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ABSTRACT : This paper describes the first results on plasma control with the new plasma control system of
TORE SUPRA. The system has been especially designed for long pulse operation : plasmas are controlled on
reference signals, which can be varied in real time by using diagnostic measurements. On line determination
of the global plasma equilibrium has enabled new operation scenarios in which both the power from the
poloidal field generators and the total Lower Hybrid (LH) power are used to control the plasma. We
demonstrate experiments with feedback control of the safety factor on the plasma boundary, control of the
LH driven current, control of the flux on the plasma boundary and control of the internal inductance. Finally,
future modifications to the system, aimed at controlling the current profile during long pulse operation, are
discussed.

1. INTRODUCTION

TORE SUPRA has been especially designed for long pulse operation in which fusion plasmas
can be sustained for 60 seconds or more. During a long pulse, the plasma current is controlled
by the ohmic power supply and mainly driven by Lower Hybrid (LH) waves. Since the
available ohmic energy is limited, long pulses are only successful if the level of LH power is
sufficient to keep the total plasma current constant throughout the shot1.
Until recently, many control parameters of a TORE SUPRA plasma had to be programmed in
advance. This is a difficult task since this parameter setting has to take into account the effects
of any physical event (e.g. MHD activity, influx of impurities, increase of the plasma density...),
averaged over the duration of the discharge. Using a trial and error method can be extremely
frustrating, in particular when a long pulse is interrupted close to the end due to a lack of volt-
seconds. For multi minute discharges, envisaged for TORE SUPRA and next step devices like
ITER, it is impossible to use such a trial and error method since one cannot foresee the course of
events in advance. In this case, it is better to control the plasma in a more flexible way, i.e. using
real time reference signals from diagnostics which are monitoring physical events. Of course,
this requires a fast analysis of the raw diagnostic data.
In this paper we will describe the new plasma control system of TORE SUPRA which has been
especially designed for long pulse operation. The system controls the plasma on reference
signals, which can be modified during the discharge. For the modification, raw real time
measurements or derived plasma parameters can be used. Apart from the poloidal field
generators, the total LH power can be varied in order to control certain plasma parameters.
The control system provides an accurate, real time determination of the magnetic flux
configuration outside and at the plasma boundary. Particular attention has been given to the
magnetic measurements : a new type of integrators provides non saturated measurements of the
flux and the poloidal magnetic field at any time; the signals from the saddle loops are corrected
(in real time) for the ripple of the magnetic field and for geometrical effects.
A Taylor expansion of the magnetic measurements along 9 radial axes is used to determine the
plasma shape (major radius R the minor radii a and b), the safety factor q^ the Shafranov
parameter /3+///2 and the Shafranov shift A. The internal inductance // and the poloidal beta /3p
are obtained from the signals from two diamagnetic loops in combination with a measurement
of the variation of the current flowing in the toroidal field coils.
Some of the magnetic equilibrium parameters can be feedback controlled by either the poloidal
field generators, the total LH power or both. During long pulse operation, for example, the flux
on the plasma boundary (further referred to as the plasma flux or Wpiasma) c a n De controlled
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using the main poloidal field power generator, while the plasma current remains constant
through variation of the LH power2. In other experiments, discussed in section 5, the internal
inductance // and the safety factor on the plasma boundary <7^have been feedback controlled.
The remainder of this paper is organised as follows : First the poloidal field system is reviewed
briefly, followed by a description of the real time determination of the magnetic flux
configuration. Section 3 is concerned with the real time identification of the plasma shape and
position, the plasma diamagnetism and some global plasma equilibrium parameters. Section 4
summarises on experiments with control of the plasma flux through variation of the main
poloidal field power supply and/or control of the total plasma current by variation of the LH
power. We will also demonstrate a new long pulse operating scenario. Experiments with control
of the internal inductance or the boundary safety factor are presented in section 5. Section 6,
finally, looks forward to future experiments and possible improvements of the control system.

2. PLASMA SHAPE AND POSITION CONTROL

2.1 The Poloidal Field System & Magnetic Measurements

The poloidal field system of TORE SUPRA3 fulfils in a single set of coils the Ohmic heating and
the position control of the plasma. In this way, the total installed power and the total weight of
the conductors is minimised. The poloidal field system is constituted of 9 coils in combination
with 9 power generators which are used to control the plasma current and the configuration of
the magnetic flux (figure 1). The generator Go is used to control the plasma current (or other
plasma parameters, like, for example, the plasma flux, see section 4) while the remaining 8
generators are used to control the plasma shape and position.
The plasma control system disposes 31 magnetic measurements for the control of the plasma
shape and position, i.e. 17 measurements of the poloidal magnetic field (pick up coils, figure 2)
in combination with 13 differential measurements of the magnetic flux (saddle loops). The pick
up coils are mounted in protective tubes on the inside of the vacuum vessel, just behind the first
wall. They are situated on a circular shaped surface with a major radius RO=2A26 m, and a
minor radius po=0.92 m which is taken as the reference surface for the magnetic measurements.
The saddle loops are mounted on the cylindrical segments of the inner vacuum vessel, covering
a complete poloidal angle. One measurement of the total flux at a particular poloidal angle is
available. Here, linear combinations of the saddle-loop measurements are used to obtain the flux
y/(6). The measurements of y/(6) are made on a surface, which is slightly deformed with respect
to the reference surface (figure 2). A new type of integrators is used in to integrate the signals.
These integrators do not saturate and drift less than lmT (2 bits) per hour.
The toroidal plasma flux is measured using two diamagnetic loops, centred at the midpoint of
the toroidal field coils with diameters of 1.805 m and 1.827 m respectively. The control system is
using a signal from the inner loop, an (analogue) measurement of the difference in flux between
the two loops and a measurement of the variation of the current in the toroidal field coils to
calculate the toroidal plasma flux.
The plasma current is obtained by integration of all 17 pick up coils. The relative weighting is
proportional to the distance between the pick up coils. This arrangement is thus equal to a
Rogowski coil. Any displacement or deformation of the plasma with respect to its desired shape
and position, is measured along 9 control axes, centred at the midpoint of the reference surface.
During operations, 9 radial errors are linearly combined into 8 feedback signals for the
generators concerned with the plasma position control.
The 9 control axes are positioned symmetrical with respect to the horizontal mid plane of the
machine, and they are pointing in an experimentally determined direction. It has been observed
that a plasma, centred at the midpoint of the reference surface, moves in a particular poloidal
direction if the current in one of the shaping coils is increased, while the current in the others
remains fixed. The control axis for that particular shaping coil has been taken in the direction of
the movement of the plasma.



