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Abstract. 
 
 In order to ultimately control internal transport barriers during advanced operation 
scenarios, new algorithms using a truncated singular value decomposition of a linearised 
model operator have been implemented in the JET real-time controller, with the potentiality 
of retaining the distributed nature of plasma parameter profiles.  

First experiments using the simplest, lumped-parameter, version of this technique have 
been dedicated to the feedback control of the current density profile in a negative shear 
plasma using three heating and current drive actuators, namely neutral beam injection (NBI), 
ion cyclotron resonant frequency heating (ICRH) and lower hybrid current drive (LHCD).  
Successful control of the safety factor profile has been achieved on the time scale of the 
current redistribution time, first during an extended preheat phase with only LHCD as 
actuator and, then, in quasi steady-state conditions during the main heating phase of a 
discharge, using the three heating and current drive actuators. 

 
 
 
1. Introduction 
 
 New real-time systems and control algorithms have recently been developed and 
implemented in the JET tokamak. The objective is to complete past experiments related to the 
control of the internal transport barrier (ITB) [1] with the combined control of the current and 
pressure profiles in high performance tokamak plasmas using a multi-variable model-based 
control technique. The method uses the truncated singular value decomposition of a linearised 
model operator and offers the potentiality of retaining the distributed character of the current 
and heat diffusion (distributed-parameter system) [2]. After a brief description of the general 
method in section 2 and some explanation about the safety profile reconstruction, two kinds of 
experiments are described in this paper. Both of them are related to the simplest lumped-
parameter version of this technique for current profile control where we describe the spatial 
profiles by their values at 5 radii and simply design a controller that adjusts the actuators to 
bring the measurements to their set points. The first one in section 3 consists of experiments 
where only one actuator (LHCD) is used during an extended preheat phase [3]. The second 
one in section 4 uses a multiple-input-multiple-output (MIMO) controller with three heating 
and current drive actuators during a high power phase, in an ITB scenario with moderate 
bootstrap current. 
 



2. The truncated singular value decomposition 
 

The coupled evolution of the pressure and current density profiles in ITB discharges occurs 
through complicated non-linear transport equations and simulating the effect of feedback 
control loops on the current density profile in such regimes have shown the limitations of a 
controller design based on a one-to-one correspondence between various heating and current 
drive systems and the safety factor at various particular locations across the discharge [4]. 
More information on the spatial structure of the system can be taken into account by 
considering the distributed nature of the problem and the interactions between various 
measured quantities at different radii through a parabolic, i.e. diffusion-like, operator. A 
lumped-parameter version of the proposed technique can only be sketched here but more 
details can be found in [2]. Let us approximate the infinite distributed system in the following 
matrix form: 

Q(s) = K(s) . P(s) 
where Q(s) = { qi(s)}  represents the safety factor difference vector at fixed normalised radii 
(i.e. the difference between the target steady-state reference around which modulations are 
performed and the actual safety factor) and P is the respective corresponding input powers 
difference vector. The kernel K(s) can be identified from power modulation experiments 
around the target steady-state, or by simulation using a predictive transport code. For the 
experiments described below, the steady-state gain matrix K(0) was sufficient. Singular value 
decomposition is performed, yielding: 
 

And this defines decoupled modal inputs and modal outputs: 
 

αααα(s) = V+(s).P   and   ββββ(s) = W(s)+.Q(s)  

 

related by:                                          β β β β(s) = ΣΣΣΣ(s) . αααα(s) 

 

Pseudo-modal control techniques can therefore be used by inverting the steady state gain 
matrix ΣΣΣΣ(0), where [ΣΣΣΣ(0)]= σiδij, σi corresponding to the singular values and defining αααα(s) as 
V(0)+.P(s) and ββββ(s) as W(0)+.Q(s) to insure steady state decoupling of the feedback loops. 
Assuming a simple proportional-plus-integral feedback we thus choose the controller transfer 
function matrix G(s) as follows: 

αααα(s) = G(s) . ββββ(s) = gc [1 + 1/(τi.s)] . ΣΣΣΣ(0)-1 . αααα(s) 

where gc is the proportional gain and  (gc/τi) is the integral gain. The resulting control diagram 
is shown on fig. 1. The SVD expansion of K(0) is truncated to retain the most significant 
singular values. In the example below (Fig.2), 3 actuators are used (LHCD, NBI, ICRH), but 
σ3 is small which indicates that the family of accessible profiles is only a 2-parameter family 
spanned by the first two singular vectors, W0,1 and W0,2. We then use the truncated operator 
with only σ1 and σ2: K0,T = σ1 W0,1. V0,1

+ + σ2 W0,2. V0,2
+. 

