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Principle of CCS method

0.4

0.2

CCS
e

Sensors 0 oE 05 o® 1 iz it

Vacuum field is determined by boundary conditions. Value
and slope on CCS are unknown, but those on sensor surface
are known. After fitting, the plasma surface (shape) is
reconstructed.




Principle on vacuum magnetic field

Maxwell equation (not equilibrium equation):

VxB=u,] B=VxA ¢=rA _)V'(Vr—fj:_ﬂ%]

Boundary integral equation:

[ S(Y
o P(R)+ oL
o0 r
dv
~ [ 116, 5) L)
Gisa Greegrzl function: " ,
G(x,y)=6(r,,z,r,2,)= i’ I, {(1——)K(k)— E(k)}

O 1S a constant, defined as follows:
(8722(x in the Q interior)
o ={47%(x on 6Q)

0 (x in the Q exterior)

References. [1] K. Kurihara: A new shape reproduction method based on the Cauchy-condition surface for
: real-time tokamak reactor control, Fusion Engineering and Design 51-52 (2000) 1049-1057. ;



CCS (Cauchy Condition Surface) method

Let’s consider the area bounded by the boundary
surface (B) and the hypothetical plasma surface (P).

o0+ | e
- i p o)

A vacuum flux function value can be calculated
at any point x outside the (P), if flux value and
magnetic field on the (P).




Discretized equations of integral equations

(1) Flux value at flux loop on magnetic sensor surface

015, )= S0, 2l S w5, 2 o2 S, )G S5, 5, (5)

Flux loop Flux on CCS Magnetic field on PF coil current
(unknown) CCS (unknown) (measured)

(2) Magnetic field at magnetic probe on magnetic sensor surface

M NE NC
Bt ZWFZ Xg, Z; (Z ) +ZWBZ(XB’ Z; ) 3t(2i )"' ZWEZ(XB’ Yi )E(yi ) u ZWCZ(XB’ yj) PF (yj)
i=1 i=1 j=1

N

(3) Flux value at point on CCS
1 . M = _N.,/- M . -
E¢(XC :ZWFB(XC’Zi)¢(Zi *‘ ZWB3(XC, i)3t(zi)_| Z\Nes e Vil . chs( ) PF(
= i=1 i=1

Flux on CCS Flux on CCS Magnetic field on CCS
(unknown) (unknown) (unknown but deduced by
this relation)

=
N —

10



CCS (Cauchy Condition Surface) method

Let’s consider the area bounded by the boundary
surface (B) and the magnetic sensor surface (S).

o $(7) + )
= [wiern = )

A vacuum flux function value can be calculated
at any point x outside the (P), if flux value and
magnetic field on the (P).

11



Discretized equations of integral equations

(0) Flux value at point on magnetic sensor surface

%¢(Xf = iWFO(Xf ' ZiE+ fWBO(Xf ’ Zi) t(zi )4'§WE1(Xf ' yi IE(yi )“ §W01(Xf ' yj )I PF(

=
A —

j=

Flux loop Flux loop Magnetic probe
(known) (known) (magnetic field is deduced if eddy is known)

(if known, eddy is deduced by this equation) e



(0) Flux

Discretized equations of integral equations

* If eddy current does not exist, flux loop signal and magnetic probe signal
are not independent.

* If eddy current does not exist, plasma shape is reconstructed uniquely
from one kind of magnetic sensor.

e Even if another kind of magnetic sensor is added, the precision does not
increase.

 As far as the number of magnetic sensors is increased, the precision
increase depending on the number.

* If another kind of magnetic sensor is added, the eddy current is estimated.
* If another kind of magnetic sensor is added, plasma shape is
reconstructed uniquely even if the eddy current exists.

value at point on magnetic sensor surface

%czﬁ(if

=
A —

Flux loop
(known)

N NB NE NC
= ZWF0<7(f ’ Zi‘)¢(zi + ZWBO()_(f ’ Zi) t(z )4 ZWEl(Xf Vi IE(yi )+ ZWC1(Xf Y )I PF(
= i1 = i

Flux loop
(known)
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Shot No. 16499

Plasma is initiated by RF (8.2 GHz), and
the plasma current is ramped up and
sustained by RF (8.2 GHz).

