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Design study on a power supply system for the ITER neutral beam injector(NB!)
has been performed. Circuits of converter/inverter system and other components
of the acceleration power supply whose capacity is 1 MV, 45 A have been
designed in detail. Performance of the negative ion production power supplies
such as an arc and an extraction power supplies was investigated using EMTDC
code. It was confirmed that ripples of 0.34 %p-p for the extraction power supply
and 1.7 %p-p for the arc power supply are small enough. It was also confirmed that
an energy input to a negative ion generator from the arc power supply at an arcing
can be suppressed smaller than 8 J. The extraction power supply was designed to
suppress the energy input iower than 13 J at the breakdown in the extractor. These
performances satisfy the required specification of the power supply system.
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1. introduction

A high power neutral beam injection system(NBI) is one of the effective heating
and current drive machines in International Thermonuclear Experimental
Reactor(ITER)[1][2]. Required neutral beam power from one module is 17 MW ata
beam energy of 1MeV for a duration of >1000s. To produce such high power
beams, it is essential to develop a power supply system for the negative ion beam
source. In the preliminary design study, specifications of the power supply
system and a dynamic performance of the acceleration power supply were
designed][3]. As the second step of the design study, power supply circuits of the
acceleration and negative ion production have been designed in detail
Performance of the negative ion production power supplies has been studied by

circuit simulation.

in the present report, design studies on the acceleration power supply and the
negative ion production power supplies are reported. A control system of the power

supply, assembly and maintenance strategy are also described.

2. Acceleration power supply

The acceleration power supply has been designed to produce a DC uitra high
voltage of 1 MV with the intermediate potentials of 200, 400, 600,and 800 kV for
the ion source accelerator. The power supply consists of converters, inverters,
transformers and rectifiers. An AC power is rectified by the converter to the low
voltage DC power. The rectified DC power is supplied to the inverter system which
generate a high frequency of 150 Hz AC power to the high voitage transformer and
rectifier system. The inverter system controls the out put voltage and the switching
of the ultra high voltage of 1 MV at low volitage side. The high voltage power supply
has five sets of DC 200 kV power supplies which are connected in series at the out
put. Fig.2.1 shows a schematic diagram of acceleration power supply. Detail

design of main components in the acceleration power supply have been studied.
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2.1 Converterfinverter system

2.1.1 Circuit of converter/inverter

A circuit diagram of a thyristor converter system is shown in Fig.2.1-1. This system
rectifies and serve the DC power to the inverter system. Two sets of a 6 puise
thyristor converter are connected in paraiiel at the DC output through a DC reactor
of 0.3 mH. An AC voitage of three phase 2720 V is supplied from a
transformer to the converters. Configuration of the 6 pulse thyristor converter is
illustrated in Fig. 2.1-2. Detailed connection of thyristor elements for one arm is
shown in Fig. 2.1-3. Tweive elements of the thyristors (2 series x 3 paraliel x 2
sets) are adopted for the arm.

A schematic diagram of a capacitor unit for the inverter is shown in Fig. 2.1-4. 324
pieces (12 series x 27 parallel) of capacitor elements are utilized in the filter. To
detect breakdowns in the capacitor elements, a voltage imbalance sensor is

installed in the circuit.

A circuit diagram of the inverter system with transformers and rectifiers is
illustrated in Fig.2.1-5. Detailed connection of GTO elements in the single phase
inverter is shown in Fig. 2.1-6. Three sets of the single phase inverter are utilized
for one phase. 45 units of the single phase inverter are required for the five stage

power supply.

2.1.2 Main component in the converter/inverter paneis

Layout of the main components in the converter panel is shown in Fig.2.1-7.
Thyristor system, DC reactors and pulse generators for the gate control units of the

thyristors are mounted in the panelof 9mx 3 mx 3 m.

Internal layout of the inverter panel is shown in Fig. 2.1-8. GTO valves, capacitors
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and control system are installed in the panel whose dimensions are 2.3 m x 2.5 m
x3.5m.

2.1.3 Dimensions of the converter/inverter paneis

Dimensions of the converter/inverter panels are shown in Fig. 2.1-9. in this figure,
the inverter panels are arranged to three groups. Each group has five panels of the
inverter. Space of 2 m between the rows of the panels is considered to be

enough for maintenance. Detail layout of the paneis are described in chapter 2.5.

2.2 Main transformer

The DC high voltage of 1 MV is generated by the transformer and rectifier system.
The main high voltage transformers of the acceleration power supply are designed
based on the JT-60U N-NBI power supply. The specifications of the main
transformer are shown in Table 2.2-1. Outline drawing of the main transformer is
illustrated in Fig. 2.2-1. Configuration of the main transformer is shown in Fig2.2-2.
insulation materials of the transformer are also indicated in the same figure.

