Journal of the Korean Nuclear Society
Volume 25, Number 1, March 1993

Control of Outmost Poloidal Flux Surface
of Tokamak Plasma in RTP

Kwang Won Lee and Byung Hoon Oh

Korea Atomic Energy Research lnstitqté
(Received September 24, 1992)

RTPIA E7}et Eabzrle] E20]Y Sa&H Ao

olaw - 2E
gIFAzH AT £
(1992. 9. 24 A )

Abstract

The paper describes : i) Mathematical modeling of poloidal flux to define and calculate the
tokamak plasma position based on a property of the plasma boundary which is always a flux
surface. Controlling the plasma boundary position is therefore equivalent to equalizing the flux
value on several points belonging to a curve tangent to the limiter. ii) Experimental method for
determining the outmost poloidal isoflux surface by a linear combination of measurements of
magnetic fluxes, fields and field gradients, without requiring knowledge of internal plasma
parameters for the feedback control, i.e., with neither corrections for variation in the poloidal
beta and the plasma current distribution, nor compensations for the induced currents in the
vacuum vessel. iii) Feedback control algorithm for the regulation of plasma boundary position
and its electronics hardware based on the PID control theory. iv} Experimental results obtained
from the RTP tokamak experiments using the present plasma control system.

e o
L EEe ohed e JlEdnh i) Evbn Felzvtel AAS Felstn Al4bshe o)
”Zﬁﬁ1¢*ﬂ3§%f%Piﬂﬁﬂﬂﬂzahﬂﬁl%ﬂﬁﬁ%*Hl S sgaeh weka
27 BlEx 7

%ﬂa#ﬂﬂm%ﬂ%maﬂwﬁzaﬂaﬁﬂﬂqqaﬂiwaz e

S A 4| ghe}, o] ubyle. lH—‘?—'na‘EPi"F‘ﬁ % & %3-71- 3101*1 5“—501 ‘%_}B*l ebo} Zelzold F 7
v A T80 FEAFE BASA ¢olx =il i) Eebznbe] AAA
zo El|

912 =242 2|7 A &Aoo gL EE TR, PID Alejo]l 28 7122 &t A=}
choiv) 2 Eelzel AoiAlE 488 RTPESFY A2 AzE =ofgel

136



Control of Outmost Poloidal Flux Surface of Tokamak Plasma in RTP---K.W. Lee and B.H. Oh 137

1. Introduction

In a tokamak plasma, the interaction between
high temperature plasma and limiter causes the
remarkable influx of impurities and successive dis-
ruptive instability. Therefore, it becomes important
to maintain the plasma in the optimum position to
have a tokamak plasma of high density and
temperature. In order to maintain a plasma col-
umn in the geometrical center of its vacuum ves-
sel, the externally applied equilibrium magnetic
field must be adjusted according to the changes in
the plasma parameters such as the plasma current
and poloidal beta. Furthermore, from the point of
view of tokamak plasma engineering, a precise
regulation of plasma position can extend the plas-
ma duration and improve the operational efficien-
cy of pulsed experiment for a given tokamak.

The plasma position in tokamaks is usually de-
termined with magnetic probes. In existing facili-
ties, however, the position signals defined as cur-
rent center depend not only on the plasma posi-
tion but also on the poloidal beta and the internal
inductance of plasma. In practice, difficulties are
encountered in measuring the internal plasma pa-
rameters and including them quickly enough in
calculation to regulate the plasma position. It is
even more difficult to take the time dependent
inductive current in vessel into account which also
influences greately the poloidal field. To obviate
all these difficulties, a new postion measuring
method and control algorithm are to be de-
veloped based on the outmost poloidal flux sur-
face control.

The RTP tokamak(R=0.72 m, a=0.175 m),
which is the refurbished Petula tokamak previous-
ly operated at Grenoble, France, from 1982 to
1986, is presently being commissioned at the
FOM-Institute for plasma physics ‘Rijnhuizen’,
Nederland, in which the main theme of fusion
research is the study of transport mechanism of

tokamak plasma [1]. More concretely, the ex-

perimental work will focus on determining the ra-
dial and poloidal structure of plasma equilibrium
as accurately as possible. For this research prog-
ram a fine control of plasma position is recom-
mended. The selected machine parameters of RTP
are given in Table 1.

