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ABSTRACT

Disruptions in tokamak devices are inevitable and can severely damage the device’s wall [1, 2].
For this reason, different protection mechanisms have to be implemented. In Join European Torus
(JET), these protection systems are structured in different levels. At the lowest level are those
systems that are responsible for protecting the machine’s integrity, which must be highly reliable.
More complex systems are located at higher levels; these higher-level systems have been designed
to take action before low-level systems. Since the installation of the new metallic wall [3] in JET,
new protection systems have been being developed to improve the overall protection of the device.
This work focuses on a software application — a disruption predictor — that detects an incoming
disruption. This software application simulates the behavior of a real-time implementation.

In recent years, efforts have been devoted to developing and optimizing a reliable system that is
capable of predicting disruptions. This has been accomplished by the novel combination of machine
learning techniques based on supervised learning methods [4]. Disruptions must be predicted early
enough so that the protection systems can mitigate the effects of disruptions. This article summarizes
the software development of the JET disruption predictor. This software simulates the real-time
data acquisition and data processing. It has been an essential software tool to both optimize the

disruption prediction model and implement a simulator of the real-time predictor.

1. INTRODUCTION

Efficient prediction of disruptions is a complex task because, in addition to being a multi-dimensional
problem, the predictions must be made early in advance. Having an effective mitigation system in
JET requires a disruption prediction at least 30 ms in advance. Machine-learning techniques have
been used to satisfy this requirement.

The Advanced Predictor Of DISruptions (APODIS) is implemented using a two-level support
vector machine (SVM) structure4. The first level consists of three Radial Basis Function (RBF)
kernel classifiers, and the second comprises a linear classifier. The first layer follows the temporal
evolution of the plasma, while the second layer implements a decision function to trigger or not
trigger an alarm. The architecture is shown in figure 1. As explained in Ratta4, thirteen signals are
acquired every 30ms at a sampling rate of 1ms. The result is thirteen windows of 30 samples for
each signal.

These thirteen JET- signals are as follows:

* Plasma current

» Poloidal beta

» Poloidal beta time derivative

* Mode lock amplitude

 Safety factor at 95% of the minor radius

+ Safety factor at 95% of the minor radius time derivative

» Total input power



» Plasma internal inductance

* Plasma internal inductance time derivative
» Plasma vertical centroid position

+ Plasma density

 Stored diamagnetic energy time derivative

» Net power (total input power minus total radiated power)

A Discrete Fourier Transform (DFT) is performed on the 30 sample windows using a Fast Fourier

Transform (FFT) algorithm to obtain a spectrum estimation and build a feature vector (1).
Xn= {OSO""OS]Z} (1)

The vector components are the spectral deviations calculated using
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where S refers to the mean value of the DFT coefficients S;[k] for k=1 to 15.
The feature vectors X, are used to calculate the distances D1, D2 and D3 to the respective

separating hyper-planes [5] of each first layer classifier using
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in this equation, the o;, vec;, y and Bias are values obtained during the training process of the first
layer classifiers.

These distances are the inputs to the second layer classifier. This classifier implements a decision
function (4).

R:(a3-D3+a2-D2+a1-D1+B (4)

the coefficients a and B are obtained during the training process of the decision function.

In order to improve the results of the Ratta predictor [4], time domain information was included
using the mean value. To allow the predictor to be used in real time, it is necessary to reduce the
computational load. To this end, this work has been focused on reducing the number of signals
used and optimizing the code execution time. To address this analysis, a trial-and-error procedure
has been used to reduce the number of signals used. Three sets of signals, formed by 7, 8, and 12
signals, have produced optimal results.

The windows have been resized to 32 points to achieve a shorter FFT computational time resulting

from the use of a number of points that is a power of two [6].



2. PREDICTOR ARCHITECTURE

Figure 1 shows the two-layer architecture of APODIS. The input of the M1 classifier is the current
feature vector X1 of the current data window from the current time to 32ms prior to the current
time (t0 to t-32). The inputs of the M2 and M3 classifiers are the previous feature vectors from time
t-32 to t-64 and t-64 to t-96, respectively. The inputs to the secondlayer classifier are the distances
calculated in the M1, M2 and M3 classifiers. This classifier decides whether the alarm should be
triggered.

As shown in figure 2, there is an overlay due to the displacement of feature vectors in time.

3. TRAINING PROCESS
The predictor must be trained before it can be used. The training process is very important because
it defines the model of the predictor, coefficients for the classifiers and the signals used.

