerator gap
and grid support are calculated as parallel plates. Relative permittivity of the

ceramic insulator was assumed to be 8.

a) 0-200 kV stage
Cgap =248 pF
Csupport =145 + 72 + 153pF
Cinsulator = 96 pF
C200-E=714 pF

b) 200-400 kV stage
C gap = 306 pF
Csupport = 84 + 53 + 131 pF
Cinsulator = 96 pF
C400-200 = 670 pF
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c) 400-600 kV stage
Cgap =345 pF
Cinsulator = 96 pF
Csupport =132 pF
C600-400 = 573 pF

d) 600-800 kV stage
Cgap =478 pF
Csupport = 82 pF
Cinsulator = 96 pF
C800-600 = 656 pF

e} 800-1000 kV stage
Cgap =341 pF
Csupport = 109 pF
Cinsulator = 96 pF

C1000-800 = 546 pF

f) 200kV, 400 kV, 600 kV, 800 kV flange to ground
C = 45 pF (each) '

g) 1000kV corona shield to ground
C =139 + 144pF
=283 pF

2) End part of the transmission line
Calculation was done with these data as; length of the part is 2 m, outer
conductor 1800 mm dia. 1MV conductor 800 min, intermediate potential

conductors 100 mm dia. each.

C1000-E = 80 pF/m x 2m = 160 pF¥
C800-E =19 pF/m x2 m x 2= 76 pF (C600-E, C400-E, C200-E are the same)
C1000-800kV = 9pF/m x 2m x 2 = 36 pF
C800-600kV = 13 pF/m x2m x 2 =52 pF
C600-400kV = 17 pF/m x 2m x 2 = 68 pF
C400-200kV =19 pF/m x2 m x 2 =76 pF
*(C1000-600kV, C1000- 400kV, C1000-200kV are ignored.)
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3) Transmission line between the HVD and the end part
Size of the line ; length of the line is 10 m, conductor diameter ,outer is 1700

mm, 1MV conductor is 600 mm, intermediate potential conductors are 100 mm
in diameter. It was assumed that two pieces of epoxy insulator bushing (relative
permittivity is 4) with 150 mm thickness will be utilized in this section.

C1000-E =53 pF/m x10m = 530 pF
+53x0.15x 4 x 2= 64 pF
C1000-E =594 PF

Stray capacitance and stored energy (1/2 CV2) correspond to each part are

illustrated in Fig.4.4-2.
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53pF/mx10 = 530 pF,

53x0.15x4x2 = 64 pF
584pF
297
1700mm
10m
1800mm
1860%pf= 2m Core Snubber for TM
‘ \ { : V.s=CRV/¥2
S =0.42
1T I T T ™\ S=042/1.35/2
| ssbt = 0.16 m2
‘31'%(313" 5] , S= 0.16/0.71 = 0.23
114pF -~ [473pR 546135 283pf | =0.23/01=23m
ittt L
L = 4px10-7x 0.23 X 3550/1.9
=0.54 mH
¥ M e S N

1 1 ] 1
45pF 45pF45pF 45pF
777 e 14

Fig. 4.4-2 Stray capacitance at the ion source accelerator and end part of the

transmission line
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The stray capacitance of the MeV ion source accelerator measured with the LRC

meter is shown in Table 4.4-1 as a reference.

Table 4.4-1 :
Stray C of MeV accelerator measured by using YHP LCR meter at 1 MHz

0-200 200-400 |400-600 |600-800 [800-1MV-
kV kV kV kV

Stray G | 782 686 ‘
(p?)ty (10KH2) 625 615 567

Energy

: 13.7 12.5 12.3 11.
) 15.6 _ 3

Stray C and energy-at the corona-shield which is mounted top of the ion source is
estimated to be 62 pF and 31 J.

4.4.2 Estimation of the size of core snubber for the transmission line

A size of the core snubber which will be installed in the transmission line was
estimated. It was assumed that the FINEMET core is adopted. This material has
been utilized in MTF and JT-60U NBI power supply systems. Specifications of
the FINEMET core is shown in Table 4.4-2.

