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Abstract

One of the instabilities in tokamaks is the sawtooth instability, which abruptly flattens the radial
temperature and current profile by which it redistributes a lot of energy. This results in a direct
loss of plasma energy during every sawtooth crash which may reduce the fusion rate. On top of
this the phenomenon can also trigger other more troubling instabilities. To study the phenomenon
and maybe even control it, a real–time sawtooth detector is essential. In this thesis the validation
and implementation of a real–time sawtooth detector for AUG is presented. This detector uses
an interactive multiple model(IMM) Kalman filter, and ECE measurements as presented in van
den Brand et al.[1]. The use of this approach allows for a more portable sawtooth detector and
more insight into the specifics of the size of sawtooth crash which occurred. In the paper of van
den Brand, validation was done on only small snippets of discharges, where a good performance
was found. However, preliminary results obtained in this thesis, using the original detector on
broader set of discharges with different types of sawtooth crashes, showed that the performance
of the original detector is insufficient. For validation a reliable set of precise determined sawtooth
crashes is formed by manual detection. Since it is not possible within the graduation project to do
this for all the discharges of AUG, a subset of discharges is selected. This is done by defining three
use cases for implementation of the real–time sawtooth detector on AUG, representing a subset
of possible applications of the detector. These three uses cases where found after an extended
discussion with the AUG team. The three use cases are; q - profile reconstruction, sawtooth period
manipulation, and impurity and sawtooth behavior study. From the requirements corresponding
to each use case a set of representative discharges is selected for validation of the performance of
the detector. Then improvements have been made on the sawtooth detector with which is tried
to comply with requirements found for each use case. These improvements have been made both
by tuning the settings of the detector and the introduction of a new crash model used by the
detector. Improvements are made in the form of both a full and partial reconnection sawtooth
detector, where the latter had the best performance. This implementation of the detector does
comply with the requirements of the use case impurity and sawtooth behavior studies. The
partial reconnection sawtooth detector was useful for reconstruction of the q – profile using the
real–time reconstruction made by RAPTOR. For the use case sawtooth manipulation the partial
reconnection sawtooth detector does not meet the requirements.
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Chapter 1

Introduction

In nuclear fusion, energy is made by two colliding nuclei which fuse together and release energy
in this process. One of the type of devices which is used to study nuclear fusion is the so-called
tokamak. A tokamak is a toroidal device which uses currents and magnetic fields to confine a hot
plasma in which the nuclei are fused[2]. Tokamaks need to cope with a great variety of plasma
instabilities which form a problem for achieving economical feasible nuclear fusion. Instabilities
can reduce the fusion rate in the tokamak and even have the potential to damage the device.
One of the instabilities in tokamaks is the sawtooth instability, which abruptly flattens the radial
temperature and current profile by which it redistributes a lot of energy. This results in a direct
loss of plasma energy during every sawtooth crash[3]. On top of this the phenomenon can also
trigger other more troubling instabilities. Nevertheless, the sawtooth instability also has a positive
effect on the plasma performance, namely core impurity exhaust[4]. Impurities notably helium
which gather in the core of the plasma can reduce the fusion rate, reducing energy production
or possible even stopping the entire fusion reaction[5]. Sawtooth instabilities can help exhausting
these impurities.
ITER, a fusion experiment which is currently being constructed, will be the first tokamak where
more thermal energy is coming out of the plasma than is injected into it. Other tokamaks were
already made to study the physics for this reactor, one of these experiments is ASDEX Upgrade
(AUG) in Garching bei München, Germany. Both ITER and AUG will be affected by similar
instabilities such as the previous called sawtooth instability[6]. Current studies at AUG on this
phenomenon can therefore help in achieving the mission goal of ITER; showing fusion energy is a
viable energy resource.
It is shown that the natural period of the sawtooth instability in ITER, can have an even bigger de-
grading effect on the plasma performance than in previous build tokamaks[7, 3, 8, 9, 10, 11, 12, 6].
Although currently there is disagreement about the existence of an optimal sawtooth period for
ITER, (some suggested a short period while others see advantages in complete suppression of
the instability[13, 14]) most studies agree that because of the even bigger effect on the plasma
performance control of the sawtooth instability is needed. Using external heating the sawtooth
frequency can be actuated towards a more favorable regime[10, 15, 1, 16, 17, 18]. Accurate con-
trol of the sawtooth instability requires an actuator, a controller, and also a sensor which detects
the sawtooth crash. Next to this for further research on the sawtooth instability such a detector
is also essential, e.g. for accurate triggering, relative to the sawtooth crash, of diagnostics or
actuators[19, 20, 21].
Concluding, for future research on controlling or suppression of the sawtooth instability, and also
for studies on the effect of the instability a real-time implemented sawtooth detector crash is
needed. Currently AUG lacks such a detector. This thesis describes the validation and imple-
mentation of a real–time sawtooth detector on AUG.
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CHAPTER 1. INTRODUCTION

1.1 Outline of existing work

Currently AUG lacks a real–time sawtooth detector, on other tokamaks sawtooth detectors are
developed, none of which are implemented in a real-time. Most sawtooth detector use either meas-
urements from soft X-ray (SXR), which measures the X-ray radiation emitted from the plasma,
or electron cyclotron emission (ECE). ECE measures the radiated power in the electron cyclo-
tron frequency range which can be used to directly determine the local temperature. The local
temperature measurement can be used by detectors to find the rapid and specific temperature
change during a sawtooth crash. The location of this local measurement can vary, even through a
discharge. It is determined by the specifics of the magnetic field in the plasma, and the setup of
the diagnostic. These ECE measurements have limitations, some part of the plasma can be in so
called cut off, meaning in this part no temperature measurements using ECE can be taken[22, 23].
SXR measurements give line integrated output of the X-ray emission from the plasma which is
depended on the electron temperature, impurities, and density. Because of the sudden radiation
change observed during a sawtooth crash this diagnostic can be used to detect a sawtooth crash.
An advantage of the use of SXR measurements is that these are always available from on same
measurement lines, even if simultaneously used for other purposes. The downside of using SXR
is that it highly effected by the impurities in the plasma. Since AUG has a tungsten wall, a
lot of tungsten impurities are found in the plasma which can complicate the detections of saw-
tooth crashes a lot because it causes a very noisy SXR signal. On the JET tokamak sawtooth
crash detections can already be made by using ECE but also with SXR. Using a feedback loop,
with so-called ICRH as actuation, and ECE for detection, the period of the sawtooth instability
is controlled[17]. The sawtooth crash is detected by using the length of the previous sawtooth
period and a threshold on the drop in Te. The same approach is also used by Lerche et al.[24] but
instead of ECE here soft X-ray is used as a diagnostics.
Sushkov et al.[25] used a diagnostic tool based on a multi wire proportional X-ray setup to ob-
serve sawtooth crashes on TCV. Later Felici et al. [26] implemented a detector which used the
setup from Sushkov et al. for use in sawtooth period control on TCV. In this implementation
the detector also helped in a more realistic real–time plasma equilibrium reconstruction. At the
tokamak JT-60U a sawtooth detector is made which uses a set of ECE diagnostics, with multiple
Te measurements, and Fast Fourier transform to determine the sawtooth period/crash and a ad-
aptive neural network is used for determination of the inversion radius[27]. Based on offline ECE
TEXTOR data van Berkel et al.[28] developed a sawtooth detector using wavelets, a mathematical
tool for processing signals into in time localized frequency behavior. The local information trans-
formation into frequency behavior makes the tool extremely useful for analysis of non-stationary
signals in real-time, such as the sawtooth instability. In combination with an edge detector a
theoretical tested sawtooth detector is developed.

1.1.1 Sawtooth detectors developed for AUG

Currently for AUG only two sawtooth detectors are developed (from Gude et al.[22] and van den
Brand et al.[1]) of which none are implemented in real–time. The previous sections shows that
ECE and SXR are proven diagnostics for use in sawtooth detection. The detectors presented
in this section use both one of these diagnostics. The previous section also showed that multiple
algorithms combine the use of several measurements into one detection as for example the one from
van Berkel et al.[28] Looking at the used edge detection, and the combination of using multiple
measurement channels for validation of the sawtooth crash, the detector from Gude et al. and van
Berkel et al. have a lot of similarities. Using models of the sawtooth crash to make a detection, as
van den Brand et al. did, is a more unique and novel approach. This section will briefly explain
both detectors and there suitability for real–time use on AUG.
Gude et all.[22] developed an sawtooth detector based on SXR signals. The approach presented
in their paper is said to be also applicable to ECE signals. Using a first derivative Gaussian
convolution filter Gude et al. finds a distinct peak in SXR measurements during the sawtooth
crash. This peak needs to exceeds a threshold, which is based on the noise level found of the
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CHAPTER 1. INTRODUCTION

measurements found in the rest of the discharge. If then multiple peaks in the SXR measurements
are found within a set time frame, and in the expected spatial distribution of a crash, a sawtooth
detections is made. This detector has a validated high detection rate, currently at AUG it is the
standard for automated offline sawtooth analysis. A big disadvantage of this method is that due
to the convolution window used, at the fastest (but also most inaccurate) setting an delay of at
least 1.33 ms is introduced. On top of this, to verify the crash event in multiple SXR signals, an
extra delay of 0.5 ms is introduced. Meaning when a jump in an SXR signal is found, within this
0.5 ms it must be also observed in other signals to be accepted as a sawtooth crash detection.
Therefore in total the latency of the detector is at least 1.83 ms, on the lowest performance setting
and without taking into account the calculation time. On more accurate settings the detection
delay may even be higher than 15 ms. This delay is to big for use of the detector in real–time at
AUG which means this detector is only suitable for offline use.
The detector from van den Brand et al. uses a different, novel, and more real–time suitable
approach for sawtooth detection, models of sawtooth crashes are used to make detections. With
an interacting multiple model (IMM) Kalman filter and ECE temperature profile measurements,
these sawtooth crash models are used to recognize the change in the temperature profile during
a crash. This way a detection can be made. The models in the IMM are based on the sawtooth
crash model created by Kadomtsev et al.[29] This detector combines the input of multiple ECE
channels and uses them simultaneously in the IMM for detection of the sawtooth behavior. An
IMM estimator is a set of linked Kalman filters with different models. For each scenario the
detector has ’no sawtooth crash’, and sawtooth crash scenarios with full temperature flattening,
with each 5 a different size, an a priori estimate is made which is compared with the actual
measurements. Then a probability for the compliance of each scenario with the actual plasma
behavior is made. A more in depth explanation of this detector and the theory used in the
development of this detector can be found in chapters 2 and 3. On the basis of this the detector
estimates whether a crash and with which mixing occurred. After each calculated step the input
of each model is reset according to the Kalman filtered output to be used for the next calculation
cycle. The accuracy of this algorithm is limited by the models used.
An disadvantage of the current implementation of the IMM detector from van den Brand et al.
is that it totally relies on ECE measurements which can not always be totally reserved for use of
sawtooth detections. The algorithm has the ability to deal with a great number of configurations
of the ECE measurements. However, certain scenarios are imaginable where the positioning of the
measurements is so unfavorable that no accurate detections can be made.
This algorithm is suited for real–time implementation, this algorithm has a delay which is only
caused by the sampling frequency of the signals used and the calculation time. Since the IMM
algorithm is a proven fast algorithm in the field of control theory the latter is not expected to
be a problem. Another advantage of this detector is the portability, the models describing the
sawtooth crashes should also describe behavior in other nuclear fusion experiments (e.g. ITER,
JET). This implies that only little tuning is needed to use the detector on other tokamaks.
Looking at the two detectors already developed for AUG, the conclusion is made that only the
detector from van den Brand et al. is suitable for real–time implementation on AUG, which is
therefore the ideal candidate for real–time implementation on AUG.
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CHAPTER 1. INTRODUCTION

1.2 Research questions

The goal of the master graduation project, is to research and if possible both deliver and validate
an implemented version of the sawtooth detector from van den Brand et al. for real–time use on
AUG. For implementation of such a detector a defined set of requirements needs to be set, hence
the first research question is:

What requirements hold for a real–time sawtooth crash detector on AUG?

