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1. INTRODUCTION

The simultaneous real-time control of the current and temperature gradient profiles could lead to
the steady state sustainment of an internal transport barrier (ITB) and so to a stationary optimized
plasmaregime. Recent experimentsin JET (Fig.1) [1, 2, 3] have demonstrated significant progress
in achieving such a control: different current and temperature gradient target profiles have been
reached and sustained for several seconds using a controller based on a static linear model. The
current profile was controlled through the inverse safety factor profile, 1=1/g, and the temperature
gradient profile was controlled through the profile of another non-dimensional parameter, p*
which characterizesinternal transport barriersin JET (p* 1, isthe normalized electron temperature
gradient introduced in [4]).

It's worth noting that the i profile evolves on a slow time scale (resistive time) while thep* 1,
reactson afaster one (confinement time). Moreover, these experiments have shown that the controller
was sensitiveto rapid plasmaevents such astransient I TBs during the safety factor profile evolution
or MHD instabilities which modify the pressure profiles on the confinement time scale. In order to
takeinto account the different dynamics of the controlled profilesand to better react to rapid plasma
events the control techniqueis being improved by using a multiple-time-scale approximation. The
paper describes the theoretical analysis and closed-loop simulations using a control algorithm that
will be tested experimentally in JET during the forthcoming campaigns.

2. IDENTIFICATION OFATWO-TIME SCALE STATE-SPACE MODEL
Theidentification of afully dynamic linearized model has been addressed, taking into account the
physical structure and couplings of the transport equations. This state-space model is designed to
best reproduce the response of the current and temperature gradient profiles (outputs 1/q and p* 1)
to power and loop voltage modulations (inputs P and V|00p). The outputs 1/q and p* 1 evolve on
different time scales. whereas 1/q is low due to long current diffusion time (in absence of MHD
activity), p* 1o can be split in two components: aslow one p* 1, slow and afast one p* 1 fast so that
P*1e=P*Te sow T P Te fag- ThE internal state variables X and Z represent magnetic and kinetic
profiles, respectively. The state-space model takesthefollowing form (noting _ astheratio between
the energy confinement and the resistive diffusion time scales):

The identification technique has first been applied on data obtained from simulations using the
ASTRA [5] transport code: the plasma response to power and loop voltage modulations has been
simulated with ASTRA and the inputs and outputs have been considered as experimental data.
First, the state-space model is identified from a restricted training set of data. Then it has been



checked that the model is able to reproduce with good agreement the outputs (1/q, p* 1) using a
different set of inputs (P, Vloop) (Fig.2). The application of thisidentification method to data obtained
from different semi-empirical modelsin another transport code, JETTO, and finally to experimental
dataisin progress. Thisapproach differsfrom the identification of acurrent profile dynamic model
[6] where different linear models for the various non inductive sources (external current drive
systems and bootstrap current) have been used to identify the g profile.

3. TWO-TIME-SCALE CONTROLLER

The identified two-time-scale model is then used to construct and design a controller which can
respond faster to rapid plasma events, while converging slowly towards the requested high
performance plasma state (on the resistive time scale). This two-time-scale proportional-integral
controller is designed using singular perturbation methods [ 7]. Requested powers and loop voltage
arethesum of 2 componentsP= Py, + P, Where (using the L aplace transformsin thetime domain):

Pslow(s) = Gslow [1+1/ (Tslow s)] E(qtarget -q p*Te target ~ p* Te)
Prast(S) = Gragt [1+1/(Trag I E(P™ Te target = P Te fast)
Ttast << Tgow

E istheerror signal of each loop, the gain matrices Gslow and Gfast are determined using the state-
space model matrices A, B, C and D according to an SVD technique described in [2]. Figure 3
indicates the scheme of the controller using the two control loops.