2.2 Corrections to the measurements of the magnetic flux

Accurate control of the plasma shape and position at TORE SUPRA requires correcting the
measurements of the magnetic flux loops4. They have to be corrected for both their toroidal
geometry and their position with respect to the reference surface of the magnetic
measurements. The corrections lead to radial distances, 8R\,, and 8R2

W which are summed to give
the Sp. In real time, the raw measurements of the magnetic flux have to be Taylor expanded
over the distances Sp in order to get the flux y/(6) at the reference surface.
One correction of the measurements of the flux results from the way in which the vacuum
vessel of TORE SUPRA is constructed, i.e. using 18 cylindrical segments. The saddle loops are
not placed on a toroidally shaped surface, but on one of these piece wise cylindrical shaped
segments. The major radius of the surface on which the actual flux loop is placed is thus
varying while moving in toroidal direction (figure 3). To determine the radial distance on which
the flux is being measured, we assume that the actual measurements are made on an imaginary
toroidally shaped surface with radius RlooP. If Ryr represents the minimum radius of the saddle
loop placed on the cylinder, the difference between both radii, SR^ , can be approximated using
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where <f> represents the toroidal angle.
From the measurements of the magnetic flux on a circular shaped surface with radius RlooP, the
flux, \jf(6), on the reference surface can be calculated (figure 2). The flux must then be
expanded over a radial distance 8R2

¥ corresponding to the radial difference between the two

surfaces. The magnitude of the two geometrical corrections, 8Rl and 8Rl is given in table I.

Flux Loop
Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Poloidal
Angle
0.0
31.4
51.1
71.1
104.2
124.9
151.9
184.9
208.3
235.1
255.8
288.9
308.9
328.6

8Ry [mm]

17
16
15
14
11
10
8
8
8
10
11
14
15
16

8R2, [mm]

5
3.3
0.3
-5.3

-10.8
-14.6
-13.7
-10.3
-13.7
-15.4
-11.8
-10
-0.5
2.2

Sp
1mm]

22
19.3
15.3
8.7
0,2
-4,6
-5,7
-2,3
-5,7
-5.4
-0.8
4,0
14.5
18,2

Table I : Geometrical corrections to the measurements of the flux loops.

Thus, during real time operation, the raw measurements of the magnetic flux must be
interpolated over a radial distance Sp (3rc* column, table I). Hereto, the radial derivative of the
flux, 5\j//8p, is obtained with a first order Fourier expansion from the magnetic field
measurements on the reference surface :



- ^ = c0 + c, cos 6 + c2 sin 6 = 2n(R0+po cos 6)Bg (2.2)
\dP)o

where c0, c,, and c2 are constants. A first order expansion is sufficient here since the radial
distances dp are typically of the order of 2 cm or less. By reconstructing the 8\f//8p at the
poloidal angles at which the flux is measured, the flux at the reference surface can be obtained
by:

^ j (2.3)

Here, we have introduced the subscript 0 to indicate any physical quantity on the reference
surface.

2.3 Isoflux Control

The shape and position of TORE SUPRA plasmas are identified and controlled through the
isoflux method5, which has the advantage of being relatively simple since no information about
the plasma inductance is required. Per definition, the plasma boundary is given by the last
closed flux surface. The differences in magnetic flux between the points on the desired and
measured plasma boundary are transformed into voltages to be delivered by the 8 poloidal field
generators.
On the circular shaped reference surface with radial distance Ro and minor radius p0, (figure 2)
the magnetic measurements are expanded in Fourier modes for the flux and its radial derivative
by writing :

i=\

(y/)o = ao + £ {a, cos(/0) + i), sin(i0)}

(2.4)

/pj + ^sin^iW)] =

The order of the development n in (2.4) has to be sufficiently high to retain all significant
information of the magnetic measurements. Of course, a fast real time calculation requires a small
number of Fourier coefficients. A development to the order n=3 was found to be an appropriate
choice.
The Fourier Coefficients a,, /?;, c,, and du are given by matrix Fc, the inverse of matrix G :

for\<i<A n = 0,1,2,3

^ j forA<i<% n = 1,2,3

withy=1...31. The 6j represent the angular coordinate of the magnetic measurements (i.e. 14
flux loops and 17 pick up coils). Matrix Fc is obtained by a least squares fit and can be
calculated once beforehand, since it depends on the geometry only.
To obtain the flux anywhere along the 9 control axes, a 3 r d order Taylor expansion is used :

The terms (dy/dp) and (d2y//dp2) are deduced from higher order radial derivatives of the Grad
Shafranov equation in vacuum :