These requirements are derived from specific use cases for which the detector will be used. These
requirements consist for example out of the reaction time, and the amount of correct detections
and false detections. Following on this the second research question is:

How can de performances of an real–time implemented sawtooth detector for AUG
be evaluated?

This question needs to be answered by a defined metric for performance of the detector, a specified
kind of sawtooth crashes which need to be detected, and a set of selected discharges to validate
the results needs to be found.
An identification of the performance and limitations of the detector presented by van den Brand
et al. will be made. Looking at the detections made on many discharges an answer on the third
research question can be constructed.

What limitations does the standard sawtooth detector of by van den Brand et al.
have?

If the detector presented by van den Brand et al. has problems with detections of sawtooth crashes,
or to many false detections are made certain improvements are necessary. Which results in the
fourth research question:

What improvements can help the detector to comply with the set requirements or
achieve a better performance for real–time implementation on AUG?

Finally this master graduation thesis should answer the research question:

Can the IMM detector, including all implemented improvements, presented in this
graduation project meet the requirements set for real–time implementation on

AUG?

By using the requirements set for each use case, the representative discharges corresponding to
them in a real–time environment an answer to this research question needs to be found.

1.3 Outline of this thesis

The next chapter will explain the theory needed for the implementation of the real–time sawtooth
detector at AUG. An basic explanation of the tokamak design is given, and relevant theory of
sawtooth instability, and the interactive multiple model Kalman filter (IMM) is presented. Chapter
3 explains the implementation of the sawtooth detector presented by van de Brand et al.[1], the
original IMM detector. Here also the definition of performance is given, and preliminary results
of the detector which showed a lot of room for improvement on the detector.
The chapter 4 describes the requirements, and method of validation on which are used to make
an assessment on the improvements. Based on the preliminary results the original IMM detector
is further improved, this resulted into the detectors, full reconnection and partial reconnection.
Which as the name says use a full, or partial reconnection sawtooth crash model. In chapter 6
the results of the performance validation of the detectors is presented and is looked whether they
comply with the set requirements. Chapter 7 discusses the use of an low-pas filter in the presented
sawtooth detectors. Finally, in chapter 8 a conclusion and outlook of for this master graduation
project are given.
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Chapter 2

Theory

This chapter gives a describes of the relevant theory for understanding of the implementation
of the real–time sawtooth crash detector from van den Brand et al. for AUG. The first section
gives a brief introduction into the necessary tokamaks theory. Section 2.2 focuses on the sawtooth
instability, where first a general explanation of the sawtooth instability is given, then multiple
models describing the sawtooth crash are presented, and finally an brief overview of the actuators
on this phenomenon is given.
In the last section of this chapter, section 2.3 the theory behind the control theory IMM algorithm
is explained. On which the detector from van den Brand et al. is based.

2.1 Magnetic confinement in tokamaks

Nuclear fusion in a tokamak takes places under high temperatures and pressure. Looking at a
poloidal cross section the highest temperature can be found in the core, slowly going outwards
the temperature decreases such as the poloidal profile displayed at the left bottom of figure 2.7.
The plasma is confined using coils and a current in the plasma to create a certain topology of
magnetic fields in the tokamak. The central solenoid creates a current in the plasma which creates
an induced poloidal magnetic field. A combination of this poloidal magnetic field and toroidal
fields coils create a helical field as displayed in figure 2.1. The magnetic flux of the helical field
is expressed with ψ [30]. This magnetic field results in the formation of multiple surfaces with
a different magnetic topology and different winding of the magnetic fields. An expressing of this
winding, by the ratio between the number of turns from a toroidal field line(m) and the number
of turns from a poloidal field lines (n) is given by the safety factor q(r) = m

n . An example of these
surfaces with their corresponding safety factor can be found in figure 2.2.
In tokamak physics the radius of a cross-section is usually expressed in ρ, the normalized radius.
This is defined such that ρ = 0 is the center of the magnetic field of the cross section, and ρ = 1
is the most outer magnetic surface.

6 Validation and implementation of a real–time sawtooth crash detector for AUG



CHAPTER 2. THEORY

Figure 2.1: The magnetic field configuration in
a tokamak. The toroidal field is produced by
a series of external coils in the poloidal plane,
and the poloidal field is generated by a current
induced in the plasma by a central solenoid,
together the net effect is a helical field. Repro-
duced from Hutchinson[31].

Figure 2.2: Magnetic surfaces at the values of
q = 1, 2, and 5 with the helical flux. From de
Blank[32].

2.2 Sawtooth instability

This section begins with the general theory of the sawtooth instability, after which some models
describing the sawtooth crash are presented. After this an overview of actuators onto the sawtooth
instability is given.

2.2.1 General description of sawtooth instabilities

Sawtooth oscillations where first observed in 1974[33, 9] and are believed to be mainly driven by a
periodical development of an internal kink mode around the q=1 surface. The sawtooth instability
is named after the particular shape of the temperature development observed in the core of the
plasma such as in figure 2.3. During this oscillation an m=n=1 mode, such as the kink mode,
pushes the hot center of the plasma outwards in a poloidal direction, as schematically displayed
in figure 2.4. After which a sawtooth crash follows in which the energy from the displaced core
is redistributed over the rest of the plasma. During this redistribution a new but colder center of
the plasma is formed on the original magnetic axis, after which the cycle repeats itself. In figure
2.5 one can find a cycle of a sawtooth temperature profile. During a sawtooth period three phases
can be found; the ramp phase, precursor phase, and the crash phase[9]. During the ramp phase
both plasma current density and temperature of the core increase as time evolves. The precursor
phase is just before the sawtooth crash where several other modes are shown to appear which
cause a fast oscillation in signals[9, 35]. After this the sawtooth crash takes place, in the core both
the temperature and current density collapse and a rapid fall in most signals is observed[36]. The
sawtooth crashes relaxes the plasma by flattening of the temperature and current density profile
during each cycle, which reduces the plasma performance. Sometimes the plasma does not fully
relax during a sawtooth crash which may result in post-cursor activity, which can be seen as an
extra oscillation after the sawtooth crash.
With regard to the sawtooth crash one can distinguish three regions in the plasma. A schematic
view of the radial temperature profile change during a sawtooth crash as figure 2.6, shows the
inversion radius (ri) and mixing radius (rm) separating these regions. Temperature signals, made
using ECE, coming from inside the inversion radius and in between the mixing and inversion
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Figure 2.3: A typical sawtooth oscillation measured
using ECE from TEXTOR discharge no. 106478, from
Witvoet[34].

Figure 2.4: Schematic display of the
core pushed outwards because of the
m=n=1 mode in a toroidal geometry
from Igochine et al.[9]

Figure 2.5: A display of the temperature devel-
opment in a sawtooth oscillation and the names
of those phases by Igochine et al.[9]

Figure 2.6: Schematic view of the temperature
distribution before and immediately after the
sawtooth crash in a poloidal cross section from
Hastie[36].

radius show overall mirrored behavior (as in figure 2.3, top and bottom two signals). The name of
the inversion radius originates from this fact, the temperature over time profile above and below
are inverted. Signals which come from the inversion radius itself produce a noisy almost constant
output, as the signal in the middle of figure 2.3. Even further to the outside of the plasma the
effect of the sawtooth becomes almost negligible, this points is defined by the mixing radius. In
some more chaotic sawtooth crashes these regions and radii are less clear to see or do not seem to
even exist.
Looking at a temperature profile made with ECE measurements, in some discharges sawtooth
crashes are relatively easy to observe. This change in temperature also causes a specific change
in X-ray emission from the plasma. With the use of SXR diagnostic the crash be observed as a
simultaneous and rapid change in emissivity from both the core and outside of the place.
During ramp the phase of the sawtooth period the profile of the safety factor gradually steepens,
and the minimal value of q0 decreases under unity. At the moment of the sawtooth crash a
relaxation in the profile of the safety factor leads to a sudden increase of q0 towards one[37].
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Figure 2.7: Stages of the sawtooth instability. The unperturbed stage has concentric flux surfaces,
the temperature profile is symmetric. When the center is displaced, reconnection occurs around
the q = 1 surface. Through the X-point of the island the hot center now reconnect with flux
surfaces outside the former q=1 surface. From Lopes Cardozo[38].

2.2.2 Sawtooth crash models

Since the discovery of the sawtooth instability many theories are developed which try to describe
this phenomenon. In this thesis the focus is set on the detections of the sawtooth crash, therefore
models describing this phenomenon are especially of interest. Note that models describing the
growth and onset of the m=1 mode to predict the sawtooth crash need to many measurements
and heavy calculations to be useful for real–time detection purposes. In this section two well known
sawtooth crash models describing the relaxation of the plasma are explained, a full reconnection
model of Kadomtsev in section 2.2.2 and a model with partial reconnection from Porcelli in section
2.2.2.

Full reconnection with Kadomtsev relaxation

In 1974 Kadomtsev[29] presented a model for plasma relaxation during a sawtooth crash with
nonlinear complete reconnection[9]. During this relaxation the temperature, current and q profile
are flattened via a process as schematically displayed in figure 2.7. The boundary condition in this
model is that the toroidal flux is assumed to be constant during a sawtooth crash. Reconnection
of the plasma then follows by connection of surfaces with equal helical flux in and outside of the
original q = 1 surface[3] as represented by the horizontal line in figure 2.8. As can also be seen in
this figure this results in a mixing radius that is by definition larger than the pre-crash q=1 surface.
The reconnection in the plasma results in a fully flattened temperature profile within this mixing
radius as stated in [3, 34, 1] and displayed in fig. 2.9. The q profile formed in this reconnection
has a central value of q0 = 1 and slowly increases towards the outside of the plasma. The plasma
outside of the mixing radius has a lower helical flux than the middle of the core, this part of the
plasma does not reconnect. Which means that the current outside of the mixing radius remains
unchanged, while the current slightly inside the mixing radius increases. A non–continuous current
profile is formed, the discontinuity is called the current sheet which can be observed in both the
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Figure 2.8: The safety factor (q) and helical
flux (Ψ) profiles before and immediately after
complete reconnection by Kadomtsev from
Chapman[44].