Table 2.2-1 Main high voltage transformer
Rated Voltage 2286V/177kV
Rated Current 2158A/48.2A
Rated continuous power 14.8MVA
Connection Open Delta /Star
Short circuit impedance 16%
Frequency 150Hz
One-turn Voltage 115V
Number of winding 20turn/887turn
Area of core section 0.17m2
Diameter of core 0.49m
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Short circuit impedance of the main transformer is calculated as follows;
Symbols used in the calculation are shown below

X =8n2 xfxn? x107 x AxRx0.94Q)

%:m%x]oo(%)
d, xLm Lm, d.xLm
A—_— 1 ] d 2 3 3
T YT
R:]_d1+dz+d3
rh

Lm, =t x(0.53 +0.02)=173
Lm, = nx(0.57 +0.215)=2.47
Lm, = nx(.0+0.04)=3.27

_002x173 247 004x3.27

0215 ~0.39]
T I T- ol we Tl
o 002+0215+004 _ 0.
ntx15
X = 8 x 1% x 150 x 8872 x 0.391x 0.941x 0.96 x 107 = 32%Q)
‘701X=JBX48'2X§2()X100=15(%)
17710

where, symbols in the above equations are described in the following figure.

d] 1

Lm1/
Lm2/
Lm3/

Y.
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2.3 HV rectifier of the acceleration power supply

Specifications of the high voltage rectifier in the acceleration power supply are
shown in Table2.3-1. The rectifier is mounted on the HV transformer (see Fig. 2.2-

1).

I - ificati f ifier
Rated Voltage DC200kV X 5 Stage
Rated Current 59A
Connection 3 Phase Full Bridge
Frequency 150Hz
Cooling Self Cooling
Power Dissipation 28kW X 6 Arm
Diode element
Repetitive Peak Reverse Voltage 2500V
Average Forward Current 150A
Surge Forward Current 5000A
Maximum Operating Junction Temperature 125C
Steady State Thermal iImpedance
Junction to Case 0.13C/W
Case to Fin 0.10C/W
Fin to Gas 1.5 CW

The number of diode element (N) required for the bridge is designed as follows;

177KV x 42 x2x12

N 2.5kV

=240

where,
177kV : Secondary voitage of the HV main transformer
2 . Surge factor
1.2 : Voltage fluctuation factor
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Temperature rise of the diode at steady state operation is estimated. The
temperature of 95°C is lower than the allowable temperature of 125 C.

T=20Wx(0.13+010+15)+60°C = 95°C <125°C

where,

20W: Power dissipation at 59A/3
607C: Temperature of surrounding gas

Temperature rise of the diode by short circuit current is calculated.  The short
circuit current is estimated by following equation.

I=§%x195=719A
016

where,
1.95 impedance factor
0.16 : impedance of the main transformer

The temperature is calculated as follows;

T=25Vx719Ax0.014°C /W +95°C =120°C <125°C

where,
2.5V : Forward voltage drop
0.014C : Transient thermal impedance at 7ms
95'C : Steady state temperature

The obtained temperature of the diode of 120 C is lower than the allowable
temperature of 125 C.

Total power loss in the diode bridge is estimated. Radiator is required to cool the
gas surrounding the diode bridge.

P =20W x 240 x 6 = 29kW
where,
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240 : The number of diodes in one bridge
6 : The number of bridge

Configuration of the rectifier tank is shown in Fig. 2.3-1. Diode bridges are shown
in Fig. 2.3-2.
2.4 DC filter capacitors

Electrical specification of the DC filter have already been designed with
consideration of the following condition in the design task N42TDO2FJ.

Surge current  at breakdown : = 3kA
Energy input to the accelerator : =10J
Ripple : = 10%pp

Specification of the filter: C=0.098u F  (0.94 4 F x 5 stage)
R=340Q (68Q x5 stage)

Mechanical structure of the DC filter is designed in this task. Two sets of 0.98 « F

capacitors are connected in parallel. Four sets of these paralleled capacitors are
connected in series. Eight sets of the capacitors are utilized for each stage of the
acceleration voltage. These capacitors are installed in the gas insulated tank for
the high voltage insulation. Configuration of the capacitors are shown in Fig. 2.4-1.

2.5 Layout of the power supply yard

A schematic view of the layout in the power supply yard is illustrated in Fig.2.5-1.
Switch gear system, transformer, converter, inverter, HV transformers and
rectifiers, insulated transformers, voltage and current measurement system, filter
capacitor(over voltage suppressor), surge suppression LRs and transmisssion
lines are mounted in the NBI power supply yard. The space for three module
system is 50 m x 70m. Converter and inverter systems are mounted in the
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buildings. Output cables from the inverter system are connected to the high
voltage transformer. A DC high voitage with intermediate voltages are connected
to the transmission line. All of the high voitage parts and conductors are enclosed
by outer vessels which are grounded.

A layout of the converter and inverter panels in the building is shown in Fig. 2.5-2.
The building of about 10 m (D) x 14 m (W) x 11 m(H) is required for each module.

