Assessment of the diagnostics for shape control in fusion machines

Angelo Cenedese Paolo Bettini

Abstract

In fusion devices, the accurate reconstruction of the boundary location and shape from magnetic diagnostics is of paramount
importance for the efficient control of the plasma evolution and the safe running of the experiment. In addition to a good and
consistent performance in the reconstruction, the task must be performed in real-time as the input for the shape controller
and more in general for the scenario optimization. To this aim, a statistical procedure for the evaluation of the reconstruction
capability of different magnetic sensor sets is presented, which can drive the choice for an optimal set to be used for the
reconstruction of plasma location and boundary shape during real-time operation. In addition, an algorithm to approximately
solve the free boundary problem and estimate the plasma shape starting from the magnetics is devised. Beyond representing
a first step towards the definition of a boundary reconstruction code for plasma shape control, this tool is also used to cross
validate and confirm the statistical analysis on the diagnostics.

I. INTRODUCTION

In the context of fusion machines experiments, the research on efficient techniques to guarantee an accurate and real-time
reconstruction of the plasma boundary has been a central issue, since such procedures are of paramount importance for both
the safe operation of the fusion device and for reaching the expected performance of the designed configuration. The task
poses challenges that regard the very nature of the plasma as a deformable magnetic fluid and that relate to the fact that the
shape of the plasma or more simply its distance from the facing components are not directly measurable quantities, and need
to be inferred from numerous and generally heterogeneous magnetic sensors placed inside and outside the vacuum vessel.
In fact, the plasma boundary is defined as the outermost closed flux surface entirely contained in the vacuum chamber, and
is then characterized by a specific magnetic flux value.

Assessing the reconstruction capability of the magnetic sensors and highlighting the differences in the reconstruction
performance by using different sensor sets are then important tasks that involve modeling and numerical aspects. They also
have a direct impact on the control performance both in the selection of the optimal diagnostics combination to ensure
efficiency in the reconstruction, and in suggesting the estimation strategy in the regulator design, as the classical integration
of observer and controller. In actual fact, the selection of the most significant magnetic signals needs to couple with a proper
strategy for the boundary reconstruction that well fits the control scheme adopted for the machine.

Due to the high complexity of the magnetohydrodynamics (MHD) physics and of the experimental devices, where non-
linear behaviors of both the plasma and its coupling with the active circuits and the surrounding metallic structures arise,
the preliminary validation of diagnostics and control systems is carried out relying on simplified linear models and resorting
to extensive numerical simulations [1] in the early stages of the design.

Then, a further evaluation of the magnetic signals and the estimation of derived quantities (such as the plasma boundary
location [2]) is assessed during the commissioning phase of the machine, where a set of experiments are run in order to verify
and confirm the operational range of the device. In this stage, the cross validation with other measurements for the mere
sensor signals, and the comparison with the numerical code simulations for the boundary location and shape reconstruction
represent the main tool for sensor assessment [3][4]. Notably, though, the evaluation of the single measurement signal,
despite being important for the sensor per se, is of limited advantage in the whole reconstruction context, which is the main
aim of the diagnostics for control.

Unfortunately, the numerical codes developed for full equilibrium reconstruction from external magnetic measurements [5][6][7]
require a severe computational effort hardly suitable for real-time, though some efficient implementations, based on simpli-
fying hypotheses and optimized algorithms, have been proposed [8][9].

In this activity, we will study the magnetic diagnostic system of the ITER machine, in commenced construction stage,
with the specific aim of providing guidelines for the design of the control systems, and the more general ambition of setting
up a framework for diagnostic analysis and synthesis for other fusion machines and devices where the reconstruction of the
magnetic configuration maps is of interest. The contribution of this work is then twofold: On the one side, a methodology to
evaluate the reconstruction capability of different magnetic sensor sets is proposed, and the identification of critical issues in
the magnetic configuration estimation is provided. On the other side, these issues are key inputs for the design of a real-time
boundary reconstruction code, which is a second objective of this activity.
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The remainder of the paper is organized as follows: After the description of the machine and some preliminary tools and
model in Sec. II, the main contribution is given in Sec. III for the statistical assessment of the sensor sets and in Sec. IV
the design of a boundary reconstruction suitable for real-time employment is introduced. Then, in Sec. V the assessment
results are presented together with some specific numerical simulations to confirm these findings, and finally in Sec. VI
some conclusions are drawn.