RTP has two bar limiters positioned symmetri-
cally at the top and the bottom so that the plasma
boundary is referenced vertically, and it was oper-
ated by the current centre position control scheme
concerning plasma control. With the existing con-
trol system, it was difficult to have a reliable
breakdown and build up of the plasma current
due to the abnormally high liner current.

The new position feedback control system com-
prises a PID(Proportional-Integral-Differential)
controller providing the control signals which are
transmitted to the chopper controlled power sup-
plies of the equilibrium field coils and a flux calcu-
lator which calculates the poloidal flux differences
between symmetric top and bottom reference
positions and between the desired inboard and
outboard boundaries of the plasma from the
measurements by magnetic field pick-up probes
and saddle loops. This method of controlling the
position of magnetic surfaces has been previously
applied with success in ASDEX[2], JET[3], and
also in other tokamak machines. In RTP, flux
feedback is enabled even before the onset of the
plasma current to achieve a highly reliable break-
down and build—up of the plasma current. The
plasma position during the gas injection can also

Table 1. Selected Machine Parameters of RTP

Tokamak
Major radius of plasma 0.72 m
Minor radius of plasma 0175 m
Toroidal magnetic field at minor axis 22T
Plasma current 100 kA
Plasma duration(Flat top) 120 ms
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be regulated by introducing an integral and a dif-
ferential action into the controller.

2. Poloidal Flux at the Plasma Boundary

To determine the poloidal flux at the plasma
surface, we will use the following scheme of
Pp
W(Pp0) = W(pp.0) + 2rtf (R + p cosB) Be(p,0) dp (1)
Py
for a given @ ~direction in which £, and Py are
the radial positions of limiter and saddle loop,
respectively. The position variables are referred to
Fig.1 and poloidal flux is defined as in Fig.2.
Assuming that the flux value at a certin point
can be calculated by a second order expansion of
the flux measured, Bs(#, §) can be represented
as a linear function of # around A, ;
Bo(p,0) = Bo(pp) + (p ~ py) ——]p.pb @
where Py indicates the position of a poloidal field

pick—-up probe. Then,
V(Pp.9) = W(pp,8) — ag Bo(py,0) — bﬂ o]p=Pb @

where

ag = 4dmeg(R + (py — €g) cOs0)

bg = 4meg{R(h — ¢g) + (hpy — (Ppg + h)eg + 4/3 €92) cosB)
¢o=(Pu—pp/2=dg/2,

h=py—py

Here, ¥(Py, 6) and Bg(P,, 8) can be deter-
mined by measuring the signals from a set of
saddle loops and By pick up coils installed as in
Fig.1. And also radial gradient of Bs will be

obtained with a formula deduced from v XB=
Mo 1J+€y(3E/BM), ie

JB
ap" (—Jl Be)—'HJo(J +eoa—*> @
in which a};: can be measured by By pick up

coils or saddle loops approximately, and J, and
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Fig. 1. Toroidal Coordinate System and Character-
istic Position Variables.
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Fig. 2. Poloidal Field and Its Flux Function

-% are from the liner current distribution and the
toroidal loop voltages respectively. Substituting
eq.(4) into eq.(3) and deriving the flux difference
between #; and 6,—poloidal directions, one
obtains

OV = Wpi — Wi = (Wi — Wm;) — (A; Bg; — A Bgy)
JB JB
+(C =B - OBl — g1, bl

ae L)
28t (b; Eqi - b Eg) 5)
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Here some abbreviated notations are used for

convenience,

Vo = W(pg,0)
Wi = V(pu,8)
Bg; = Bg(py,,8))
By = By(pp.0)
Joi = Jo(P1s6))
Egi = Ep(py:6))
4 =2

b; = bg; = 4me;(h - €)(R + ppcos6;)

and,
A== Ofpy), =~ O/py)

Last two terms of eq.(5) can be deduced from the
liner current and the toroidal loop voltage differ-
ence between the inboard and outboard positions
of plasma column, which are important in the
transient stage such as breakdown, plasma current
build up phase and/or disruption but not impor-
tant in the steady state of the well controlled plas-
ma. So, last two terms are to be neglected hereaf-
ter. These may be considered later by applying
some compensation terms to be determined ex-
perimentally with the formulation of I, +7 %
(¥o=180 - ¥o=¢°) if needed. §¥; will be used asa
feedback error quantity for the plasma position
control. The plasma boundary is always the out-
most flux surface in equilibrium. So, controlling
the plasma boundary is to equalize the flux value
on it.