The q-profile reconstruction uses the real-time data from the magnetic measurements and 
from the interfero-polarimetry, and a parameterization of the magnetic flux surface geometry 
[5, 6]. In the near future, a more comprehensive real-time Grad-Shafranov solver 
(EQUINOX) will provide a complete MHD equilibrium [7]. The validation has been 

++++ΣΣΣΣ==== V(s) (s)  W(s)K(s)



performed on an extended database with a broad range of parameters as can be seen on Fig.3 
and Fig.4. The outputs are available each 50ms and they provide q and ne values at 11 fixed 
normalised radii (0; 0.1;  …; 0.9; 1). 
 
3. Control of the safety factor profile with LHCD 
 

The first, simplest – and in some sense trivial – application of the lumped parameter 
SVD control scheme was to reach a predefined q-profile with only one actuator, namely 
LHCD, but 5 q-setpoints. The accessible targets are restricted to a one-parameter family of 
profiles and must therefore be chosen reasonably. Applying an SVD technique with 5 points, 
rather than only one, can be an advantage if the q-profile “ rotates”  when varying the power. It 
may not allow reaching any one of the setpoints exactly, but minimises the error on the profile 
shape (e.g weak or reversed shear). Such an experiment was performed during an extended 
LHCD preheat phase [3], [8], a usual prelude to the formation of ITB’s in JET. The central 
line integrated density was 2.7x1019 m-2 to allow for efficient LHCD. The toroidal field was 
3T and the plasma current was 1.3 MA so as to approach a full non-inductive regime. A 
linearized model which links the values of q(r) at r/a=0.2, 0.4, 0.5, 0.6, 0.8 to the input LH 
power was identified from simple step power changes. The effectiveness of the controller in 
achieving, and maintaining in steady state, a given q-profiles can be seen on Fig. 5. The 
control is only effective after t=47s when the q-profile starts undershooting the setpoints so 
that the LH power rises. The controller request was negative (so the power was set to zero) 
during the early relaxation of the strongly reversed profile towards the target. One can see that 
the target q-profile is fairly well approached at the end of the control phase (t=54s), the 
controller minimizing the difference between the 5 target q-values and the corresponding real-
time measurements in the least square sense [2]. A comparison with a pulse in similar 
experimental conditions but without LHCD shows that the gradual, controlled, application of 
the LH power does, in real-time, prevent the relaxation of the q-profile towards a monotonic 
ohmic-like q-profile. The LHCD power deposition profile was found to be off-axis, centred 
around r/a=0.5 and the fractions of inductive, LH-driven and bootstrap currents were 40%, 
53% and 7%, respectively. 
 
4. Control of the safety factor profile with LHCD, ICRH and NBI 
 
 The second set of experiments conducted so far and using the proposed SVD 
technique (Fig. 2) was a first attempt in using the 3 available heating and current drive 
systems to control the q-profile during a strong heating phase, in an ITB scenario with 
moderate bootstrap current. The toroidal magnetic field was 3T and the scenario started with a 
reversed shear 2.5MW LHCD preheat phase during which the plasma current was ramped up 
to 1.8 MA, at a line integrated plasma density around 3x1019 m-2. At 44.3 s, 12.5 MW of NBI 
and 3MW of ICRH power were applied resulting in the triggering of an ITB and, starting at 
47 s, the plasma current was ramped down to a final 2 second-long 1.5 MA plateau and at the 
same time NBI power was decreased down to 7 MW. The determination of the steady-state 
responses to variations of the heating and current drive powers was made from the analysis of 
four dedicated discharges, including the reference discharge around which the system is to be 
linearized. The control was applied between t=47 s and t=53s. Although the initial powers at 
the start of the control were sufficiently below the power limits of the respective heating and 
current drive systems, a conventional anti-wind-up system has been included in the controller 
design in order to stop integrating the errors when saturation or negative power requests are 
occurring. Figures 6 and 7 show the result of the feedback-loop experiment. The requested 
powers stayed within the bounds allowed by the heating systems. The ICRH was mistakenly 



limited to 6 MW during this pulse, but nevertheless the power requested by the real-time 
controller was not significantly larger than that. The requested setpoints for q(r/a) at the five 
selected radii were [2.35 2.34 2.44 2.69 3.5]. The proportional gain, gc, was equal to 0.1 while 
the integral one, gc/τi, was 1 s-1. At the beginning of the control the q-profile was strongly 
reversed and then converged slowly in about a resistive time-scale towards the desired profile, 
i.e. towards the closest achievable one in the least square sense. A transient undershoot 
occurred between t=50 s and t=51 s and finally the set-points were reached at t=52 s. This 
successful experiment represents a significant result in view of future applications. 
 
