OPTIMIZATION APPROACH TO THE SYNTHESIS
OF PLASMA STABILIZATION SYSTEM IN TOKAMAK ITER

D.A. Ovsyannikov, S.V. Zavadskiy
Saint Petersburg State University, Saint Petersburg, Russia
E-mail: d.a.ovsyannikov@spbu.ru; s.zavadsky@spbu.ru

Synthesis of the controller of ITER plasma stabilization system is considered. Stabilization system is based on
tokamak diagnostic measurements, defines the voltages in tokamak coils and has the filtering properties. Known
methods of synthesis of plasma regulators are advanced by the presented optimization approach. It makes possible
to meet the requirements for the dynamics of the stabilization process when considering a set of some arbitrary
plasma drops and disturbances. The proposed approach evaluates the ensemble of transient processes of the closed
object. Based on this estimations it is possible to use wide range of optimization techniques.
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INTRODUCTION

One of the most important aspects of plasma control
in tokamak is the providing the controller of plasma
stabilization system [1, 2]. Such controller should be
based on tokamak diagnostic measurements only,
should work in real time, have reduced dimension and
have the filter properties. Various plasma instabilities
and drops should be fulfilled by such controller. For
random perturbations, the dynamics of the transition
process should meet the requirements of accuracy con-
trol. The principle of saving energy costs should also be
observed. During controller synthesis, it is necessary to
find the optimal balance between these conflicting crite-
ria [3 - 5]. A presented integral criterion estimates the
accuracy of stabilization and energy cost. The optimiza-
tion approach involves the criterion minimization by
tuning the controller values. Since the random disturb-
ance is not known in advance, the dynamics optimiza-
tion is performed for any disturbance from some dis-
turbance ensemble. This is a set of disturbances which
can happen in practice.

Linearization procedure is widely used for plasma
control problem [1], [6]. Linearization gives LTI-object
which is treated as a control object in deviations from
the equilibrium position.

1. ITER PLASMA STABILIZATION
PROBLEM

ITER tokamak has 11 control coils to provide proper
magnetic configuration to plasma hold [1, 2]. These 11
voltages are treated as control object input. The ITER
diagnostic system measures 6 gaps between hot area of
plasma and tokamak chamber. These 6 gaps are treaded
as control object output. The ITER chamber is divided
into a large number of circuits. That defines high di-
mension of control object. Equations for current in cir-
cuits are linearized in the area of the equilibrium posi-
tion. The initial plasma drops and external plasma con-
ductivity drops are taken into account.

LTI-object which describes plasma dynamic in ITER
in deviation from equilibrium point is represented by
following equation:
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where x e E*? is the state space vector, ueE is the
vector of coils voltages, g(t), ..., ge(t) are the diagnosed
gaps, matrices A, B, R are known constant matrices, G;
are one-row known constant matrices, dg,d;, tg,t; are

known real constants, Xoaop iS SOme arbitrary initial
plasma drop, fqp(t) is mentioned external plasma con-
ductivity drop. Constants dg,d;,tg,t; are different for

the various plasma modes.
Stabilizing controller should compute control coil
voltages u=(uy,..,u;;) by measured output gy(t), ...,

ge(t), and provide proper dynamics quality.

2. PLASMA STABILIZATION SYSTEM
FEEDBACK

Let’s consider dynamic controller of decreased di-
mension [7 - 9]. The reduction of the dimension pro-
vides acceptable real-time computational complexity.
The controller’s equations have the following represen-
tation. Introduce constant matrices:
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where Wy, ..., Wy are the constant values of the regu-
lator which should be found. Controller equations are
91
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where zeE®™, zn=11 is controller’s state-space vec-
tor, znis a controller dimension (it’s taken 11 as an
example from [1], [7]), Wi, ..., Wsgg are the constant
values of the regulator which should be found. Control-
ler synthesis involves finding these constant compo-
nents and minimization of quality criterion:
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where T is the end of the simulation interval. It’s easy to
notice that vector z extends the object state-space vec-
tor. This controller can be found by an optimization
approach.

3. OPTIMIZATION APROACH
TO THE CONTROLLER SYNTHESIS

The optimization approach involves the criterion
minimization by tuning the controller values. The
closed-loop ITER stabilization system has a form

) (A BWygg)(x
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To evaluate dynamics quality of closed-loop system
we will compute the responses on some arbitrary dis-
turbances x,, f(t). Let’s define the upper boundaries of
the possible amplitudes of gaps and voltages for all dis-
turbances from special set. This set is an ensemble of
the disturbances which can be described as any X, f(t)
which satisfy the expression

(XO' f(t)e lIJdrops = LIldrops (Y1, Y, (1), MZ),
\Pdrops ={(x o.f () : (4)

t
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to
where Y, Y, are positive definite given matrices, u is a
positive given constant, u=1 for this example. Let us
denote the matrices of closed-loop system:

A BW.
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The following differential equations make it possible
to obtain the desired upper boundaries [10]:
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The desired upper boundaries of the possible ampli-
tudes of gaps and voltage for V (x,, f(t)) € Wgop C€an
be described as [10]
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where X
L.(t)=G,D(t)G;, i=1,.,6,
V,(t) =K, D()K;, i=1,.,11,
where K; is the i-th row of matrix K. By using these

upper estimations it’s possible to represent the integral
quality criterion in form:

i
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Such representation makes it possible to minimize
(8) and to tune the controller values w,, ..., Wqg for

all arbitrary initial plasma drop and external disturb-
ances from the ¥, set. Numerical gradient optimi-

zation is developed based on the gradient representation
of functional (8):

*
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Above the trace of matrix is defined as tr. Numerical
modeling of the ensemble of transient processes of the
closed object is based on (7) and the ensemble quality
criterion (8). For disturbances ensemble ¥y, (4) it is

fair equality [10]:
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Numerical modeling of estimations for gaps gi(t), ..., gs(t)

It is presented (Figure) the numerical modeling of
the estimations of six gaps for the transient processes
ensemble in case of arbitrary disturbances from (4).