^ T r k + s i n ^ l + ± ^
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(2.7)

In this expression, the terms — -̂ and — y are obtained by differentiating the first
\odJ \dO )

expression in (2.4) with respect to 0. A similar procedure is used for the determination of 8\ff/8p
at any point along the 9 control axes, with the order of the Taylor expansion is reduced to 2.
Expression (2.6) is used to calculate the flux at he 9 points where the control axes intersect
with the wall. The point with the largest flux is then considered as the point where the plasma
makes contact with the first wall and the flux at this point is called the plasma flux (yplasma)-
At the intersection of the control axes and the desired plasma boundary, the flux y/j (j=1..9)
and its radial derivative (Sy//8p)j are calculated. If the plasma were properly positioned, the flux
at these points would be equal to the plasma flux. The radial distance between the reference
and the actual plasma boundary, measured along each of the control axes (the Spj see section
2.5& figure 5), can now be obtained by :

5 P = A~

The 9 8pj must finally be translated into 8 voltages, to be delivered by the generators. The
feedback control of the 8pj is established by a proportional-integral controller. For simplicity,
the same matrix of gains is used for the proportional and the integral terms. Global scaling
factors P and / are used to weight the proportional and integral parts. The matrix of gains M,y
takes the perpendicular projection of Spj on the control axis i (cosines term) and a correction

for the poloidal distance between the control points (a [l + \(di - 0y)|] term). Any radial error Spj
results thus in 9 generator voltages W, given by :
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Here, Qi represents the poloidal angle of the control axis belonging to generator i and 0; the
poloidal angle of the axis on which the 8pj is observed.
If the plasma current is controlled by the Ohmic power supply, the voltage to delivered by the
main poloidal field power supply, WGo, is given by the difference between the measured and
desired plasma current: WGo = /38/p.

2.4 Ripple correction

For convenience, the desired plasma boundary corresponds always to a plasma situated
between two toroidal field coils, i.e. where limiters, RF antennas and many diagnostics are
situated. Unfortunately, the magnetic measurements are situated at the same toroidal angle as
the toroidal field coils. Thus, the radial distances py, representing the desired plasma boundary,
(figure 2) must be corrected in real time for the ripple of the magnetic field.



The ripple correction is be obtained as a function of (p,6) and independent of the current in the
toroidal field coils. For each of the nine poloidal angles 8j of the 9 control axes, the toroidal
field, fl(p;,0,) = (Bx,By,Bz), is developed in a Fourier series :

(2.10)

where N equals 18, i.e. the number of toroidal field coils, and 0 the toroidal angle. The unit
vectors (x,z) are situated in the poloidal plane, while unit vector y is pointing in the toroidal
direction. The first order ripple correction along any control axis at a radial distance p7 from the
centre of the reference surface, Sprip(pj,6i), can now be approximated as :

For each 0,, the 8prip are approximated with a third order polynomial fit as a function of Pj
(figure 4). The polynomials are used in the control programme to obtain the 8prip in real time.

2.5 Real Time Operation

The desired plasma boundary is defined by 4 parameters : the major radius R, the vertical
position Z, the elongation e (defined as the ratio between the horizontal and vertical axis of the
plasma ellipse e=bla) and the position of one or more of the movable limiters or the inner wall.
The position of the limiters cannot be changed during the shot.
Before the pulse, the machine operator selects the parameters which are to be controlled and
programs their reference curves. Usually, the plasma position (i.e. R, Z, e) and the plasma current
are selected. Other signals can be, for example, the internal inductance, the safety factor on the
plasma boundary or the plasma flux. If required, switching between various control signals
during the pulse can be achieved by means of a proper setting of gains. A demonstration of real
time switching between control signals will be given in section 4 and 5.
A complete cycle (i.e. 2048 jxsec.) of the position control system starts with transforming the
desired plasma boundary into 9 radial distances py along the control axes, using the
programmed shape parameters /?, Z and e and the position of the limiters (figure 5)

Pj sin 6, = a( y) sin y - AZ

6i = a(y)cosy-AR

Here, AR and AZ are the radial and vertical displacement of the plasma centre with respect to
the centre of the reference surface while a(y) represents the radius of the plasma at a poloidal
angle y. Next, the radii Pj are corrected for the ripple of the magnetic field, using polynomial
expressions shown in figure 4.
The desired plasma boundary, now defined by 9 radii pj, must be compared to the observed
plasma boundary. Hereto, the Fourier coefficients for the flux i/f and its radial derivative, dy//dp,
are obtained by multiplying the vector M(t), containing the 30 magnetic measurements at time t,
with the matrix Fc defined in section 2.2 :

= Fc*M(t) (2.13)



Since the Fourier expansion of y/ and dy//dp on the reference surface is of the 3 r d order, we
obtain 7 Fourier coefficients (i.e. 4 terms cos(id) and 3 terms sin(id)) for the expansion of the
flux \j/ and, similarly, 7 coefficients for the expansion of dyf/dp. Matrix A(t) has thus 14
coefficients and allows the determination of the flux y/ and its radial derivative dyf/dp at the 9
points on the reference surface and anywhere along the control axes by using expression (2.6).
Comparison of the plasma flux with the flux on the desired plasma boundary finally leads to the
9 radial differences Spj (expression 2.8) which are combined to give eight voltages Wa to be
delivered by the generators.
The next phase of the real time cycle is concerned with the determination of the global plasma
equilibrium and the control of global plasma equilibrium parameters. These issues are discussed
in sections 4 and 5. The last part of each control cycle updates the authorisation for the use of
RF power, the injection of pellets and cross checks the well functioning of the poloidal field
generators. The programme is written in the C language, and one cycle is carried out in 1,8 msec
using a 386/25Mhz micro processor