The important flux difference quantities for the
tokamak operation and the study of the poloidal
structure of plasma are;

(i} Vertical flux difference between #,=0 and §,=
7 for horizontal position control;

WY = W0y~ Y = (WM(o) — WM(m))

oB
= (AoBeyo) - AxBarmy) + (Co ‘5%u Cn—gu) 6)

“(An2Be2y—Asn2Bein2) H(Crp

(ii) Radial flux difference between #,=7/2 and 4,
=37/2 for vertical position control ;

YR = W) — Vo) = WMy~ YMEw2)

0B 0B
_g_é.l Cm _._20121 37

(iii) Quarter flux differences to estimate the eccen-

trcity of plasma cross section;
W1 = Vo)~ Vo) = (W) =~ WMoy ) ~ (AnaBow)

oB oB
- AgBgio) )+ (Crpp —ﬂ—l'” co—ﬂu)( )

84 =Voiw2) = Vo) = (Wmenw2) ~ YM©) ~ (Asnn Begnr

JB aB

3o = Vo) Vpm = (WM@2) ~ YM@m) ~ (ArpBea)

JB
- ABo) + (Cun J‘—l o) (10)

W3 =Vyam2) ~Wpmy = WMen2) — YMm) — (Asna Began)

oB JB
- ABoiy) + (Cany —-"é‘é—’ c,;—ﬂuml)

In RTP, By pick up coils give positive Bg;'s values
for the poloidal field with positive 6— directlon and

a set of saddle loops can give ¥y

8B,
pick—up coils can also give a)ﬂ/ even more
accurately. However, the signals of each By are

not available separately in RTP.
3. Magnetic Measurement

RTP has 12 saddle loops with the toroidal span
of AP=m/10 and the equipartitional poloidal
angle span of A#= 7/6. Flux through each sad-
dle loop $%; is given by $%,=T. u%,(§=0° 30°,
60°, --+, 330°) in which uj; is the output signal of
dedicated integrator of each saddle coil and T, is
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its integrating time constant. $%, has positive sign
for the outward flux from the inside of vacuum
vessel. Defining the quarter poloidal fluxes
through the torus surface of P= Py as;
61=200172¢% + P*30- + P60 + 120°0+)
&, =20(172¢50: + %120 + ¢%150 + 1/2¢P 1500 )
03 = 200120100 + G0 + P + 12000 )
04 = 2001208 130 + ¢F300° + $*330° + 1/20%- )
then,
WMy = WM©)~ WMm) =01+ &2 =—(03 +¢4)
SWMR = WM@u2)~ WMon2) =02 + &3 =—(91 +¢4)
WM = VM)~ YM©) =~ 01
W2 = WMez) — YMim = $2
W3 = WMer2) — WMm =~ $3
W4 = WM@n2) — YM©) = 94
And with By, =9°5,/A%,(A°s,=surface area of

—saddle loop ),% can also be calculated as

following.
JB
—ag@ = (3/m)(B3 — Bs30)s

oB
_551_21 = (3/mB*120° ~ Beo)

oB
—5-3"-‘1 = (3/R)(B%yy0 — B¥ysp)s

9’33‘;"—”1 = (3/m)(B*300 ~ B*240)
The A’s and C/’s given by A/=a-b,/f,=a+C,
and C,=—(b,/Py) can be determined from the
geometrical factor,
C= i:ﬁ {(R(e; —h) — (hpy — (ppg + h)e; + 473 €2) cosO}
b