15V-14kA

120V-TkA
10kV-140A

1MV-59A

12 Pulse- NEBI
Converter v \

A
A
\
\

Inver er \ e R

ITER NBI Power Supply

f

t

I

]

'

i

f

[

]

i

i

'

'

]

g M
'".a

Fig.2.1 A schematic diagram of the NBI power supply.
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I Device I Type, Rating 1 qumlﬁyj
[ w | odmH-t2mAx2 | 1|

Converter for Acceleration Power Supply

: P2 1P2 Ly olet
Xlu X|v w
R
w2 YRE01
VY60l
W3 Vis0l
e
UVA
7V/2720%2 Xix x|y z
3502
ACTAV u 3 N
J V2 {(CONV2)
L) -,
) Vi ¥
Y .
L 0C-L
Xlu Xlv
o Ul 601 ]
Vi vse0l ;
W Yisl
X|x Xy H
N N

(CONV1)

12-Pulse Thyristor Converter

Fig. 2.1-1 Circuit diagram of 12-pulse thyristor converter.

Device Type. Rating quantity
QOG0 | Optical Fber “
30/0.2(U) PE Y0cores BNC
c MDQ 10KV-0.01af 25-5P B

[ Myistor Converter Unit
(CONVD)

ua

INPUT VO
AC2720V
3e

wo

The detod of poir of arms are shown in poge 3. C£

6-pulse Thyristor Converter

Fig. 2.1-2 Circuit diagram of 6-puise thyristor converter.
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Fig. 2.2-1 Configuration of main transformer for the acceleration power supply.
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Fig. 2.2-2 Configuration and materials of the transformer.
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Fig2.3-1 Configuration of the rectifier tank.



JAERI-Tech 2000-033

‘Alddns Jemod uonelsjeooe sy} 4o} sispioey  g-¢°'g 'bi4

rr

CTUS1=61XG0

A




JAERI-Tech 2000-033

00S§¢

e — - —-

+
. bl n M
<
<
—|— - -
™~
- LI H
-+
A
0S5 00 00S 00S 006 006G 00S 00§ 006 00S )0

0065

Fig. 2.4-1 Filter capacitor for DC high voltage.

21




JAERI-Tech 2000-033

N —r N
A -l

8500, 14000 500 850 14000 500 gs00.,. 14000 .

65000

Swhtcl g Gea Converter
3400

35001 T T Tk,
] =g | |
TR Inverfer I '_I_._I (

L]
0l
;

e

110000

Cable duct
e
HV TR & Rect.
Transmission line
o
wn
<
oD e ) e
9 - o e oo & .,  FTwwvww =d
1 l 7000 |
Source Po Insulated TR J
Y 1 SsCrR&lou
e 70000 L 20000
I« <
A -l A —
Overvoltage
Inverter HV TR & Rect. Suppressor  Transmission line
s -
FERIn | —
=] g — o &
inil I I Cable duct™ '.3‘5 &

Mionverter - AMMIMMMIMNMIMNMIIUIIUIIIININN
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3. Negative ion production power supplies

The negative ion production power supply system consists of a cathode power
supply, an arc power supply, a bias power supply, a PG filter power supply, and an
extraction power supply. These power supplies are electrically floated by the
acceleration voltage of 1 MV to produce the negative ions on the 1 MV potential.
The insulated transformer is utilized to supply the electric power to the source
power supplies from the ground potential side. Detail design for the following

components will be described in this chapter.

3.1 Insulating transformer

Outline drawing of insulating transformers is shown in Fig.3.1-1. These
transformers are installed in one big tank filled with insulation oil. Surge
suppression reactor for each power supply winding is installed in the upper part of
the tank. Output cables are connected to SF6 gas insulation duct through oil/gas
bushing.

in this design study, laminated silicon steel plates are adopted for the transformer
core. It is assumed that the frequency is 200Hz for this design. However, the core
materials will be selected according to the frequency of the inverter system.
Specifications of the insulating transformer are listed in Table 3.1-1.



JAERI-Tech 2000-033

Table 3.1-1 Insulating transformer of negative ion production and extraction

Term Extraction Arc Filament Bias PG

Primary Voltage (V) 1000 1000 420 420 420
Secondary Voltage (V) 13000 1000 420 420 420
Primary Current (A) 1495 1030 412 69 165
Secondary Current (A) 115 1030 412 69 165
Capacity (kVA) 2600 1800 300 50 120
Frequency (Hz) 200 200 50 50 50
One tum Voltage (V) 102 85 21 10 13
Number of primary Winding 10 12 20 42 32
Number of secondary 127 12 20 42 32
Winding

Area of core section (m2) 0.14 0.12 0.095 0.045 0.059
Diameter of core (m) 0.44 0.41 0.36 0.25 0.28
Height of coil (m) 1.2 1 0.8 0.6 0.7
Short circuit Impedance (%) 14.6 17.0 12.8 10.0 13.0

3.2 Arc and extraction power supplies.

Specifications of the source power supplies are listed in Table 3.2-1. Simulation
studies using EMTDC code are concentrated on the arc power supply and the
extraction power supplies. Because these power supplies require the functions of
high speed control and input energy suppression to protect the ion source from the
breakdowns at the extractor or arcing in the plasma generator.

