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1. Introduction
Among power supply systems of INTOR, that for poloidal field coils

will be unconventional and occupy the largest part of power requirement.
Therefore, the assessment of this time is concentrated on it. The power
supply for superconducting toroidal field coils will be a conventional dc
power supply for slow charging. Marks in parenthesis such as A-1 indicate
the answer or the comment to the corresponding requirement in the.

questionary given at Session 1.

This is an interim report on the basic assessment of the poloidal
field power supply for INTOR. )

A composite type power system (utility power network plus motor
generators) is proposed for the INTOR poloidal field power supply-and a
preliminary assessment has been made to outline an overall plcture of the
system and also to evaluate soﬁe important parameters (required peak
electric power and énergy etc.) which define the syétem size and its main
characteristics,

Basic design conditions or requirements for the present study are
summarized in section 2 and the outline of the system and its operation
scenario are described in section 3. We also intend to answer partly the
queétions which were given as the working guideline to define INTOR power
systems. In sections 2 and 3, the answers to some of the questions or '
related descriptioﬁ (comments and/or data) are indicated by the cofrespond—
ing numbers of questions such as (A-1) or (B-3). Answers or comments to
those questions which are not convenient to be described in this way are
summarized en bloc in section”4 together with some discussion of the
results of the present study. Basic consideration of the proposed hybrid

poloidal field system is briefly described in Appendix.

2. Basic design condicions

The following items are gonsidered as design conditions or prerequisites
for the INTOR poloidal field power supply. Basic machine and plasﬁa
parameters are assumed to be those given in Summary Report as the guideline

parameters.
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(1) Superconductors are to be used for the poloidal field coils.

(2) The whole hybrid poloidal field coll system can provide the divertor
field with some additional ampere-turns to the coils to form D-shape of
the plasma. The analysis in this report is made for the case without
divertors. However, the power requirement for divertors is anticipated
not so much.

(3) The rate of rise of the plasma current should be reasonably small
to be compatible with item (1) above. In connection with this, the
maximum initial loop voltage at the plasma axis is assumed to be
100 v.(62

(4) Two-step rise of the plasma current is envisaged; the first fast rise
up to several hundreds kA is made by using dc ecircuit interrupters,
which is followed by a slow rise up to prescribed flattop values using
thyristor convertors. '

(5) Both plasma position and shape are to be feedback-controlled throughout
the plasma current build-up time. '

(6) A hybrid system of the poloidal field coils is to be adopted. In this
hybrid field system, the currents in the poloidal field coils are
adjusted and controlled as a whole by separate dc power supplies to

produce magnetic field configurations required for INTOR experiments.

3. System description
3.1 Arrangement of poloidal field coils
Figure 1 shows the arfangement of poloidal field coils which is taken
as the design basis of the poloidal field power system. The coils are
devided into six blocks. The function of each block of coils is assigned
as shown in Fig.l and the current in the coil of each block is energized
and controlled by separate dc power supplies to produce poleidal magnetic

field configurations which meet experimental requirements as a whole.

3.2 Description of proposed poloidal field power supply system

- (1) system description

A simplified system configuration of the poloidal field power supply

o3

is shown in Fig.2. All the electric power and energy required for operatio
(38-1)

of the poloidal field system are supplied from two sets of motor generators
and utility power network: The utility power network supplies average

electric power needed for operation of the entire poloidal field power
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system and the motor generators store energy taken from the power network
and supply the peak electric power during the plasma current build-up
stage. The recovery of collapsing field energy to accelerate the motor
generators at the end of each operation is also available in this system.

The dc power system consists of two identical subsystems EOH,EIl,..,
EI6 and EOCH',EI1',.....,EL6', where EOH,EIl, etc are thyristor convertors
connected in series with each block of coils. The dc power system also
includes de circuit interrupters S; and S;'.

As shown in Fig.2, each block of coils (for example B1+Bl') is
sub-devided into two identical sub-blocks (Bl and B1l')(since the arrangement
of the coils is symmetric with respect to the median plane) and the coil
of each sub-devided block has its own dc power supply (thyristor convertor)
EI1 and EI1l' respectively as described above (except blocks B2 and B2').

The thyristor convertors ECH and EOH' and the dc circuit interrupters
S1 and Si' are used to build up the plasma current. The dc circuit |
interrupters are essgntial components to make a fast build-up of the
plasma current in the first 0.1 sec or so. The second slow rise up to
prescribed flattop values is made during a few seconds by using the
thyristor convertors EOH and ECH'.

The thyristor convertors EIL ~ EI6 (and also EI1l' ~ EI6') are used
to adjust and control the currents in the poloidal field coils to produce
a required magnetic field configuration (see, for example, Fig.3) which
equilibrates plasma positions and controls both plasma positions and shapes.
Each block of coils is separately powered by these respective thyristor
convertors and produces a magnetic field which has the ohmic heating (OH)
fie;d, the equilibrium field and the shaping field components simultanéously.
By adjusting properly the current in each block of coils using respective
thyristor convertors altogether, the required field configuration is
realized as a resultant of these poloidal magnetic fields. The function
of each block of coils is prescribed beforehand in connection with the
spatial arrangement of the coils. A variety of plasma controls can also
be made by fast computer-control of thyristor convertors (hybrid poloidal
field system). More detailed description of the hybrid system (determination
of the coil currents and the number of turns of each coil and circuit