=97 (. _h)R +py cosh)
Py

Ai = 41|:ci {R+(pm—¢; Jcos0} + Ci

In RTP, R=0.72 m; #4=0.24 m; #,=0.213 m;
h=0.027 m. and the desired cross sectional shape
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of the plasma is circular i.e., all es or Pui’s have
the same value of e or £, respectively (e;=e, P
=p,, 1=0, /2,7, 37/2). So, the constants A/'s
and C/s can be determined numerically for each

plasma diameter. Then egs.(6)~(11) become ;
Syy = (9 +¢) — (A¢By(o) - AxBorr))

+ % {Co (B*30: — Bs337) = C (B350 — B%y50°))

Sy = (&2 + 93) ~(ApBoay—Asn2Bepn2)

+2{ConBH120-B*50 " Conn B30~ Ba0)

3y = ¢ — (AgnBgz) - AoBeo) )

+ % {Cra(B5 1200 = Bigpr) — Co(Bs39: — Bs3300))

Sy2 = ¢, — (Ag2Bo) - AnBecn)

+ % (Cr2(B*120° — Bo60r) — Cx (B210 — B*1s50°))

3¥3 = —43 — (Asw2 Bona) - AnBemy)

+ % (Canz (B5300° — B2gr) — Cx (B30 — B*150°))

3y, = &4 — (Asnn Boswz) - AoBeo))
+ % {Can (Bo3p0- — Boyag) — Co(Bo3¢ ~ B¥3307))

In the saddle flux measurement, we have had the
error such as S ¢%=0¢. So, $% is to be com-
pensated so as to 5 ($%+ & $%)=0, or Z5p=-
& ¢ according to the flux conservation. It would
be helpful to eliminate or reduce such a kind of
measured flux error if the saddle loop is made of
a electrostatically shielded cable instead of a single
cable presently being used. Now, if we assume
that & #%=—(06$/12) and & ¢,=—(J $/4), [i=
1,2,3,4] to meet the flux conservation, the com-
pensated saddle fluxes are to be defined newly as
following ;

@1+0) — (0 +0)—dW2=(01+¢; — 43— 4)2
@2+ 03) = (02 +03) ~3W2=(—0; +d; +d3— )2
¢; — ¢i—-8¢/4, (i=1,2,3,4)
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With these, the vertical and the radial flux differ-
ences at the plasma boundary can be rewritten as ;

0.3
dyy = 10{(1+ as—ig W30+ Beor + D590 + 0%120°

0.3C.
7;)41"210 = ®*pr
0

3C,
Woiser — (1+

+(1+ —
A 150° 7[A52

0.3C,
Ay 330

= ¥n0 — P00 — (14
= (AgBg(o) — AnBo(r) (12)

0.3C
Syg = 10{(1+ —nA—‘m W 120- + *1500 + 051500 + P20
120°

0.3C 0.3C
(14 28— (142 s
A 40 A 300 300

0.
- s = o= G = (14 o)
-

— (Ap2Bomn) — AsmnBegra) (13)
The terms of these equations are all measurable
via saddle loops and By magnetic pickup probes.

4. Plasma Position Displacement

On the isoflux surface, the poloidal flux function

Vpr : preprogrmmed

satisties 0 W =0. The plasma position displace-
ment at #; can be defined as Ae; which satisfies

the equation of
Wpil€;) — pile; =€ + Ae; ) =0 (14)

for a referenced plasma boundary position £,
From eq.(5) and eq.(14), Ae; is
e, = —Oyi(e;=¢;=¢)

9B, 15
4r(UBg; -V; 3;1) (15)

where
Uj=R(2 - p/py) + pm(l + p/pm = P/Py) cOSB;
Vi=(1-p,/pp)(R + py cosB))
in the region of (Ae;/Py)<1. Of these, vertical
displacement Ae; and horizontal displacement
Ae are for the cases of [i=7/2, j=37/2] and [i=
0, j=m] respectively.

5. Feedback Control Loop

Non—zero poloidal flux errors of eqs.(12} and
(13) are used as feedback signals in operating the
power supplies for the vertical and the horizontal
field coils, respectively.