Figure 2.9: Profile change after relaxation
in the plasma with electron temperature pro-
files before and after the sawtooth crash with
a found mixing radius of 65% of the minor
radius[3].

current and q profile[39, 9].
Because of the reconnection between the surfaces with equal helical flux, described by the Kadomt-
sev model, sawtooth crashes in bigger tokamaks are expected to have a longer crash time than
sawtooth crashes in a smaller tokamak. However, looking at the sawtooth crashes of the JET
tokamak, the by MHD reconnection predicted crash time is 10 ms whereas the observed times
are 100 µs[40, 2]. On top of this the observed q0 value remains well below unity in most
experiments[41, 42, 43]. Although the Kadomtsev model has evident shortcomings, it is still
used extensively.

Taylor relaxation

Another theory on the plasma behavior during a sawtooth crash is called Taylor relaxation[45].
Taylor relaxation is based on the assumption that relaxation of the plasma occurs on a much
faster time scale than by MHD described linkage of flux tubes[46]. Taylor states that during the
sawtooth crash in a very short period a specific region of the plasma relaxes, via a chaotic process
into a minimal state of energy, flattening the current, and q - profile[30]. In this theory is assumed
that relaxation takes place by means of a series of fast, and not predetermined events, linked field
lines and flux surfaces are formed. Resulting in a plasma with a overall minimal energy state and
a flat temperature profile. During this relaxation two special boundary conditions hold for the
plasma: the initial magnetic helicity within the mixing radius is conserved, and the toroidal flux
itself is conserved[30]. Helicity is described by the volume integral H =

∫
A ·Bdx3 (with A is the

vector potential) and so Taylor assumes dH
dt = 0 during a sawtooth crash. An exact description on

magnetic helicity falls outside of the scope of this thesis, therefore the interested reader is referred
to [45, 30, 47].

Incomplete relaxation with the model of Porcelli

As an answer to the earlier stated shortcomings found in the model of full reconnection model of
Kadomtsev, Porcelli presented in 1996 a model using partial reconnection of the plasma in [3]. In
this model the plasma relaxes differently in two different separated annular regions. This results
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in an inner and an outer mixing radius. Both regions are separated by a current sheet just as in
the Kadomtsev model.
The outer annular region relaxes as described by Kadomtsev model in the section 2.2.2. The inner
annular region of the plasma is Taylor relaxed, which is explained in the previous section 2.2.2.
The formation of a separated inner annular region is assumed to be caused by the formation of a
m=1 island in the center of the reconnected plasma. The size of this island determines how big
the inner mixing radius is.
The mixing radius formed in the partial reconnection model is bigger than the former q=1 surface,
however it is smaller than found for full reconnection by Kadomtsev. Another difference between
the Kadomtsev model, the partial reconnection model, but also Taylor relaxation is that the later
two models do not develop a q0 of unity but have a q=1 surface which is positioned further radially
outwards[8].
During both Kadomtsev and Taylor relaxation a flat temperature profile is formed, which means
that two regions have a constant flat temperature with in between a steep change. Partial recon-
nection results in the formation of three separated parts in the plasma (the core which is Taylor
relaxed, a Kadomtsev relaxed part, and a part outside the outer mixing radius which remains
unchanged) separated by the inner and outer mixing radius. On these mixing radii a current sheet
with an accompanying steep temperature gradient is formed.
Since the size of the m=1 island in the inner reconnected area is not predetermined, the inner
mixing radius is an unknown variable before the sawtooth crash. Furthermore, the outer mixing
radius can be theoretical determined before hand however in practice this is complicated and often
done in hindsight.
Looking at the temperature both Kadomtsev and Taylor result in a similar flat temperature pro-
file. Relaxation of the q profile has distinctive differences which result in a q profile with a central
value lower than unity[3, 47, 48], as seen in fig. 2.11.

Figure 2.10: The safety factor (q) and hel-
ical flux(Ψ) profiles before and immediately
after partially reconnection by Porcelli from
Chapman[44] Figure 2.11: q–profile as a function of the minor

radius before and just after a sawtooth crash
with different mixing radii JET discharge 33131
from Bateman et al.[48]
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2.2.3 Actuators on the sawtooth instability

Using forms of localized current or heat drive the sawtooth instability can be influenced. This
can be achieved by tailoring the radial profiles of the plasma current density and temperature,
especially the local gradients around the q = 1 surface and the profile within this surface[9]. An-
other way to influence the sawtooth instability is via change of the motion, or generation of highly
energetic particles, by giving them a trajectory which is either more perpendicular or more parallel
to the magnetic field of the tokamak than usual. Porcelli[3] also presents a theory which described
the growth of the sawtooth instability. This theory describes the growth of the sawtooth instability
until the moment the mode becomes unstable and will most likely crash. Following from this the-
ory, but also confirmed in experiments is found out that these highly energetic particles can take
energy from the sawtooth instability and there by stabilize the mode. These particles prolong the
sawtooth period. The primary actuators are electron cyclotron current drive (ECCD) and electron
cyclotron resonance heating (ECRH), neutral beam injection (NBI), and ion cyclotron resonance
heating (ICRH) in the following sections there effect on the sawtooth instability is explained.

ECCD/ECRH for sawtooth actuation

A gyrotron generates microwaves that can be deposited in the plasma at the electron cyclotron
resonance, allowing for very localized heating/current drive. Launchers, in the form of mirrors
can be used to control in real–time the exact injection position of the microwaves. ECCD/ECRH
stands for electron cyclotron current drive/ electron cyclotron resonance heating, as the name
suggests it only affects electrons of the plasma. ECRH deposits microwaves in a small area of the
plasma. If aimed correctly the same microwave deposition can also drive current, which is what
ECCD is. This means that to drive current using ECCD the plasma is always also heated via
ECRH. Driving current using ECCD can be done both with(co) as against(counter) the direction
of the current in the plasma.
If positioned correctly ECRH/ECCD has a big effect on the sawtooth instability even though
compared with all other current driven such as ohmic it is only a marginal part [9]. A downside
of using ECCD/ECRH as actuation on the sawtooth instability is that the exact determining in
which area it should be deposited for this goal is hard to determine in advance. By driving current
parallel to the ohmic current (co) and heat inside the q=1 surface, the current profile, and so q -
profile peaks more and the local gradient here is increased. The local gradient increases until the
magnetic shear at the q=1 surface reaches a limit and relaxation of the plasma, by a sawtooth
crash, follows. This means that current inside the q=1 surface destabilizes the sawtooth instability,
and causes more frequent crashes. The reversed is also true, by deposition of co-ECCD/ECRH
just outside the q =1 surface the local gradient is decreased. The sawtooth instability is stabilized
and a lower sawtooth frequency can be observed[6].
For counter-ECCD on might expect the opposite behavior of co-ECCD, however this is not totally
true. The same effect on the plasma holds as for co-ECCD however, because of the coupling
between ECCD and ECRH counter-ECCD will also heat the plasma. Meaning if one tries to
prevent peaking of the current profile by reducing the current by counter-ECCD in the center,
stabilizing the sawtooth instability. At the same time also heat is deposited in the center which
destabilizes the instability. This means that counter-ECCD has a more nonlinear and complicated
effect on the sawtooth instability. To know the exact effect of counter-ECCD on the sawtooth
instability on needs to look at a combination of the current drive efficiency of counter-ECCD, the
exact deposition angle and location of the deposited power with respect to the q = 1 surface.

NBI for sawtooth actuation

Neutral beam injection(NBI) directly deposits neutrals into the plasma which are ionized. Power
changes of the NBI can only be done via changing the number of sources used, meaning it has a
big step size in terms of power changes. Also it is hard to control the exact deposition of NBI,
which is also not as local as with ECCD/ECRH. This renders this actuator less suited for control
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purposes. Nevertheless NBI is used in many discharges for overall heating or fueling of the plasma.
Depending on the injection angle, and the NBI power the injected particles can give torque to
the plasma which causes a lower sawtooth frequency. However the injected beam can also result
in more energetic particles with a high parallel velocity in the plasma. These energetic particles
inside the q=1 surface destabilize the sawtooth instability and outside q=1 they have a stabilizing
effect. Injection of a neutral beam into a plasma has definitely an effect on the sawtooth instability,
however for accurate control purposes it is not suited. Experimental results on AUG show that,
as suggested by the theory, NBI can either, enlarge, shorten or not change the sawtooth period at
all[6].

ICRH for sawtooth actuation

Ion cyclotron resonance heating can be a very effective form of stabilization of the sawtooth
instability by generating fast ions with mainly perpendicular energy (ions that are trapped in a
part of the plasma due to the magnetic field, i.e. trapped ions). Formation of a sufficient number
of these ions can stabilize the sawtooth instability, which can result in the formation of the so
called monster sawtooth[15, 49]. Furthermore, on AUG is observed that use of ICRH leads to the
an increased sawtooth activity. It is showed that off-axis use of ICRH can shorten the sawtooth
period[50, 51]. However in many discharges performed at AUG ICRH is used to produce regular
and big sawtooth crashes.

2.3 State estimation and interactive multiple model Kal-
man filter

In this section an outline of the control theory used in the detector from van den Brand et
al. is given which is essential to understand the implementation. The detector uses a so-called
interactive multiple model Kalman filter. In general an interactive multiple model filter uses a
state space representation to describe the dynamical behavior of a system, this is presented in
section 2.3.1. The interactive multiple model Kalman filter is an further extension of the Kalman
filter. The Kalman filter is a state based estimation filter. Before the Kalman filter itself can be
explained one need to have understanding of the statistical properties variance and covariance. A
description of these properties can be found in section 2.3.2. Followed on this in section 2.3.3 the
basic Kalman filter is explained. Finally, based on this filter section 2.3.4 describes the interactive
multiple model filter theory. Since this thesis focuses on the implementation of a real–time discrete
described system, only theory relevant to this subject is explained in this chapter.

2.3.1 State space representation

State space representation is an extensively used way of system description in control theory. A
state space representation is a minimal set of equations describing the dynamics of the system.
Or stated by the formal definition from [52]:

A mathematical description of the system in terms of a minimum set of variables
xi(t), i = 1, ..., n, together with knowledge of those variables at an initial time t0 and
the system inputs for time t ≥ t0, are sufficient to predict the future system state and
outputs for all time t ≥ t0.

The general idea of this description is that using the dynamics of a time invariant system, known
input, and initial condition the future state can be determined.
Most dynamical systems are described in a state space representations based on the general form
of

xk+1 =Axk + uk + vk (2.1a)

yk =Ckxk + wk (2.1b)

Validation and implementation of a real–time sawtooth crash detector for AUG 13



CHAPTER 2. THEORY

where xk+1, xk , uk, and vk are vectors of M×1, A a square matrix of M×M , yk, and wk a vectors
of N × 1, and matrix C of size N ×M . In equations (2.1a) and (2.1b): A represents the model
dynamics, xk and xk+1 the respectively current and next state of the model, u is the input on the
states of the system(sometimes also written as B · uk), wk and vk represent the measurement and
process noise, yk is the estimated measurements and C the translation from the minimal states to
the measurements.
An example of such a state space representation could be that of a turning axis. The described
state of the system, represented by xk, can be described by the angular velocity of a turning axis.
In the same description the change of the angle of the axis, compared to the initial condition, can
be written. Also the input of the system falls into the same disruption, so that the next state
of the system can also be predicted. Meaning, in this notation compactly combines the relation
between the states, they system dynamics, and the input together. For a known input also an
estimate about the future states of the system can be given. Such an estimated can be used to
filter measurement results, using the Kalman filter as explained in section 2.3.3.