calculations) is given in Appendix.
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(2) Operation sequence
i) Excitation of poloidal field coils
The poloidal field coils are initially charged with currents of
proper values to store required magnetic field energy for initiation and
fast build-up of the plasma current. The electric power is supplied from
the power network. The motor generators are accelerated to their maximum
available rotation and maintain that rotation and stand by the operation
during this stage. Time required for this stage is about 30 sec in the
present reference design.
ii) Fast rise phase
At t=0, the dc circuit interrupters operate to break the current in
" the poloidal field coils. The current in the coils then rapidly commutates
to the resistor R producing a high voltage across it. The design value of
the induction loop voltage at the plasma axis is 100 V and the plasma
current build-up of up to several hundreds kA in about 0.1 sec is envisaged
during this fast rise phase. .
iii) Slow rise phase
When the above value of the plasma current is reached, the interrupter
S; and S;' are re—closed and the electric power from the generators are
supplied, via thyristor convertors, to.further increage the plasma current
to flattop values. The maximum design value of the flattop current is
4.7 MA. This build-up is made relatively slbwly during about 5 sec, but
the peak electric power of the poloidal field power system is required
during this slow rise phase. The peak capacity of the generators is thus
dgtermined from the system dynamics during this time.
iv) Flattop phase
After the flattop value is reached, it is maintained by compensating
the resistive drop in the plasma. Also various plasma control is required
during this time. If the plasma is quiet, the power required for this
time is estimated about 40 MW(A_I)(A_Z)in the present reference design
and is taken directly from the power network. In case of any fast control
of plasma is required, the generators can supply powers for this purpose,
v) Shutdown phase
At the end of each pulse (operation), the poloidal field energy is
recovered to the generators to re-accelerate them for the subsequent
operation. In the reference design calculation, the rotation of the
generators almost reaches the maximum available rotation at the end of

this phase.
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(3) Circuit.calculations and main results

Using the method described in Appendix, the necessary number of
ampere-turns for each block of coils and hence the number of turns and
the current of each coil are determined as summarized in Tables 1 to 3.

To evaluate the maximum capacity and operation performances of the
poloidal field power system shown in Fig.2, a computer code developed for
JT-60 to describe the overall system behavior of the poloidal field power
system throughout a full one cycle of operation was used. The behavior
of INTOR plasmas is assumed as the basis to perform circuit simulation
calculations using the above computer code. Figure 4 shows the assumed
wave forms of the plasma current and the plasma loop voltage glven a
priori for this calculation, These wave forms have been obtained from
a plasma simulation calculation based on a zero-dimensional plasma model.

The circuit calculation was made so as to realize the current behavior
given in Fig.4, namely the currents and voltages of thyristor convertors,

the interrupter capacity and so forth are determined to obtain the plasma
current wave form shown in Fig.4 and the plasma position and shape as
determined from equilibrium calculations (Fig.3). This is made automatically
and consistently in the present calculation, and in that sense, an artificilal

plasma control is performed during the operation of this poloidal field

power system.

(p-1,2,3)

Results of calculation are shown in Figs.5~13, where variations

of various quantities during ome full cycle of operation (up to 207 sec)

are summarized. They include plasma current, currents of each block of
coils, voltages of thyristor convertors and some blocks of coils, total
power and energy of the system and rotations of the generators. Table 4
shows the maximum and minimum voltages of thyristor convertors EIl,.....,EIb
and EOH (and also EI1',.....,EOH') required during the operation. These
voltages define, in combination with the maximum current, the ratings of

the thyristor convertors.

The peak electric power required for this operation is about 900 MW
and comes at the end of the slow rise phase. The required energy for the
plasma current build-up time (up to 5 sec) amounts to about 2.6 GJ.

Since the plasma is assumed to be quiet during the fléttop phase, the
requlred power from the power network is approxlmately 40 MW, which is
mostly dissipated in the normal conductor parts of the poloidal field

colls.
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Table 5 summarizes the ratings of major components of the poloidal
field power system (Fig.2) determined on the basis of the calculation

described here and outlines the present reference design for the INTOR

poloidal field power supply system.

4, Notes on somepoints _

A reference design calculation of the proposed INTOR poloidal field
power supply was made to obtain an overall concept of the system.

The design described in this report is quite preliminary and further
studies are needed to define the system more definitely.

Judging from what is found in the present scope of design studies,
the proposed hybrid power system for INTOR seems to be constructed
relatively easily on the basis of rather conventional or familiar
technologies, or at least of those within tHe reasonable extent of
future extrapolation of present-day technologies both in hardware and
software aspects. '

The power system is a composite type of motor generators and power
network. Two sets of motor generators supply the required peak power of
the system, while the average power is supplied from the power network.
The motor generators also act as a "filter" or "buffer" to prevent higher
harmonic powers generated in the large capacity thyristor convertors from
flowing out to the utility network. Since the peak power and the energy
required for the system are supplied from the motor generators and are
recovered to them at the end of each operation, the power network does
not suffer any abrupt change of a large electric load and, owing to the
recovery of energy, the motor generators can always prepare for the
subsequent operation at the end of each pulse. This will contribute to
minimize the dwell time of the system.

The required power from the network is calculated about 40 MW
assuming that the overall resistive drops of the poleidal field system of
150 V including heat losses in the normal conductor parts of the coils and
internal losses of dc power system (dc interrupters and thyristor
convertors). As shown in Fig.l2, the total energy required for one cycle
of operation of the system is calculated to be about 17 GJ, which is
mostly dissipated as resistive losses in the normal conductors.