Circuit diagrams of the filament, the arc, the bias, the PG filter and the extraction
power supplies are shown in Fig. 3.2-1, 3.2-2, 3.2-3, 3.2-4 and 3.2-5, respectively.

The arc power supply and the extraction power supply requires high speed control
to protect the ion source plasma generator and the extractor respectively. For the
high speed control and to increase reliability of the power supplies, high frequency
inverter systems are adopted to these power supplies. The inverter systems can
control the output and switching at the grounded potential side as the same as the
acceleration power supply.

An original 6 pulse converter is modified to a 12-pulse converter in order to reduce
the ripple voltage of DC input voltage for the inverter. Further the DC voltage of
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the converter is increased to 1000V from the original 400 V to allow the practical
leakage inductance of inverter transformers. Then we selected the switching
frequency of 1 kHz for the inverter.

At the original design, 12-pulse (two sets of three phase) inverter was designed.
To reduce the ripple of the output with keeping the small DC filter capacitor, two
sets of 12-pulse (three sets of single phase) inverters are introduced. By the
EMTDC simulation, the following results shown in Table 3.2-1 are obtained. In this
simulation, two feedback control systems for the converter and the inverter were
utilized. Table 3.2-2 shows the simulation results for the extraction and the arc
power supplies with the converter voltage feedback control and inverter voltage
open loop control. Waveforms of the simulations are shown in Fig.3.2-6(1-3), 3.2-
7(1-3), 3.2-8(1-3), 3.2-9(1-3). The number of the figure corresponds to the
simulation is indicated in the above two tables.

Table 3.2-1 Results of the simulation. In case that converter voltage feedback
control and inverter voltage feedback control are adopted.

Extraction Arc
Rating DC 10kV 50 A DC 120V 7kA
Ripplep-p):Spec.(%) 2 3
Ripple :Obtained (%) 1.15 1.67
Input Energy : 13 7.6
Obtained (joules)*
Rise time Obtained Less than 7ms less than 7ms
Switching Frequency(Hz) 1k 1k
Result of waveforms Fig.3.2-6(1,2,3) Fig.3.2-7(1,2,3)

*Note :The arcing voltage was assumed to be10V for the plasma generator and
to be 100 V for the extractor.
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Table 3.2-2 Results of the simulation. In case that converter voltage feedback
control with Inverter voltage open loop control are adopted.

Extraction Arc
Rating DC 10kV 140A(50A) | DC 120V 7kA
Ripplep-p):Spec.(%) 2 3
Ripple :Obtained (%) 0.34 1.67
Input Energy : 13 7.9
Obtained (joule)*
Rise time Obtained Less than 4ms Less than 4ms
Switching Frequency(Hz) 1k 1k
Result of waveforms Fig.3.2-8(1,2,3) Fig.3.2-9(1,2,3)

*Note :The arcing voltage was assumed to be 10V for the plasma generator and
to be 100 V for the extractor.

3.3 Layout in the HVD

A skeleton diagram of the source power supplies for negative ion production and
extraction is shown in Fig. 3.3-1. A layout of the source power supplies in the HVD
(High Voltage Deck) is shown in Fig 3.3-2. Dimension of the assembled power
supplies is 3 m x 3 m x 5 m. Only transformers, rectifiers and filters for each power
supply are mounted in the HVD. Protection resistors and filter reactors are cooled
by water.
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4.Transmission Line

The transmission line (Transmission line 1) between HVD and insulated
transformer in the power supply yard are designed. Cross sectional view of the
transmission line is shown in Fig. 4.1. A 1 MV conductor has AC cables for the
source power supplies on the HVD. Metal tubes are installed in the transmission
line as the intermediate potential conductors. These conductors are supported and
insulated with epoxy insulators.

l.&.u.u_k_\'_.LnAcerI_iJLﬂ_kLLﬂJCGf
S$00 S00 ie 500 SO0 o
| 1] .

&
iRy

Fig.4.1 Transmission line [.
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5. Ground level power supplies and auxiliary services
5.1 Ground level power supplies

The magnetic field reduction system for the beam line is designed in the NB design
task of N53TD18FJ. Required capacities of the coils are presently 220 kAT for
two coils and 510 kAT for one coil. Required power supplies for the magnetic coils
are about 1000V, 1800 A and 1200 V, 1800 A, respectively. Table 5.1 shows the
specifications of the power supplies for the magnetic reduction system.

Table 5.1 Specifications of the coil power supplies.

