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Abstract. First operations of the Real-Time (RT) system for the for data acquisition and processing in order to  
control the magnetohydrodynamics instabilities in FTU tokamak are presented. The diagnostic part of the RT 
system  is  based  on  both  a-priori  information  derived  from  statistical  treatment  of  a  database  and  live 
measurements  from  plasma  diagnostics  elaborated  by  codes  executed  at  different  sampling  frequencies 
accordingly to the estimated signals bandwidth (0.01ms to 1ms). The actuator is the 2x0.4MW, 140GHz ECRH 
system equipped with a newly installed fast quasi-optical steerable launcher.

1. Introduction

Efficient energy production  in a  tokamak reactor  requires  the  development  of  operational 
scenarios  with  relatively  high  thermal  to  magnetic  energy  ratio.  In  such  condition 
destabilization of  magnetohydrodynamics (MHD) activity like Neoclassical Tearing Modes 
(NTM) that form magnetic islands close to low rational m/n magnetic surfaces (m,n poloidal, 
toroidal mode numbers) is a frequent event. Time-controlled injection of powerful Electron 
Cyclotron (EC) waves in those regions is an effective way to reduce the size of the tearing 
instabilities  via  both  resonant  heating  (ECRH)  and  non-inductive  current  drive  (ECCD) 
physical processes [1]. 

A new Real Time control (RT)  system including fast  data  acquisition and elaboration and 
actuator's control is being implemented in FTU tokamak (R=0.935 m, a=0.31 m, toroidal field 
up  to  8  T,  plasma current  up  to  1.6  MA,  max flat  top  pulse duration  1.5  s).  The  main 
objectives of the system are the detection and control of m/n = 3/2 and 2/1 TM (or NTM), and 
the control of the period of sawtooth activity which is one of the techniques to prevent the 
seeding of (N)TMs. However,  the architecture of the RTC system is modular and flexible 
enough so that in principle can be adapted to other EC applications provided that a suitable 
trigger and an aiming/decision algorithm based on measurements and/or numerical evaluations 
can be defined.

This paper  is organized as follows. In  section 2  the  architecture  of  the  control  system is 
presented. Section 3 briefly describes the newly installed part of the actuator, i.e. the ECRH 
launcher.  Section  4  concerns  the  plasma  target  prepared  to  test  the  system.  Section  5 
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introduces the algorithms enabling the a-priori determination of the instabilities and the Real-
Time (RT)  treatment  of  the  experimental measurements  being used  in feedback  with  the 
actuator action and their validation process. First tests with ECRH power on plasma are also 
introduced. Conclusions follow in section 6.

2. Architecture of the control system

The  RT  control  system  designed  for  FTU  acquires  the  raw  signals  from  the  standard 
diagnostics,  e.g.  electron  temperature  (Te)  oscillations  from a  12-channels ECE  (Electron 
Cyclotron Emission) grating polychromator [2], up to 16 magnetic signals (~dB/dt) from the 
Mirnov  coils  system  [3]  and  2  signals  monitoring  the  ECRH  microwave  power  from 
directional couplers along the transmission line. Other RT signals (plasma boundaries, plasma 
current  Ip, toroidal magnetic field Bt and line integrated electron density, <ne>) are obtained 
via the FTU plasma control system [4]. Raw data are elaborated using algorithms developed in 
order to detect the presence of the MHD activity, to track its radial position, to characterize its 
poloidal and/or toroidal mode number and to timely switch on/off the ECRH power. 

FIG 1:  Architecture of the Real Time control system

This set of signals undergoes a two-stage elaboration through the control chain. In the first one 
the MHD activity is detected and located. In the second one the controller provides the signal 
references for the ECRH power injection. 
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A fast  magnetic equilibrium reconstruction code and a fast  EC ray tracing one have been 
implemented to obtain RT information about the safety factor profile q(R), (R major radius of 
the plasma) and to forecast the waves absorption layer. The architecture of the system  (see 
FIG.1) allows taking advantage of these information used to optimize the overall time response 
and to supply a reliable status for the control system even if the diagnostic information are not 
continuously available or sometimes not reliable enough. This is possible since the probable 
location  of  the  unstable  perturbation  is  known  a-priori,  based  on  the  equilibrium 
reconstruction.