The most crucial point of the proposed power system comes from the

restriction imposed on the time rate of change of magnetic fields in the
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restriction imposed on the time rate of change of magnetic fields in the
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superconductor coils. This is closely related to the build-up speed of -
the plasma current, and it is one of the major tasks of preceeding large
tokamaks such as JT-60 etc. to make clear to what extent a controlled

slow build-up of the plasma current is possible to be compatible with the
use of suﬁerconductors. Discussion or evaluation of this point will not
be made here since almost no technical data as to the allowable limit of B
is available at present. To circumvent this, it may be possible to use
partly normal conductor coils as a breakdown field generator at the
initiation time of plasma currents.

Another point to be noted is the energy capacity of the commutation
resistor R as a component of de circuit interrupters (Table 5). A large
amount of energy of about 40 MJ should be disposed of in the resistor
during one operation (~10 MJ for JT-60), and this will need a developmental
work. A large scale thyristor convettors (3,400 MW) form the central part
of the dc power supply system (1,400 MW for JT~-60). The computer control
of thyristor convertors and other related engineering problems are
anticipated to be developed and solved by the preceeding large tokamak

experiments and may not be serious for this power system.
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Appendix (1)
Hybrid operation matrix and its apﬁlication
to hybrid poloidal field system for INTOR

To analyze basic properties of the hybrid poloidal field system, it is
useful to introduce a "hybrid operation matrix'". In the hybrid systen,
the current of each poloidal field coil is a superposition of currents
which produce the chmic heating (OH) field component, the equilibrium
field component and the shaping field component, and it should be a proper
value so that the resultant magnetic field produced by the whole peloidal
field coils has a required field property; the strength of the OH field
should be minimized in the plasma region, while the equilibrium field
should have a proper field strength and pattern in the same region and the
shaping field should also have a required field strength and pattern to
shape plasma cross-sections. To determine the magnitude of each coil
current consistently in this system, the hybrid operation matrix is
introduced as described below.

For the coil beldnging to block k, the current Ik of the coll is
expressed as,

I + F IE+F T. + rresrrovnnas

= Fronton * “ke ks's

where IOH is the OH field component of the current, IE the equilibrium

field component and IS the shaping field component. The hybrid operation

matrix can be used to define the currents of a system of n-blocks of coils;

5 )

. - ~ - )

I, D I,

I Tou

! e
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where [H] is the hybrid operation matrix having the dimension of m *x (n+l),
m 1s the order of the current vector of eq.(l) and Ip is the plasma

current. The coefficients FkOH’ FkE and st are determined from the

analyses of respective field geometries, namely FROH'S'(k=l,2,-----) are
obtained from the ratios of coil currents which do not make stray magnetic

fields in the plasma region and Fk 's (k=1,2,+++++) are obtained from the

E
ratios of coll currents which make a required field pattern in the plasma

for a given arrangement of poloidal field coils. In the plasma current

build-up phase, F, .'s are determined approximately assuming that the

kE
necessary equilibrium (vertical) field is proportional to the plasma

current Ip(t). Table 1 shows FkOH

of poloidal field coils given in Fig.l (Eks was not taken into account in

and FkE (k=1l,+++++-6) for the arrangement

the present reference design). Using eq.{1) and Table 1, the ampere-turns
of each block of coils can be determined easily.

To determine the number of turns or the current of each coil, it is
necessary to take the circuit equations of the system into consideration.

The circuit equations are;

Ip
il
1
5
[Vv] = [M] ! + [ RI[T] (2)
T
|
i
L in o
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where [M] is the (n#l) X (n+l) square matrix of self and mutual‘inductances

of the poloidal field coil system. The equation (2) becomes

I, h
Ton
[v] = [M]1[H] ' (3)

g

f

l

I

]

Here the following assumptions are introduced; the resistance of the

coils = 0, IOH LpI /M [ on? where MpOH is the mutual 1nducfance between

the OH field component and the plasma current, and IE = FE Ip'

The equation (3) now becomes

fl-- /l —
Vol 1 | = [MILE] | Ly, |5 (4)
--J-’ -..FE -
where
™ T e e e e e e e . e ——— e
Lp
]
i
' L
LTS NS v V2L S
{M] = | .
; 2
: » Myly 5 mpngthyym == m T
|
1
2
R il , nyly » =" T U7

The equation (4) is the circuit equation of the system shown in Fig.2
(the poloidal field coils are connected in parallel and they are connected
to the de circuit interrupters in series) and here only the centribution

of the OH field and the equilibrium (vertical) field are taken into
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consideration. The number of turns of the coil can be determined by
solving eq.(4) under the condition to minimize the voltages of thyristor
convertors FI1 to EI6 in the plasma current build-up phase. Table 2 shows
the number of turns of each block of coils, and the currents of each block
of coils obtained from the circuit calculation are tabulated as a function

of time in Table 3.
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Table 1

Necessary ampere—turns for each block of coils;
Fog denotes the ohmic heating field component
and Fg the equilibrium field component.