2.3.2 Variance and covariance

In this section a short explanation of the terms variance and covariance is given, these properties
are used in Kalman filtering. Variance and covariance are a metric for the measurement error,
model error, and also for the amplitude of noise. For the Kalman filter, which estimates the state
of a system based on measurements, it is important to be able to describe the error of a certain
measurement and the noise influencing it. Using the metric variance a better estimation of the
states and the correctness of the measurements can be made. The variance is given by

σ2 = E[ (real value−measurement)2 ] (2.2)

Here E[ ] stands for the expected value, which is equal to the mean of all possible values the
equation can take.
Variance can also be used to express the spread of noise, using the mean of the noise expected
variance is calculated viaE[mean noise − noise sample]. Noise in a dynamical system usually
works on all the different states of a state space represented system. Just as the states influence
each other, also noise between the states is correlated. A description of the noise therefore results
in a covariance matrix, which describes the variance of the noise the states and the covariance
between the noise of each state. Such a covariance matrix of noise is calculated using

E[(mean noise− noise sample) (mean noise− noise sample)T ]. (2.3)

In general the covariance matrices for the measurement and process noise (w and v) are noted
with respectively the letters R and Q.
Because of the noise in the dynamical systems also filtered values have uncertainties. These
uncertainties are usually expressed with a process covariance matrix which is defined as

Pθ = E[(measurement− estimated value) (measurement− estimated value)T ]. (2.4)

This matrix holds the variance of each state and covariance with each other state, and gives insight
in the state error. In the next section the covariance matrix is used in the Kalman filter.

2.3.3 Kalman filtering

In 1960 R.E. Kalman presented a novel approach for noise filtering and measurement estimation[53].
This Kalman filter formed the basis for many other filters, including the interactive multiple model
filter used in the implemented detector of Hugo van den Brand et al.[1]. Kalman filtering is a form
of linear quadratic estimation which combines prior knowledge about the dynamics, noise estim-
ation and a prediction with measurements to find a optimal state estimate of the states of the
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system[54]. In short this happens in two steps: the prediction and innovation step which are
graphically represented in figure 2.12. In the prediction step using prior information about the
states and the dynamics of the system a predicted state is found. In the innovation step this
predicted state and the measurements are compared and formed into the estimated new state.
This state is fed back into the prediction step but can also be used in other systems. Because each
step in this recursive process demands only relatively low computation power it is also ideal for
real–time use.
At start as input for the prediction step, initial values are estimated. Before hand also an estimate
is done on the noise which is assumed to be stochastic, zero mean and randomly distributed. The
prediction step is done by the equations

x̂k|k−1 = Ax̂k−1|k−1 + uk−1 (2.5a)

Pk|k−1 = APk−1|k−1A+Q (2.5b)

from [54, 1, 55], where the system is assumed time invariant. Here Pk|k−1 is the predicted covari-
ance on the basis of previous known information, Pk−1|k−1 is the covariance based on the previous
measurement update, Q is a matrix holding the estimated process noise covariance, R the estim-
ated measurement noise in a matrix, and all other letters are as stated in section 2.3.1(Note the
change from v and w to matrices Q and R for notation of noise). Note, the similarities between
the standard state space equations (2.1a) and (2.1b) and the notation in the Kalman filter. Both
magnitudes of the process and measurement noise size influence on how much the detector relies
on the measurements[1]. Following on the prediction step a measurement update step follows. In
this step the measurements are used to enhance the current estimate of the system by letting the
measurements influence the predicted state of the system. This is done by the equations

Kk = Pk|k−1C
T (C Pk|k−1 C

T +Rk)−1 (2.6a)

x̂k|k = x̂k|k−1 +Kk(yk − Ck x̂k|k−1) (2.6b)

Pk|k = Pk|k−1 +Kk(C Pk|k−1 C
T +Rk)−1KT

k . (2.6c)

The value Kk represents here the Kalman gain. Which determines the influence of the measure-
ment onto the predicted state, or the correction done by the estimate on the measurements. The
use of this factor could lead in an ideal case to a theoretical minimal covariance of the estimated
state. However this only is only achievable if both the measurement and process noise are es-
timated correctly. The measurement update will output a measurement estimate and a process
covariance corresponding to this estimate. These outputs are used as input in the Kalman filter
again but are usually also as input in another control algorithm.
The ideal implementation of a Kalman filter is on a model which has fully linear dynamics, and
is only disturbed by noise which is Gaussian, zero-mean, uncorrelated, and white. In such a
theoretical estimation, the Kalman filter optimally minimizes (at each time step) the quadratic
estimation error[56, 54].

2.3.4 Interactive multiple model Kalman filter

Many new filtering algorithms are based on the Kalman filter including the interactive multiple
model (IMM) algorithm used in the sawtooth detector of van den Brand et al.[1] The IMM is very
suitable for a processes with changing dynamics which are described by different models. The
algorithm uses the dynamics of multiple models which estimate a set of hypotheses. Combining
these hypotheses a better state estimate for a target system is found[58]. A multiple model Kal-
man filter incorporates multiple Kalman filters in parallel to allow filtering according to different
dynamics[59]. An earlier developed an simpler form of the IMM is an autonomous multiple model
filter, here multiple Kalman filters run in parallel and do not interact. Such a filter can be benefi-
cial for fault detection, or dealing with a time invariant but unknown factors. Fault detection can
be done, for example by determination of the likelihood of each model by looking at the predicted

Validation and implementation of a real–time sawtooth crash detector for AUG 15



CHAPTER 2. THEORY

Figure 2.12: A graphical representation of Kalman filter including the equations from [57]

states and the observed measurements. An disadvantage of an autonomous multiple model filter
is the lack of interaction between the models. This means that all incorrect models will use a
wrong estimated measurement update as input in the prediction step. As a consequence, multiple
iterations are required before a significant change in model likelihood is observed.
The interactive multiple model filter (or Cooperating multiple model filter but abbreviated as
IMM) is a next generation is the Kalman filter based filters. As the name suggests this filter lets
the models interact with each other, providing each filter with a more realistic input. Because of
this interaction a more exact estimate is found, and a faster change in the likelihood of the models.
The IMM does this without taking into account the entire history of possible switching sequences
between the models. Tracking this entire history would result in a big pool of data which grows
exponentially in time, and is filled with a lot of irrelevant information. The IMM algorithm only
uses input from the previous time step. Using the probability of each model from this time step,
the IMM estimates the expected likelihood for all the models in the next time step. This is done
using the a priori transition probability matrix, a predefined matrix for the expected changes in
model likelihoods. The a priori transition probability matrix, Π (holding elements π), defines the
a priori probability of a mode with respect of the probability of the previous step.
Looking at an example for fault detection, where in the current state the faulted model has the
highest probability, the prior transition probability (element πi,j in matrix Π) towards a non-
faulted model is low because a sudden repair is unexpected.
Via the expected probability and the outcome of the previous time step an interaction between
the models a mixed estimate is made. This mixed estimated is used as input for all models in the
next prediction step of the IMM. The mixing is exactly the novel part of the IMM, which can be
done using the equations from table 2.1. After this a prediction step is made with the equations in
table 2.2, which is similar to the prediction step in the standard Kalman filter from the previous
section (equations (2.5b) and (2.5a)).
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A priori hypothesis probability

Mixed weights

Mixed estimate

Mixed process covariance

µ
(i)
k|k−1 =

M∑
j=1

πijµ
(j)
k−1|k−1, with M = number of models used (2.7a)

µ
j|i
k|k−1 = π(ij)µ

(j)
k−1|k−1/µ

(i)
k|k−1 (2.7b)

x̄
(i)
k−1|k−1 =

M∑
j=1

x̄
(j)
k−1|k−1µ

(j|i)
k|k−1 (2.7c)

P̄
(i)
k|k−1 =

M∑
j=1

[P
(j)
k|k−1 + (x̄

(i)
k−1|k−1 − x̂

(j)
k−1|k−1)(x̄

(i)
k−1|k−1 − x̂

(j)
k−1|k−1)T ]µ

(j|i)
k|k−1

(2.7d)

Table 2.1: IMM mixing step for all hypotheses

A priori estimate

A priori process covariance

x̂
(i)
k|k−1 = A(i)x̄

(i)
k−1|k−1 (2.8a)

P
(i)
k|k−1 = A(i)P̄

(i)
k−1|k−1(A(i))T +Q (2.8b)

Table 2.2: Prediction step for all hypothesis
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The next step is analogous to the measurement update from the standard Kalman filter as
in described in the previous chapter (equations (2.6a) until 2.6c), for each model a measurement
update is done with the equations in table 2.3.

Kalman filter gain

A posteriori estimate

A posteriori process covariance

K
(i)
k = P

(i)
k|k−1C

T (CkP
(i)
k|k−1C

T
k +Rk)−1 (2.9a)

x̂
(i)
k|k = x̂

(i)
k|k−1 +K

(i)
k (yk − Ck ∗ x̂(i)k|k−1) (2.9b)

P
(i)
k|k = P

(i)
k|k−1 +K

(i)
k (CkP

(i)
k|k−1C

T
k +Rk)−1(K

(i)
k )T (2.9c)

Table 2.3: Measurement update for all hypothesis

As last step the likelihood of each is calculated and a overall estimate and process covariance with
a corresponding covariance as by the equations in table 2.4. Note that when using the IMM in
a detector configuration the outcomes of the equations (2.11a) and (2.11b) are irrelevant. Using
the output of 2.10d is sufficient to make a detection of the current model state. This can be done
using for example by a predefined threshold, looking at the maximum likelihood, or outputting an
interpolation in between models with the highest likelihood (if these models are related).

Measurement residual

Residual covariance

Hypothesis likelihood

A posteriori hypothesis probability

z
(i)
k = yk − Ck ∗ x̂(i)k|k−1 (2.10a)

S
(i)
k = CkP

(i)
k|k−1C

T
k +Rk (2.10b)

L
(i)
k = (2π)−

Nx
2 |S(i)

k | exp[−1

2
(z

(i)
k )T (S

(i)
k )−1z

(i)
k ] (2.10c)

µ
(i)
k|k =

µ
(i)
k|k−1L

(i)
k

M∑
j=1

µ
(j)
k|k−1L

(j)
k

(2.10d)

Overall state estimate

Overall estimated process covariance

x̂k|k =

M∑
j=1

x̂
(j)
k|kµ

(j)
k|k (2.11a)

P
(i)
k|k−1 =

M∑
j=1

[P
(j)
k|k + (x̂k|k − x̂

(j)
k|k)(x̂k|k − x̂

(j)
k|k)T ]µ

(j)
k|k−1 (2.11b)

Table 2.4: Probability update and overall state estimation
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Summary of the IMM algorithm

In roughly four steps the IMM algorithm uses multiple models to do a state estimate on the basis
on mixed estimates from the previous time step. With this state estimate also a model likelihood
is calculated. This can be used to determine the most likely model. The sawtooth detector
implemented in this thesis uses this to find whether a sawtooth crash model has a high likelihood,
and if so, a sawtooth crash detection is made. The four steps of the IMM algorithm are:

Mixing step
In this step the different models of the IMM interact. Based on the prior model probabilities
and the a priori transition matrix Π an estimation on the likeliness of each model for the
next cycle is made. This likelihood is used to weight the outputs from the previous cycle

and create a mixed estimate of the system(x̄
(i)
k−1|k−1 and P̄

(i)
k|k−1). The equations of this step

can be found in table 2.1.