During the training process, two rates must be carefully assessed: the success rate and false alarm
rate. Furthermore, the dataset that is chosen to perform the training is very important. A balanced
dataset was chosen: 125 unintentional disruptive discharges and 100 non-disruptive ones. These
discharges were randomly selected. The training datasets were obtained from JET campaigns
C19, C20, C21 and C22. Campaigns C23, C24, C25, C26, C27a and C27b have been used for test
purposes.

Three sets of features with 14, 16 and 24 components (models A, B and C, respectively) were
used as the input into the first layer. Table I shows the signals used.

Before starting the training process, the signals have been preprocessed. The aforementioned
signals have significantly different sampling period (non-homogeneous sampling period ranging
from 10us to 15ms). Thus, resampling was performed with a linear interpolation at 1ms. Following
the resampling, all of the signals exist (have a value) at the same time instant. Figure 3 illustrates
this process.

Another potential issue is the amplitude difference between the signals, which can differ in
several orders of magnitude. Therefore, a normalization process was applied during the training
phase. This normalization adjusts the signal values to the interval between 0 and 1, preserving their

relative magnitudes.

Inputgigna— Min (5)

Normalized signal = Maor— Min

4. IMPLEMENTATION

The initial objective was to implement a program in “C” code to run in JET, showing the results of
predictions via an on-line display in the control room for session leader assessment, and to store
the alarms and results in the JET database. The application should be based on software code and

data structures with an APODIS description. The data structures define the behavior of the program.



The code is unique and changes in the data structures define its behavior. However, deploying
an application in JET’s infrastructure is not trivial. The developed application can be used like a
real-time behavior simulator and run in the JET Analysis Cluster (JAC). New applications must be
developed under the MARTe framework [7]. Having an application that can simulate the real-time
behavior of the predictor before a MARTe application is designed is very helpful.

An important aspect of this application is executed in the JET Analysis Cluster (JAC), which
takes the signals from the JET database simulating the behavior of the JET’s Real-Time Data
network (RTDN). When an unavailable sample is requested from the RTDN, the RTDN provides
the previous value [8]. This effect must be studied because it was omitted during the training phase
and may have modified the predictor’s success rate. Figure 4 illustrates this effect, which can be
analyzed by the proposed application.

The system architecture is shown in figure 5. The config and SVM model files define the behavior
of the current predictor. The output file shows the results of the discharge analysed, and if the
predictor is in debug mode, an execution trace is dumped to debug the files.

All of the parameters that modify the behavior of the program are defined in a config file, which

allows for the modification of various parameters:

» Plasma current threshold to start the predictor

» Sampling period

* Window size

* Number of signals used

* Number of signals to be derived from the raw signals
* Number of window models

 Path for files: maximums, minimums, and file model description

The signals to be read from the JET database are specified in an external file. The entire path name
to the JET database must be used. If the signal to be read is not available in the real-time format,
the name must be preceded by an asterisk (*) so that the signal is read for the processed database.
Figure 6 shows a sample file, with the signal name for model A.

To allow the user changing all of the configuration parameters, the application has been developed
using dynamic data structures. Each input signal is loaded into an array of signal structures. Figure
7 shows the data structure used.

The structure is self-contained, as it stores all of the information needed to handle the signal
according to the program’s requirements. The signals’ raw data are stored in this original form using
two dynamic buffer pointers with *pData and *pTime. The predictor’s architecture uses windows
to follow the temporal evolution of the signal. These windows are handled by a dynamic array, and
only one window is writing at a specific instant with the data sampling at 1ms. These windows are
passed to the SVM classifiers using the movement of pointers to reduce the execution time. Note

that only the resampling time information for the last window is stored. This information is needed



when a disruption is detected and an alarm is triggered. In this situation, the alarm time provided
is the time value of the last sample in the time window.

The program can be set to several debug modes. In these modes, the application saves internal
information to files, allowing the execution of the program to be followed and the time evolution
of the partial results of the classifier to be obtained. This information is very useful for tracing the

program execution with the results of the training phase.

RESULTS

Figure 8 shows the results for the three models in each campaign. Four values are represented:

* The unintentional disruption success rate, which is the main objective of the predictor.

* The false alarm rate, which indicates that the predictor has triggered an alarm for a
nondisruptive discharge.

* The premature alarm rate, in which an alarm is triggered more than one second early.

* The mean value of the unintentional disruption success rate.

Table Il summarizes the results related to the number of discharges tested. The number of disruptive
discharges (unintentional) is 228, and the total number of safe discharges is 3578.