2.6 First Experimental Results

Since June 1995, the TORE SUPRA device has been operating with the new plasma control
system. During the initial restart of the machine, small sized plasmas (i.e. < 0.75m) with low
plasma current (i.e. < 700 kA) were used to optimise the gain matrices (2.9) and to fix the
weighting factors P and / of the position control. It was found that, with proportional feedback
control only, the radial errors 8p are typically of the order of 1-1.5 %, which is accurate enough
to carry out many physical programmes. If required, the radial errors can be reduced to 5 mm or
less by using proportional-integral control.
Shot 16921 (figure 6) shows a pulse in which the step response of system is studied, using only
proportional position control (i.e. /=0). At various instants during the shot, the major radius R, is
required to change at varying rates, i.e. 5 cm in 0.35 seconds, 0.15 seconds and 0.05 seconds
respectively. After the first variation of R, the plasma oscillates slightly for about 25 msec,
which is visible on the signals of the dp (figure 6 shows the dp at 76° and 180°) and on the
global shape parameters Z and e. The second and the third step in R make the plasma oscillate
longer (about 40-50 msec.) with a larger amplitude. Still there is a close agreement between the
calculated and the programmed major radius, and the transient oscillations do not destabilise the
plasma in any way. Throughout the shot, the plasma current is close to the desired value with
less than 5% error. The variations of the major radius cause small perturbations on the plasma
current, which are due to a variation of L, the plasma self inductance.
From 4.5 to 7.5 seconds, during the flat top of the current, proportional-integral plasma position
control is used. In this interval, the radial errors 5p are reduced to a few mm, and the error in the
shape parameters R, Z and e are negligible.

3. REAL TIME DETERMINATION OF EQUILIBRIUM PARAMETERS

During a pulse of one minute, the amount of engineering and plasma diagnostic data of TORE
SUPRA can easily exceed 10 Mbyte. If the raw data is stored during the discharge by a real
time computer and only handled afterwards, a considerable amount of time (> 10 min) is
required before the next pulse can start. (First the data is read from the disc used for real time
storage, then relevant physical quantities are calculated from the raw diagnostic data and the
results are made available to the physicists. The physicists have to analyse the shot on a
workstation and change the parameter setting for the next pulse). Moreover, the physical
parameters cannot be visualised in real time or used as feedback signals for the control of the
plasma. So, for long pulses it is better to analyse the engineering and diagnostic data in real
time.
Since the interpretation of most raw diagnostic data requires information on the plasma shape
and position, it is important to provide an accurate and reliable real time data treatment of the
magnetic measurements. Given a certain limited amount of computing capacity, a tradeoff has to



be made between the speed and the precision of the data treatment. We will describe how such
a compromise has been found in the case of TORE SUPRA.
Where possible, the real time calculation is benchmarked by analysing the same magnetic
measurements with the full equilibrium code IDENT-D6 which solves the Grad Shafranov
equation on a grid with a varying size. The real time identification of the plasma boundary is
assumed to be valid when reasonable agreement with the IDENT-D results is obtained. A
comparison with independent diagnostic measurements from the CCD cameras or the Langmuir
probes does not provide a decisive answer, since the estimated accuracy of the plasma
boundary determination with these methods is > 2cm.

3.1 Plasma boundary and safety factor

As mentioned earlier, we are interested in the major radius /?, the vertical position Z and the two
principal axis (a and b) of the elliptical plasma at a toroidal position between two toroidal field
coils, i.e. were the RF antennas, the limiters and most diagnostics are situated. The desired
plasma position at this point is defined by nine radii p (see expressions 2.10). The difference
between the desired and the calculated plasma boundary, given by the radial corrections 8p, is
determined at the same toroidal angle as the toroidal field coils (expression 2.8). If we assume
that the ripple corrections are independent of the toroidal position, we can obtain the radii p,
which define the plasma boundary.
Unfortunately, the radii p are centred at the midpoint of the reference surface for the magnetic
measurements, which in general do not coincide with the centre of the plasma (figure 5).
Expression 2.10 relates the control parameters R, Z, a, b to the radii p with straightforward
trigonometric formulas, but the inverse mapping (p to R,Z, etc.) is more difficult to perform in
real time. To solve this multidimensional non linear inverse problem, the control system makes
use of a small Multi Layer Perception Neural Network7. The network calculates the R, Z, a and
b of an ellipse from the 9 radial distances p.
The plasma boundary obtained in real time has been compared to the equilibrium reconstruction
with the Grad Shafranov solver IDENT D (figure 7). For large plasmas with a minor radius of
75-80 cm, both methods are in excellent agreement with radial differences on the 9 control axes
of 1 cm or less. For small plasmas (i.e. a< 0.75 cm), a slight difference of 1.5-2 cm can be
observed in some poloidal directions. This is probably caused by the decreasing accuracy of a
Taylor expansion over a long distance.
The safety factor on the plasma boundary can be determined in real time from the derivative
d\\f/dp at the 9 control points since the quantity d\f//dp is directly related to the local poloidal
magnetic field. The definition of the safety factor is written as :

= BTp A@ = BeR (3.1)

By substituting Be by dy//dp using expression 2.4, and approximating the integral by a
summation, we obtain :

(3.2)

HereflT(,is the toroidal magnetic field at the midpoint of the reference surface and A6i the
difference in poloidal angle between two consecutive control axes. The real time calculation of
the safety factor on the plasma boundary is so reduced to a summation of the local pitch of the
field lines at the control points.
It is remarked here that control of the local pitch of the magnetic field lines by variation of the
plasma current, can be of interest when the resonance of magnetic perturbations induced by the
ergodic divertor have to be controlled8.



