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A real-time plasma state observer algorithm, based on a Kalman filter, has been implemented

in the real-time control system of the ASDEX-Upgrade tokamak. In this algorithm employs the

RAPTOR real-time profile evolution code [1] to compute physics predictions that are combined

with real-time diagnostic data. This yields accurate and self-consistent estimates of the plasma

state, in particular the q and Te profiles, currently with time resolution of 10 ms.

Plasma state reconstruction using a dynamic state observer
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Figure 1: State observer for a tokamak

In present-day practice, var-

ious plasma parameters are

measured by individual diag-

nostics and detailed post-shot

analysis is necessary to bring

these measurements together

into a self-consistent picture

of the plasma state. Real-time

knowledge of the state can in-

stead be obtained by merging

the various sensor measurements with information about the system embedded in a mathe-

matical model. This can is done in practice using a state observer, a well-known method from

the control engineering community.

This technique contrasts with inversion-based techniques, such as equilibrium reconstruction,

which perform on fits of snapshots of data without considering the time history. The working

of the dynamic state observer and its interaction with other tokamak sub-systems is schemati-

cally depicted in Figure 1. The core of the algorithm is the real-time tokamak simulation. This
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produces, at each time step, an estimate of the plasma state at the next time based on the knowl-

edge of the current state. This estimate is used to predict the diagnostic measurements. This is

compared to the true measurements, and the difference is fed via an observer gain as an update

to the state with this new information. In this work we apply a state observer to estimating the

q and Te profiles on ASDEX-Upgrade. A real-time plasma profile simulation was performed

using the RAPTOR code, which is described in more detail in the next section. The design of

the observer gain is done using the Extended Kalman Filter (EKF) equations. A full treatment

of the EKF can be found e.g. in [2] while a detailed description of the algorithm implemented

in this work can be found in [3].

Profile dynamics model including effects of sawteeth and plasma shape
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Figure 2: RAPTOR simulation

of sawtooth crashes during AUG

shot #30549

The dynamic evolution of the plasma profiles is simu-

lated using the RAPTOR code [1]. Important additions have

been made to the code since its original implementation.

The shape of the equilibrium flux surfaces, which enters

in the transport equations as flux-averaged geometric terms

(e.g. < 1/R2 >), provided by a Grad-Shafranov equilibrium

code, can now be varied in time. The H-mode pedestal is

modeled, allowing the edge bootstrap current contribution to

be included in the current diffusion equation. The effect of

sawtooth crashes on the q profile has been modeled by a re-

connection model, allowing both partial and full reconnec-

tions. An example simulation of sawtooth crashes is shown

in Figure 2, showing time evolution of simulated and experimental Te0. This crash can either

be triggered by the Porcelli crash criterion model as in the simulation shown, or – in real-time

applications– by a real-time sawtooth crash detector.

Implementation on ASDEX-Upgrade

The RAPTOR code and state observer were compiled from SIMULINK-generated C++ code

into an application for the ASDEX-Upgrade Discharge Control System (DCS) [4]. RAPTOR

requires extensive knowledge about virtually all tokamak subsystems which interact with the

plasma in order to predict its behaviour, and requires as many available diagnostic signals as

possible to compensate for modeling errors. Therefore it consumes a relatively large amount of

data, totaling ca.150 signals. Key diagnostics include the 60-channel ECE, which is relied on

for a good estimate of the electron temperature, and the DCR, which provides a density pro-
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file in real-time. The real-time Grad-Shafranov equilibrium reconstruction (MAZ) [5] provides

information on the geometry of the flux surfaces.
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Figure 3: ASDEX-Upgrade implementation of state ob-

server

RAPTOR produces a large vari-

ety of signals including not only the

main plasma profiles q, Te, ne, but

also related quantities such as boot-

strap current, driven current den-

sites, loop voltage profile, magnetic

shear profiles, and many more as il-

lustrated in Figure 3. With such a

large number of input signals, it is

important to determine in real-time

whether a particular measurement

can be trusted. A two-layer strategy

has been put in place to ensure this.

Firstly, a signal confidence flag, as-

sociated to each signal in the DCS,

is actively monitored. Secondly, incoming diagnostic data is verified in real-time for consis-

tency with the model-based estimate. Deviations that are too large or too sudden are classified

as invalid, and discarded from the state reconstruction by associating a high standard deviation

with the measurement. This makes the algorithm resilient to such kinds of errors, while also

providing real-time information about the quality of individual diagnostic signals.

Results using real-time ASDEX-Upgrade data

An example of a real-time state reconstruction performed using RAPTOR is shown in Fig-

ure 4, showing snapshots of, q profiles and Te profiles as well as raw diagnostic measurements.

In particular the Te profile is well-constrained by the ECE diagnostic, while the q profile recon-

struction, lacking real-time measurements, must at this stage rely solely on the internal physics

model (flux diffusion using neoclassical conductivity).

The RAPTOR q profile matches the reconstruction from the off-line default Grad-Shafranov

reconstruction code CLISTE (red ◦) quite well for outer radii, while differing slightly in the in-

terior, as can be expected. Electron temperature and density profiles from ECE and DCR agree

with off-line data from Thomson scattering (red �). In this example, the interferometer signal

was tagged as invalid after t=2s, and RAPTOR assumes the density profiles stays constant there-

after (top-right panel). The innovation sequence (center-right) shows the norm of the difference
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Figure 4: Results of applying the dynamic observer to real-time AUG data (shot #30561). Off-

line data (red) is compared to RAPTOR’s internal knowledge of main quantities. Bottom panels

show snapshots of profiles at t = 4s.

between measured and predicted diagnostic measurements.

Conclusions

A dynamic state observer based on real-time profile simulations has been successfully im-

plemented on ASDEX-Upgrade and has begun producing routine information on the plasma

profiles. Future work will focus on (1) validating the reconstructed q profiles against off-line

reconstructions and rational surface location estimates from MHD activity, (2) feeding the re-

constructed profiles back to the real-time equilibrium solver as an additional internal constraint,

(3) integrating real-time q profile measurements from the MSE when available and finally (4)

using the reconstructed profiles as inputs for a active plasma control and supervision.
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