II. DESCRIPTION OF MACHINE, MODELS AND TOOLS

The cross section of the ITER device is shown in Fig. 1(a), highlighting the distribution of magnetic diagnostics on the
poloidal plane: The real (designed) sensors are plotted with markers, while a virtual measurement array, located as close as
possible to the plasma, is visible as a continuous line partially superimposed on the first wall. In Fig. 1(b), the location of
the gap-points and gap-lines for evaluating the plasma-first wall distance during real-time plasma operation are presented.
In this regard, two sets are defined: The 6 control gap-lines are used for shape control, meaning that boundary-first wall
distances along these lines are given for references and should be computed in real-time and fed-back for shape control; on
the other hand, the 24 diagnostics gap-points and gap-lines are a more numerous set used for diagnostics purposes and to
control a plasma soft termination in order to avoid the approaching of the plasma to the facing components.
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Fig. 1: ITER machine cross sectiorg?)(a) The geometry of the machine is shown, togethelgb\zvith the poloidal field coils and the
distribution of magnetic sensors. The real sensors are those highlighted with symbols, while the ideal observer is depicted
as a continuous line in correspondence to the vacuum vessel border. (b) Shape descriptors: control gap-lines (in red) and
diagnostics gap-points and lines (in blue).

An algorithm, the Inverse Problem Tool (IPT), has been developed to support the magnetic analysis and sensor validation:
It allows the reconstruction of the plasma boundary (R — Z plane and polar coordinates) and of the plasma-first wall gaps
using as input the measurements of the plasma equilibria [10][11]. More details are given in Sec. IV.

Moreover, to study the noise propagation from the sensor measurements to the boundary location, a simple model of the
measurement noise has been adopted. For each sensor used as input to the reconstruction procedure, the noisy signal ¢ has
been calculated adding to its actual value y two terms:

g:(1+6r)y+6ay07 (D

where the measurement noise €, (normal distribution with zero mean and standard deviation o,.) takes into account the
errors proportional to the actual value of the signal, whilst the measurement noise ¢, (normal distribution with zero mean
and standard deviation o) takes into account the errors independent on the actual value , normalized to a typical field value
Yo = 2.1T. A balanced model with o, = 0.35 and o, = 0.2 appears realistic for the case of interest.

III. STATISTICAL ANALYSIS OF DIFFERENT SENSOR SETS

The reconstruction capability of the magnetic sensors is studied through a statistical analysis based on the simulation
data from a large set of equilibria, that include the different sensor sets and a set of virtual measurements. The focus is
indeed the study of the statistical correlation between the set of measurements provided by the real sensors and the virtual
measurements thought as a sort of ideal observer, similarly to what proposed for the JET machine during the magnetic
enhancement project [12]. The rationale behind the ideal observer is that the magnetic signals along some closed contour
outside the plasma (on the poloidal cross section) provides a description of the plasma shape and its configuration with
respect to the active and passive circuits [13].



This analysis is not aiming at designing or optimizing the reconstruction technique but at assessing and comparing the
behavior of different sensor sets: Therefore the results should be taken as a relative comparison, more than as an absolute
performance. Nonetheless, this procedure can quantify the information brought in by the sensors, as far as the reconstruction
capability is concerned.

In more detail, a sufficiently extended set of plasma configurations describing the operative space of ITER has been run
(Neq equilibria), to provide a dataset of real and virtual measurements. The correlation between the two sets of measurements
is obtained by modeling a linear relation between the magnetic field on the virtual sensors and the data provided by the real
(in the sense of actually designed) measurements.