Simulation tests of this two-time-scale controller and comparisons with the technique used in
previous experimental campaigns (simple proportional-integral control: P(s) = G[1+1/(T9)] E(qtarget
-0, P* Tetarget” p*1o) have already shown afaster control (Fig.4). Inthesefirst smulations, and for
the purpose of the proof-of-principle demonstration, the closed-loop plasma response is assumed
hereto be given by thelinear state-space model identified from theASTRA data. Thefast component
p* e fast of the p* 1, output is also calculated - and will have to be estimated in the experiments -
using the state-space model. Starting from the same initial conditions in terms of profiles and
powers (not visible in Fig4(a) in reason of the instantaneous reaction of the inputs) the two-time-
scale controller (red traces) reaches thep* 1 target profile faster thanks to the fast control loop
while, as expected, the target 1/q profile is reached on the same resistive diffusion time scale as
before. The new controller will be further tested using non-linear response models in the JETTO
code similarly to what has been already done for the former technique [8].

4. DISTURBANCESANALYSISAND FEEDFORWARD COMPENSATION

In parallel with these studies, a detailed correlation analysis of the experimental dataisin progress
in order to identify parameters which perturb the measurements or the plasma evolution in a
systematic way and could be taken into account in the controller design. For example, since the



polarimetry is used in the real-time flux profile reconstruction [9], a change in the density profile
has been found to affect the current density profile measurements while powers and loop voltage
were nearly constant (Fig. 5). Thisanalysis should |ead usto take these parametersinto account and
design a correction in the controller through a conventional feedforward compensation.

CONCLUSIONS

In recent JET experiments, the real-time controller was sensitive to rapid plasma events (transient
ITBs, MHD...). Theidentification of atwo-time-scal e state-space model allowsanew controller to
be designed. Thisidentification technique will be further tested using simulated data obtained with
semi-empirical transport codesand models(ASTRA, JETTO) aswell asexperimental data. Closed-
loop simulations using thefull dynamic - but linear - model used for the controller designto simulate
the plasma response have demonstrated that this new controller alows r* Te target profile to be
reached faster than the one used in previous experiments. The anaysis in progress should also
allow afeedforward compensation of some measurement disturbances to be included in the new
controller. Thiscontroller will beimplemented using anew Simulink® interfacein the JET control
system and will be tested in forthcoming experiments.
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Figure 1: (a) Time evolution of measured and requested controlled values (q and p*Te) at different normalized radii
(). (b) Time evolution of the squared distances (error on iota profile, normalized electron temperature gradient
profile and the corresponding sum respectively di?, JTRN o oMol 2 dy”) between measured and requested profiles. Pulse
JET No: 62527, Br= 3T, 1,= 1.7MA. See[1] for details.
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Figure 2: (a) Input powers modulations (from ASTRA code) used for identification and validation. (b) Comparison of
outputs from ASTRA and from identified state-space model.
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Figure 3: Scheme of the two-time-scale controller: the slow loop uses slow quantities (g and slow parts of p*;.) as
inputs, whereas the fast loop uses fast ones (fast part of p*.). This will be implemented using a new Smulink®
interface in the JET real-time control system.
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Figure 4: Comparison of inputs (a), outputs (b) and squared error (c) in closed-loop simulations: the new controller
(red) allows to reach the targets (blue) before the previous controller (black) that was used in Fig. 1 experiments.
This can be observed in the green window (on the right middle plot) which is a zoom betweent=0sandt=1s.


http://figures.jet.efda.org/JG05.212-5c.eps
http://figures.jet.efda.org/JG05.212-7c.eps
http://figures.jet.efda.org/JG05.212-9c.eps
http://figures.jet.efda.org/JG05.212-1c.eps

s 2.SUM\W«/\/\f—

= 20+

I 1sb

s

S 14

m 1.2 \j\ﬁ/\/

=2

S 35-

2 30

&  25-
£ 6o e OIOZSZ/V\/\/\/\/W\/\/\/\/\
E 1|5 %
< 5.8 g > -0.025/- g
Z 56 I f ! ! §0 ! ! ! ! §0

. ! !
9.0 9.5 10.0 10.5 11.0 11.5 9.0 9.5 10.0 10.5 11.0 115 12
Time (s) Time (s)

N
N

Figure 5: (a) Correlation between variations of poloidal flux at different radii (red) and a chord of line integrated
density (blue). (b) Powers and loop voltage are nearly constant. Pulse JET No: 62149, By= 3T, I,= L.7MA
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