Coil Block FOH (MAT) FE*(ﬁAT)
1 5.66 x 2 -1,34 x 2
2 5.023 x 3 0
3 1.159 % &4 5.0 X 4
4 0.329 0
5 0.203 ~-5.35
6 0.141 -1.67

* plasma current 4.68 MA
Rp=2.6, 23=1.0

Table 2

Number of turns of each coil

" Block 1 2 3 4 5 6
coil 1 2 3 4 5 6 7 8 9 10 111
turns

86 1861120 | 120 | 120 { -80 | -40 | -40 | 140 | 42 47

The (-) sign indicates the coils
wound oppositely

712‘._
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Table 3

Currents of each block of colls
at typical times

ng?binns =0 £=0.2 sec | £=5.0 sec | t=200 sec
1| 86 x2 | 58.9kA| 5L.7ka 10 kKA |- 15.2 RA
I, 120 x 3 41.8 kA | 38.0 kA 18.1 kA 0.13 kA
I4 -40 x 3 | -28.9 kA | -42.7 kA -137 kA | -124 kA
I, 140 2.35 kA 1.85 kA 0.96 kA 0 kA
Isg 42 4.8 kA | -12.9 kA -125 kA | -126.9 kA
3 47 3.0 kA |- 0.8 kA - 33 kA |- 35.4 kA

Table 4

Required voltages of thyristor convertors

maximum minimum
El 364 V - 686 V
E3 ¥ 4300 V
E4 875 V 0
E5 o -4900 V
E6 0 -2600 V
EOH 1600 V - 50V
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Table 5

Specifications of main components

Generators Vertical shaft synchronous 2 sets
motor—generator
(B-2)
Capacity 500 MVA
Revolution 600-420 RPM
(B-2)
Deliverable energy 1.3 GJ
D.C
Circuit V.C.B. type 2 sets
interrupters
Sy, S1' 82 kA - 10 kV
Resistors R,R’ Large scale resistors 2 sets
with minimum residual
inductances
Resistance 0.114 Q

Heat capacity 43 MJ 0.1 sec

Frequency 50 Hz -+ 80~56 Hz 1 set
convertor

40 MW(A-l)(A-Z)
Thyristor EIl 52 kA - 0.7 kV 2 sets
comvertors E13 137 kA - 4.5 kV 2 sets
ET4 2 ka-~1 kv 2 sets
EI5 127 kA - 5 kv 2 sets
E16 36 kA - 2.6 kV 2 sets
EOH 306 kA - 1 kV 2 sets

Total MW 3380 MW




JAERI-M 8511

sy1e> PI@T3 Teprorod jyo jusweBueily T1°31d

(W) snIpDY |OpIOJO]

p11g AH L)
plIgAH O}
PHAAH
pligiy
Aluo HO
prigfiy

-

o T~

— MO RN

— NMT N W
o
P~

Z [0 o

uoound ['ON 110D |ON %o0Ig

(W) suD|d-pIN O} SAID[RY UOIDAS(T



JAERI-M 8511

mo3sks A7ddns asmod prer3 Teprorod yo weafelp OTIvweyds Z°3T4

WIUOZ ~009

rg- L [9g" | i
403 R4 2UIY
VAW GOS W 00§
e

2ZH95-2HO08 ~

103I3AU0)
Aouenbsiay

ZHOS

ULl ANSLE






JAERI-M 8511

Scheme of plasma current at the build-up phase

LESMA - - —— - T -
f
F
.
1.0OMA fomm - = = —— ===
f
]
~0.6MA—- :
]
1 1 |
0.1lsec 0.5sec 5.0sec
Resistive part of the one turn voltage
4 wvolt}l
3 voltp
NBI heating start
2 volt}l ¢
1 voltp
] ]

0.1lsec 0.5sec

5.0sec

Fig.4 Plasma current and resistive loop voltage

in the current build-up phase



sjuaxano TEoo pue emse]d Jo suoplefiep €*3TJ

V9S4 QT 028/ LAY 00
™ ) ML . ) E . 8 oo
arisd G me drad B W wa mrd @ ol W oL R4 w e L ort [ 3] wi "o wo B,m ws  ma o v a ] LA o wy @ s <¥ON|..
t : | E
i M ﬁ mHE : | RN
' ==t A i &
” __ = ——— 8 & &
“ e = ~ = =
~ 1 - i 5 i
& I[If 8 \\u
I . Ped . B
mm.. - mw.. 1 w.mw:
et I i
- 5 ™ 8 S R
— & T 8 ! | ]
uwy _— S i I
) | s { 8 | R R o —== . RPR
M 1t B 1] & 1] 8 (aw;ﬁ@
,_ N
o 1'ON-Y20Tq TTOD JO IUBLIND
{2}
<t
o]
o k=1 38 2357 " .
NON B h M N O Sl G o
oum  Wml ERgi Wl DOT W @m wd @b XE @, oy [ i ey -y e [ we " wo o wl, e e ey o we e e wa e wa oy,
i B B — g O
| bt
| ; A& ] B
f - A wl n:
| : L, .
H : ] \\ i [
# i - [l
# B3 ; e go w@
| 3 8 2
| £ P 8 8
L M _— m m
' .
ar 8 " 8 EVHG'S

4l

1us1any ewWsSeTJ

19




JAERI-M 86511

S1ULIIND JTOD JO SuofIEtITs 9*811

UQWNON Q95 2957°Q .
070
ﬂ_“ "y o s "l L3 wra L3 ] ne 0e L1 ) no 4—“ e [ 3] il L 4] =g
wE : . » , - - - - E ” 1
5 < : ; s VIS 2T~
i <3 B 3
; SENN i
] S ] &
s ~t ™ P>
] ™. ] ]
] ] 3
P, ———.
I ~]
L [ [ B
88, ' FE
™~
& N 5
8 & ] B
—
* i : — T e
\ I3 & £ L] o &
€ 'ON-YT0Tq TF02 JO JUdliny
2980T 235/ 29870 0'0
[ Mt Ey
or - or i o (2" 18 -l o arys oy o L, o =1 L 43 -y ' ok - L ] L A wr o, Ll ne L] LIy an-e e -ra [ ) "o s L™ o
Pt | & 8 B
T Sy 5 : 5
_ﬁ el ] B 8 8
I 8 I~ — T R
Y T 3 2
L] | & 3
mw .r..-...lr!...ll .ll.rnh WW
~ ™t ae) -
8 hon ) o 8
L] & 18
E 5 E IS
21 & 21 b 2l 8