In other words, each virtual magnetic measurement &;,7 = 1, ..., N+ can be singularly reconstructed from the real set
measurements y = [y;,j =1,... 7Nrml]T according to the following relation:
Nreat
& = Z CijY; =Ci* Y, 2
j=1

where é, is the reconstructed virtual measurement, and the c; coefficient vector can be obtained via least square fit (usually
obtained by adding some regularization term, which corresponds to a linear combination of the most significant principal
components) [14]. The norm of the reconstruction error, i.e. the difference (in norm) between the virtual measurement and
that obtained by using the real sensors to reconstruct the field values in the same location, ||¢; —c; -y || states the performance
of the real sensor set, namely the (specific) reconstruction capability.

At the same time, in the attempt to capture a general view of the reconstruction capability, a matrix can be obtained that
summarizes the linear relation above, after having normalized in mean and variance all the available measurements (standard
score) with respect to the plasma equilibria:
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This allows to equalize the dynamic range of the different sensors and introduce a numerical regularization over the datasets.
The scalar relation (2) becomes éz ~ ¢; - y: The real sensor measurements are organized into a matrix Y &€ RNrear*Neg
where each row corresponds to a sensor and each column to an equilibrium, and similarly, & € RVvirt*Nea is the matrix of
the virtual measurements (magnetic field in the horizontal and vertical directions and flux differences between neighboring
sensors), listing the various equilibria as columns:

Y = [y1 ¥2 - YN “4)
E = {é1 & ... ENW}’ &)
where clearly é’l refers to the whole virtual measurement vector. It follows:
C1
E~| 2 |5 52 ... ¥n,)=K-Y, (©6)
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where the matrix K € RNvirt*Nreat is named as correlation matrix. The study of the K matrix appears from these relations
equivalent to the analysis of a transformation map between the space of the real measurements and that of the virtual ones.

More in detail, the computation of the K matrix is performed after a further pre-conditioning of the input signal matrices.
In actual fact, a Singular Value Decomposition (SVD, [14]) is applied to both the real measurement space (represented by
the Y matrix) and the virtual measurement space (represented by the = matrix),

Y =UySyVy and E' =UsgSzVL (7)
and a modified version of the K matrix is computed from the score matrices of Y and E' as
T
Kpa & ((UYSY)T (UESE)) ; 8)

where (o) indicates the Moore-Penrose pseudoinverse operator.

The reconstruction of the signal spaces is obtained retaining around the 99% of the energy of the signals, therefore in
practice the information loss is negligible and well compensated by the beneficial effects of this procedure. Indeed, the
numerical outcome of having reduced the correlation problem to the correlation between the principal components helps to
regularize the solution and avoid the overfitting of specific singular equilibria, provided that in order to return a physically
consistent result, the inverse mathematical transformations need also to be applied to obtain K:

K~ V=K,,aV1. )



IV. BOUNDARY RECONSTRUCTION

In addition, the solution to the inverse problem as a free boundary problem should also state a use-case for a possible
implementation as a real-time diagnostics to be used in the control loop, to provide reference for the shape controller. Indeed,
the non-feasibility of the use of numerical equilibrium codes for real-time boundary reconstruction, have pushed towards the
derivation of alternative methods, based on simpler and faster numerical algorithms [15], such as Equivalent Currents [16],
Toroidal Harmonics [17][18] or Local Field Expansion [19][20], which allow to comply with the specific requirements of
the on-line plasma contour identification.

Actually, beyond the assessment of the diagnostics system, in this work a procedure aimed at the reconstruction of the
plasma boundary and gaps based on Equivalent Currents is developed and validated against ITER reference equilibrium
configurations.