In addition to optimizing the success rate, the predictor should minimize the number of false
alarms. Model A achieves these objectives and uses the smallest number of signals, which is very
important for a real-time implementation because it reduces the computation time. Thus, model A was
chosen for further analysis using the simulator to obtain data for its future realtime implementation.

Note that these results are with the carbon wall. The new metal wall was introduced into the
C28 campaign and the discharges from 80128 to 81051. Some real-time systems were not working;
therefore, the signals used in the training phase were not available. This was the case for the system
BetaLi, which provides some signals for APODIS. Thus, to avoid the lack of realtime signals in the
database, another method was used to employ processed signals and test the simulator with the new
wall. Thus, the predictor was tested using three real-time signals and four processed signals: plasma
internal inductance, plasma density, stored diamagnetic energy and total input power. With this new
approach, a new simulation was performed for campaigns C23 to C27b and tested with the new
data in C28 with a metal wall. Figure 9 presents these results. For campaign C28, 678 shots were
analyzed from discharges 80128 to 81051: 633 of the discharges were safe, 33 were unintentional
and 12 were intentional.

Once the success and false alarm rates are within a reasonable range, it is important to know
whether the predictions are made sufficiently in advance. Figure 10 presents the accumulative
detected disruptions versus disruption time from the discharges analyzed in campaign C28. Using
the criteria that 30ms is sufficient to take protective actions in JET, figure 10 shows that 90% of
alarms are detected at least 30ms in advance. This result shows that the success rate of the predictor

is lower; however, a success rate of 90% is still sufficient for the predictor to be considered viable.



CONCLUSIONS

Excellent results were obtained by the disruption predictor simulation studied in this work. Three
models with different numbers of signals were examined. The model with seven signals (model
A) was shown to be the best option. This model has a success rate of 90.79%, which is 1.32% less
than that of model C (the optimal model), and a false alarm rate of 5.11%. By using the minimum
number of signals, the computation time is reduced. The developed simulator is a valuable tool;
it has revealed that the sample and hold effects that appear in the RTDN when a sample is not
available do not affect the predictor or degrade the predictor’s success rate. The results obtained
with campaign C28 are very important, as they show that the predictor’s architecture is robust and
that the success rate does not decrease when using the metal wall, despite the predictor having been

trained with a carbon wall.
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Model A (7 real-time signals)

Model B (7 real-time signals + 1 calculated
signal)

Model C (9 real-time signals + 3 calculated
signals)

Plasma current

Plasma current

Plasma current

Mode lock amplitude

Mode lock amplitude

Mode lock amplitude

Plasma inductance

Plasma inductance

Plasma inductance

Plasma density

Plasma density

Plasma density

Diamagnetic energy time derivative

Diamagnetic energy time derivative

Diamagnetic energy time derivative

Radiated power

Radiated power

Radiated power

Total input power

Total input power

Total input power

Plasma inductance time derivative

Poloidal beta

Plasma vertical centroid position

Plasma inductance time derivative

Poloidal beta time derivative

Vertical centroid position time derivative

14 features (Mean and o)

16 features (Mean and o)

24 features (Mean and o)

Table I: Signals used in models tested. Grey values are calculated from the signals read from the JETs database.

Model A Model B Model C
Dataset % Dataset % Dataset %
Success rate 207/228 90.79 205/228 89.91 210/228 92.11
False alarm rate 183/3578 5.11 17/3578 0.48 228/3578 6.37
Premature alarm rate 6/228 2.63 5/228 2.19 6/228 2.63
Missed alarm rate 15/228 6.58 18/228 7.89 12/228 5.26

Table II: Results obtained with the 3 models.
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SignalO
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Signal2

Signal3

Signal n

data /—/ *pData

fime *pTime

MS/ M2 M1 oM
wa | *pTiMeR

typedef
char name[cHamaax] ;

struce {

double Masx;
double mim;

int Mpeints;
int nsamples;
double *pData;
double *pTime;
double TpTimers
double ==pM;
int Wormalize;

} signal;

//name of signal. Aacces path To JET s800
JMaximum for normaldization
JMinimum for normalization
Simumber of points for model window
/mumber of samples of the signal
JPointer to raw data
/podnter to Time For raw data signal
‘fpointer to resaspling times for nearest Time window
‘fpeinter to array of pointer of model windows
/{the signal has to be Mormalize

Figure 7: Structure used to store the signal read from the JET database.
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