The real time calculation of qy/ for shot 16921 has been compared with the results obtained
with the equilibrium code IDENT-D (figure 7). Although the difference in the observed plasma
boundary results in a small difference in qy after 5 seconds, reasonable good agreement
throughout the pulse is obtained.

3.2 Determination of p+U/2, /, and

The Shafranov parameter /J+/,/2 can be obtained from the integrals, 57 and S29 which are
calculated on the reference surface of the magnetic measurements. Following the derivation
in10 we write :

K

2B9Bpsm of-fltd (3.3)

B

2KR dd e 2nR dp

(3.4)

For the real time calculation of SI and S2, we use the coefficients of the Fourier expansion of
the flux v^and its radial derivative dy//dp which are already calculated in real time (expression
2.13). The integral expressions for 57 and 52 are then approximated by a double summation :

i ; V i j (3.5)

Here, matrix AAT has size 14x14 and the summations are carried out over the rows and columns
of the matrix product. Matrices Ml and M2 contain only constant terms and can be calculated
once beforehand. From the Shafranov Moments 57 and 52, a first estimation of the plasma
parameter P+lx/2 is obtained10:

/* + ! + I - f + 52 (3-7)

Here, the inductance lx of the plasma is the sum of the internal inductance /, and the external
inductance la. The approximated value of P+(li+la)/2 serves only to calculate the Shafranov
shift9 and the correction factor 810 :

2K

R

A more precise value of j3+f/,+/a/)/2 can now be obtained from the expression



( 3-9 )

The external inductance la is approximated as a function of P+(li+la)/2 and the poloidal shape
of the plasma column11.
At this stage, it is interesting to compare the real time calculation of the quantity S1+S2I2-IJ2
on the reference surface of the measurements to the quantity S1+S2/2 on the plasma boundary
obtained with the IDENT-D equilibrium code (figure 7). Both methods agree very well, even
though the external inductance la is strongly influenced by the plasma position.
The total toroidal plasma flux, measured by the two concentric diamagnetic loops, is used to
separate the magnetic energy (i.e. p) from the kinetic energy (i.e. / / j . The integrated signal from
a diamagnetic loop is written as12 :

Here, the variations of the current in the toroidal field coils, 0/,or, and of the eddy currents
circulating in the vessel wall, <j>e<tdy are taken into account. The contribution of the eddy currents
for a particular loop can be determined by measuring the difference between the two
consecutive diamagnetic loops, the variations of the current in the toroidal field coils and by
assuming that the contribution of the plasma to the toroidal flux is the same for both
diamagnetic loops. The variation of the toroidal plasma flux due to the plasma at one particular
instant, &<f>ptasma» can then be written as :

^M (3.11)

where Pi and P2 a r e constants, A0;<wp] the variation of the toroidal flux measured with one
diamagnetic loop, A ^ ^ the difference in toroidal flux between the two consecutive
diamagnetic loops and AIloraidal the variation of the current in the toroidal field coils. The
constants Pi and P2 are determined with a least square fit on a large number of data after the
discharge, i.e. when the k<pplasma is

 z e r o-
Once the toroidal plasma flux is known, the diamagnetic parameter fi can be obtained by :

(3.12)

With the use of the moments 57 and S2 the poloidal beta Pp can be obtained by using :

S28 (3.13)

The internal inductance /, follows from the parameter j3+/j/2, assuming an isotrope distribution
of the magnetic energy.

4. LONG PULSE OPERATION WITH CONTROLLED LH CURRENT DRIVE

Former attempts at long pulse operation have been using a very crude scenario in which the
plasma current is controlled by the poloidal field power supply and the level of Lower Hybrid
(LH) power is fixed before the discharge. If the selected level of LH power is correct, the loop
voltage will be low enough to sustain the pulse. When the level of LH power is insufficient, the
poloidal field power supplies have to make up for the difference between the LH driven and
the desired plasma current and the available flux swing is exceeded before the end of the



discharge. This results in a so called "soft stop" of the plasma which avoids opening of the
circuit breakers.
For long pulses, it is extremely difficult to estimate the right level of LH power since it has to
account for any MHD activity, influx of impurities, an uncontrolled increase of the plasma
density or an increase of the reflected LH power. Once a certain level is selected, it is often
better to adapt the plasma shape and position to avoid heating up of the LH grills or non
cooled components in the vicinity of the plasma boundary. Usually, numerous long pulse
attempts have to be made, each time modifying the level of LH power and adapting the plasma
shape and position.
The new plasma control system provides two more sophisticated operating scenarios for the
production of long discharges : feedback control of the plasma flux using a constant pulse of
LH power and feedback control of the plasma flux in combination with control of the plasma
current through variation of the LH power. In the next paragraphs, recent results obtained with
these new operating scenarios will be discussed.