Prediction step
Similar as in the normal Kalman filter in this step the output of the system is predicted with
a corresponding process covariance, which is done via the equations in table 2.2.

Update step
In the update step the estimate states are corrected by the measurements in a comparable
fashion as done for normal Kalman filtering. By use of a Kalman gain this correction is

made. This results in an a posteriori estimate of the states and covariances (x̂
(i)
k|k and P

(i)
k|k)

for each model as by the equations in table 2.3.

Probability step
The last step of the IMM the likelihood of each model is determined. Also an overall
estimation of the state is made. For an implementation of the IMM as an detector the
likelihood of each model is evaluated. If its exceeds a predefined threshold this means that
the event which this model describes is detected. The equations for used in the last step can
be found in table 2.4.
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Chapter 3

Origninal IMM detector from van
den Brand et al.

Using the theory from the previous chapter this chapter presents the implementation of original
IMM detector as presented in the paper from van den Brand et al.[1]. First the definition of
performance of the detector is given in section 3.1. After this, the implementation of the original
IMM detector, as in the paper from van den Brand et al.[1], is explained. Finally preliminary
results of the original IMM detector are given in section 3.3. The actual implementation of
the sawtooth detectors into the discharge control system (DCS) of AUG is done as described in
appendix A.

3.1 Definition of performance

During tuning and testing the detector a definition of performance is essential. This definition
gives insight, via objective, measurable quantities, in how well the detector is performing. For
validation of the detector, a set of discharges is manually checked for sawtooth crashes by Anja
Gude. The definition of the performance is made using three quantities:

• Correct detection, this is the most simple case; comparing with the detection of the manual
detection is determined if a complete correct detection is made. A correct detection is defined
as when the true sawtooth crash takes place within a time frame of: - 0.95 times the sample
time and +1.1 times the sample time of the detection made. This choice is made because of
the combination of the fact that a sawtooth crash itself takes some time (20 - 100 µs) [60]
combined with a correction for any slight error in the manual detection.

• Missed detection, A sawtooth crash is labeled as a missed detection if during the above time
window no detection of a sawtooth crash is made.

• False detection, any detection made outside the time window of a correct detection is classi-
fied as a false detection. The assumption is made that the detector does not find sawtooth
crashes which where missed by making manual detections.

3.2 Implementation of the original IMM detector from van
den Brand et al.

In van den Brand et al.[1] a sawtooth crash detector is presented using ECE temperature meas-
urements and interactive multiple model filter. In this section an explanation of this algorithm is
given which is implemented for use on AUG. The algorithm makes a sawtooth crash detection if
the change in temperature complies with the expected redistribution of energy during a sawtooth
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crash. Using an IMM, as explained in section 2.3 during each calculation step the temperature
profile is observed and analyzed for possible sawtooth crashes. By comparing the change of the
temperature profile with multiple models for a sawtooth crash, a detection can be made.
The implementation of this IMM uses a state space representation such as equations (2.1a) and
(2.1b). The measured temperature profile is ’y’, ’A’ equals the model for the change of the
plasma, and since this system is a detector no ’u’, input is present. The temperature profiles
are constructed using the ECE diagnostic of AUG. This diagnostic has 60 channels for temper-
ature measurements distributed over a poloidal cross section of the plasma. Due to changes in
the plasma equilibrium, the distribution/position of these measurements may alter during a dis-
charge. ’xk’ is a representation for the temperature states of the plasma, these states are set as
the 10 points on a pre-defined grid. ’C’ is a matrix which projects the states of the system, the
temperature values of the pre-defined grid, onto the current grid of the available measurements.
This is done using an approximation made using cubic B-splines with a pre-defined grid. First,
in section 3.2.1, is explained how the measurement data for use in the detector is obtained. Then
the details of the ’C’ matrix used in the IMM detector are given in 3.2.2. The models, ’A’, which
describe the change in the plasma are presented in 3.2.3. In subsection 3.2.4 the settings for the
actual implementation into the IMM detector of van den Brand are given.

3.2.1 Available ECE measurements and sample time

Currently the real–time ECE measurements are available with a sampling time of 6 ms. During
the next campaign in 2019 the ECE diagnostic system will be upgraded, after which measurements
are real–time available with a sampling time of 1 ms. This is also the fast calculation cycle of the
discharge control system of AUG.
Offline the ECE data is available at a sampling frequency of 1 MHz, meaning that using offline
data faster detections can be made. Because in the future the ECE data is available at a sampling
frequency of 1 kHz, offline data is downsampled to this rate. Down-sampling of the ECE temper-
ature measurements is done using a ’PCHIP’ (piecewise cubic Hermite interpolating polynomial)
using the standard MATLAB ’interp1’ function.
The discharge control system of AUG has a calculation cycle of 1 ms which means the transfer
rate is limited to this speed. To ensure a decent down-sampling a so-called low-pas filter should
be used. However, such a filter, introduces a delay of at least 1 ms. To ensure fast sawtooth crash
detection it is chosen to not introduce such a delay, and deliberately down-sample the measure-
ments without the use of a low-pass filter. This is done with taking into account the risk that
aliasing might form a problem. To asses the effect of using a low-pas filter in chapter 7 an analysis
is made on the implementation of such a low-pas filter into the real–time sawtooth detector for
AUG.
All further validation and implementation of the detector will be done at a sampling frequency
of 1 ms unless otherwise stated. During a discharge the locations of the temperature measure-
ments change over time. These changes are relatively slow compared to the sampling time. This
means that this signal can be interpolated for use on a higher sampling frequency without running
into problems. Using zero-order hold, all signals (except the ECE temperature measurement) are
changed to the same time resolution as the ECE temperature measurements. So that sufficient
input during each calculation cycle is guaranteed.

3.2.2 C matrix made using splines

The ’C’ matrix projects the states of the system onto the grid of taken measurements. These
measurements are taken using the ECE diagnostic. Since this diagnostic is also used for other
purposes, the distribution of the ECE temperature measurements may changes during a discharge.
Next to this some channels might me in cut-off, are malfunctioning, or may take measurements
in irrelevant parts of the plasma. This means that also the number of available measurements
change. At AUG the earlier named algorithm RAPTOR, is used to give information about the
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Figure 3.1: Cubic Bspline approximation of ECE data of AUG Upgrade discharge 30538 at 4.2
s, shown in black crosses. The approximation is shown in dark gray and the 11 basis functions
multiplied by their associated coefficients, are shown in a light gray dashed line. The splines are
generated using a set of 10 equidistant knots, indicated by black vertical lines. The derivative of
the spline interpolation is forced to zero at = 0. From van den Brand et al.[1]

reliability of the ECE temperature measurements. In real–time operation it is able to provide
available preventive error tag for each local measurement when it is in cut-off, gives an unrealistic
measurement, or it positioned outside of the plasma. These tags are gathered in a mask for the
ECE measurements, combining this with the known location of the measurements a temperature
profile is made.
The states of the system are in a predefined grid of 10 points. Using cubic B-splines, as explained
in Heath[61], matrix ’C’ projects these states onto the grid of the available ECE measurements.
A spline is a piecewise polynomial of order k which is differentiable at k-1 times. Cubic B-splines
are continuous twice differentiable[61]. For each state one spline function is used, and to ensure
the derivative in the center, on ρ = 0, is zero an extra cubic B-spline is added. This results in a
’C’ matrix with 11 columns made up from normalized coefficients based on these cubic B-splines.
Using these coefficients for each location, the matrix ’C’ project the states of the system onto the
measurements (or the other way around) as explained in [1] or what can be seen in figure 3.1.
Meaning this matrix has a number of rows which is equal to the number of active channels. Since
the coefficients are normalized, the elements of each row are summed equal to unity. Because
the number of available channels and the positions change during a discharge, also the ’C’ matrix
needs to be recalculated during each calculation step/measurement update. As seen in figure 3.1
the basic functions overlap, meaning each state of the system has a projection onto multiple points
of the multiple measurement state grid, defined by the locations of the ECE measurements.

3.2.3 Models describing the temperature changes in the plasma

For the description of the plasma behavior multiple models are defined in the form of an ’A’ matrix.
One model is defined for representation of slow changing plasma behavior (such as peaking of the
temperature profile), without a sawtooth crash, and multiple models describe the change of the
temperature profile during a sawtooth crash. The sawtooth crash models describe a relatively
fast change in the temperature profile. For other plasma behavior, it is assumed that the changes
in the plasma are relatively small during each calculation cycle. Because the changes in normal
plasma behavior are slow, and since no complete model description of the plasma behavior in
the normal state is known, an identity matrix is used for the system dynamics here. Since the
dynamics of the normal plasma behavior are modeled using an identity matrix, this reduces the
Kalman filter action of this model to a least squares estimation[54].

22 Validation and implementation of a real–time sawtooth crash detector for AUG



CHAPTER 3. ORIGNINAL IMM DETECTOR FROM VAN DEN BRAND ET AL.

The sawtooth crash models used in the paper of van den Brand et al. are all based on the
Kadomtsev model, as described in section 2.2.2. This model results in a complete flat temperature
profile after the crash by redistributing the energy equally within the mixing radius. For energy
redistribution the plasma is assumed to be circular and of unaltered size during a sawtooth crash.
The state of minimal energy is reached by spreading all the energy evenly over all the states of the
system, the 10 pre-defined grid points, relative to the volume each state represents in the tokamak.
Which is done by the equation

Tk,flat(ρmix) =
π

V

∫ ρmix

0

Tk(ρ)ρ dρ = Vcrash(ρmix)xk (3.1)

where Tk,flat(ρmix) is the estimated temperature within ρmix after relaxation of the plasma,
based on the measurements Tk(ρ) taken from the part of the plasma within the mixing radius
ρmix. Vcrash(ρmix) is a row vector containing elements of non-zero for all xk at ρ ≤ ρmix. These
non-zero elements redistribute the temperature profile according to the relative volume difference
giving the temperature of the minimal energy state. Because of conservation of energy stated by
the first law of thermodynamics the sum of the elements in this row vector is always one. The
row vector gives the temperature of all the knots within ρmix. The temperature of the elements
outside the mixing radius remains unchanged which results in an identity part of the crash matrix.
Writing the resulting crash matrix into the state space equation just as equation (2.1a) gives

xk+1 = Acrash(ρmix) xk =



[ — Vcrash — ]
...

[ — Vcrash — ]
... 0

[ — Vcrash — ]
...

. . .

. . . 0 . . . I
. . .


xk. (3.2)

The possible mixing radius of a sawtooth crash is not known beforehand, therefore multiple models
of sawtooth crashes are used all with different sized mixing radii at the same time in the IMM
detector.