Z"ON-Y20Tq TIOD 3O juexan)

~20




JAERT-M 8511

098L02

S3U21aINnd TOD JO suoyjeTIBp £ 814

oasy 0887 () 00

[ 7] 7 1] L 413 o sl [ -4 1] h“.w_“. o Le or i ol N7 3 s.r. o= =y L 4] »r -y “—M i Wi L "o nn.P o me na R o ﬂ—“ e e e o s‘.nA
] I 1% § VA0GT~
] & [}
—~ z =g : i
% b e _|# i
@ F W
| & ™~ # &
! b . B b
_ e P - 1)
% 89, R=, PER
m Ll [T R S S W _n i
_ﬁ S [ 1 &
| N =
s 5 [T T——is -
& 7 & VAOT
51 sl 51
STON-YD0TQ TTICGD 30 JuUDIINY
Jasy 2887 0°0
ey ) o un - = (=05 . !!n.—u“. Eroe - - = s-r oy, =y " -, - W»WHM L 21 i -l "o ﬂ.nu ors L2 na L) ne ﬂ——“ [ 4] e e e s,.ﬂu
7 S - 8 8 g O
-ﬁ ll...lll..il..ll!.ll..lll F g, ] 8
B ] 8 []
'l ] Bt 1] m i '8
[ 8 .y
: He -3
fe B 'eS
§ A 8
B B [}
B L Jy 5 v
Al E ¥ b " [

$ON-207q ITO0 JO JudIIND

21 -




JAERI-M B511

USIIND 203IDAVCD 203 STILYI PUB JUSIIND TIOD JO SUOFIBIIBA g°TT4

295,07 - o8t 9870 0°0
g1 ekl o [ STl L ol e [ gt] @™ Lr o2 . e WL "y L2 - L “h. ol wi Ll L4 LA - e L ] L) e Ue“uw o -ry Lo ) L.4] oo,
a
4 g ;
| L ] m
B 3 4 e
[ & i nm k]
_ : 1t
M N : :
Za P K. :
i iz == ES H
- Bu 8%
b ‘IIA ! T
[ g I~ i K
~J
- " e _
b H TT1E YNOOT
EL1 Hul E-H B
HOIH 7O Judaan)
08807 295" 29570 )
1 : e o 00
el Brol bl Gt Yt St = s s oru e BL =y e - we e =i wr - tra L " "o e e ti*n o e rra =v e
W 3 m VA0 o~
B
! ; ~ :
8 b B
| e e A 8
_ ms 1 ma _un.
8 | &
_ L AN iz 5n
I ¥ 8 8
; ™G ;
LSS .
g H 3 0T

a1 3l FH

Q ON-O0Tq TTCD JO JU3XIINY



JAERI-M 8511

10312au00 1035T14Yy3] 3O pue
Z°ON ¥o0oTq ITOD °4yl Ss0ade safe3lToa Jo SuofleIies  &°313

EELTAA 288/ 298Z°'0 00
E 19 MWy E_HIN
0 LT L. g7 3 or sl B\,rq_ s.h.-_ o N o 1. . i oLy orix o, Jn N e wa - wr q,n - \vru.u , "wi - nn.n, e e "y e kg -1 ) L o' -4 ) wo o LR
2 T ]
Bl | LT 8
& 4 I
H B I
b — — ,
™ 8
e /.f...r
_ LD B [
* ma\ BE .l..lrr[ L
2 a
& g
B B
i B 113 & t13
114 3o =3®ITOA
295107 ey 07
Ml ELTS
3F aris Nt o Lkl L odH] g1} N Lo gt} "L - orie a-.fu ot , 4] ‘h\;)l;- = oy L ¥} '_n.n L. &) xrh o vro e a.f
] g Y
: 3
& &
5 =
4 s
148
o
5, 8.
b5 B3 et
-]
® 1 /Af
- -1 7/
o
] §
ELY & F1 B A

7°oN-¥o0Tq [TO00 s5010® 3Be3TOp



JAERI-M 8511

$103118AU0D 103STIXAYl JOo S=38eITOA JO SUOTIBRTABRA (1" S8Td

298/07: . 288/ 2|SZ D ‘ 0'0-

ER Al an
oo o 471 -t mrast !.-.h_ ores or iy ore ..-—h wrd ey = w1l - " -y E 2 wi it -p e EQ [/ ] LIN ] L1 ] n Lol ] -e L] Ll wra L)
- i § ¥ AATL-
[ a k
8 4 &
g b &
= jul 2
8 WF 2
& B &
~ i R N—
x = B N
i Bo // ' a5
L1 - v -
4 . e = [
— * 8 T L~ B
s . =
i .
a _ 3 4 AAT
¥ [Tk (k]
%14 Jo 98e3T0A
295(0¢ Dasy . 2387 () 0°0
™ MiL E LN
L g7 o [dT.1 o Lt .71 N L -g7.% o ie [T ) oL m o org we L 3] -y “or orc »E L ) -t .41 o # ara na ne o e e we =r L] t 4] o Mml
8 & y A
E ] |
) B "
] 8 ]
K RS R
5 s §
_ 8 \ L. B
. B e e B s
8a 85 ba
[ s [
B B 8
%
K E 5
] ) g ANS
23 HIE] a3