The RT control system is being developed using the open-source framework MARTe (Multi-
threaded  Application  Real-Time  executor)  on  Linux  or  Linux/RTAI  real-time  operating 
systems [5]. A proof-of-principle version of the acquisition/control system which results are 
presented here is composed of two VME based industrial PCs, working at different sampling 
rates and cycle times. The first unit is devoted to fast ECE, Mirnov and gyrotron power signals 
acquisition and processing. It runs a real time MARTe thread composed of GAMs (Generic 
Application Module) performing signals calibration, ECE-ECE filtering and cross-correlation, 
ECE-Mirnov  cross  correlation,  ECE-ECRH  cross-correlation  at  20kHz  and  data 
downsampling. A further GAM performs the Single Value Decomposition (SVD) algorithm. 
The execution time for the codes running on the fast thread is in the range of few μs depending 
on which modules are enabled. The second industrial PC runs a MARTe real time thread at a 
lower rate (1 or 2kHz) and it hosts the core of the control system along with the “a priori” 
estimators.  It  receives elaborated data  from the first PC and from the main plasma control 
system  of  FTU  through  real  time  Ethernet  links,  runs  the  fast  magnetic  equilibrium 
reconstruction code, the fast ray tracing code, the main control GAM and eventually produces 
spatial (injection angles) and temporal (RF power enable commands) signal references for the 
ECRH launcher and gyrotrons power. After development, all the algorithms are implemented 
in C++ and tested on actual RT data under the MARTe framework. The present implementation 
offers several advantages with respect to a similar previously proposed concept [6] in terms of 
modularity and relative ease of development and test.

In a second stage of development the cPCI industrial standard is used and the three elaboration 
units  (plasma boundary,  fast  data  diagnostics  acquisition,  a-priori  and decision algorithms 
respectively) are linked with a ring of optical fibers connecting reflective memory boards for 
data distribution. This implementation allows data sampling up to  100 kHz and full control 
cycle at 1 kHz.

3. Actuator 

The actuator is the newly installed fast steerable two-beam (2x0.4MWx0.5s) 140 GHz ECRH 
launcher [7 and references therein]. The two beam launchers are symmetric with respect to the 
equatorial plane of FTU, and designed in order to obtain short time response and wide angular 
range using as steerable elements small size mirrors positioned close to the plasma, with low 
inertia and efficient radiative cooling. The mirrors are RT controllable both in poloidal and 
toroidal directions. The speed requirement in poloidal direction is =1° in 0.01s in order to 
comply with the MHD control application [8]. The front steering layout of  the launcher offers 
the advantage of a wide poloidal angular range, able to cover more than 80% of plasma cross 
section, and large toroidal injection angles as well (40). Those large toroidal angles are a 
prerequisite  for  experiments  like  overdense  plasma  heating  and  desirable  for  oblique 
propagation  EC  emission  and  scattering  wave  detection,  since  a  receiving  diagnostic 
transmission line can be connected [9, 10]. The shaping mirror of each beam line is mounted 
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on a sliding equipment acting as a zoom thus providing a range of possible spot sizes in the 
plasma center (from wmin=19.0 mm to wmax=26.0 mm, w=1/e2 radius of the equivalent Gaussian 
power distribution). The mechanics of the steering mirror can be described as a second order 
damped system with cut frequency of 100 Hz which is a rather high value for this kind of 
application.  Actuator's  operations in the  range of several tens  of Hz with the  RT control 
system cycle at 1 kHz pace are then feasible.

4. Plasma target for system test

The  main  magnetohydrodynamic  (MHD)  activities  affecting  FTU  plasmas  are  sawtooth 
relaxations  and  tearing  modes,  which  are  sometimes  triggered  by  the  sawtooth  crash. 
Moreover tearing modes activity can be destabilized by the effect of ECRH absorption located 
between the m/n rational surfaces and the plasma axis, or by pellet injection, or associated with 
flat/reversed magnetic shear [11]. A suitable plasma target was developed in order to establish 
a relatively reproducible procedure to test the RT control tools without need of ECRH power 
during the destabilization phase. For such purpose neon was injected during the current plateau 
in plasma pulses with Ip=0.35 MA, Bt=5.3-5.6T, ne=1020m-3, using one or two valves at about 
2·1020 e/s total rate opening for a time window of 25-30 ms. The MHD activity  starts with a 
delay of 30-200 ms and lasts for 30-200 ms, sometimes leading to  disruption.  The seeded 
MHD activity is usually in the frequency range of 1-10 kHz (see FIG.2). In this case after some 
delay a dominant mode frequency above 4 kHz is established.

FIG 2. FTU #34744. Neon injection starts at t=0.565 s and lasts 30 ms (left, 4th plot). ECE and 
Mirnov coils power spectral density in colour code (right). Dark red, higher density 