Bt=0.125T @ R=0.68 m
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PCF (Plasma Current Fitting) method

Current density profile is adjusted so that
the relevant magnetic flux and field are
fitted to magnetic sensor signal.

fa\
>/

/ J

EFIT code

Current density profile is adjusted so that
the relevant magnetic flux and field are
fitted to magnetic sensor signal. The
current density profile is constructed so
as to satisfy plasma equilibrium with
isotropic pressure.

15
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Grad-Shafranov Equation

( 2.
—(VXB)Tzl R C 15W18W = — U+

Rl RR AR az?,
F(y)= o f(w)=RB;
J:[AIm*]=P'(y)* R+ FF' () /(1R)

= J, ﬁj—g(W)-F(l 5;) Oh(lﬂ)

(For uniform current profile)

When f; >Yhe first term and the second term have the opposite polarity.



PCF (Plasma
Current Fitting)
method

N

Y
Y

/ J

CCS (Cauchy
Condition Surface)

EFIT code
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Observation equation: Ax=b

A=UzV'

Normalized singular vectors

Singular Value

0 1 2 3 4 5
Singular Value No

® The Oth singular value is much larger than
the other singular values.

e The Oth, 2nd and 4th singular vectors are
even with respect to the equatorial plane.
The 1st, 3rd and 5th singular vectors are
odd.

¢ Plasma shape may be reconstructed with
the even singular vectors.

eCumulative contribution ratio of the Oth SV
is over 95 %. 2
0 GO

2 2 2
o, +0] +..+ 0,

Flux loop value (mWhb)

Flux loop value (mWh)
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0.0 -
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Observation equation: Ax=b

A=UzV'

Fitted singular vectors

Singular Value

Singular Value No

e The Oth singular value is much larger
than the other singular values.

e The Oth singular component is much
larger than the other singular
components.

e Cumulative contribution ratio of the
Oth SV is over 95 %.

2
O,

2 2 2
oy +0, +..+0%

Flux loop value (mWb)

Flux loop value (mWhb)
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Z[m]
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0.0 |||
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l
9
eps
eps
SV
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7
/

y [Shot 16499
potime 4.8
- |FL21
eps 0
eps10
Nsvd 5

Tikhonov eps=0.000
CCSM=6
Nsvd=6 (All components)

CCR =100.0 %

Tikhonov eps=0.000
CCSM=6
Nsvd=5

CCR>99.99 %

Z[m]

Truncation of small SV components
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lll-posedness disappears for Nsvd smaller than 3
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How do we judge the truncation of small SV?

e Regularization of SVD
— Truncation of small SV
— Filtering of small SV



AX = b, Observation equation
A= (UZV T ), The coefficient matrix is decomposed (SVD),
X — (VZ_lU T )3 The solution is expressed by the SVD.

> =Diag(o, o, .. o)

_ : 1 1 1
>~ = Diag . —
0, O, Og
Wiener Filter Is introduced to filter out the small SV components.
2 2 2
_ : o 1| o 1l o
leDlag 212 222 262
o,lof +A4°| o,|l0,+A4 Og |0 + A"

Wiener Weight

How can we determine the filter parameter A?



Optimal Criterion Function for Generalized Cross Validation

1.2

1.15

|
|
|
1.1 I
|

1.05

GCV

0.95

0.9

0.85

0.8
0.01

sv4  <Sv3 0.1 SV2 S SVO

Tikhonov regularization parameter

10

In GCV, we estimate the error by leaving one out and fitting. And minimize the weighted
average of the squared error with respect to regularization parameter A.

2

2
A
3 e e

o +

GCV = %iwa (ba — A(_a)xa )2 = 5 )
a=1 l

Ax=b, A=UXV', Ab=b-UU'b, c=U'b




Optimal Criterion Function for Generalized Cross Validation
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0.01 L] 0.1 ! by !

SV4 sv3

S\2 SV1 SVO

Tikhonov regularization parameter

10

In GCV, we estimate the error by leaving one out and fitting. And minimize the weighted
average of the squared error with respect to regularization parameter A.