HO" Fo 98E3ITOA




JAERI-M 8511

$103I2AU0D J035TIAY] Jo saleaToa Jo suoriIRTIRA  TIT°3Td

.
EECIA A 098, 29870 0°0
Nt Wi FYTY
Wrgr  Gra Grol | Bl e oron B s e GRS o Dre @M eFN W 4re o Get W rd @ wed oen Wl gOE W "y ‘o ws eer we ws e we ANG-
: : "
[ ] '
B o I -y B
& \ i l.-r.l.r..trr.. m
5 el . 5
B A 8 i &
S i it i
a -1
4 B 5
@ 3 BOANS
913 913 413
91g Jo @3e3jroa
RWSLOT LT 2957+~ 00
Ml E 18} L
o iz e b Lt o L¥f o ol LBl B0 L oo'is ;| ir o2 oL eri L) Hra -y "’y ot e wi i Wb [ - o LM ) LU Ll ] ne L1 ] =e 4] wE e ED.—.
t & t } [ ~—y b
_ m B _ ﬁ 7 El M £l
HI i ,
! & " = w
B 8 b1 M -
LB L& e
z 5 8
: )7 :
H Ba B {Pa
= 85 8E CER
s ] [
] B ]
-
B 3 ®
B B ]
513 512 513

¢1d 30 23e3TO0A



JAERI-M 8511

asnod pue LSxrsus peaynbax Telol Jo suorieTrep 721814

298/0¢ : SEL-TE 2987 0'0
it - Vsnmﬁv ”mi L} o "l -y 2o wil
o or oo (rt 48t L4113 o L2t L7 o orie 2 . -I3 4 oL ord !,»- wi L r " . N LA ] " ne "y na eLe s ra wra we mre -
| ' _ B REREEE s MAO0OT
1 l g+ 1 + 8 4
4 ! S 4 &
& |3 B
] i - —_
- _ w\u . wm mm
H i 8 &
_ : 3 = I/ ll}uu.l I-\\.\n\r\l””ul
1 B - 85 i _—— 4 g
] / \4\\..1\\\‘ " B K
2 _, Lt 8 e
B ; =7 . —
: — _ § ¥ MA00OT
THmd TNd Tomd
asmod TeI0]
295.0¢ o8t t 998270 L 0°0
mraz o [_g1:1 oo ixt b un aw..-"“ L ] [ oir wruf B.—ﬂ ort L3 L il wr - '.” i L) i L4 H.ﬂ- srb "we 0e N LM ) mne el e s L4 L) I._.@u D
i =t , & t AR T ——— & &
frarer] -—t
— . ’
e m m (]
l\\ . L
1 e m = 2z
= e a2 4
\.\ -
fs ] i e
o .\l._\ Wm Nmt wna
\\ i -
" H 5
uﬁ\\\. 8 b b
| _ 3 3 ¥ 902
[ i B
TR WA T

£8z1sua TEIO]




JAERI-M 8511

uoT3lejol 203ex2ua8 Jo UOTIBIABA CT1°314d

298L07 SELY] , 29874 -0

WruR Lt BELY ARl et ﬂwuzu o mris et e LA = wa " e ﬂm-_ - wr " wo g oo e "e " e ﬂ—“ e e wra e 8.un .EQ.MOOM

M ! 8 B 8

T
- ] % !
D Y 8 g
et | . R R
- B _ A
] —a¥ 83 83
P,

R ] B 3 ]

] 12 & B

/ 5 I £

[] lel.l B &

-y ] 1
B B ! wdigpy
Had B ai B L

10jeasuld Jo uoTINTOATY




JAERI-M 8511

Appendix (2}

HOME WORKS BETWEEN SESSIONS 2 AND 3

Preface

At Session 2 of Workshop, the following requirements were give

as home tasks betwenn Sessions 2 and 3.

A further somewhat more detailed analysis of the power requirements of

INTOR would be desirable in order to obtain a more accurate estimate of the

peak and average powers required to be taken from the supply network.

Furthermore, the power supply for poloidal field coils
were investigated in more details and revised.
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The poloidal field power supply

The total power system for INTOR
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field power supply
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1. Introduction

This report together with the previous one presented at Session 2
will complete the basic assessment of the power supply system for INTOR.

To evaluate the feasibility of the new operation scheme of the
poloidal field divertor, i.e. "swinging' the current in the divertor field
coil, the operation scenario and the power requirement for the equilibrium
field system were studied. Reexamination and optimization of the overall
poloidal field power system described in the previous report were also
made, and the specifications of the system have been partly modified.
To set up as a design basis the total power requirements for INTOR, the

power requirements other than the poloidal field system were also estimated.

2. The poloidal field power supply

The basic concept of the poloidal field power supply system is as
proposed from JAERI in the report of Group 8 at Session 2. We have re-
examined the overall system in some detail and attempted to optimize the
design and the related specifications of some important components.

Major considerations and the results are summarized below.

1) According to the operation scenario of the divertor system of INTOR
(as described in the report of design options, "Impurity control"), the
operation of swinging the divertor coil current was analyzed. The
swinging of the divertor field lines is achieved mainly by swinging the
current in the block & coils (see Fig. 1 of the previous report). The
speed of swinging is required as about 1 Hz. The maximum peak-to-peak
amplitude is limited by the peak capacity of the generators and was found
to be about 400 kAT at 1 Hz, if we assume the maximum deliverable power of
the poloidal field supply of 1000 MVA. The physical considerations about
this point {(what is the necessary flux swing at the divertor? etc.) will
be found elsewhere.

The results of calculations are shown as the necessary currents of
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each block of coils in Table 3'* for following three cases: case (1) ...
divertor operated with current swinging of 392 KAT (peak to peak) at 1 Hz;
case (2) ... divertor operated but no current swinging; case (3) ... divertor

not operated.