5. Real Time data processing system and tests on plasma

The fast reconstruction of the magnetic equilibrium (FASTEQ) is based on a best fit procedure 
using a large database of FTU equilibria computed solving the Grad-Shafranov equation with 
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the FTU ODIN code [12]. In the RT system the map of poloidal flux surfaces is obtained from 
RT signals of plasma boundaries provided by the RTFeed main machine control system of FTU 
[4] and of plasma axis calculated from the electron temperature profile Te(R) provided by the 
ECE diagnostics. The plasma axis is taken as the thermal barycenter Rax of Te(R) with suitable 
symmetrization  provided  by  the  interpolation  of  the  ECE  channels,  thus  defining  the 
integration region. The dependence of normalized poloidal flux surfaces  ψn on main plasma 
parameters are obtained by fitting many (> 200) FTU equilibria in different plasma conditions: 
350kA ≤Ip≤ 850kA, 4T ≤Bt ≤ 7T, 4·1019m-3 ≤ne≤ 16·1019m-3, 1 ≤Te≤ 8keV. The dependence of 
the  minor  radius  ρ  (normalized  poloidal  flux) is  best  fitted  as  ρ=ψn 0.7.  The  magnetic 
equilibrium parameters  also  determining the  shape  of  the  plasma such Shafranov shift  Δ, 
ellipticity k and triangularity δ are best fitted as well from many FTU equilibria and different 
plasma scenarii. Finally, R and z of the magnetic surfaces are parametrized in terms of ρ and of 
the angle on the poloidal surface 0<θ<2π. 

The agreement between the fast reconstruction procedure and the full equilibrium solver range 
is typically in a few percent (<9% in worst  case in the top and bottom maximum ellipticity 
regions). Using a fitted plasma currents profile Ip the fast equilibrium gives also a reconstructed 
safety factor  profile  q(ρ) ≈ 2πρ2Bt/μ0 Ip(ρ)R in cylindrical approximation.  This provides the 
radius at which are expected the instabilities with mode numbers q=m/n as shown in FIG. 3. 
The fast ray tracing RAYFAST, based on the fast equilibrium reconstruction (FASTEQ) [12],  
provides a real time a-priori estimate of the ECRH power absorption location for a given set of 
ECRH launching parameters i.e. the radial and vertical position R, z of the launched beam and 
α (poloidal) and β (toroidal) angles. One central ray trajectory and 2 outer ones at the waist 
radial distance from the beam axis are considered to  represents the injected Gaussian beam. 
The value of the absorption locations of these 3 rays gives the estimate of the a-priori ECRH 
deposition radius Rdep  and of the step dRdep/dα to be considered for the subsequent control's 
cycle for actuator's poloidal readjustment. Efficient MHD control requires  Rdep very close to 
the radius  Rmhd of the instability, which is in turn provided by the RT diagnostic codes. The 
electron density profile ne(ρ) needed for the ray tracing computation is best fitted taking into 
account the various shapes in the equilibria database of FTU. The central value ne0 comes from 
the  RTFeed  signal  of  the  line-averaged  electron  density.  Benchmarking  of 
RAYFAST/FASTEQ with full beam propagation off line codes shows an overall agreement 
within 5% of the minor radius in the ECRH power deposition, corresponding to 1.5 cm. This 
figure is well below the average radial distance between adjacent ECE signals which is 2.5-3 
cm.

To detect  the radial position of the magnetic islands and the actual absorption layer of the 
ECRH  power  a  cross-correlation  technique  is  used.  Evaluation  of  the  cross-correlation 
between two signals s1 and s2 (e.g. one ECE signal and one Mirnov signal as shown in FIG. 3,  
or one ECE signal and one ECRH monitor) at the time t is implemented in the RT correlation 
code as  <s1, s2>(t)= (s1 s⋅ 2) h(t)∗  where h(t) is the impulse response of a filter (i.e. a window 
functions) and  is the usual convolution product [13]. The cross-correlation coefficients are∗  
evaluated at the sampling rate of the acquisition and transferred to the slower process at the 
controller pace. Similarly happens for the autocorrelation values used for signal normalization 
and calibration. In the slower process the profile of Te amplitude fluctuations is provided (in 
the space labeled by ECE channels) and the estimate of the coherence between the two signals 
being cross-correlated  as well. The RT evaluation of the  actual plasma surface where the 
ECRH power is absorbed is performed via cross correlation of the thermal fluctuations (ECE) 
with monitor signals of ECRH, provided that ECRH power is modulated. Changes on the local 
value of Te due to the power locally absorbed depend on the local thermal plasma properties. 
In a rough way, the phenomenon can be described as:
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d T̃ e

dt
=a⋅P ECRH−

T̃ e
τ   (1)

where  T̃ e is the fluctuating temperature,  a is a constant of proportionality and τ is a time 
constant which has been empirically evaluated between 5-8ms. The response  Te(t) to  power 
absorption can have a phase delay of π/2 to PECRH(t) when it is modulated at a frequency higher 
than 1/τ. Cross-correlations ECE-ECRH are then evaluated after filtering PECH signals by a first 
order low pass filter with f3dB = 1/τ. 