GCV 1
n

i W, (ba o A(_a)xa )2 =

a=1

2

2
A
3 e e

o +

2

5. voem)

Ax=b, A=UXV', Ab=b-UU'b, c=U'b




Z[m]

Installing magnetic probes

PF1

-
-
.... N

|
!
} MP#7

MP#1,2,7,8: Single heat-resistant MP
MP#3,4,5,6: Train of heat-resistant MP
PR#1,2,3,4: Long MP wound with Ml cable

|- Wiring disconnection 28



Shape reconstruction with 21 flux loops, 5

magnetic probes and 1 partial rogowski
2.0 ||||I||||l||||| LLL ||I||||l|||||||||l|||||||||l||||I||||l 20
. Shot 17050
g 15 1 e e v e o , O
==, - )
= 10— - CS_Current [T~ -20
2 B T —— Plasma_Current| A
5 057 —— PF17_Current |~ -40 g
@ . —— PF26 Current —
= 0.0~ —— PF351 Current |{— -60
n —— PF352 Current
-0.5 |||||||||I||||| T |||||||I|||||||||I|||||||||I|||||||||I -80
1.2 1.3 114 1.5 1.6 1.7 1.8
Time [sec]

1.36s ~1.42s

Flux loop averages the signal toroidally along the flux loop. 29



Z[m]

-0.5 -

-1.0

-1.5 —

Shot 17050
time 1.36s
FL21 w/ e

1.5 —

1.0 —

0.5

0.0

Z[m]

21 FL

Circular plasma is
obtained. Can be
reconstructed even
without eddy current.

-0.5 -

-1.0

-1.5 —

1.5

1.0

0.5

0.0 —

Lo Shot 17050
time 1.36s
FL21 & mp5pr1

21FL+5MP+1PR

Strong effect from
inner PR remains.

Zim

Circular

shot:17050 Time: 1360ms

Parameters:
fP: -35997.3164
IPH?; .??S.:T.M_?
fPF_*a" 93‘_1.2_80
EPHS.' -1 O_}.O.c!éfoc!
IPF4.' -3073.3
IHCLI: 0.43948
CurR: 0.62

CurZ: -2.45e-004
MagR: 0.65
MagZ: -2.42e-004
XI-RZ:0.21,-0.04¢
X2-RZ:0.21,0.048
fp:0.79609
f.r'.'f.OO'O,_?_

Qg_,--'f 1.0792

oup. 0.21875
odovwn: 0.21875

When magnetic probes are
added, plasma shape can
be reconstructed with
eddy current and sigma BT

adjustment.
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Z[m]

-0.5 -

-1.0

-1.5—

15 R Shot 17050

time 1.38s
FL21w/ e

1.0 —

0.5

0.0 —

Z [m]

21 FL

Elongated plasma is
obtained. Can be
reconstructed even
without eddy current.

1.5 —

1.0 —

0.5

0.0 —

Shot 17050
time 1.38s

FL21 & mp5pr1

21FL+5MP+1PR

Strong effect from
inner PR remains.

Z/m

Elongated

Vrz shot: 17050 Time: 1380ms
T

0.8
06F
0.4;
02f

or

Parameters:
IP.' -39576.6641
IPP}?'I 800.6368

Topss 978, 08?2
Ty -1823.5081

Topy -1738.9011

Lycry” 01409
CurR: 0.7

CurZ: -5.59e-006
MagR: 0.74
MagZ: -7.47e-006
XI-RZ:0.27,-0.65
X2-RZ: 0.27,0.65
fp:0.90522
li:1.1679
0y5:17.0259

oup. 0.44843
odovwn: 0.44843

Ipf35-12 reaches maximum at

t=1.38s.

When magnetic probes are
added, plasma shape can
be reconstructed with
eddy current and sigma BT

adjustment.



Z[m]

Zm]

15 = Shot 17050
) time 1.4s
FL21 w/ e
1.0
0.5
0.0
-0.5 -
1.0 —
1.5
I Y
0.0 0.4 0.8 1.2 1.6
Rm]

X-point is obtained. Can
be reconstructed even
without eddy current.

-0.5 -

-1.0

-1.5 —

1.5

1.0

0.5

0.0 —

time 1.4s

HHHHH Shot 17050

FL21 & mp5pr1

0.4 08 1.2 16
R[m]
21FL+5MP+1PR

A little effect from
inner PR remains.