5. Conclusion 
 

A successful control of the safety factor profile was obtained with the lumped-
parameter version of a more general truncated SVD algorithm. This provides an interesting 
starting basis for a future experimental programme at JET, aiming at the sustainment and 
control of ITB’s (current and pressure profile control) in fully non-inductive plasmas and with 
a large fraction of the bootstrap current. The potential extrapolability of this technique to 
strongly coupled distributed-parameter systems with a larger number of controlled parameters 
(density, pressure, current profiles …) and actuators, is an attractive feature [2]. If the 
nonlinearities of the system or the difference between various time scales were to be too 
important, it could also be extended to model-predictive control techniques, at the cost of a 
larger computational power, and by performing the identification of the full frequency 
dependence of the linearized response of the system to modulations of the input parameters, 
rather than simply of its steady state response. 
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Figure captions. 
 
 
Fig. 1: Control diagram used for the feedback control of the safety factor. 

Fig.2: Respective influence of the 3 identified singular input vectors on the safety factor 
profile when using simultaneously LHCD, NBI and ICRH as actuators. The full profile which 
appears in all frames corresponds to the reference equilibrium obtained with PLHCD = 3MW, 
PNBI = 7MW, PICRH = 3MW, around which the system is linearized. The open circles show the 
q-profiles estimated from the model when adding the power combinations P1, P2, and P3, 
respectively, to the reference case powers. P1, P2, and P3, are proportional to the singular 
vectors, V1, V2, and V3, but normalized to 5MW. σ1, σ2, and σ3 are the corresponding singular 
values. 

Fig. 3: Comparison of LIDAR central density  with the one obtained by the inversion 
technique                           

Fig. 4: Comparison between the real-time value  safety factor and the one obtained from EFIT 
with polarimetry, at various radii (0.2< r/a<0.7) and random  times on 31 pulses. 

Fig. 5 (a): Time evolution of the plasma current, Ip, central electron density, ne0, and 
temperature, Te0, surface loop voltage, Vloop and lower hybrid power, PLHCD (pulse 
#55873, BT = 3 T). (b): Real-time control of the q-profile using LHCD (pulse #55873, BT = 
3T, Ip = 1.5 MA). The profile is shown at three different times including the start (4 s) and the 
end of the control phase (14 s). Open circles represent the five q-setpoints at r/a = [0.2 0.4 0.5 
0.6 0.8]. 

Fig. 6 (a): Time evolution of the plasma current, Ip, coupled lower hybrid power, PLHCD, 
ICRH power, PICRH, NBI power, PNBI, central electron density, ne0, and temperature, Te0, 
central ion temperature, Ti0, surface loop voltage, Vloop, nor���������	��
����� N, and D �  emission 
(pulse #58474, BT = 3 T). (b): Real-time control of the q-profile using LHCD, NBI, and 
ICRH (pulse #58474, BT = 3T, Ip = 1.8/1.5 MA). The profile is shown at four different times 
between 7 and 12 s. Pluses represent the five q-setpoints at r/a = [0.2 0.4 0.5 0.6 0.7]. 

Fig. 7 (a): Time traces of the safety factor at the five radii selected for the real-time control 
experiment with LHCD, NBI and ICRH (pulse #58474, BT = 3T, Ip = 1.5 MA). 
Fig. 7 (b): Time traces of the delivered LHCD, NBI and ICRH powers during a real-time 
control experiment with 3 actuators (pulse #58474, BT = 3T, Ip = 1.5 MA). 
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Fig. 2 
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Fig. 3 
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Fig. 4 



 
Fig. 5 (a) and (b) 

 
 



 
Fig. 6 (a) and (b) 
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Fig. 7 (a) 
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Fig. 7 (b): 
 