4.1 Control of the plasma flux

In this scenario, the variation of the plasma flux is fixed before the discharge. A proportional
feedback algorithm controls the difference between calculated and programmed plasma flux,
Syfpiasma, by adapting the voltage on the main poloidal field power supply. Off course, now the
plasma current can take on any value. The feedback loop of the plasma flux is enabled by a
proper setting of proportional gains. The voltage demanded from the main poloidal field
generator is given by :

(4.1)

Feedback control of the plasma flux is started by simultaneously zeroing gain a and making
gain ft different from zero, like demonstrated in figure 8. From 5-10 seconds, the flux is constant
as required, and resistive decay of the plasma current is observed. After 10 seconds, the control
is restored to the plasma current, and a large flux variation is needed to bring the current back
to the programmed value of 1 MA.
Shot 15965 (figure 9) is using the same feedback control between 5 and 20 seconds, but now
the plasma current is mainly driven by a constant pulse of 3 MW of LH Current Drive (LHCD).
The plasma flux variation is programmed to be 300 mWb/sec. which is obtained with about
-100 V on the main poloidal field power supply.
Since the level of LH power is constant, the non inductive part of the total plasma current is
uncontrolled, which results in a slow increase of the plasma current. The current attains a
maximum value of 1.27 MA at 20 seconds. In the absence of any additional power, after 21
seconds, the plasma current falls rapidly and the discharge is terminated soon afterwards.
This scenario, with no control over the total plasma current, is unfavourable with respect to the
plasma performance. A variation of the LH power can be used to control the plasma current for
plasmas with a fixed amount of ohmic power, provided that a of LH power is available to deal
with temporarily decrease of the current drive efficiency.

4.2 Long Pulse Operation Scenario

Long pulse operation of TORE SUPRA has been successfully achieved by simultaneous
controlling the variation of the plasma flux with the main poloidal field power generator and
the total plasma current with a variation of the LH power :



Shot 17970 (figure 10) is using the long pulse operation scenario from 4 seconds on : gain a is
zeroed while gain /J is set to a finite value in order to start the control of the plasma flux. In this
example, the plasma flux is programmed to decrease with 260 mWb/sec. By making gain y
different from zero, the LH power is controlled in order to take the plasma current to its
reference value (dotted line, top figure). After an initial phase in which the plasma is decreasing,
the power settles down rapidly at a level of 2.5 MW. The current does not follow its reference
exactly, which is explained by the fact that a proportional feedback control always gives a
finite control error. Variations of the plasma current are required at several instants during the
shot and the LH power is varying accordingly. At 16 and 25 seconds, the plasma current is
increased using the maximum allowed power of 3.2 MW for a short period of time.

5. CONTROL OF GLOBAL EQUILIBRIUM PARAMETERS

Normally, the engineer in charge has to execute a defined physical programme, aimed at
exploring new operating regimes or at optimising some physical quantities.
In practice, the engineer in charge translates the physical programme into a setting of the
discharge control parameters. If the required plasma properties are not obtained, he has to adapt
the parameter setting and simply try again. Since a disruption can be rather devastating, it is the
aim to manoeuvre in more or less safe region of parameter space. Unfortunately, it is rare that
the physical programme can be carried out in a safe operating region. The task of the operating
engineer can be greatly simplified if feedback algorithms are used to execute the physical
programme.
The new plasma control system of TORE SUPRA has such feedback control loops implemented
and they can be enabled at any time by simple programming the appropriate wave forms for the
proportional gains. At this point, only a few real time diagnostic measurements are treated
during the shot. The control system disposes only information on the global plasma equilibrium
derived from the magnetic and the diamagnetic measurements. In the near future, more
diagnostics are scheduled to provide real time treatment of their measurements which will then
be made available to the control system.
In the following paragraphs, we will demonstrate control of the safety factor (qy) on the plasma
boundary and control of the internal inductance (//) of the plasma. These feedback control
loops are of particular interest during the current ramp up an ramp down phase of the pulse,
where an unfavourable trajectory in the H-qy stability diagram can trigger density limit
disruptions or destabilise the kink and double tearing modes.

5.1 Control of qy

A variation of the safety factor on the plasma boundary, qy/, can be achieved by varying the
plasma current or the plasma size. So, two proportional feedback loops have been implemented
: one to vary the voltage demanded from the main poloidal field generator WGo, and one to vary
the required major radius R :

(5.1)

* KS 9 (5.2)

Here, 5q¥ represents the difference between the calculated and the desired value of qy/. In
order to control of qy/ with a variation of the plasma current (5.1), the reference curve for the
safety factor is programmed, while, simultaneously, gain a and (5 are zeroed while gain r\ is set
to a finite value.
Figure 11 shows a discharge, in which qy/ is being controlled by a variation of the plasma
current between 5 and 8 seconds. Until 6 seconds, the desired safety factor is set to qy/=6.5.



When <7^is required to increase step wisely between 6 and 7.5 seconds, this is achieved by
decreasing the plasma current.
Control of qy/can also be obtained with a variation of the plasma size (5.2). In this scenario, the
plasma current remains controlled by the main poloidal field power supply, whereas a plasma
reduction is obtained through a variation of the major radius R. In TORE SUPRA a variation of
the minor radius a of the plasma is obtained by either increasing or decreasing the major radius
R. Depending on the point where the plasma makes contact with the first wall, the control
system will choose an increase or a decrease of R for the control of qy. It is remarked here that,
since qyr is proportional to the ratio a/R, an increase of R will vary qyr faster than a decrease of
R. Increasing R is thus a more efficient scenario for the control qy.
The reference curve for the major radius, programmed before the pulse, R%, is adapted in real
time according to equation 5.2. Shot 17256 (figure 12) shows a discharge in which control of
qy/ has been applied as early as possible during the current ramp up phase. A safety factor of
4.7 at low values of the plasma current, is obtained with a very small plasma with major radius
of R=2.06 m and a minor radius a=48 cm. A variation of the plasma current during the current
flat top results in a second variation of the plasma size during which the qy remains constant.
The feedback control of qy/ is maintained until the end of the shot and the plasma starts to
oscillates slightly, when the minor radius is less then 50 cm. This illustrates that small plasmas
with a low current are hard to control, since the signal to noise ratio of the magnetic
measurements is small and the plasma is far from the reference surface of the measurements.