Zim

X-point

1

Ve shot:17050 Time: 1400ms

T
X

osbil
;E Measured Parameter:
0.6 i I.:-38964.3906
¥ Fitted Parameters:
0.4 ?:L I.:-39080.8945
—i Iop 7 784.3342
0.2 1?' L Ioprs 976.481
m Iopyss -1900.8452
O;j - I -919.8206
s R Loy 016861
- CurR: 0.83
okl CurZ: -1.11e-005
e MagR: 0.86
0 :1'_/_ MagZ: -1.49e-005
: G XI-RZ:0.54,-0.71
M X2-RZ:0.54,0.71
0.8 a:—\
152

Ipf4 approaches zero
toward t=1.42s.

When magnetic probes are
added, plasma shape can
be reconstructed with
eddy current and sigma BT

adjustment.
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Z[m]

Zm]

15 Shot 17050
. time 1.42s
FL21 w/ e
1.0
0.5
0.0 -
-05_
1.0
1.5 -
LS S B R B B
0.0 0.4 0.8 1.2 16
R[m]

Inner boundary detaches
from inboard limiter. Can

be reconstructed even
without eddy current.

1.5

1.0

Shot 17050
time 1.42s
FL21 & mp5Spr1

L

21FL+5MP+1PR

Effect from inner PR
becomes weakened
due to the large
number of MP?

Zim

Detaches
Yz shot:17050 Time: 1420ms

Parameters.
IP: -36986.957

Ippy7 791.6475

Lpng 977.2303
fmj 1885.1626
I, -105.6617

I HCLI" 0.37512

CurR: 0.92

CurZ: -2.51e-004
MagR: 0.95
MagZ: -4.20e-004
XI-RZ:0.57,-0.68
X2-RZ: 0.57,0.68
Bp:i.5247
[1:1.3583
0y5:11.8962

oup: 0.52255
odown: 0.52159

i sE LT P S
1 1 [

08+

Ipf4 reaches zero at t=1.42s.

When magnetic probes are
added, plasma shape can
be reconstructed with
eddy current and sigma BT

adjustment.
33
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Shape reconstruction with two
kinds of magnetic sensors

Z[m]

Y - PFC

Plasma A

Only plasma is outside of vacuum field
region. The CCS values are determined
according to magnetic sensor signals.
Boundary integral equation is applied only
on the CCS.

We may set CCS also on the magnetic sensor surface.

FL: Boundary condition of flux value
MP: Boundary condition of flux slope

We have only to consider eddy current and
PF current only inside of CCS.

FL
CCS MP ¥V

O\\

Plasma

N

Vacuum vessel and the outer space are also outside
of vacuum region. Boundary integral equation is
applied also on the magnetic sensor surface. Eddy
current and PFC do not have to be considered35



Discretized equations of integral equations

Cauchy Condition Surface

Magnetic Sensor Surface

FL FL FL MP FLunknown MPunknown
NCCS +NMSS > |\ICCS +NCCS +NMSS +NMSS
6 +21 > 6 +6 +0 +(14-6)

Missing magnetic probes become unknown in stead of eddy currents.

N/

(3) Flux value at point on CCS

36

M M NE
%¢(XC) B ZWFs()_(C d Zi (Zi) a ZWBs(qc J Zi ) 3t(Zi )“ ZWEs()_(’ yi I%)
i=1 i=1 i=1 / \
Flux on CCS Flux on CCS Magnetic field on These terms don’t have to be
(unknown) (unknown) and CCS (unknown) and considered, since they are
flux on MSS Magnetic field on located outside of CCS.
| Flux on MSS | (partly known, MSS (partly known,
| (partly known, | partly partly unknown)
| partly I unknown)
i |

Lunknown)
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Singular Vectors of flux values on CCS

M.V

0.8

N A

NN

——M_VO
—=— M_V1

—A— M_V2
——M_V3
—%— M_V4
——M.V5

1 2 3 4 5 6
(upperout) — (upper) — (upperin) — (lowerin) — (lower) — (lowerout)

The fourth singular vector is NOT ODD with

3 1 respect to the equatorial plane.
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