Magnetic coil DC out put Transformer  Rectifier Dimensions
220 kATx2 1000V, 1800 A 3000kVA  Thyristor  1mximx2m
510 kAT 1200V, 1800 A 3600 kVA Thyristor  1.2mx1.2mx2m

Power supplies for the beam steering system is also built at the ground potential.
Lowe voltage DC power supplies correspond to the steering electrodes are utilized.
All beamline power supplies are built at ground potential. Therefore, there is no
special difficulty.

5.2 SF6 storage system

Transmission lines and HVD are insulated with pressurized SF6 gas. The storage
system for SF6 gas is designed. A required volume of SF6 gas for the NB system
is estimated as follows;

Transmission line | x 3 modules
(n/4)x 1.3°x 100 mx 4.5 barx3 = 1800 Nm®

Transmission line Il x 3 modules
(n/4)x1.8°x10mx 10barx3= 763 Nm®

here, the average pressure of 10 bar is assumed.

HVD for 3 modules
(m/4)x52x7mx4.5barx3 =1855Nm’

Total gas of 4418 Nm? is required for the three modules.
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Dimension of the storage tank for one module is estimated from the SF6 volume.
Stored pressure of the gas is assumed to be 10 bar. A volume of 1473 Nm?® can be
stored in the tank whose volume is 80 m® x 2 sets. The size of the tank is 3.5 m in
diameter and 10 m in height.

At the maintenance for the HVD and transmission lines, SF6 gas is recovered to
the storage tanks and the air is introduced. After the maintenance, the line is
evacuated and SF6 gas is introduced up to the pressure.

6. Control system

A block diagram of the control system for the NB injection power supplies are
shown in Fig. 6.1. The NB power supplies are controlled by a NB control system. A
high speed interlock system is required to stop the beam injection to the tokamak
for protection of first wall. The CODAC system gives the control signals to the NB
control system for permission of the operation. Table 6.1 and Table 6.2 show the
list of the control signals in the NB power supply system.

Operation mode of the NB system is investigated. Conditioning of the ion source
accelerator will be performed at the conditioning mode. Beam injection into the
tokamak is done at the injection mode. These operation modes are described in
Fig. 6.2. Typical time sequences for each mode are illustrated in Fig. 6.3, 6.4, 6.5.
and 6.6.
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Table 6.1 Measurements and control signals in the power supply system.

Measurement |Measurement [Control
Source PS
Filament Voltage Current ON/OFF
Arc Voltage Current ON/OFF
Bias Voltage Current ON/OFF
PG filter Voltage Current ON/OFF
Extraction Voltage Current ON/OFF
D2 Gas feeding |Pressure ON/OFF
Flow rate Flow rate
Cs oven Temperature Heater
ON/OFF
Valve
ON/OFF
Acc. PS
Converter Voltage Current ON/OFF
Inverter Voltage Current ON/OFF
1MV Voltage Current
800 kV Voltage Current
600 kV Voltage Current
400 kV Voltage Current
200 kV Voltage Current
Ground Switch CLOSE/OP
EN
Beamline PS
Magnetic coil Voltage Current ON/OFF
Beam Steering |Voltage Current ON/OFF
Beam Separator |Voltage Current ON/OFF
fon Source
Pressure Source
Pressure
Temperature Plasma Grid

Water IN/OUT
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Table 6.2 Control signals for safety operation.

Position/Part  |Action Beam
Water Flow

PS. Beamline |All PS OFF STOP
Pressure

lon source All PS OFF STOP

Neutralizer Arc Ext Acc CUT OFF |STOP

Tokamak Arc Ext Acc CUT OFF |STOP
Temperature

Accelarator Arc Ext Acc CUT OFF |STOP

Neutralizer Arc Ext Acc CUT OFF |STOP

lon Dump Arc Ext Acc CUT OFF |STOP

Calorimeter Arc Ext Acc CUT OFF |STOP

Port Arc Ext Acc CUT OFF |STOP

Opposite Wall |Arc Ext Acc CUT OFF [STOP
Magnetic field

Beamline Arc Ext Acc CUT OFF |STOP
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Block Diagram of Control System

Tokamak lon Source /
Accelerator -~
e | T Power
Beamline Supply
| jy — System

\F/,acuum Cryogenic| {W-Coolin
ump System System
System k

1

NB Control
System
_ I
Interlock
System =

Fig. 6.1 Block diagram of the control system for the NB power supply.

NBI alone (1)

Condltlonlng Magnetic field coil : OFF
mode , .
Target : Catorimeter During Tokamak operation (2)
Shortpulse 1sto
long pulse1000 s Magnetic field coil : ON

Injection mode (3)

Target : Plasma
Short puise~ Long pulse

Fig. 6.2 Operation mode of the NB system.
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Time sequence of the ITER NBI Power Supply System
Conditioning Mode (1), (2)

Breakdown
Arcing Duty Cycle or Continuous
80 ms -1st01000s 1

2]

¢

e B s = BTN S ! -
- ms ms

Filament

D2 Gas

Bias

PG Filter

Arc

Extraction

Acceleration.