An effective marker of the presence of MHD activity is provided by the SVD RT algorithm. 
The SVD algorithm is based on the phase difference of the signals measured by the different 
coils and therefore  their  position must  be carefully accounted  for.  Up to  16  coils can be 
simultaneously acquired with the present implementation of the RT system, then two optimal 
subsets (one toroidal and one poloidal) which in principle can be used also for the identification 
of mode numbers up to n (m) =3 have been selected. Tests performed on both synthetic signals 
and actual plasma diagnostics data have shown that the SVD algorithm is fast enough for RT 
applications and low pass filtering (up to  10kHz using a Butterworth algorithm) does not 
introduce  significant  signal  deformations  which  could  prevent  the  correct  mode  number 
identification.  SVD  provides  the  evaluation  of  the  mode  frequency and  of  the  dominant 
Principal Component (PC0) average behavior [14].

FIG 3. Map of cross-correlation coefficients between Mirnov coil  
(ch. 13) and ECE channels versus time for FTU # 34742. Black  
circles  indicate  mode  detection  via  change  of  sign  of  cross-
correlation  with amplitude  beyond  threshold  (19.8  eV).  Colour  
lines mark RT rational q surfaces computed by FASTEQ.

The frequency (not  shown),  determined in a  rough but  very fast  way, compliant with RT 
execution, rises in the range typical of FTU TM (3-10kHz) only when the mode is present. 
Time traces of PC0 show a quasi-sinusoidal behavior and its time average reaches and keeps 
values below a specific threshold only when the mode is present accordingly to extensive off-
line checks performed on the Mirnov coils time plot  (see FIG.  4).  Analysis performed on 
several plasma pulses show that the determination of mode presence via dominant PC average 
is in agreement with the mode presence determined via other diagnostics (for instance ECE-
Mirnov cross correlation, as shown in FIG. 3). 
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RT diagnostics algorithms have been validated by comparing different analysis techniques on 
the same plasmas (e.g. ECE-Mirnov cross-correlation and SVD) and confirming the results by 
off-line analysis as follows.  A set  of  ECE and Mirnov signals is selected  as  reference to 
evaluate the frequency peak within time windows of 10-20 ms around a given time. The FFT 
of  each signal of  the  reference  set  is evaluated  and then the  common frequency peak  is 
calculated  on  the  basis of  the  sum of  the  spectral  power  densities.  The  phase  difference 
between adjacent channels is evaluated computing the Fourier coefficients at  the dominant 
frequency or all the ECE signals. 

FIG  4.  FTU #  34742.  Amplitude  of  one  the  
Mirnov  coil  (red)  ,  average  of  PC0 and 
behaviour  of  the  trigger  signal  generated  by  
the  SVD algorithm  when  <PC0>  falls  below 
threshold.      

FIG 5 Map of coincident occurrences of the  -
changes between adjacent RT cross correlation  
coefficients  and  Fourier  coefficients  at  the  
dominant frequency, showing the MHD location.

The Fourier coefficients for all the time windows and for all the signals have been used to build 
the 2D map of their amplitudes (and phase) in the domain of ECE channel number versus time. 
The π-jumps of phase across adjacent ECE channels is compared with those provided by the 
RT  cross-correlation  algorithm.  The  presence  of  an  instability between  a  pair  of  signals 
indicated by the cross-correlation RT algorithm is confirmed by the presence in the off-line 
analysis of  a  π-change of  phase at  the  frequency peak.  This analysis has been performed 
evaluating the dominant frequency behavior both on sets of ECE signals and on sets of Mirvov 
signals, and the product map computed. Non zero values in such map (FIG. 5) highlights the 
radial position of the MHD island confirmed by both the analysis.

The ECRH power deposition location during movements of the steering mirror can be inferred 
with the  cross-correlation  analysis above  mentioned.  FIG.  6  shows the  ECRH deposition 
profiles  during FTU pulse #34905 in which a poloidal scan of 200 ms duration has been 
performed  redirecting  the  beam from plasma core  to  mid  plasma radius.  The  trajectory 
corresponds to a variation of 14 of the poloidal injection angle of the launcher's lower mirror. 
The deposition radius in the equatorial plane Rdep has been confirmed with RT ray tracing and 
with off-line beam tracing analysis [7]. 

6. Conclusions

This paper presents the architecture and the first operations performed on a plasma of the new 
Real-Time control system for the ECRH plant of FTU. In particular, the diagnostics and the a-
priori  RT  algorithms have  been developed,  tested,  validated  and  implemented  in the  RT 
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processing  platform.  The  diagnostics  and  control  performances  appears  in  line  with  the 
requirements set from the scientific objective of the MHD active control. The upgrade of the 
hardware control platform is being completed and a further stage of tests on plasma aimed to 
an extensive characterization of the diagnostic capabilities is running.

FIG  6 ECH power deposition  profiles  during  a  
fast poloidal scan of the beam in FTU #34905.
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