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Abstract coils and toroidal flux loops. From these measurgme
In large size tokamaks, plasma performances in tgrm the plasma boundary can be reconstructed, assuaning
internal temperature, radiated power, stored kineti- axisymmetric geometry and no current flowing betwee
ergy are growing year after year. A precise conbfalhe the plasma bOUndary and the sensors. In preseBttday
plasma position is a key issue in order to avoichaiges kamaks the shape of the plasma boundary is rowtinel
on the first wall of the device. Such a controkssential identifiable in real-time in less than a few miieonds.
when high-power long-duration plasmas have to ke pe Such a procedure provides precise information for
formed as on the Tore Supra tokamak. The currerieda Plasma boundary but only poor information inside th
by the plasma can be localized using magnetic measuPlasma itself. It can be improved by solving the GEad-
ments (pick-up coils) outside the plasma. The ptasnShafranov equation (GS) which describes the axisgtnm
boundary can thus be identified and controlled eal r fi¢ plasma equilibrium and thus identifies the rioear
time in less than a few milliseconds. distribution of plasma current. The GS equatiorcdbes
In order to get information on the current disttibn  the balance between Lorentz force j x B and theef&fp
inside the plasma, more sophisticated calculatiostrne due to kinetic pressure, together with the quadicsform
performed. The 2D Grad-Shafranov equation desagibirof the Maxwell equation (Ampere’s theorem and conse
the force balance between kinetic pressure andntore vation of magnetic induction). The GS equation sead
force in an axisymmetric toroidal geometry must be ]
solved. Such a solver has been successfully impitede
in C++ and installed on Tore Supra device. It istfa\ypere
enough to enable a real time equilibrium reconsimnc ’ a 1 o a 1 8.
Because magnetic measurements are no longer suffi- A, = Prnrar ey raat (2)
. " . . . i or Or Z [T 0z
cient to constrain the solution when detailed infation . _ . _
on current distribution inside the plasma are meorga y(r, 2) is the po_|0|da| magnetic flux funcnom and_z are
other measurements must be introduced as exteonal cthe two remamlng_(_:yllndncal coordinates, W'S Fhe
straints in the solver. A few examples of such raplé- magnetic permeability of t_he vacuum. _The right hart
mentation will be discussed. of (1) represents the toroidal compongndf the plasma
current density which is governed pYyf andf’ functions.
INTRODUCTION Solving (1) with given boundary conditions from mag
! ) , netic measurements is a free boundary problem ichwh
In the field of fusion plasma studies, the Toref8Up-  he plasma boundary is free to evolve. This isllaposed

kamak explores the way of high-power long-durationpjem which needs a dedicated algorithm to beesol
plasma discharges. When operating such dischatiges, P wh ! gori

first wall, located ins_ide the vacuum vessel imfrof the ITERATIVE ALGORITHM

plasma, must sustain the huge heat flux (10 MW/ra2) . . . .

leased by the high temperature plasma followinghbot The goal of a real-time equnlbrl_um code is to itin

convection and radiation processes. Dedicated hast the plasma_bounda_ry ftogether with the qu>§ surfgee

flux components have been manufactured and are cqmetry ogt3|de a}nd inside the plasma, and finaleydur-

rently used. Nevertheless some of these comporats rent density profile. ) )

not designed to sustain a direct contact with taerpa. Let Q be the domain representing the vacuum vessel of
Real-time identification and control of the plasmdhe Tokamak, andQ its boundary. In Tore Supra the

boundary and position are thus mandatory to safpéy- plasma boundary is determmed by _the contact witma

ate the device. The control takes advantage otdinesnt iter D. Thus the boundary is associated to the dasted

carried by the plasma. The magnetic field inducgdhis magnetic flux surface. The regiof), containing the

current can be measured outside the plasma byypick-Plasma is defined as

Qp, = {xeQ, P(x) >y}

> 1
— A% =rp () + —(F ) () (1)
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. 1oy _ . . . . SDRAM. The real time interface is built using the
tion == =9, using pick-up coils. TheQ domain  ohenGL library [3]. The package is standalone and n

boundary is chosen to be closed to the sensolizatiah. external library is needed.

To solve equation (1) with these boundary condgjon

S e : - g . Plasma
the main difficulty consists in identifying the fotionsp’ Controller | e
andff’ in the non linear source term of (1). An iterative . S B el
strategy involving a finite element method to sothe it votage || ool e .y, e

(Magnetic sensors) Controller

direct problem (1) and a least square optimisagite- q

dure to identify the non linearity using reducedibahas q
been implemented. T
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- Starting guessingy( 2, p’, ff)° from the previous
time step.