5.1. Horizontal Position Control

(gain control) .
l control signal D : Disturbance
+ Vi vo L* *
PID . Vref Power I RTP Flux
Vip —'Q—J Controller [~ Filter Supply Tokamak Calculator [T Vf
]
Gt Gz G4 1/(sTc)

Vm=V{+M

M : measurement correction

+

Vi = dy/Tc

+

@

Fig. 3. Block Diagram Describing the Scheme of Feedback Loop for the Plasma Boundary

Control of RTP
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A block diagram of the horizontal position con-
trol system is shown in Fig.3. Power supply of VF
coil is operated by chopping switch in a mode
where the output current into V.F.—coil is essen-
tially proportional to the control voltage Vo via
the internal feedback loop. We assume that the
frequency of chopped output voltage of capacitor
bank, and consequently the changing rate of the
coil current [ is much faster than that of vertical
flux difference §Y¥ corresponding to the plasma
position oscillation and/or drift. The appropriate
controller is therefore a proportional controller.
The addition of derivative and integral feedback
permits an increase of the loop gain without caus-
ing overshoot and poorly damped oscillatory be-
havior of the response upon perturbations in both
fast and slow phase. The controller gain can be
varied between 0 and 2.2 by a potentiometer
setting. Vi, is the input for the modulation of the
flux difference signal and consequently of the
plasma boundary. V,, is the {pre)programmed
control voltage input, which is used not only to
assist feedback loop during phases of rapid
changes such as fast rising of plasma current but
also to provide a bias field. It might be prop-
ortional to the plasma current(V,,~1,) as a feed-
forward term to reduce the responsibility of feed-
back loop. M is the input port prepared to correct
the flux measurement error. The block G; is an
RCfilter for cutting off high frequency noise on
the signal line produced by the plasma and the
derivative element.

A simplified model yields the following transfer
functions for each block of Fig.3;

- K; KgTys
Gl‘Kp(1+n +T,-s+1 +Tus)
1
G2_1 + Tfs
K
G=13715
Gy=

G
VisT+ G Ve T

v
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in which
=controller gain (0~2.2)

Ki=gain factor of integral action (0~1)

Ky=gain factor of differential action (0—1)

Ki=1/V,s: control sensitivity of power supply
(200 A/V)

Ko= flux change for 1A current of VF coil, de-
pending on the chosen number of turns of
V.F.— coil and, to some extent, on plasma
parameter. K,~4.8X107%(Vs/A) without
plasma.

Tc=effective integration time constant in magne-
tic flux measurement (22 ms)

T,= integral time constant of the PID controller
(3.9 ms)

T4= derivative time constant of the PID controller
(11 ms)

T,= delay time due to the derivative feedback
electronics (0.11 ms)

T;=RC time constant of the passive filter (5 ms)

T,=response time of the power supply (~1 ms),
depending on the charging voltage of capaci-
tor bank and the crowbar resistance [4]

To=vessel transeverse field penetration time (2
ms)

771=gain of the integral feedback electronics

From a simplified analysis on the feedback loop of
Fig.3, one finds the following response relations.

G G 1D
T oMt aro rtT+ Ga

G 1 G 1_ap
m=T+ G Vet T+ oMY Ga+0) T+ Gar

G

1 aD
Vist 3o Ve-M- 30 - 57+ 0) '

1 aD 1
= -G(Vf — -5‘{‘) - -G‘:VF

D
x =Te



Control of Outmost Poloidal Flux Surface of Tokamak Plasma in RTP---K.W. Lee and B.H. Oh 143

_616;65Gs _ (KK KT + Tis)(1 + (T, + Tp)s) + Ki(1 + Tys)}

G
Te (1 + Tys)(1 4 Tys)( + Tys)(1 + Ts)(n + T;s)

Characteristic equation of the above response
functions has five poles. By the Ziegler—Nichols
method, the optimal values of PID controller con-
stants are determined as; K=0.38, Tj=6 ms, Tp
=1.5 ms, in which K=KoK,, Ko=K;Ko/T¢, T|=

T./K,;, Tp=TK, and one assumes that 7 ~0, T, ~0.