Table 4.4-2 Specifications of the magnetic core

Saturation magnetic flux : Bm = 1.35 T
Relative permeability at 1 MHz pulse : 3550
Density :7.4t/m3

Space factor : 71 %

Insulation layer : 510; ceramic

We assumed that 1 kQ resistor is used to the secondary circuit of the core
snubber for energy dissipation. Bias current is supplied to use twice of magnetic
flux of the core by reset. Required volt.second of the core can be roughly

estimated as follows to prevent saturation.
V.s = CRV/205

=042
Cross sectional area of the core S
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5=0.42/1.35/2/0.71=023m2
Size : 0.1 m thickness x 2.3 m length
Inductance of the core snubber L

L =4mx10-7 x 0.23 x 3550 / 1.9 = 0.54 mH

References
[1] F. Bottiglioni and J.P. Bussac; Energetic breakdowns and voltage hold-off

between copper electrodes in vacuum, Physica 104C (1981) 248-255.
[2] JA-HT; ITER task achievement report NBI R&D task(interim report) May,

1995.
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4.5 Surge analysis

Computer simulations of the electrical transients at fault conditions were
investigated by using EMTP code. An equivalent circuit for the simulation is

shown in Fig. 4.5-1.

Main conditions of the analysis are described as follows.

(1) The value of stray-C of transformers are estimated based on the
JT- 60 N-NBI power supply.

(2) Snubber C-R: 68 Q, 049 U F

(3) Five switches are closed at the same time.

(4) Length of transmission lines from HVD to the ion source is 25m.

(5) Inductance of surge blocker is 0.5mH.

(6} Core snubber and surge blocking resistors are connected in series
to the transmission lines of HVD to the ion source.

(7) Inductance of the earth pole is estimated to be zero.

The results of the simulation are shown in Fig 4.5-2 to Fig. 4.5-12. A surge
current to the ion source accelerator from the high voltage line of 1 MV is
suppressed to under 3 kA (B6/B7 current). The input energy to the accelerator
from the HV side is estimated to be about § J by assuming that the arc voltage is
constant to be 100 V. Surge voltage at the beam line (G7) is only 30 V. About 40
KV surge voltage appears at the grounded line of the HV generator (G2). We
confirmed that the surge current and energy input fo the ion source from the

power supply can be suppressed 3 kA and 10 .
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Fig. 4.5-2 Surge current through the 1 MV line (B6 - B7).
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Fig. 4.5-3 Surge current through the grounded line (G6'- G7).

73 POINTS ( 7 %) USED

86 &7

PLOT DATA FAOM FILE : 12-Jun-96 10.18.01 - NODE NAMES & PLOT POINT SUMMARIES FOLLOW:

819 POINTS (81 %) USED

G6 G7

PLOT DATA FROM FILE ; 12-Jun-86 10.18.01 - NODE NAMES & PLOT POINT SUMMARIES FOLLOW:



JAERI-Tech 97-034

3 I |
= First of two lines of case title.
Second and final line of case title.
3
-
&
wg
- —
= lo.00 400 T B0 19 {150, 200,
@ ] Seconds (x 1.E-6)
g /—/
o
g [ N/
7]
>
3
¥
=4
g |
Fig. 4.5-4 Surge current at the final gap of the accelerator(F8 - G7).
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Fig. 4.5-5 Surge voltage at the grounded line of the HV transformer (G2 - earth).

PLOT DATA FROM FILE : 12-Jun-96 10,18.01 - NODE NAMES & PLOT POINT SUMMARIES FOLLOW:

PLOT CATA FROM FILE : 12-Jun-96 $0.18.01 - NODE NAMES & PLOT POINT SUMMARIES FOLLOW:

619 POINTS { 61 %) USED

F8 G7

B95 POINTS ( 89 %) USED

G2



JAERI-Tech 97-034

(=)
5 f |
& First of two ﬁngs of case title.
Second and final fine of case title.
1 R T et e
&
| |
) N N I -
g | F !I“ | :n]\lhn.ﬂ'”l l ﬂMh
R T I LR TFIC T e R
2 | eiconfs X‘.l-):l! 1
ll T
=
&
o e
¥
Fig. 4.5-6 Surge voltage at the beamline (G7 - earth).
g I T
o First of two Iings of case title. ‘
Sechd and final line of case title.
3
N
W A
e N
= o\/ 40.0 80.0 120, T 200.
B2 N I e e e A S I A Seconds (x 1.E-6)
<
g V
T
(5
>
g
g| e
o

Fig. 4.5-7 Surge current from the insulated transformer (A2 - A3).

839 PCINTS {83 %) USED

PLOT DATA FROM FILE ; 12-Jun-96 10.18.01 - NODE NAMES & PLOT POINT SUMMARIES FOLLOW:
G7

304 POINTS { 30 %) USED

A2 A3

PLOT DATA FROM FILE : 18-Jun-96 16.17.28 - NODE NAMES & PLOT POINT SUMMARIES FOLLOW:



Vertical Axis (x 1.E 3)

JAERI-Tech 97-034

Vertical Axis (x 1.E 3)

8 ] {
= Firstof two lines of case title. | 1 e )

Second and final line of case title. |
S !
o™

i
3 5
(=1 : +
00 4.0 .S 120, 180. 200,
A R F Y I IR Seconds (x 1.E-6)
| 5
20 WS NSO U NS SN N S

S A
o
T
3
T
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Fig. 4.5-9 Surge current of 800 kV line (C2 - C3).
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4.6 Test voltage of the transmission line

The test voltage was investigated based on the time dependence of breakdown
electric field. The time dependence of the break down electric field can be

described by a simplified equation;
E@=E1 t-1/n (4.6-1)

Experimental results of the time dependence (Gas insulation without particles)
[1], [2] is shown in Fig. 4.6-1. The value of n in the equation {4.6-1) is estirnated

approximately 70.