- Optimization step: computation of'(y")"" and Figure 1: RTC network implemented on Tore Supra.
ff ("™ functions using a least square procedure and

including Neumann boundary conditions as exterpakc ~1he time stamp of samples and the synchronisation
straints. The cost function takes into accountateuracy With the central timing system of Tore Supra plasma-

of each measurement. Theandff’ functions are decom- trol system are ensured by a National Instrumer@s P
posed on a basis (cubic splines, polynomials,...)cvhi 6601 card associated to a National Instruments B386

reduces the problem to finding a few free paransetef@rd: Finally a SYSTRAN Corp. PCI 150+ card connects
(typically 5 to 10) the node to the real time central (RTC) network tase
a shared memory ring (SCRAMNet® at 150MHz) [4].
The RTC network is sketched in fig.1. Each node of
the network can access the data provided by ther oth
nodes. This arrangement enables us to include nrgor
- Check for convergence. tion from any diagnostic as external constraintsttia
As a consequence of the ill-posedness of the ilati equilibrium solver.
tion of p’ andff’, a Tikhonov regularization term must be The actual implementation on Tore Supra is rouinel

n+l

- Direct problem step: solve (1) to compui&™ and
Q" using thep’™* andff’ ™* functions previously calcu-
lated and Dirichlet boundary conditions.

added to the cost function. used since 2004. It uses the magnetic measuremeiyts
Further technical details on the solver implemeotat The triangle mesh is made of 412 nodes (60 nodes on
and its numerical resolution can be found in [2]. boundary). A set of 114 magnetic measurementsés us

In order to meet the real-time requirements (thecax as inputs in the solver. The fig.2 is a snapshdhefreal
tion time for one sample must be faster than 100 the time display.
Equinox code [1] has been designed and implemented
C++. The code relies on tokamak specific softwam@ pr
viding flux values on the first wall of the vacuuwrmassel.
By means of least-square minimization of the dédfere
between magnetic measurements and the simulatesd o
the code identifies the source term of the nonalin@S
equation (1). The finite element solver uses tri@sg
mesh, the calculation being limited to the vacuuraro-
ber. Recently the code has been upgraded to impgheve
treatment of the external constraints in the optation
phase of the algorithm [2].

The code has been used off-line to test the coevnery
either using Tore Supra or JET geometry. The algari
is found to be very effective and to converge afteout

1.05s TOTAL 61.13 FPS

10 Steps [2] Equinox-M 64 CYCL  16.36ms /CYCI
REAL TIME IMPLEMENTATION
For real time application the solver is implementada Figure 2: snapshot of Equinox real time display

PC under Windows XP OS, using Visual C++ compiler. . . .

The CPU is a Pentium4 at 2.8Ghz (without Hyper Ttirea . The picture shows a poloidal section of the plashi
ing) mounted on a socket 478 asustek PAG8X mothtifst wall is drawn using yellow colour. Isoflux stwurs
card, with ATI 9700 pro AGP graphic card and 2x81@ ar€ displayed in red to violet, following the fluglative



value. Central dot indicates the magnetic axis @& th Figure 3 is an example of the numerical equilibriten

plasma. The arrow on the bottom of the picture shthe
contact localization and green line draws the Simedv
shift of isoflux surface which is related to thendiic
pressure and internal inductance (ie current @p6fF the
plasma. On the right hand side the current preafild the
safety factor profile calculated in the equatorialid)
plane are displayed.

Solver outputs are the isoflux contour lines, tbeal-
ization of magnetic axis, several global plasmaapues-

ters (kinetic energy, internal inductance, Shafrano il

shift...) and many profiles: plasma current - saffaigtor

construction performed off-line, where these measur
ments have been included as constraints. The ydihas
represent the localization of the chof@ls

Of course the CPU time needed for the convergence is

larger (roughly 80ms) but remains acceptable fat tiene
application. Faster computer can also be used.

0961525

la = 2092438
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- pressure p’, f andf’ functions. These results are both |l

sent to the Tore Supra database and written irbtifier
of the shared memory to be used by actuators oRil@
system.

After a convergence phase of about ten loops at t

plasma breakdown, the algorithm is forced to penfone
iteration/sample only for reducing computation tirfide
accuracy is still preserved because the problequési-
static and only minor variations of measuremenésrar
corded from sample to sample. With this restrictioms
are necessary to find the equilibrium solution &hs
are spent to the display in a 1024*768 size winddis.
found that the plasma boundary is recovered wighfaw
millimetres accuracy when compared to the initlaspa
control system which solves (1) without the riglatnd
side term.

USE OF EXTERNAL CONSTRAINTS

Figure 3: Off-line Equinox analysis including matoge
Infra-Red interferometry and polarimetry measurement

FUTURE WORK

The Equinox solver including magnetic, interferomet
and polarimetry constraints has already been exelys
used for the off-line analysis of JET tokamak plasiiis-

External magnetic measurements are no longer suffinarges [5]. Its implementation in the Tore Supeal r

cient to constrain the solution when detailed infation
on current distribution inside the plasma are m&nga

time environment is scheduled next year.
This implementation will enable us to actively amht

Other measurements must be introduced as exteonal Cthe plasma current profile using a feedback onaitei-

straints in the solver: several diagnostics cawvigeouse-
ful information on local magnetic field inside thlasma:

tional heating systems. Such a control is stromginda-
tory to sustain advanced plasma confinement regiFas

- polarimetric measurementshis measurement gives example it has been found that an internal trarispenr-

the value of the integral along a family of cho@s

ne(y) is the electronic density which is approximately
.o L
constant on each flux Ima is the normal derivative of

w along the chord;.
- interferometric measurementey give the values of
the integrals

/ nedl = [3;.
C.

i

The optimization step is thus modified to inclutiede
constraints in the cost function to be minimizedeig¥t-
ing factors are added to take into account the rixea-
tal accuracy of the measurementnfdependent term is
also included into the Tikhonov regularization tetm
guaranty smooth variations of electronic density.

rier can improve the confinement. Such a barrier loa
generated and sustained by acting on the currefitgr

These new controls are an active field of researt¢he
controlled fusion plasma community.
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