5.2. Vertical Position Control

The feedback scheme of the vertical position
control i.e., radial field control loop is almost
same in principle as that of horizontal position
feedback control. Some minor changes in gain
factor and time constants of each devices are ; K,
=0~5.0, K;=140 A/V, K;=1.1X107° Vs/A, T¢
=10.8 ms, T,=0.05 ms, T;~15 ms, and the
normal settings become K=0.31, T)=10 ms, Tp=
2.5 ms.

6. Experimental Results

For the purpose of feedback control, the vertical
flux difference 6V of eq.(12) is processed to the
flux error signal Viy i.e., Viy=6¥,/Tcy, and
0Wg of eq.(13) is to Vig i.e., Vig= d¥r/Tck in
flux calculator. Additive subscript v indicates the
variable relevant to the vertical field(horizontal
position) control and g the radial field(vertical
position) control. Vv and Vg are empirically
determined as V,,, y[V1=0.03 I,[kA] and V,, g=
1.3[V] in RTP experiment. Of these, V,y can
also be determined analytically [5]. The values of
these terms are not so critical in accuracy but
essential to improve the control performance since
it can greately reduce the responsibility of feed-
back loop. So, Vv comprises a flux feedback
term (Viy through PID controller) and a term Vv
proportional to the plasma current approximately

8R 1-3
P’ +8,+—57) but neglecting the

ol
equal to ;(:E" (In

variations of internal plasma parameters /3, and .
V,etr comprises a flux feedback term(Vig through
PID controller) and the bias field term V,,, g which
is required marginally for a minimum breakdown
loop voltage. In this experiment, M and Vy, are
left to zero for the centered as well as fixed plas-
ma position without any bias and modulation.
Fig.4 shows as an example the plasma position
displacement for both cases of flux feedback(a)
and current center feedback(b). Ripple like fluctua-
tions in the signal traces are due to the chopped
voltage spikes of poloidal power supply. It can be
seen that flux surface position deduced from an

analysis of the full set of magnetic measurement
as described in Chap.4 is essentialy well control-

led in flux feedback example while the position of
current center shows a somewhat different be-
havior. The horizontal and vertical position dis-
placements are less than 2 mm and 1 mm in
steady state, respectively, which is satisfactory but
the deviations from the desired position are no-
ticeable during the start up of plasma current{t<
20 ms in Fig.4). The difference between the flux
surface position and the current center position
can also be seen in the current center feedback
example, Fig.4—(b). While the current center posi-
tion is well centered, the flux surface position is
shifted from the geometrical center of liner by
more than 5 mm.

An example of isoflux surfaces on the poloidal
section of these two differemt shots are shown in
Fig.5 which is drawn by the method described in
Chap.4 interchanging the position variable #,=
Ppi—2 Aej in eq.(15). It indicates that the plasma
cross section of RTP is slightly noncircular.

By introducing the flux feedback into the plas-
ma position control, the machine performance in
volt-second consumption and pulse duration is
expected to be upgraded up to factor of 2 com-
pared with that of the current center feedback
method(see Fig.6). Volt-second consumption be-
comes larger as the plasma density goes up. The



144

two different shots of Fig.6 was run under the

same filling pressure of 0.4 mtorr without any

intermediate gas injection. Here we assume that

the condition of wall recycling of hydrogen is not

changed by shot.

(mm)

(mm)

T

(mm)

(mm)