At steady state, the N,., measurements y can be expressed as a linear combination of the n,. active coil currents i, and
the n, plasma equivalent currents i, effects

Geic+Gpip, =y, (10)

where the elements of the Green matrices G, G, are computed by means of a numerical integration using the standard
closed formulas for the magnetic vector potential (flux loops and saddle coils) and flux density components (pick-up probes)
produced by a unit axisymmetric current. For a given arrangement, the i, values can be calculated from

Hilin”Gpip*LYpHQ (11)

where y, = y — Gei. represents the measurements y from which the known effect of the external coil currents i, is
subtracted, and ||-||, is the Euclidean norm. Being Ncq > n,, the numerical solution of (11) is ill-conditioned and a
regularization method is needed to obtain a unique regular solution approximating the desired vector y, [21]. The extent of
the ill-conditioning is strongly dependent both on the probe locations (a crucial issue in the design of new machines) and on
the arrangement selected for the equivalent currents. An SVD technique is usually adopted to approximate the ill-conditioned
matrix G, with a better-conditioned matrix.

By computing the singular value decomposition of the matrix G, = U S VT, being S the matrix of the singular values

si, i =1,...,k of G, and U, V orthogonal matrices, the solution vector can be expressed as
kb
i =>" ;v (12)
i=1 """

where v; is the i-th column of V; b; is the i-th element of the vector U” ¥p; k is the truncation index usually selected such
as k < min(Nyeqr,np) in order to neglect the smaller singular values responsible for the ill-conditioning of G,.

As a matter of fact, it can be shown that the effect of the perturbation Jy,, in the measurements propagates to the solution
of (11) according to the relation 161 15y,

il « Yp
ol = TG, ] -

where the conditioning number ¢(G,) of the system matrix G, acts as an amplification factor with respect to the perturbations
on the data.

In case of different sets of magnetic measurements (flux loops, saddle coils vs pick-up coils or inner vs outer probes), a
key role is played by the different levels of measurement noise (e.g. standard deviations ¢;) which can be accounted for by
the pre-multiplication of the residual vector in (11) by the diagonal matrix of the standard deviations ¥ = diag(o;)

Hilrin”(zc'p)ip - ZyPHQ (14)

Among the several alternative distributions of equivalent current filaments, a limited set has been analyzed and the choice
of the model for the magnetic assessment has relies on the capability of the filament set to better relate to the magnetic
measurements. This calculation has involved the computation of the eigenvalues of a map between the currents and the
measurements: The larger the eigenvalues, the stronger the relation between the two sets of quantities (Fig. 2).

The IPT algorithm is then summarized as follows:

« a set of n, axisymmetric equivalent currents i, are distributed along an ellipse centered in the plasma centroid;

« the known term y, is calculated by subtracting the contribution of the external coil currents from the measurements;

o the values of the equivalent currents i, are calculated from the solution of (14)

« the flux value of the plasma boundary is evaluated by means of the linear combination of the plasma equivalent currents

i, and active coils i, contributions;
« finally, the plasma boundary and the gaps are reconstructed.
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Fig. 2: Filamentary plasma model. (a) The positions of different plasma filamentary models are shown. (b) The analysis of
the eigenvalues of these arrangements with respect to a set of measurements suggests the employment of the set highlighted
in red.

V. DISCUSSION AND RESULTS

The statistical analysis provides a twofold insight into the reconstruction capability of the diagnostics and the assessment
for their use for real-time estimation of the boundary location, by examining the K matrix either from the observer point of
view (i.e. combining the row entries to obtain a [V,;.-dimensional vector) or from the real measurements perspective (i.e.
combining the column entries to obtain a N,..,;-dimensional vector).

In the former case, the sensitivity of the reconstruction of the field components all around the plasma (the virtual
measurements) is inferred with respect to all the available measurements. The interpretation of these results is in terms
of what effort the reconstruction of the magnetic field requires: The lower the effort, the higher the overall noise reduction
and the avoidance of a potentially dangerous excessive sensitivity (Fig. 3). In actual fact, this result is well confirmed by
numerical simulation with the IPT, in which the noise model (1) is applied to the magnetic sensors to measure how this
affects the reconstruction of the plasma boundary position.