2) The maximum ampere-turns related to the ohmic heating field components
of each block of coils have been reduced as compared with the previous
design. This was made by optimizing the operational patterns of the coil
currents so as to balance the initial ampere-turns with those required at
the end of each operation, while the amount of flux change during pperation
was kept constant. As to the equilibrium field components, the operation

of divertor field described above was taken into consideration. The

results are summarized in Table 1'.

3) To obtain a more accurate estimation of the required energy per one
operation, the energy dissipation in the normal conductor parts of the
poloidal field coils and in the dc pd;er system (the internal losses of

dc interrupters and thyristor convertors) was recalculated. The length of
de feedérs between the superconductor coils and the dc power system was
assumed to be 100 m and the current demsity in the copper part of the dc
feeders 4 A/mmz. Under these assumptions, the resistive drop of the dc
feeders amounts to about 6 V. The interval resistive drop of one thyristor

bridge (for example, the thyristor convertor EI3) was assumed to be & V.

4) 1In the present calculation, the initial loop voltage for breakdown was

lowered and assumed to be 50 V. This was simply made with the intentiomn

to design a poloidal field power supply compatible with the supercenductor

coils, but we have still nmo available technical data to judge whether this

assumption is allowable with respect to the time rate of change of magnetic
fields (B) in the superconductor coils. Quantitative discussion should

wait for the earliest possible informatiom.

* The Tables and the Figures contained in the previous report will de
partly revised in this report, and those revised will be labelled the
same numbers as the previous ones but with primes like Table 3.
Those Tables and Figures which appear first in this report will be
labelled numbers of two figures beginning from 31.
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5) The build up wave form of plasma current has been slightly modified as
shown in Fig. &4'; the build up rate of the current is somewhat slowed

down after t = 3.6 sec and the flattop is reached at t = 6.0 sec {in the
previous design, t = 5.0 sec). This modification was made to eliminate an

extra peak in required power in the current build up phase.

6) The minimization of reactive power associated with the operation of
thyristor convertor systems is essential to improve the power factors of
generators to restrict their peak capacity and other related electrical
and mechanical performances within a reasonable limit. Based on this
consideration, the control of reactive power was intended in the present
design. To perform the reactive power coutrol, the thyristor convertors
are devided into several separate and identical banks with bypass switches
as shown in Fig. 31 . These banks are connected in series and operated
by the combination of on-off control of bypass switches and thyristor
gate control according to the operation sequence. This control method by
separaté banks has been applied to three large thyristor convertors EI13,
EI5 and EOH. For example, the thyristor convertor EOH which has the
maximum‘voltage of + 1,500 V is devided into three identical banks of

4+ 500 V. According to the required voltage ranges, they are operated

separately or simultaneously as shown in Table 31.

The simulatien calculations of the system operation were made in the
same way as described in the previous report. The calculations were
performed for a complete one cycle of operation including the dwell time.
The results are shown in Figs. 32 v 34 for three different operations;

(i) without divertor, (ii) with divertor, (iii) with "swinging' divertor.
In Table &', the required currents and voltages for the thyristor convertors
are summarized, and the specifications of main components of the INTOR
poloidal field power supply are tabulated in Table 5', The system con-

figuration is shown in Fig. 2'.
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i, The total power system for INTOR

The total power requirements for INTOR were estimated as shown in
Table 32 . They are also shown schematically in Fig. 35 as a function of
time . A possible scheme of the power supply and distribution system for

INTOR is shown in Fig. 36 .

4. Plasma controllability of INTOR poleidal field power supply

The capability of plasma position control of the INTOR poloidal field
power supply may be evaluated in the following way.

If we assume a situation where the equilibrium field is varied to
control plasma positions while keeping the plasma current constant, the
voltage required to control the plasma positions can be calculated by using

the hybrid operation matrix described in the previous report;

Ip 1
T P
= l =
(v) () . () (o) | Ton
2
: e
and i =0 i =0 i = ;-ﬁ¢
P > TOH *TE v ?
where Ip is the plasma current, IOH is the component of coil current corre-

sponding to the ohmic heating field, I_ that of the equilibrium field, v the

proportionality constant, and By the eguilibrium (vertical) field.

The result of calculation is shown in Fig. 37 , where the equilibrium
field is varied from 4.13 kG to 4.66 kG in one second or with a time rate
of 0.53 kG/sec. Assuming an approximate relation Rp « 1/B,, this time rate
of change of the equilibrium field is found to correspend to the motion of
the plasma axis with a speed of |ﬁp| = 0.64 m/sec, where Rp is the plasma
major radius. As shown in the figure, the required voltages of the thyristor
conventors (EIl, ...., EOH) are all within the maximum ratings given in
Table 4' . This operation requires a peak power of about 960 MW, and this
is also within the maximum ratings. From this simple analysis, it may be
said that the present INTOR poloidal field power supply can afford to
control the plasma horizontal displacement with a velocity of up to 0.6

m/sec and this may give a measure of plasma controllability of INTOR (That

for JT-60 is also about 0.6 m/sec).
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Table 1'
%
i k
Coil Bloc FOH (MAT) FE (MA)

1) 2) 3)
1 3,683 x2 -2.34 X2 -2.34 x 2 -1.95x2
2 3,60 x3 0 0 0
3 0.86 x4 5.0 x4 5.0x4 4,0 x 4
4 0.15 2.0 0 0
5 0.10 ~5.17 -5.17 -3.29
6 0.15 ~1.98 -1.98 -2.87

* plasma current 4.68 MA
Bp=2.6, Ri=l.0

Necessary ampere-turns for each block of coils;
FO denotes the ohmic heating field component
g R .

and Fg the equilibrium field component.

