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INTRODUCTION 

Reliable predictive simulations, combining current, heat and matter transport 
equation with a 2D equilibrium allowing diagnostic reconstruction such as Faraday 
angle and MSE angle are of great interest for existing and future tokamak.  The 
CRONOS code [1] with its various power deposition codes (DELPHINE [2], REMA 
[3], PION [4]) is a powerful tool to prepare such scenario in a reasonable CPU time 
(few hours, for a one minute plasma discharge). An example of such advanced 
scenario, with a negative seed of current at the center of the discharge is shown in this 
paper. 

It allows also testing new concept of feedback control, which will be directly 
implemented on the new real-time network of Tore-Supra. In this concept, the 
algorithm as to find itself the best and safe way to reach enhance performance (i.e. 
best plasma fusion power D-D) using different actuators (injected power, …). On this 
paper, we will focus on a simple example where the initial and final states are known 
and we will show why a steady state tokamak allowing long pulse operation is 
necessary for such control 

TOOLS FOR PREDICTIVE SCENARIO 

CRONOS code 

The heat transport model used in all the simulation is the Bohm/Gyrobohm 
model, with coefficient adapted to the Tore Supra plasma [5].   

For the simulations concerning the feedback control studies, the ion diffusive 
coefficient Xi, linked to the electron one, Xe,  is supposed to stay constant during 
purely electron additional heating, which is the case in Tore-Supra when using the 
Lower Hybrid system (LHCD). Then, the ion channel is dominated by the 
equipartition term. 

 The electron density are simulated using the following equation (1) : 
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where De the electron diffusivity (De = 0.1 m2 s-1) and Ve the electron convection 
speed (Ve=0.6 m s-1) are deduced from experiment in the case of gas injection and 
active pumping. 

 Feedback control 

In this control, the algorithm will have to improve the plasma fusion power using 
two actuators: the Lower Hybrid heating system, in the current drive mode to insure a 
zero loop voltage (steady state) and the gas injection/pumping system to modify the 
electron density. The figure 1 shows the algorithm which is implemented inside 
CRONOS. The feedback control has to keep in memory the last state the plasma 
reached before modifying one actuator.  After the change, as the plasma equilibrium 
state has changed, the control has to wait a given time (few second), reaching the new 
equilibrium, before comparing the new state to the older 

Figure 1: Schematic view of the feedback control. 
After each change of one actuator (i.e. PLH increases 
of 300 kW), the algorithm memorized the initial 
value (t0) of the plasma fusion and compared it to the 
new value after a given time (t1=t0+∆t)  

 
Figure 2: Effect of the LH power on the 
central ion temperature (gray area) and 
oscillation of the algorithm (after 40 s) due to 
the Greenwald constraint 

Different constraints can be inserted in the algorithm. The main one is that the 
density must not be higher than the Greenwald density which is evaluated before each 
change of the actuator. This evaluation is made using a given efficiency for the LHCD 
(6.5 1019 AW-1m-3) and then estimated the plasma current target of the new plasma 
equilibrium. If this limit is reached, the algorithm not allowed the actuator change and 
try the next actuator. 

For the electron density a combine proportional (coefficient gprop), integral 
(coefficient gint) and derivative (coefficient gder)  control (PID) is used to minimize 
oscillation around the target value (gprop=1, gint=1 and gder=0.2). 

The first feedback control simulation shows (figure 2) that the Bohm-Gyrobohm 
model with a purely electron additional heating and for low value of line density (nbar) 
generates a decrease of the central ion temperature (and so of the fusion power) when 
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the LH power increases. This is due to the fact that increasing LH power increases the 
electron temperature and so the Xe. This fact not allows the algorithm to reach the 
estimated final state (high value of LH power associated to high value of electron 
density), when the Greenwald constraint is turned on. 

For the moment, no experimental evidence of such an effect is seen on Tore-Supra. 
To avoid this problem, Xi will be kept constant with its value calculated in the initial 
state of the simulation (ohmic part of the simulation). The LH power is limited to 7 
MW and the density to 1020 m-3 in line density (nbar).  The figure 3 shows the results of 
3 simulations where the step time ∆t, during which the change of the actuator 
occurred, increase for 0.5s to 2 s. The ∆t>2s is the case where we allow the plasma to 
almost reach its new equilibrium. On the contrary ∆t>0.5s is a case where the 
algorithm does not wait the steady state, which is only reach on the last step, when the 
maximum value of the injected power is obtained at a density near of the Greenwald 
value. The path in the plasma current versus line density plot is quite different in the 
three simulations with a similar final result for the plasma fusion power (Figure 3a and 
3b). This observation is also observed on the time evolution of the q profile which is 
different in the three case. 

Figure 3a: Path finding of the simulation in the 
graph (plasma current, line density). The 
Greenwald limit is also indicated. 

Figure 3b: Time evolution of the plasma  
fusion for the three simulations 

ECRH COMBINED TO LH 

The ECRH system will allow to control the plasma current from the center towards 
the edge of the plasma, using the 118 GHz frequency and modifying the injection 
toroidal angle (θ). In the simulation, ECRH is combined to LH power to reach a zero 
loop voltage plasma, with one antenna (P1) coupling its power in the center (θ =-24°), 
the two other (P2 and P3) at x=0.42 (θ =+25°), where x is the normalized coordinate 
associated to the toroidal flux. Time slice of the injected powers and the various 
current are shown in figure 4. A simple proportional feedback control (already 
implemented on Tore Supra) on the LH power, using a gain of 30 W A-1, is used to  

 



 
Figure 4: time evolution of the injected power, of 
the non inductive current, of the bootstrap current 
and of the  enhance confinement compare to the 
Rebut Lallia Watkins law. 

insure a constant flux at the edge of the 
plasma. The shear effect is added on the 
heat transport model [6]. A Reversed 
shear plasma can be obtained, as shown in 
figure 5 (current and q profile at t = 14s) 
and 6 (time evolution of q), with a 
relatively low level of ECRH power (200 
kW for  the launcher whose toroidal angle 
is –24 degrees). Reconstruction of the  
Motional Stark Effect measurement by 
CRONOS shows that such a very central 
inversed shear can be seen by the 
diagnostic. 

Figure 5: Current power deposition at t=11 s, for 
ECRH, LHCD and total current and safety factor 
profile  

 

Figure 6: Contour plot of the q profile. ECRH 
power begins at 4s and lasts at 14 s. 

CONCLUSIONS 

The CRONOS code allows preparation and test of every kinds of feedback control, 
which can be easily installed on the real time system of Tore Supra.  It is also a great 
tools to prepare advanced scenario, to study the effect of different plasma parameters 
(such as location of the ECRH current seed), to design and optimize diagnostic 
measurements (Motional Stark effect, Polarimetry). 
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