5.2 Control of the internal inductance

A currently used technique to transiently change the internal inductance // of a plasma consists
of continuously ramping the plasma current up or down. This technique is used, for example, to
change the shape of the current profile during a pulse, in order to reach improved confinement
regimes. The role of the internal inductance in stabilising MHD modes during the plasma start
up phase has already been mentioned in section 5.
The feedback control loop for the internal inductance, implemented in the control system,
adapts the voltage on the main poloidal field power generator according to the difference (5^)
between the measured value and the desired value of // . The complete expression for the
voltage on the main poloidal field power supply, WGo now becomes :

Ko = OL81P +P8¥plasna + nSq9 + jifl, (5.3)

Of course, when feedback control of // is used, the gains a, (3 and 77 have to be zeroed. The
feedback control loop is put into action by programming appropriate reference curve for the
desired internal inductance and making gain fj. different from zero. Figure 13 shows experiments
in which three different values of // are obtained with different current ramp rates. In the case of
//-1.4, the feedback control is continued until the end of the discharge. Two other values of //
are obtained with feedback control from 4 to 7.2 seconds.

6. FUTURE PROSPECTS

The new plasma control system of TORE SUPRA provides a flexible, reliable and accurate
control of the plasma shape and position under a wide variety of physical conditions. A precise
determination of the flux geometry outside and on the plasma boundary permits a real time
analysis of the global plasma equilibrium, in agreement with the results from the full equilibrium
code IDENT-D.
Operation of TORE SUPRA has been facilitated by a number of feedback control algorithms for
special purposes, which can be rapidly put into action. Of particular interest is the new long
pulse operation in which the plasma flux is controlled by the Ohmic power supply while the
plasma current is controlled by the LH power.



A higher speed processing unit will soon be implemented in the control system. With this
processor, the real time determination of the global plasma equilibrium will then be made more
precise by calculating the flux on a larger number of points on the plasma boundary.
At this point, experiments at TORE SUPRA are aimed at the control of the plasma current
profile during long pulse steady state operation. In these experiments the current is fully driven
by the LH waves, while the internal inductance is feedback controlled by the total LH power.
At the same time, the parallel index of the LH waves is programmed in accordance with the
required /,.
In the near future, local information on the current profile, like the central value of the safety
factor qo, will become available in real time. The current profile during steady state operation
will then be feedback controlled by both the parallel index of the LH waves and the total LH
power.
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Figures Included :

Figure 1 : Poloidal cross section of the TORE SUPRA tokamak, showing the 9 radial control
axes pointing in the direction of the poloidal field coils. The inner wall and the three
displaceable limiter are also visible. A simplified diagram of the DC circuit (lower figure) shows
the 9 quadrant thyristor make switches and the series resistance R2 for the fast rise of the
plasma current.

Figure 2 : Poloidal cross section of TORE SUPRA showing the plasma the positions of the flux
loops (dots) and pick up coils (small rectangles). Note that the flux loops and the pick up coils
are not situated on the same surface. The centre of the reference surface for the magnetic
measurements is indicated as (Ro,o) from which radial distance to the plasma boundary is
measured along nine, symmetrically positioned, control axes.

Figure 3 : The measurements of magnetic flux have to be corrected for two different reasons :
the construction of the TORE SUPRA vacuum vessel with 18 piecewise cylindrical segments
(top figure) leads to a correction of 8Rl

v while their geometrical position leads to the correction

8R2
¥ .(bottom figure)

Figure 4 : Ripple correction for the radial axes p , defining the plasma boundary at 9 different
poloidal angles. The ripple correction 8p(p,d) is approximated in real time, using third order
polynomial fits, indicated in the figure.

Figure 5 : Plasma position control at TORE SUPRA : radial errors between the reference plasma
boundary (dotted circle) and the calculated plasma boundary (solid circle) are noted as 8p. Note
that the centre of the plasma (R,Z) does not coincide with the centre of the reference surface
(/?o,o) of the magnetic measurements. The trigonometric relationship between the p and the
principal axes of the plasma ellipse, a and b, is explained in the lower figure.

Figure 6 : Comparison between the calculated plasma position and the reference curves
programmed by the plasma operator (dotted lines) for an Ohmic shot. Application of
proportional/integral plasma position control (4.5 to 7.5 sec.) leads to a significant reduction in
the radial errors op.

Figure 7 : Comparison between some global plasma equilibrium parameters obtained with
IDENT D (dots) and the real time calculation of the plasma control system.

Figure 8 : Feedback control of the plasma flux. From 5-10 sec. the plasma current is resistively
decaying at constant plasma flux.

Figure 9 : Control of the plasma flux with LH current drive. The plasma current is uncontrolled
from 5 seconds onwards

Figure 10 : The new long pulse operation scenario of TORE SUPRA with simultaneous control
of the plasma flux and the plasma current. The LH power controls the total plasma current while
the plasma flux is controlled by the main poloidal field generator. The maximum available LH
power is always fixed in advance, in this case to 3.2 MW (dotted line, second plot).

Figure 11 : Control of the safety factor on the plasma boundary through variation of the
plasma current.



Figure 12 : Control of the safety factor on the plasma boundary using a variation of the major
radius of the plasma.