On the other hand, the indication of how much a specific real signal contributes to the reconstruction of the field in a
particular location (participation factor) states the significance of the rdle of the specific sensor in reconstructing the field,
and hence the boundary position and shape. An example of the contribution factors of two different set of sensors is given
in Fig. 4.

In this sense, some comments are in order:

o an ideal sensor set should equally share the burden of the reconstruction, meaning that all the contribution factors
should stay approximately in a narrow range of values: In other words, the more the contribution are equal, the more
the set is able compensate for sensor loss or faulty measurements;

« the presence of peaks in the sensor contributions suggests that the reconstruction is strongly dependent on those specific
measurements;

« the presence of alternating contributions (i.e. high-low-high-low and so on) in neighboring sensors highlights a certain
level of redundancy in the set;

« by exploiting more sensor measurements, the contributions of the real signals is reduced by sharing the reconstruction
task among a larger amount of diagnostics: Broadly speaking, this results in an improved robustness and noise rejection
as the whole system is less dependent on single measurements.

This statistical analysis is further corroborated by numerical simulations of specific equilibria with the IPT tool. Different
sets of sensors are employed in the boundary reconstruction algorithm, where the most (Set 1A) or the least contributing
(Set 1B) magnetic measurements are respectively neglected in the reconstruction. The Mean Square Error (MSE) on the gap
reconstructions is computed and shown in Tab. 1.

In general, as shown in these cases, the reconstruction of Set 1A is better than Set 1B, as expected since we are removing in
one case the most contributing sensors while in the other the least contributing ones; more interestingly, the reconstruction
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Fig. 3: Sensitivity of the ideal observer. The sensitivity of the magnetic field reconstruction (a) is well in agreement with
the simulations of noise propagation from the sensors to the boundary location for a plasma configuration (here the result
for a diverted configuration is shown) (b).

TABLE I: Boundary reconstruction on selected equilibria.

MSE - control gaps MSE - diagnostic gaps

Equilibrium || Setl [ Set TA [ Set 1B [| Set I | Set IA | Set IB
Eq. 015 1.26 2.28 1.87 1.72 3.20 1.49
Eq. 066 0.59 1.15 0.58 0.80 1.79 0.51
Eq. 230 0.79 4.18 0.88 1.81 4.88 2.05
Eq. 339 0.73 0.83 0.78 0.40 1.22 0.49

is always less accurate when using Set 1A than when using the original Set 1, meaning that the important sensors are
actually effective in the reconstructions; conversely, in some case, removing some measurements can have a beneficial effect
in the reconstruction: This effect can be related in part to the statistical selection of the signals, which refers to the whole
equilibrium set of interest.

By fusing the information from this analysis, the most important sensors in the magnetics result (see Fig. 5).

VI. CONCLUSION

In this work the problem of diagnostic system assessment for plasma boundary reconstruction has been addressed.

A statistical procedure has been proposed to quantify the information brought in by different sensor sets, as far as the
reconstruction capability is concerned. This procedure is based on the definition of an ideal observer, namely a dense array
of virtual sensors measuring all the magnetic field components placed outside but close to the plasma so as to capture
its magnetic configuration. The analysis of the transformation map between the real sensor measurements and the virtual
measurements obtained from a large number of plasma equilibria allows to infer on the one side the sensitivity of the
field (and boundary) reconstruction on measurement noise, while on the other the contribution of each real measurement
to the reconstruction, hence its importance. Moreover, starting from these sensor sets, an algorithm for the boundary shape
estimation has been devised, that represents the first step towards the definition of a real-time code for plasma boundary
reconstruction which is mandatory for shape control and shape optimization during the experiment.

Both the assessment strategy and the reconstruction algorithm have been cross validated through numerical simulations.
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