Beam

Beam
Steenng

RID

Magnetic
Coilg Under Tokamak Operation

Calorimeter > ta2s

Insert

Fig. 6.3 Time sequence of conditioning mode.

Time sequence of the ITER NBI Power Supply System
Beam Injection Mode (3)

Injection start Injection stop

Short pulse or long pulse conditioning 1000 s <t <10000 s

y
A
A

For example
1 s pulse 60 s cycle
je- > |

Beam

Beam
Steering |

RID |
Magnetic — - ———— T
Calorimeter
Insert : l

Fig. 6.4 Injection mode.
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Time sequence of the ITER NBI Power Supply System (g3)-1

Conditioning to Injection
Breakdown > 1000s <t < 10000 s
B Arcing 60sCycle Breakdown
- 80 mge ~1s8 1s o o Arcing
s> [ 1100 |ag b .t 5?%‘— Yoo lso -
< ms ms ~—- ms {ms
Filament
D2 Gas
Bias
| PG Filter g
Arc iy T o T ol
Extraction %/% IZW// I _Q/Z//;/Z IZ 7///%// 4 /% |
Acceleration ’ 7
Beam
Beam - -
Steering - [
RID R |
Magnetic _
Coil Under Tokamak Operation
Calorimeter > l-2s
Insert ]

Fig. 6.5 Conditioning to injection.
Time sequence of the ITER NBI Power Supply System

In Case of Breakdown or Arcing during Injection

Breakdown Breakdown
Arcing Arcing

(3)-2

1000s <t < 10000 s

=»1100 |80 }e- #1100 |80 fe- 1o lat
ms ms ms ms

Filament

D2 Gas

Bias
PG Filter |
Arc R
Extraction A

Acceleration|

A0 000000000007 /

=

Beam

Beam
Steering

RID
Magnetic
Cail
Calorimeter
Insert

Fig. 6.6 Time sequence when breakdown or arcing occurs.
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7. Assembly and maintenance strategy

Assembly and maintenance procedures of HVD and the transmission line were
designed, because these parts are considered to have much influence on other
system.

7.1 HVD
7.1.1 Assembly procedure of HVD

Assembly of HVD will be done according to the following process.
1) Carry a HVD tank to an assembly place

2) Install power supply devices in the HVD tank

3) Mount the HVD tank to the building

4) Connect the conductors, cables and water choke

5) Connect the transmission lines

6) Evacuate air and introduce the insulation gas

7.1.2 Maintenance of HVD

When some devices in HVD have trouble, repairing procedure will be done as
follows.

1) Recover the insulation gas, introduce air and open manholes

2) Repair devices on HVD or takeout the devices and repair

3) Close the manholes

4) Evacuate air and introduce the insulation gas

7.2 Transmission line

7.2.1 Assembly procedure of transmission line

Assembling of the transmission line will be done according to the following process.
1) Carry divided units and mount to the place
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2) Connect the units and conductors

3) Wiring

4) Close the transmission line

5) Evacuate air and introduce the insulation gas

7.2.2 Maintenance of transmission Iine'

When some parts in the transmission line have trouble, repairing procedure will be
done as follows.

1) Recover the insulation gas, introduce air and open manholes

2) Repair or change damaged parts

3) Close the manholes

4) Evacuate air and introduce the insulation gas

8. Reliability assessment of HVD and transmission lines

Reliability of HVD and transmission lines was evaluated. A block diagram of
reliability for the insulated transformers, the surge suppression LR, the
transmission line [, the step-down transformer, the diode rectifiers, the
measurement system and the transmission line Il are connected in series. The
block diagram is shown in Fig. 8.1-1.

A failure rate, repair time, repair rate and availability of each devices are shown in
Table 8.1-1. The failure rate was estimated based on the existing DC transmission
devices. A total availability of 0.845 was estimated. In this estimation, spare parts
for the power supply system were not considered.
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Table 8.1-1  Failure rate and availability.

No.[Equipment Number |Failure [Time for |Repair [Availability
rate A repair rate yu A
(1/year) (vear) (/year)
1{Insulated 5 0.02 0.25 4 0.9756
transformer
2|Surge suppression 5 0.02 0.25 4 0.9756
LR
3|Transmission line 1 0.05 0.167 6 0.9917
I
4(Step-down 5 0.02 0.167 6 0.9836
transformer
5{Diode rectifier 5 0.05 0.167 6 0.9599
6|Measurement 5 0.05 0.167 6 0.9599
equipment
7|Transmission line 1 0.05 0.25 4 0.9877
II
8[Total 0.9 0.8449

where; A =ZniXA;
Ai= pil (Ai+pi)
A=T A

A : Total failure rate
A i: Failure rate

ni : Number of parts

Ai : Availability
ui: Repair rate

A : Total availability
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Insulated transformer

Surge suppression LR

Transmission line |

Step-down transformer

Diode rectifier

Measurement equipment

Transmission line II

Fig. 8.1-1 Reliability block diagram of the NB power supply system.
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9. Technical data table

Technical data for the main components of the NB power supply system are listed

in the following tables.