-20

-30

-4

-59

@
T T T T T T T T
WIS = 9.16% a2
9 4 L]
< »
- 20
A s, D 19
Y v gty
V I
-10
L : L ) 1 TR L 1 ‘ L L L L 1 [ 3 1 .
7 4wl S8 15 2 1M 126 143 160 -1 ! 24 41 56 7 2: 136 1w 160
T T T T v T T T T T T T T T
} T T l ners L 168 mo
o B e T y Y u + ¥ J'V. ~r
L | b ]
- { s i
L 4 -sef -
L 4 -uer B
- 4 -SeF B
-t ' 1 L i L ) 1 ) L \ $ L L 1 i '
18 1 2 41 S8 15 92 189 126 N3 168 -1 1 2y %3 S8 1S 92 189 126 1%3 tud
T T T T T v T T T . 4 T T T T Y T Y T
INTs - 0.180 ne INTS = D. 160 ne
L 4 TS . 4
I PN 4
17 A A A A B /\.~\_/ ]
r 1 L] T T T T T T T T T
L i wh 4
+ 4 -2f 4
L 1 L 1 P ! L L L L " I 1 . L 1
7 24 N1 50 15 92 188 126 143 188 -0 7 24 W 58 15 92 193 126 143 168
T T T T T T T T T ¥ T T v T T T T T
INPSES 2186 ne [\“ INPSED = B.186 ne
— T T 7T [ . T
4 10 4
4 -2} -
1 E
1 -} B
= 4 -set 1
L 1 L L L L i X L 1 L n A s L s n )
19 7 FA I 3] 53 15 92 193 126 143 169 -10 7 F+ I 1 S8 s 92 189 126 M3 (68

J. Korean Nuclear Society, Vol. 25, No. 1, March 1993

7. Concluding Remark

Existing system controls the position of magne-
tic axis, while the new system controls the position
of outermost magnetic flux surface. With the ex-

Fig. 4. Example of Plasma Position Control. Ae, and Aeg are the Flux Surface Position Dis-
placement Variables as Defined in Chap.4 AR and AZ are the Horizontal and the Vertical

Position Displacement of Current Center from the Geometrical Center of Liner. Col-

umn (a) is the Case of Flux Feedback and (b) is of Current Center Feedback.
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~-1398 -120 -68 ? 60 1286 159

(r—R)mm

Fig. 5. An Example of Isoflux Surface on the Poloidal Cross Section. Left One is the
i Case of Flux Feedback((a) of Fig. 4] and Right One is of Current Center Feedback
{(b) of Fig. 4) at the Time Point of 58 ms.
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Fig. 6. Example of Performance of Position Feedback Control. (a) is the Case of Flux Feed-

back and (b} is of Current Center Feedback. I, is the Plasma Current and ¥ cogg is
the Flux Consumption in Iron Core.
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isting current center control, the breakdown and
buildup of plasma current were not reliable due to
the abnormally high liner current in RTP experi-
ment. Before the onset of plasma current, flux
feedback attempts to keep the average poloidal
field equal to zero inside the vacuum vessel, as
approximately required to obtain electrical break-
down of the filling gas. In RTP, flux feedback is
applied prior to the ohmic pulse so that a highly
reliable breakdown and buildup of plasma current
can be achievable.

While the position control is working satisfac-
torily for the plasmas in normal operation mode,
improvements are required to cope with the large
fluctuations in position due to the heavier gas
puff{see Fig.7) and ECRH power injection.

In addition to the control of the top—bottorn and
the inboard—outboard boundaries, it is also possi-
ble to estimate the eccentricity of the plasma cross
section through some modifications in mathema-
tical formulation of flux function, but the shape is
not controlable because RTP has only two de-

-1 1 Yo%t 3% 15 3% te3 126 143 (el

Fig. 7. Plasma Position in Gas Injection Phase. ny,,
is the Electron Line Density measured by 2
mm Interferometry. Gas Injection is Applied
at the Time Point of 24 ms. During the Gas
Injection, Line Density Increases more than
3 Times Than the Normal Discharge. Large
Fluctuations are Shown in Horizontal Posi-
tion While Vertical Position is Not Affected.
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grees of freedom in active coil system i.e., vertical
and horizontal [6].

Plasma position control systems are all built
with conventional analogue electronics and in dai-
ly use for RTP tokamak runs. Future work will
concem specifying the transfer functions of power
supplies and of tokamak plasma position dyna-
mics. Digital systems based on a 68030 microp-
rocessor are in preparation for advanced oper-
ational versatility such as the modulation of the
feedback gain and the non linear feedback. For
example, horizontal position drifts outward at the
phase of increasement of plasma density, and in-
ward at the phase of plasma density decreasing
(Aey~ e ; as shown in Fig.7). Furnishing the digital

at
system, it is expected to have more stable and

faster regulation of the plasma position during gas
injection and/or the injection of ECRH power[7].
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