Such optimization process tunes feed-back controller
and provides the proper quality for closed-loop system
with any arbitrary disturbances from set of the cases
encountered in practice. Many methods can be applied
to minimize the functional discussed below. For exam-
ple, gradient method of optimization can be implement-
ed based on (9).

CONCLUSIONS

Optimization approach to the plasma stabilization
synthesis was suggested. The equations of the plasma
dynamics (1) are closed by the feedback controller (2).
It’s considered a set or an ensemble of some arbitrary
plasma drops and disturbances (4). This set disturbs the
closed system (3). In this case, the estimates of the up-
per boundaries of the possible gaps and voltages ampli-
tudes are defined by the expression (7). Using expres-
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sion (7), the integral criterion (8) evaluates the quality
of stabilization process. Optimization approach provides
the criterion minimization by tuning the controller val-
ues (2). Presented estimations, integral criterion and
gradient of the functional don’t depend on the system’s
and controller dimensions. This also allows us to close
the object by regulators of various dimensions and ad-
just the computational complexity of the controller.

Numerical modeling of the transient processes en-
semble of the closed object is based on (7) and the en-
semble quality criterion (8).

Using proposed approach it is possible to apply the
wide range of optimization techniques such as stochas-
tic Monte Carlo methods, gradient optimization, particle
swarm optimization, using neural network and deep
learning. New optimization procedures can be devel-
oped for various applied problems. Suggested combina-
tion of methods can extend the scope of existing solu-
tions in other practical areas [11 - 25].
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ONTUMHA3AIIMOHHBIN MOJX0 K CHHTE3Y CUCTEMBI CTABUJIN3AIIAN IIJIA3MBI
B TOKAMAKE UTOP

J.A. Oscannukoe, C.B. 3aeaockuii

PaccmaTpuBaeTcs CHHTE3 peryJsiTopa JjIsl CHCTEMBI CTaduiIu3anuu 1mia3Mel B Tokamake UTOP. Cucrema cradbu-
JU3allMd OCHOBaHA Ha M3MEPEHUSAX AUATHOCTUYECKOHM cHCTeMBl TOKaMakKa, OHa 3aJaéT HAIpPsHKEHHS B YNPABISAIO-
KX KaTylmIkax ¥ o0JiafaeT CBOHCTBaMM (MIBTpALMH. V3BeCTHBIE METOAbI CHHTE3a PErYJISTOPOB IUIa3Mbl YCOBEP-
IICHCTBOBAHBI MPEAIaraéMbIM ONTHMHU3AIMOHHBIM TOAX0A0M. JTO JJaeT BO3MOXKHOCTD Y/IOBJIETBOPUTH TPEOOBaHUS
K KaueCcTBY IMHAMHKH Ipoliecca CTa0MIN3anNK C yIETOM pa3IMuHbIX HEONPEAEIEHHOCTEH B TNHAMUKE IUIa3Mbl, B
TOM YHCJIE BO3MYIIEHUH MIa3Mbl. [Ipe/utosKeHHBII MOAX0/] OLEHUBACT aHCAMOJIb NEPEXOIHBIX MPOIIECCOB 3aMKHY-
Toro o0brekTa. Ha 0CHOBE IpeIII0’KEHHBIX OIIEHOK MOXKHO HCIIONIb30BaTh IMNPOKHUH CIIEKTP METOJOB ONTHMH3ALIIH.

ONTUMIBALIMHMIA MIIXI IO CAHTE3Y CUCTEMM CTABLIIBALI MJIASMU
B TOKAMAIII ITEP

M.A. Oscannixos, C.B. 3asaocokuii

PosrisigaeThest CHHTE3 peryssitopa Jjisi cucteMu crabimizamii asmu B Tokamani I[TEP. Cucrema crabimizamii
3aCHOBaHa Ha BUMipax JiarHOCTUYHOI CUCTEMH TOKaMaka, BOHA 3aJ/la€ Halpyr'd B KEPYIOUMX KOTYLIKax i Mae Bjiac-
TUBOCTI (inbTpauii. Bizomi MeTo 1 CHHTE3Y PEryJsSTOpiB IIa3MH BJIOCKOHAJIEH] 3aIIpONIOHOBAaHNM ONTUMI3aLliiHUM
migxoaoM. Lle mae MOXKIHBICTH 3aJOBOJIBHUTH BHMOTH JIO SKOCTI JUHAMIKH MpPOIECY CTabumi3amii 3 ypaxyBaHHIM
PI3HMX HEBU3HAYCHOCTEH B TUHAMILII IJIa3MH, B TOMY 4HCIi 30ypeHb I1a3MH. 3alpOIOHOBAHU MiJXi/1 OLIHIOE aH-
caMOJIb MepexiHUX MPOLECIB 3aMKHYTOro 00'ekTa. Ha OCHOBI 3amponoOHOBaHMX OLIHOK MO’KHa BHKOPHCTOBYBATH
IIMPOKHHA CIIEKTP METOJIIB ONTUMI3aIlii.
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