Figure 13 : Control of the internal inductance // in Ohmic discharges using the main poloidal
field power generator. In the case of /j=1.4, the feedback control is continued throughout the
pulse, and a new ohmic equilibrium has been found.



N)

C

-

o
3"

o
ho

O
3"

o
IT

o
1—'

-UP]
wsxuur—

>
tr

tri

-o^B8B5K>—



Pick Up coil Flux Loop

/

Reference surface for
the magnetic measurements

Plasma Boundary

Outboard Limiter

Inner Wall

Vertical Limiter

Figure -2-



Toroidal field coil Reference Surface Magnetic
Measurements

Imaginairy
Toroidal surface

Vaccuum Vessel

\

Figure -3-



S
Q.

CO

G
o

•H

u

1-1

ou
Si

0,08

0,07

0,06

0,05

0,04

0,03

0,02

0,01

0

-

1 ' 
' 

1
 
' 

' 
' 

' 
1
 
' 

' 
' 

' 
1
 
' 

' 
' 

' 
1
 

'

i
,

,
, • i

,
,

,
, i

,
,

, 
r

' ' " " ' " " ' "
—^18.3°
—e— 48.3°
—•— 76.6°
—*— 126.9°
—i—180°

g j 1 n i n i 1 i ^ i i 1 i A

i 
| 

i 
. 

i 
. 

| 
i 

i 
, 

, 
| 

i 
, 

i 
, 

| 
. 

, 
i

^^JZ' JV A -

0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

Radial distance p [m]

Figure -4-



Plasma Boundary

Desired plasma Boundary

dp

psind=a (y)siny -AZ
pcos9=a(y)cosy-AR

(K o)

Figure 5



Gain [A.U.] Radial Errors 8p (cm) Elongation Major Radius (M) Plasma current (MA)

p O O O
O K) V CTi 00

6
en 0 en

i
0 H H
en O in

O O O
* ^ " ^ OO NJ

I I I I I I I I I I I I I I I I I I "TTT n—i—I—i—ri i l I i i i I i i i I l l i

CO

0 0
00 V

0 0
£ 00

Vertical Position (cm)



16921 @ 6 sec 16921 @ 10 sec

-1
1,6 2 2,4 2,8 3,2 1,6 2 2,4 2,8 3,2

Major Radius R [m] Major Radius R [m]

16921

u
o
u

(N

00

iH
CO

J--H 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 h-H 1 1-

o

1,5

1

0,5

j

PP

o H,
o 5 10

Time [sec]

0,3

0,25

0,2

0,15

0,1

0,05

0
15

Figure -7-

•co



Plasma Flux (Wb) Gain [A.U.] Plasma current (MA)

p O O O O

-̂  -

CTQ

c

oo

0 0 -

CM

n

1 < . 1 < < , 1

-

/

•

/

/

I
1 1̂  1 1 1 1

. 1 . 1 1 1 1 1 .

/ -

/ •

-

-

-

-

-

1 1 1 1 1 1 1 1

.' AM ''.

-

3

/ n ~
LA. ® .
r i

-

i i i i 1 i i i i

1

G
ai

3

R

0
•

"0

I ' l l i i i i I i

_•••••• H t f B l M ' ' ' 1 ' ' ' 1 1 1

-

: /

'

•: J

-

-

L 1 < 1 1 1 1 1 1 1 1 .1 1 1 1 1 1 1 1 1 1

o
oo



15965

a
0)

09

u
V

o
a,

X>

u
o

00

"3

o
c
o
o

Gain a : WGQ - 5Ip

10 15
Time (sec)

20 25
Figure -9-



Plasma Flux (Wb) Gain [A.U.] Plasma current (MA)

OQ

o
I

B

CD
n

o o o

I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I i I i i 1 I i I i I i i i M i i i i I i i i i I i i ^ I I i i i I i i i i I i I i - 1

K) UJ

LH Power (MW)



a;

3

1

a
'rt

o

u
o

>>
0)

on

a
o

CO

1,2

1

0,8

0,6

0,4

0,2
1

0,8

0,6

0,4

0,2

14

12

10

8

6

4

. • j T i— T 1 . I | i r-

H 1 1 1 1 1 1 1 1 1 h H 1 1 h

0

Gain a : WGO - 5 lp

Gain TI : W^ft - 8q
1 GO nGO

H 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 \-r\ \ 1 H

4 6 8
Time (sec)

Figure -11-

10 12 14



a
u
3
u

•^4

•a
a:

o

2

C/3

1,4
1,2

1
0,8
0,6
0,4
0,2

2,35
2,3

2,25
2,2

2,15
2,1

2,05
8

7,5
7

6,5
6

5,5
5

4,5
4

Gain X : 5R
ref

H 1 1 1 1 1 1 1 1 1 1 1 1 1 (-

0

f

1 1 1-

I , . . I , . , I , , , I , , . I . i . I .

6 8 10 12
Time [sec]

14

ts)
ao
v*
O

Pu,

01

1,6 2 2,4 2,8 3,2 1,6 2 2,4 2,8 3,2

Major Radius R [m] Major Radius R [m]
Figure -12-



[M
A

)

c

rr
e

3
u

i
EC

0,9
0,8

0,7

0,6

0,5

0,4

0,3

0,2

I I 1 I

0,1
Start Feedback
control : W - 5li 1

i i i i i i i i i i
0 -
1 i I i i i -

0

1,8 r

8 10 12 14

Time [sec]

i . . - • - • -

11=1.6
Start Feedback

->* control : W - 8li
Go

I 1 I I 1 1 1 1 I 1 I I I 1 I 1 I I I

8

Time [sec]

10 12 14

Figure -13-