Table 9-1 Technical Data Table for the NBH PS AC/DC rectifier
Data category Parameter Value
General Applicable IEC standards IEC 146
Frequency of the AC input (Hz) 50
Rectification type 12 pulse
Current Rated continuous output current (KA) 13
Operation Designed to withstand short circuit operation yes
Under Peak current 29 kA
Short circuit Max. supplied I2t in case of: 180x10° A2
electronic protection:
Voltage Rated no-load output voltage (V) 3672
Peak no-load output voltage (V) 3835
On load voltage at full output current (V) 2830
Insulation Rated insulation level to ground, according IEC 71 (kV) 3.6
Configuration Component data: type SL2500JX21
(Diode) diameter (mm) 150
Itav (A) 2500
Irms (A) 3926
Vdrm (V) 6000
Vrrm (V) 6000
Number of devices in each arm:  in parallel 3
2
in series
. Design voltage safety factor 45
Endurance Life time (years) 15
Cooling Cooling system Water cooled
Max. power to be dissipated in the cooling water(kW) 200
Max. power to be dissipated in the room air(kW) 10
Demineral. water: max. conductivity(uS/cm) 0.2
max. inlet temperature( °C) 45
max. outlet temperature(°C) 48
water flow (m3/s) 0.01
max. inlet pressure (MPa) 0.49
min. inlet pressure (MPa) -
max. pressure drop (MPa) 0.31
Max. operating time without forced cooling (air flow and/or 2
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water flow) at rated operating current(sec)

AUXILIARIES AC power (kVA) 10
for firing, control and monitoring
AC power (kVA)- 20
for forced cooling (if any)
Ambient Location Indoor
Conditions Max. magnetic field
Max. magn. field derivative
Max. earthquake withstand acceleration
horizontal (g) 0.1
vertical (g) TBD
Sizes and weights Dimension (mm): length 9000
width 2500
height 3000
Total weight (kg) 15000
Weight of the heaviest piece in shipping configuration(kg) 100
Weight of the heaviest piece to be handled during 100
installation(kg)
Sizes of the largest piece: length (mm) 600
width 800
height 400
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Table 9-2 Tecchnical Data Table for the NBH PS DC/AC inverter

Data category Parameter Value
General Applicable IEC standards IEC 146
Frequency of the AC output (Hz) 150
Rectification type PWM 6pulse x
5 bridges
Current Rated continuous output current 2160
Operation Designed to withstand short circuit operation (A) yes
Under Peak current 3 kA
Short circuit Max. supplied 12t in case of 2.6
Electronic protection: (MAZs) (16 kA - 10 ms)
Voltage Rated no-load output voltage (V) 2286
Peak no-load output voltage (V) 2515
On load voltage at full output current (V) 2286
Insulation Rated insulation level to ground, according IEC 71 (kV) 3.6
Configuration Component data: type SG3000JX24
(GTO) diameter 108 mm
Itav -
Irms (A) 1200
Vdrm (V) 6000
Vrrm (V) 16
Number of devices in each arm:  in parallel 1
1
in series
Design voltage safety factor 2.6
Endurance Life time (years) 15
Cooling Cooling system Water cooled
Max. power to be dissipated in the cooling water(kW) 900
Max. power to be dissipated in the room air(kW) 40
Demineral. water: max. conductivity(uS/cm) 0.2
max. inlet temperature(°C) 45
max. outlet temperature(°C) 48
water flow (m3/s) 0.05
max. inlet pressure (MPa) 0.5 MPa
min. inlet pressure (MPa) -
max. pressure drop (MPa) 0.31
Max. operating time without forced cooling (air flow and/or 2
water flow) at rated operating current(sec)
AUXILIARIES AC power (kVA) 75
for firing, control and monitoring
AC power (kVA) 100
for forced cooling (if any)
Ambient Location Indoor
Conditions Max. magnetic field
Max. magn. field derivative
Max. earthquake withstand acceleration
horizontal (g) 0.1
vertical (g) TBD
Sizes and weights Dimension mm: length 6900
width 2500
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height 3600
Total weight (kg) 24000
Weight of the heaviest piece in shipping configuration(kg) 100
Weight of the heaviest piece to be handled during 100
installation(kg) .
Sizes of the largest picce: length (mm) 600

width 800

height 400
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Table 9-3 Technical Data Table for NBH PS HV Trancformer

Data category Parameter
General Applicable IEC standards IEC76
Operating frequency (Hz) 150
Power Rated continuous power (MVA) 14.8
Short circuit Short circuit impedance between primary and secondary at 16 %
impedance rated continuous power (%)
Voltage Rated voltages (kV) primary 2.286
secondary 177