ITER NBI operation time
A longest duration of 1 shot NBI operation is supposed to be 10000 s. A duty

cycle is assumed to be 1shot / day and 100 days / year for 10 years. Consequently,
the total operation time is 107 s.

Test voltage and time
The rated acceleration voltage is 990 kV. The maximum operation voltage

including ripple voltage(+ 5 %) is 1040 kV. The enhancement voltage factor due
to time dependence is calculated by the equation (4.6-1) supposing the test

operation time to be 30 minutes below;
E(30 min) / E(107 s) = (1800 / 107y 1/74 = 1.12 (4.6-2)

The withstand electric field for 30 minutes is equivalent to 1.12 of the withstand
electric field of 107 seconds according to this equation.

Finally, with the safety factor of 1.1, the test voltage is calculated to be
approximately 1300 kV as shown in equation (4.6-3).

Vtest(30min) = 1040 x 1.12(V-t factor) x 1.1(safety factor)
=1284 kV = 1300 kV. (4.6-3)
This test is also available as a over voltage test for fault conditions, because the

estimated over voltage by EMTP at the fault condition (approximately 1150
kV:1.096 / maximum operation voltage) is lower than the test voltage.
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5. Beam line power supplies

Magnetic coils, beam steering system and residual ion beam separator require
power supplies. Capacities of the magnetic coils are 185 kAT x 2 sets and 430 kAT
x 1 set. Required power supplies for the coils are 1000V, 1500 A and 1200 V, 1500
A, respectively. Table 5.1 shows the specifications of the coil power supplies.
These power supplies are conventional thyristor-rectified DC power supplies.
Other power supplies are also conventional power supplies. All beamline power
supplies are built at ground potential. Therefore, there is no special difficulty.

Table 5.1 Specifications of the coil power supplies.
Coil DC out put Transformer _ Rectifier _Dimensions

185 kAT>2 1000V, 1500 A 2500 kVA Thyristor ITmx1mx2m
430 KAT 1200 V, 150C A 3000 kVA Thyristor 1.2mx1.2mx2m

—100—
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6. Cost estimate and procurement schedule

The cost estimate is based on the latest design developed by JCT and JA HT.
Total of three power supply systems for 1 MV, 50 MW DC neutral beam
injection is estimated. Companies’ cost estimates on some major components
are taken into consideration together with our experience on the construction of

500 keV NBI system and 1 MeV Test Facility. Factory management cost (10 % of
the factory prime cost), and general management cost (10% of the total cost,
including profit) are assumed. Installation cost is assumed to be 10 % of the
components to be installed. Major R&D is assumed to be completed before start

of construction.

Fig. 6.1 shows the result of cost estimate. The cost estimation in detail is shown
in Table 6.1. The total cost of the power supply system for the 1 MeV 50 MW
NBI is estimated to be 17.6 Billion Yen.

A procurement schedule is shown in Table 6.2. The schedule consistent with the

ITER construction schedule is proposed. It is foreseen that it takes full three

years to complete one system.

—101—
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Table 6.1 Cost estimation of NB power supply system.
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7. Summary

The ITER NBI design task on Design of NBI Power Supplies has been
progressed. Results of the design study are summarized as follows;

1) Specifications of power supplies were determined based on the requirement

of the beam characteristics.
2) Layout of the power supply component were designed.
3) The multi transformer type was selected for the acceleration power supply.

4) Inverter frequency of 150 Hz was confirmed to satisfy the required

specifications.

5) Dynamic property of the acceleration power supply was investigated using the
equivalent circuit and the EMTP code.

6) Surge analysis at the fault condition was also studied with the EMTP code.
Surge current and energy from the power supply to the ion source accelerator
were confirmed to be smaller than 3 kA and 10 ].

7) The HVD was designed with a water choke and a gas feeding system. The size
of the water choke was investigated to serve as a bleeder resistor.

8) Transmission line was designed from a view point of electric field on the

inner conductors and grounded conductor.

9) R&D on the transmission line especially on the HV bushing was confirmed to

be the most important subject.
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