3.2.4 Settings of original IMM detector

The specific settings used for operation of the IMM detector presented in van den Brand et al.[1]
are listed in this section. If discrepancies, between the paper and the implementation of van den
Brand et al. are found setting of the latter are used. Some of the following settings will remain
unchanged in the further developed versions of the detector presented later in this chapter. Most
of the settings presented in this section are also presented in the original paper.
The detector uses radial mixing radii of 0.3, 0.35, 0.40, 0.45, and 0.50 for the crash matrices,
which are made as described in the previous section. Since one does not expect two directly
following sawtooth crashes, the likelihood of staying in a sawtooth crash model is set to zero. The
probability of going from the non-crash, identity model, to the crash model is set on 0.02 for each
model (0.1 for all crash model together) and the probability of staying in the crash model is set
to 0.9. This results in the following matrix:

Π =


0.9 1 1 1 1 1
0.02 0 0 0 0 0
0.02 0 0 0 0 0
0.02 0 0 0 0 0
0.02 0 0 0 0 0
0.02 0 0 0 0 0

 .

As soon as the probability of all the crash models together exceed 0.5, a sawtooth crash detection
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is made.
The 10 knots of the splines are placed at ρ = 0.00 , 0.20 , 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55, and
0.60 and only measurements with locations ρ ≤ 0.6 are taken into account. For the measurement
noise covariance a value is used of: R0 = 0.001{60,1}. During each measurement update, a new Rk
matrix is calculated with a diagonal of Rk = R0 ·C∗x̂ikκ−1. Q, the process covariance is constructed
on the basis of a tuning factor Q0, for the number of 1000 is used. This factor influences how
much the detector relies on estimates made by the IMM or on measurements. For construction of
the Q matrix noise due to temperature fluctuations due to heat sources and losses are taken into
account. This noise is assumed to be spreading by

Q = Q0

(
C(x)

)−1
g(x)

(
C(x)T

)−1
(3.3)

with g(x) = exp
(
− x2

dw 2

)
using a ρ grid, x of the spline knots, and a decaying width, dw of 0.1.

Initial conditions

The initial conditions allow the IMM detector to reduce the convergence time towards the real
states of the system. The initial central temperature is set to 3000 eV with a qedge of 4. Using the
spline function and the equation

Tinitial = T0
(
1 + qedge · ρ0.2

)
.−4/3 (3.4)

with ρ0 = 0, 0.219, 0.438, ... , 0.6781, 0.7

a temperature profile is calculated which is used as x0 for every model. µ0|0 is set to zero for every
model expect the non-crash model, which is set to one.

3.3 Preliminary results original IMM detector

Although the original IMM detector had a high performance on the snippets of the discharges
presented in the paper[1]. However, preliminary results obtained within this thesis showed a lot
of room for improvement on the detector made by van den Brand et al. In many of the discharges
used for testing the original IMM detector a lot of crashes where missed.
Through the thesis the results are presented in figure just as in figure 3.2. These figures are made
using the interpolated ECE measurements of 1 kHz, as described in section 3.2.1 (unless stated
differently). The vertical lines are manual detected sawtooth crashes, detections are made by
the sawtooth crash detector in a real–time like setup. Each discharge is displayed on the same
time frame from 1 to 8.5 seconds. Because the first second, a part of the ramp up, usually has
uninteresting sawtooth behavior this part is not used. Analysis stops if no ECE measurements
are available which is before 8.5 seconds.
Looking at discharge 33186, of which the results are displayed in figure 3.2 one can see that all
sawtooth crashes with a small temperature drop are missed by this detector. An overview of the
plasma behavior of this discharge can be found in figure 4.1. Also many sawtooth crashes with
a short period are missed and during the end of the discharge many false detections are made.
The original IMM detector did perform well on the more regular sawtooth crashes with a big
temperature drop, as found from 4.5 up to 6 seconds in this discharge.
A more extreme case of bad performance is found for discharge 34664, as displayed in figure 3.3
no correct detections are made. Also here during the end of the discharge many false detections
are made.
From these preliminary results, which are also found on other discharges, is concluded that further
improvement of the detector is needed to be used on AUG.
Section 6.5 gives an overview between the original IMM detector and the other improved detectors
developed in this master graduation project, for all the discharges used to validate the performance.
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Chapter 4

Requirements and method of
validation of a real-time
implemented sawtooth detector
for use on AUG

To ensure that the improvements made on the detector can comply with the demands for real–
time operation on AUG, three use case are found which require the implementation of such a
detector. For each of the found use cases a set of requirements specific for operation at AUG will
be defined in section 4.1. After this for each use case a set of three representative discharges will
be selected which can be used to validate the results, also another overall representative discharge
is added to this set. An overview with relevant plasma behavior of these discharges, and their
specific representative value will be presented in section 4.2. In chapter 6 these uses cases with
corresponding requirements are used to validate the results of the real–time implemented sawtooth
detector. Note that during tuning of the detector many other discharges have been used, however
these discharges are not manually checked.

4.1 Requirements

After an extended discussion with several members of the AUG team three use cases are defined
with directly interested users at AUG, namely; q - profile reconstruction, sawtooth period ma-
nipulation, and impurity and sawtooth behavior study. A well informed reader might also expect
interest at AUG for use of the detector in prevention of triggering the so-called NTM mode.
However, since several members of the AUG team observed that because of tungsten impurities
sawtooth crashes are no longer the main cause of the triggering for this instability at AUG, cur-
rently there is no interest of using the sawtooth detector for this.
The requirements for each use case are set in a dialogue with the representative users. The
following subsections will give an overview of the found uses cases and the set requirements.

4.1.1 q - profile reconstruction

Currently AUG uses the RAPTOR algorithm[19] for a real–time q–profile reconstruction. Relax-
ation of the plasma, caused by a sawtooth crash, has a big effect on the q – profile. A real–time
sawtooth detector can therefore be of great benefit for reconstruction of the q -profile with RAP-
TOR at AUG, similar as was implemented on TCV[19]. Currently RAPTOR does not have any
information on the sawtooth crashes on AUG. However, RAPTOR has an option to relax the recon-
structed profile according the full reconnection Kadomtsev model if a trigger is given. Therefore,
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both the AUG team and the main developer of RAPTOR, Federico Felici are interested in using
the detector for a real – time reconstruction of the q – profile. They are also the representative
users for this use case with whom together the requirements are determined.
Requirements for this use case do not come in the form of a certain number of correct or false
detections. This use case asks for a better real–time reconstruction of the q–profile which directly
translates into how the requirement is set and examined. Using RAPTOR in a real–time simulated
environment, and sawtooth detections as input, a q profile reconstruction is made. The resulting
q0 value using the implemented real–time sawtooth detector should be within a 10% margin of a
profile made using full correct (manual) sawtooth detections.
In general bigger sawtooth crashes have a more substantial effect on the change of the q–profile.
Because of this the shots used to make this comparison will consist of big sawtooth crashes with
either regular of irregular sawtooth periods. RAPTOR is running at a cycle time of 6 milliseconds
which means relatively slow and late detection is possible.

4.1.2 Sawtooth period manipulation

Sawtooth crashes result in a loss of heat in the core of plasma, decreasing plasma performance.
Sawtooth crashes can also help to exhaust impurities from the core of the plasma. Having con-
trolled sawtooth crashes can therefore, in multiple ways, help to improve the performance of a
fusion plasma. In section 2.2.3 several actuators on the sawtooth instability and their effect are
presented. Whether one likes to suppress sawtooth crashes in total, or have them present with a
really small amplitude, correct detection of the sawtooth crashes are essential. Since, mostly the
period of the sawtooth crashes is import for this use case, false detections or missed detections are
really problematic. Meaning: a false of missed detection can double or halve the detected period.
A discussion with the AUG team and representative users resulted in a requirement of a correct
detection of a least 98% with a maximum percentage of false detections of 1%. The particular
kind of sawtooth representative for this use case make detections even more complicated. For use
of the detector in a setup for sawtooth manipulation it is required that it also highly irregular saw-
tooth crashes are detected. Furthermore, for suppression of sawtooth crashes, elongated sawtooth
periods, or a form of sawtooth manipulation with low amplitude. To ensure an accurate control of
the sawtooth process a quick detection is needed, meaning the maximum allowed control speed,
of 1 ms, on AUG needs to be met.

4.1.3 Impurity and sawtooth behavior study

For studies on the transport during sawtooth crashes, and the growth and stability of the saw-
tooth phenomenon currently a diagnostic called CXRS is used. CXRS stand for charge exchange
recombination spectroscopy which uses the radiation of recombining particles inside the plasma
to make measurements in the plasma. For using CXRS with a very small time resolution, re-
petitive measurements on the same point of a sawtooth period are needed for a statistical strong
measurement. Currently a standard sampling time is set at the start of a shot, in post processing
measurements at somewhat the same time point are then combined for similar sawtooth crashes.
A precise sawtooth detector would help in making strong measurements, after each detection a
standard set of measurements is made until the next detection of a sawtooth crash. For improve-
ment on the time resolution the detection precision needs to be minimal within 1 ms. Therefore
also this use case will need to use the sample time of 1 ms.
Furthermore this use case also requires a number of at least 5 total correct detection in a sequence
of similar repetitive sawtooth crashes. This is caused by the fact that each false detection or
missed detection results in a falsely started sequence of measurements, which is therefore useless.
Fortunately in post-processing these measurements can be excluded, however the number of at
least 5 fully correct detected sawtooth crashes is essential for enhancement of the measurements.
The crashes in this use case are usually big, repetitive, and have a large period.
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4.1.4 Requirements overview

q - profile reconstruction A q0 value made using RAPTOR which is within a 10% margin 6 ms delay
of one created using manual sawtooth detections. allowed

Sawtooth period manipulation A correct detection rate of minimal 98%, with a maximum of 1% 1 ms delay

of false detections. allowed

Impurity and sawtooth In a sequence of similar, regular, and big sawtooth crashes at least 1 ms delay

behavior study five periods of complete correct detection with no false detections. allowed

Table 4.1: An overview of the requirements set for a real–time
implemented sawtooth detector at AUG.

As can be seen in this overview, most use cases allow a maximum delay of 1 ms. Since the sampling
frequency itself introduces a delay of maximum 1 ms, to meet the set requirements no extra delay
may be added. Therefore down-sampling of the data needs to be done without the use of a low-pas
filter to have a minimal delay, as earlier stated in section 3.2.1. In chapter 7 a discussion on the
effect of such a low-pas filter can be found.