Connection group

Open delta-star

Primary system highest voltage (kV) DC-1000
Tap changer on load
(if any) automatically operated
number of taps
max. range of voltage
Short circuit Max. withstand primary 23,300
Current short circuit current (A) secondary 300
Losses No load losses 0.4 %
Total on load losses at rated continuous power 1 %
Insulation Rated insulation level to ground, primary DC -1000
according IEC 71 (kV ) secondary 10
Endurance Life time 20 Years
Max. number of shorts at secondary side(times) 106 (or 10 years)
Cooling Cooling system Self cooled
Max. power to be dissipated in the room air(kW) 150
AUXILIARIES AC power (kVA) 0
for control and monitoring
AC power (kVA) (Self cooling)
for forced cooling (if any) 0
Ambient Location Out door
Conditions Max. magnetic field
Max. magnetic field derivative
Max. earthquake withstand acceleration
horizontal (g) 0.1
vertical (g) TBD
Sizes and weights | Dimension mm: length 6500
width 3500
height 4500
Total weight (kg) 55000
"Dry weight" (kg) 30,000
Weight of liquids (oil) (kg) 25,000
Weight of the heaviest piece in shipping configuration(kg) 30,000
Weight of the heaviest piece to be handled during 30,000
installation(kg)
Sizes of the largest piece: length(mm) 5,500
width 3,500
height 3,000
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Table 9-4 Technical Data Table for the HV rectifiers

Data category Parameter Value
General Applicable IEC standards IEC 146
' Frequency of the AC input (Hz) 150
Rectification type - Diode 6 pulse
Current Rated continuous output current (A) 59
Operation Designed to withstand short circuit operation yes
Under Peak current (kA) 2
Short circuit Max. supplied I2t in case of:
electronic protection:
Voltage Rated no-load output voltage(kV) 230
Peak no-load output voltage(kW) 230
On load voltage at full output current (kV) 200
Insulation Rated insulation level to ground, according IEC 71 Not applicable
I MV DC
Configuration Component data: type 70 HA160
(Diode) diameter (mm) 14.6
Itav (A) 70
Irms (A) 150
Vdrm .
Vrrm (V) 1600
Number of devices in each arm:  in parallel 1P
328 S
in series
Design voltage safety factor 2.5
Endurance Life time (years) 20
Cooling Cooling system Self cooled
Max. power to be dissipated in the room air(kW) 30
AUXILIARIES AC power (kVA) 0
for control and monitoring
AC power (kVA) (Self cooling)
for forced cooling (if any) 0
Ambient Location Out door
Conditions Max. magnetic field
Max. magn. field derivative
Max. earthquake withstand acceleration
horizontal (g) 0.1
vertical (g) TBD
Sizes and weights Dimension mm: length 5500
width 3500
height 2500
Total weight (kg) 10000
Weight of the heaviest piece in shipping configuration(kg) 8,000
Weight of the heaviest piece to be handled during 8,000
installation(kg)
Sizes of the largest piece: length (mm) 5,500
width 2,500
height 2,500
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10. Cost and procurement schedule

The cost estimate was revised 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.

The cost estimation in detail is shown in Table 10.1. The total cost of the power
supply system for the 1 MeV, 50 MW NBI is estimated to be 18.086 Billion Yen.

In the procurement schedule, there is no special matter that extend the
procurement period estimated in the design task N42TDO2FJ. It is foreseen that it
takes full three years to complete one system.
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11. Summary

Design of the power supply system for the neutral beam injector has been
performed under the ITER EDA. Main results obtained in the design study are
summarized as follows;

. Detail circuits of converter/inverter system for the acceleration power supply
were designed.

. Layout of the converter/inverter system was designed.

. High voltage main transformers for the acceleration power supply were
designed.

. High voltage rectifier and filter system were designed.

. An insulating transformer for the negative ion production power supply was
designed.

. Characteristics of the arc and extraction power supplies were investigated using
EMTDC code. Ripple specifications and energy input to the ion source were

confirmed to be allowable values.

. Transmission line | which connects the power supply yard and HVD was
designed.

. Ground level power supplies and SF6 gas storage system were designed.

. Control system of the NB system and operation modes were investigated.

10. Reliability of HVD and transmission lines of the NB power supply system was

estimated without spare parts.
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1.35582 0138255 | 3.76616 x 107" 0.323890 | 1.28506 x 10~* 1 8.46233x 10'* = 735.499 W
160218 x 107'* | 1.63377 x 107%°| 4.45050 x 107%%| 3.82743 x 1072 | 1.51857 x 1072¢| 1.18171 x 107*° 1
hih 4 Bq Ci f{% Gy rad g‘; C/kg R ig Sv rem
Bt 1| 270270 x 107 & 1 100 @ 1 3876 hloog 100
i {54 g 7§
3.7 x 10% 1 0.01 1 2.58 x 107* 1 0.01 1

(86 4F 12 H 26 ABE)



DESIGN OF NEUTRAL BEAM INJECTION POWER SUPPLIES FOR ITER