1) divertor operated with current swinging
2) divertor operated

3) divertor not operated
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Table 3' Currents of each block of coils at typical times. The
maximum and the minimum currents are also shown.
Case (1) divertor operated with current swinging
A Number of t=0 t=205 max. min
turns sec _
19 86 x 2 42.8 KA | ~41.0 KA | 42.8 KA | -43.0 KA
12 120 x 3 30.0 KV -10.0 KA 30.0 KA -11.1 KA
13 -40x 3 -21.,5 KA | -115.3 KA |-21.5 KA | -131.5 KA
I4 140 1.1 KA -0.8 KA 1.2 KA -1.6 KA
15 42 2.4 KA | -121.3 KA 2.4 KA | -124.7 KA
Lo 47 3.2 KA -42.7 KA 3.2 KA -43.6 KA
Case (2) divertor operated
\\\\\ Nu?iiisof =0 t=205Sec max. min.
Ii 86 x 2 42,8 KA -40.4 KA 42.8 KA -40.4 KA
12 120 % 3 30.0 KA -9.2 KA 30.0 KA -9.2 KA
13" -40x 3 ~21.5 KA | -116 XA -21.5 KA | -131.5 KA
I4 140 1.1 KA -0.3 KA 1.2 KA -0.3 XA
15 42 2.4 KA | -123.6 KA 2.4 KA | -123.6 KA
I6 47 3.2 KA -43.0 KA 3.2 XA -43.0 KA
Case (3) divertor not operated
\
.| Number of £=0 £=205 max. min.
e turns sec
I 86 x 2 42.8 KA -42.8 Ka 42.8 KA ~42.8 KA
IZ 120x 3 30.0 KA -14.1 KA 30.0 Ka -14,1 KA
13 =40 x 3 -21.5 KA -88.3 Ka | ~21.5 KA} -103.0 KA
I4 140 1.1 KA -0.4 KA .1 Ka -0.8 KA
15 42 2.4 KA -79.3 XA .4 KA -79.3 KA
16 47 3.2 KA -62.5 KA 3.2 XA -62.5 KA
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Table &' Required currents and voltages of thyristor convertors
max. positive max., negative voltage
direction current direction current oltag

EIl 42.7 KA -40.8 KA + 1.1 KV
EI3 0 -131 KA + 3.5 KV
EIl4 1.2 KA -1.6 KA + 4.0 KV
EIS5 2.4 XA =124.5 KA 4+ 3.0 RV
EI6 3.2 KA ~43.0 KA + 2.5 KV
EIOH 57.3 KA -337 KA + 1.5 KV
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Table 5' Specifications of main components

Generators Vertical shaft synchronous 72 sets
motor-generator
Capacity 500 MVA
Revolution 650 - 420 RPM
Power factor 0.5
cp? 5,500 ton-m-
D.C., circuit V.C.B type 2 sets
interrupters
' —
Sl’ Sl 45 KA 5 KV
Resistors Large scale resistors
. with minimum residual 2 sets
R., R )
1 1 inductances
Resistance 0.1 @
Heat capacity 20 MJ 0.1 sec
Frequency Thyristor startor
convertors 50 Hz —> 86 Hz ™ 56 Hz
20 MW 2 sets
Thyristor EI1l  ELF L1 kv 43 KA 2 sets
convertors EiR y 41 KA 2 sets
EI3 E3R 3.5 KV 132 KA 2 sets
EI4 E4F 2 KA Z sets
E4R 4.0 RV 2 KA 2 sets
EI5 ESF 3 Ka 2 sets
ESR 30KV 125 kA 2 sets
EIb E6F 4 KA 2 sets
E6R 2.5 KV 45 KA ? sets
ECH EOHF 58 KA 2 sets
rour T XY 337 kA 2 sets
Total MW 3340 Mw
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Modified scheme of plasma current in the build-up phase

4.68

1.0 ="~ ""~"777T "%

I

0.lsec 0.5sec 3.6sec 5.0sec 6.0sec

Fig. 4' Plasma current in the build-up phase
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500V +500V +500V

Bank 1 Bank 2 Bank 3

DY B o

bypass SWl bypass SW2 bypass SW3

Fig. 31 Separate bank system of thyristor convertors

Table 31 Operation scheme of thyristor banks

required voltage (V) SW1 SW2 SW3
0 ~ 4500 OFF ON ON

+500 ~ +1000 OFF QFF ON
+£1000 ~ 41500 OFF OFF QFF




JAERI-M 8511

Table 32 Summary of power requirements for INTOR

Peak Mean
(i) Poloidal magnetic field coil
(superconducting coils)
(a) without divertor 435 MW 26 MW
{(b) with divertor 688 MW 34 MW
(c) with divertor and current swinging 688 MW 34 MW
(ii) Toroidal Magnetic field coil 1~ 2 MW 12 MW
() N.B.I. heating | 330 MW 23 Mu
{(iv) R.F. heating Efficiency not sufficiently known
(v) Cryogenic system and pumping 55,85 MW 5585 MW
(vi) Pumping power for shield and blanket 25 MW 25 MW
{vii) Vacuum pumps 2.3 MW 23 MW
(xi) Miscellaneous power and building
auxiliary loads 60 MW 60 MW
Total power 1193 MW 232 MW
55 63

Total energy for one cycle

(sum of figures underlined)
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