4.2 Method of validation

Validation of the sawtooth detector will be done on three selected discharges for each use case, with
the requirements set in the previous section. This section presents these discharges will will later
be used for validation of the results found in this thesis.In the paper from van den Brand et al.[1]
a very limited number of sawtooth crashes in analyzed. Furthermore, currently no validation has
been done on the practical applicability of a sawtooth detector at AUG. Using actual use cases for
the detector this study will make a validation regarding the practical applicability of the detector.
The discharges presented in this chapter aim to be representative for the three use cases found in
this research, so that an overview of the performance of the detector can be made. Although the
number of discharges used is relatively limited (due to the fact that manual detection needs to be
done for validation), an attempt is made to give a broad and realistic view onto the performance
of the detector.
To give insight in the discharges which are used in this thesis multiple figures are used. Looking at
figure 4.1 one can see the core temperature(blue line, top figure) with the manual detected sawtooth
crashes (black vertical lines), and the period of each sawtooth cycle (blue line, bottom figure). In
figure 4.1 the sawtooth period from 2.5 to 4 second often drops almost to zero milliseconds. This
is caused by double sawtooth crashes, such as observed by Pfeiffer[62] in the DIII-D tokamak.
In a double sawtooth crash one crash is rapidly followed by another. Figure 4.1 also shows the
different forms of heating used, plasma current(Ip), q95, radiated power, and energy in the plasma
(Wmhd). For each of the selected discharges these figures are presented and explained. Validation
of the discharges is made using manual sawtooth crash detections made by Anja Gude.
The next section will present a discharge using multiple heating methods. The sections 4.2.2 until
4.2.4 describe the method of validation of the detector on each use case. In the last section of
this chapter an overview of main parameters is given to give insight in the differences between the
shots used for validation.
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4.2.1 Multiple heating scheme discharge

The discharge presented in this section, 33186, is not assigned to any use case. It is selected
to validate the versatility of the detector and the robustness against changing conditions. The
discharge has an overall high representative value, it consist of different heating schemes and
plasma behavior. This is the reason why also in the paper from Gude et al. this discharge is used
for validation [22]. The plasma is heated first using only ohmic heating, after which NBI is used
to heat the plasma, then a combination of ECRH and NBI, and finally ICRH and NBI.
Looking at the sawtooth behavior of this discharge in figure 4.1, one can see that the discharge
has small, big, regular, and irregular sawtooth crashes, and a big range of sawtooth periods. Next
to these properties of the discharge it has both a part in L mode (until ≈ 2 seconds), and a part
which is in H mode (≈ 2 to 6 seconds) where the end of this phase also has very big ELMs. From
2 to 4 seconds also various double sawtooth crashes can be observed. In figure 4.1 one can see that
the increase in NBI power before two seconds resulted into the big increase of measured electron
temperature in the core. Use of ECCD/ECRH resulted in more frequent sawtooth crashes, which
can be seen in figure 4.1 by the increased frequency from 2 to 4 seconds. When ICRH is used
to heat the plasma more regular sawtooth crashes with a bigger period are observed. Finally at
around 6 seconds the ramp-down phase starts.

4.2.2 q - profile reconstruction

A better reconstruction of the q-profile is desired on a big variety of discharges on AUG. Currently
RAPTOR is used to make this reconstruction. RAPTOR is mainly developed by Federico Felici,
who together with the AUG team represents the user for this use case. Together with them
the three discharges for this use case are selected, which are the discharges 34664, 34658, and
34850. Because it is impossible to cover the entire variety of discharges q-profile reconstruction
will be used on, it is tried to selected discharges with a challenging but still representative value
for this use case. For example, the size of the sawtooth crash corresponds to the influence on
the q profile, sawtooth crashes with a bigger amplitude are more of interest in this use case. An
assessment of the requirements will be made by looking at the reconstructed q0 value of the partial
reconnection, and a 10% margin of the q0 value of a q - profile reconstruction made using manual
detected sawtooth crashes.
The first discharge used to validate the detector on this use case is 34664. As can be seen in figure
4.2, this discharge has both regular and irregular sawtooth crashes with with all a significant
amplitude. This discharge was originally made in a study for the structure and dynamics of
magnetic reconnection during a sawtooth crash.
The second discharge, 34658, was done in the same study and is displayed in figure 4.3. This
discharge is used because of the relatively large change in the central temperature and the period
of almost 1 seconds without a sawtooth crash. Furthermore, the discharge does have also sawtooth
crashes with a amplitude big enough to significantly influence the q profile.
The third discharge, 34850 is chosen because of the big and irregular sawtooth crashes of which
the majority has a long period, as can be seen in figure 4.4. The long sawtooth period means that
the effect of a possibly missed detection of a sawtooth crash will be big on the q - profile. During
this discharge a lot of power using NBI is injected but also an extended period of ECRH/ECCD
heating. This discharge was initially done in research to transport due to instabilities during ELM
suppression.
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Figure 4.1: Overview of the discharge 33186, displaying both the central temperature, the manual
detected sawtooth crashes, and the sawtooth period over time. This discharge has small, big,
regular, and irregular sawtooth crashes, and a big range of sawtooth periods. And multiple forms
of actuation onto the plasma are used to change its behavior, each has an different effect onto the
sawtooth instability.
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Figure 4.2: Overview of the discharge 34664, displaying both the central temperature, the manual
detected sawtooth crashes, and the sawtooth period over time.
This discharge was selected for validation of the use case q - profile reconstruction because it has
both regular and irregular sawtooth crashes of which most have a significant amplitude. It was
also selected for use in validation of the use case sawtooth period manipulation because of the very
small sawtooth crashes followed by a rapid change in both period and amplitude of the sawtooth
crashes in the first part of the discharge. And because it holds sawtooth crashes with a relatively
long and non stationary period in the last part of the discharge.
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Figure 4.3: Overview of the discharge 34658 used for validation of the use case q - profile recon-
struction, displaying both the central temperature, the manual detected sawtooth crashes, and
the sawtooth period over time.
This discharge because of the relatively large change in the central temperature and the period of
almost 1 seconds without a sawtooth crash.
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Figure 4.4: Overview of the discharge 34850 used for validation of the use case q - profile recon-
struction, displaying both the central temperature, the manual detected sawtooth crashes, and
the sawtooth period over time.
This discharge is selected chosen because of the big and irregular sawtooth crashes of which a
majority has a long period.
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4.2.3 Sawtooth period manipulation

Manipulation of the sawtooth period may lead to a big variety of sawtooth crashes, e.g. irregular
sawtooth crashes, big and small sawtooth crashes, and with both short and long periods. This
is because during manipulation of sawtooth crashes a big variety of scenarios is thinkable. In
cooperation with the representative users at AUG discharges for this use case are selected.
The first discharge, 34664, is also used for validation in the previous use case and is displayed
in figure 4.2 from the previous section. However, in this use case the focus is set on two specific
parts of the discharge. The first part, from 1 until 3 seconds, is selected because of the very small
sawtooth crashes followed by an change in both period and amplitude of the sawtooth crashes.
During sawtooth manipulation the detector should be able to perform on small sawtooth crashes
and changing sawtooth periods.
The second part selected of this discharge, from 4.5 until 7 seconds, is selected because it holds
sawtooth crashes with a relatively long and non stationary period. Also during ramp-down saw-
tooth crashes continue with a low core temperature.
The second discharge selected for this use case is 34660, which initially made for research in re-
connecting during a sawtooth crash study. In figure 4.5 one can see that the discharge starts with
a series of small and frequent sawtooth crashes. These are representable for manipulation of the
plasma towards a regime with small and frequent sawtooth crashes. Then at around 3.5 seconds
the ECRH/ECCD heating is turned on, causing a big increase of core temperature and a decrease
of the sawtooth period. After which for a period of roughly two seconds no crash is observed.
However, looking at the plasma current and the plasma energy (Wmhd), in figure 4.5, one can still
see the presence of a plasma. This part of the plasma could therefore be somewhat representative
for a discharge in which an attempt to suppression of the sawtooth crashes is done.
The third discharge, 34852 which is selected for this use case has sawtooth crashes with a re-
markable long period of over an entire second. Such a long period is not often seen but could
be found in a attempt to use control for prolonged sawtooth periods. Discharge 34852 was done
intentionally to study the behavior of the plasma edge during magnetic distortion and is displayed
in figure 4.6.
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Figure 4.5: Overview of the discharge 34660 used for validation of the use case sawtooth period
manipulation, displaying both the central temperature, the manual detected sawtooth crashes,
and the sawtooth period over time. This discharge was selected for the use case sawtooth period
manipulation because it holds both small and frequent sawtooth crashes, a part with a big decrease
in the sawtooth period, and an extended period without a sawtooth crash.
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Figure 4.6: Overview of the discharge 34852 used for validation of the use case sawtooth period
manipulation, displaying both the central temperature, the manual detected sawtooth crashes, and
the sawtooth period over time. This discharge is selected for the use case sawtooth manipulation
because of sawteeth with a remarkable long period of over an entire second.
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4.2.4 Impurity and sawtooth behavior study

In the past already a big number of discharges are done to study impurity and sawtooth behavior.
The research group which requested most of those discharges will also be the main users of the de-
tector for this use case. The discharges which are selected are therefore done in dialogue with this
group. In general the interest here is in big and regular discharges. Most of the selected discharges
where already specifically dedicated to impurity and sawtooth behavior study. Discharge 32980,
as displayed in figure 4.7, is a perfect example of this. The discharge was executed for an series of
discharges which where dedicated to study the effect of sawtooth on particle transport. Fairly fast
after ramp-up a long sequence with regular and similar sawtooth crashes can be seen. Therefore,
the part from 2.5 up to 5 seconds is selected for this use case to validate the performance of the
detector.
The second discharge selected for this use case is 32998, and was also done to study the effect
of sawtooth on particle transport. However, looking at figure 4.8 one can see that this series of
sawtooth crashes is interrupted half way. Deposition of a lot of ECCD/ECRH power was used to
prevent accumulation of tungsten impurities in the core. This can be seen by the big spike in the
core temperature and the change in the sawtooth period. This discharge is included to see if the
detector can also meet the set requirements in the two parts of this discharge (from 2.3 until 3.5,
and from 4.5 to 5.5).
The last discharge is selected from a different study, which studied plasma behavior during a
sawtooth crash and has number 33421. This discharge was requested and performed by different
people than the first discharge and is also selected to reduce any bias. Also this discharge has a
big spike in the core temperature which splits up the discharge in half, as displayed in figure 4.9.
On top of this the discharge has some double crashes, and a less constant sawtooth period. Also
for this discharge only the big and regular sawtooth crashes are of interest, meaning the time from
2.3 until 7 seconds is selected for validation.
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Figure 4.7: Overview of the discharge 32980 is selected for the use case impurity and sawtooth
behavior study, displaying both the central temperature, the manual detected sawtooth crashes,
and the sawtooth period over time. The regular and similar sawtooth crashes from 2.5 to 5 seconds
are a good representation for this use case, intentionally this discharge was also done for research
into this use case.
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Figure 4.8: Overview of the discharge 32998 is selected for the use case impurity and sawtooth
behavior stud, displaying both the central temperature, the manual detected sawtooth crashes,
and the sawtooth period over time. This discharge holds two parts with regular and similar
sawtooth crashes, intentionally this discharge was also done for research into this use case.
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Figure 4.9: Overview of the discharge 33421 is selected for the use case impurity and sawtooth
behavior stud, displaying both the central temperature, the manual detected sawtooth crashes,
and the sawtooth period over time. Because of the two parts with regular and similar sawtooth
crashes this discharge was selected. Next to this is was also selected since it was requested by
different people than the other two discharges in this use case.
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Improved IMM detectors

Chapter 3 was concluded that there is a big need for improvement of the original IMM detector.
In this chapter the improvements found for this detector are presented. These improvements will
be assessed in chapter 6 using the requirements on the validation discharges presented in chapter
4.
An explanation of the diagnostics, settings, and the implementation of the sawtooth detector made
by van den Brand et al. can be found section 3.2. If not stated otherwise these settings are also
used for the improvements found in this section.
In this chapter first an furhter tuned version of the original IMM detector is presented, the full
reconnection detector in section 5.1.
In section 5.2 a preliminary look onto the performance of the detector is presented. On the basis of
this look, was found that the detection of the mixing radius was unreliable. This and the changes
of the temperature profiles observed during a sawtooth crash, formed the hypothesis that better
detections can be made using a partial reconnected model. Following on this hypothesis, section
5.3 presents the implementation of a further extension of the detector from van den Brand et al.
with an partial reconnected model.
In the last paragraph the implementation into the discharge control system of AUG is explained
together with the relevant functionalities in real–time of this control system for the sawtooth
detector.

5.1 Full reconnection sawtooth detector

The original IMM detector missed a lot of crashes. In this graduation project this original IMM
detector is tuned, using the same full reconnection sawtooth crash model, which led to an improved
sawtooth crash detector, the full reconnection sawtooth detector. Al settings not noted in this
section remained the same as in the original IMM detector. First the amount of models used was
increased from five to nine. The mixing radii of these nine models in the improved full reconnection
model set at the values ρ = 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.50, and 0.60. The knots of the
cubic B-splines are also differently distributed over the plasma. The 10 knots are now placed at
ρ = 0, 0.10, 0.1875, 0.275, 0.3625, 0.45, 0.5375, 0.625, 0.7125, 0.80, and all measurements taken
with ρ ≤0.8 are used by the detector. For Q0 a lower value of 90 is used in equation (3.3), with
a rho grid, ’x’ of: 0, 0.10, 0.1875, 0.275, 0.3625, 0.45, 0.5375, 0.6250, 0.7125, 0.7563, 0.80. Finally
the matrix Π is changed such that the non crash model has a likelihood of 0.9 and the likelihood
of all the other models sum to 0.1 (so 1

90 per model).

5.1.1 Detection rest time

Preliminary results of the detector showed that sometimes a noisy temperature signal can trigger
a big sequence of false detected sawtooth crashes.
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To prevent a high number of false detections a couple of hard rules is implemented to prevent
unrealistic close and repeating sawtooth crashes, a rest time in the detections is added. The first
rule states that after two detections are made within a time frame of 3 ms the next time step
all detections are ignored. Also if in a time sequence of 5 ms more than 3 sawtooth crashes are
detected, of which at least one is during the first 2 ms of that time frame the next time step all
detections are ignored. On basis of the original output of the detector a filtered detection output is
made according to these rules. These rules allow the detection of double sawtooth crashes, which
are two really fast following crashes. However, more than two crashes which occur in a short time
frame is unrealistic, and therefore filtered as output. This detection rest time resulted in less false
detections.
An additional rule is added which forces the detector to filter also the first sawtooth crash. Because
the initial conditions do never completely correspond with reality, quite often after a few calculation
steps a false detection of a sawtooth crash is made. Which is the result of the difference in estimated
temperature profile, based on the partially incorrect initial values.

5.2 Evaluation Kadomtsev based detectors

The increase of using more mixing radii for detections increased the correct detections, however
also a large number of false detections was made. Furthermore, some of the models used in the
detector have an unrealistic small mixing radius. A lot of crash detections are made by models with
a mixing radius of ρ ≈ 0.15 which is unrealistic small for a sawtooth crash. The detection of the
small mixing radii did not look complete realistic, but these small mixing radii did result in a high
number of correct detections. On the downside the models with a small mixing radii also result
in a high false detection rate; precursors and other noisy events in the core are falsely detected
as a sawtooth crash. Looking closer at the temperature change measured over the sawtooth
crash, the hypotheses started to form that maybe the temperature change was not described
completely by the Kadomtsev model. In for example figure 5.1 a profile is observed with two
parts of the temperature profile which are flat. This suggest that maybe reconnection on AUG
is better described using a partial reconnection model. Therefore to increase the performance of
the detector the next section the implementation of a partial reconnected sawtooth crash model
is discussed.

Validation and implementation of a real–time sawtooth crash detector for AUG 43



CHAPTER 5. IMPROVED IMM DETECTORS

Figure 5.1: ECE temperature profile change due to a sawtooth crash in discharge 33186 on 5.588
seconds. Where in the change in the temperature profile the typical shape of a partially reconnected
sawtooth crash can be seen.

5.3 Partial reconnection sawtooth detector

In this section is explained how in this thesis a partial reconnection sawtooth detector is made as
a further development of the detector from van den Brand et al.

5.3.1 Models describing the temperature changes in the plasma for par-
tial reconnection

Looking at the theory of a partially reconnected sawtooth crash model as described in section 2.2.2,
one can see that two annular regions with a flat temperature profile are formed during such a crash.
For the inner reconnected part using Taylor reconnection the reconnection is determined using
equation (5.1a). And for the outer redistributed annular region of the plasma the temperature
is given by equation (5.1b). Note: the difference between both equations are the limits of the
integrals, both equations relax the annular region to a minimal state of energy. Where both
equations give the estimated temperature within their specific region of the plasma specified by
the bounds of the integral. Relaxation of the plasma using Kadomtsev and Taylor both result in
a similar temperature profile but are both used in separated regions.
The same way as with full reconnection, as described in section 3.2.3, a crash matrix is formed
while using the specific row vector for each region. In equation (5.3.1) an example of the resulting
crash matrix is given, note the 0 values on in the first column for the outer relaxed annular region.

Tk,flat(Taylor part) =
π

V

∫ ρinnermix

0

Tk(ρ)ρ dρ = Vcrash Taylor(ρinner mix)xk (5.1a)

Tk,flat(Kadomtsev part) =
π

V

∫ ρouter mix

ρinner mix

Tk(ρ)ρ dρ = Vcrash Kadomtsev(ρinner mix, ρouter mix)xk

(5.1b)
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xk+1 = Acrash(ρmix) xk =



[ — Vcrash Taylor — ] 0
...

0 [ — Vcrash Kadomtsev — ]
... 0

0 [ — Vcrash Kadomtsev — ]
...

. . .

. . . 0 . . . I
. . .


xk (5.2)

5.3.2 Settings used of the partial reconnection sawtooth detector

Most of the settings used in the partial reconnection sawtooth detector remained equal to those
of the original paper as stated in section 3.2.4. All changes made respectively to this version of
the detector are described in this section.
Just as the full reconnection detector the detection rest time is used in the implementation of this
detector, as explained in section 5.1.1. Temperature measurements up to ρ=0.8 are used, and the
10 knots of the system are place on ρ = 0, 0.10, 0.1875, 0.275, 0.3625, 0.45, 0.5375, 0.625, 0.7125,
and 0.80. For Q0 a value of 9000 is used.
A partial reconnected sawtooth crash model has both an outer and inner mixing radius, which
are both tunable settings for the implemented detector. A minimal size of the inner mixing radius
is set at ρinner ≥ 0.15, which is slightly bigger than the first knot. This means that the inner
flat temperature profile can still be detected in the states of the system. The inner mixing radii
are defined by a percentage of the outer mixing radius, similar to [48]. Creating of the sawtooth
crash models in this way will result in the formation of a number of exactly equal models, however
for detection and calculations speed this is relativity unimportant. The use of both inner and
outer mixing radii results in a fast growing number of sawtooth crashes models. After tuning and
looking at overall performance on different shots a number of 37 unique sawtooth crash models is
used for the detection of the crashes. In table 5.1 the outer and corresponding inner mixing radii
used are listed.

ρouter mix ρinner mix ρouter mix ρinner mix ρouter mix ρinner mix ρouter mix ρinner mix
0.25 0.15 0.3 0.15 0.35 0.15 0.4 0.16

0.175 0.18 0.175 0.20
0.20 0.21 0.21 0.24

0.24 0.245 0.28
0.28 0.32

0.45 0.18 0.5 0.2 0.55 0.22 0.6 0.24
0.225 0.25 0.275 0.30
0.27 0.30 0.33 0.36
0.315 0.35 0.385 0.42
0.36 0.40 0.44 0.48

Table 5.1: Outer with corresponding set of inner mixing radii used for partial reconnected crash
detector

During tuning of the detector it was discovered that the estimated inner relaxed annular region
of the plasma was regular slightly overestimating the temperature which was measured after the
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crash. For the correct detections this had only a small influence, most sawtooth crashes where
still detected. However, this did sometimes result in some false detections. To prevent did the
energy in the inner annular region is decreased with 20%. Which means the model used does
not anymore comply with the first law of thermodynamics. The change in the energy increased
the performance of the detector by giving an estimate which is closer to the observed behavior.
Nevertheless, the author of this thesis can only speculate on the physical reasoning behind this.
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Results

In this graduation project multiple algorithms to detect sawtooth crashes are developed (the
original IMM from the paper of van den Brand et al.[1] an improved version of this detector
also using full reconnection, and a detector using partial reconnection), this chapter presents
the results obtained using these detectors. These results are validated using the discharges and
requirements presented in chapter 4, and with the definition of performance as stated in section
3.1. An explanation of how to read these figures was given in section 3.3 and 3.1. Where in the
latter the exact definition of a correct detection is given (a detection within -0.95 and +1.1 ms of
the manual detection) and the defenition of a false detection (a detection made outside this time
frame). Looking at the performance rates this means that if a correct detection rate of 70% is
found, the missed detection rate is 30%.
In the first section of this chapter the ’changing heating scheme’ discharge is presented. Then for
each use case of the use cases separately the results are presented and interpreted in the sections 6.2,
6.3, and 6.4. Because preliminary results showed that the partial reconnection sawtooth detector
had the most potential and best results, validation will be focused on this detector. To show the
difference between the detectors, the last section gives an overview of the overall performance of
all the sawtooth detectors on all the discharges used for validation.

6.1 Multiple heating scheme discharge

The discharge 33186, is chosen because it has multiple heating schemes which influence the saw-
tooth behavior. Therefore it has no specific region of interest and neither does it have correspond-
ing requirements. The original purpose of this discharge was to create a discharge in H-mode.
The rest of this section will explain the results found in figure 6.1. Since this discharge has no use
case it is also not compared to a set of requirements.
From 1 until 1.5 seconds only ohmic heating is used, the sawtooth crashes are frequent and small.
As can be seen by the red crosses, in figure 6.1, in this part of the discharge many sawtooth crashes
are missed. From 1.5 to 2 seconds an increase of the core temperature because of the use of NBI
is observed. The sawtooth crashes get bigger in amplitude and also the period increases, the
performance of the detector is here a lot higher. Starting at 2 until 4 seconds ECRH is used, more
frequent sawtooth crashes and also double sawtooth crashes can be observed (which can be seen
in figure 4.1 by the sawtooth period of almost zero). Here the detector has a lower performance,
more crashes are missed and some false detections are made. In the last part of the discharge
(from 4 to 6 seconds) ICRH is used and bigger, more regular sawtooth crashes are observed with
a longer period. Here only 1 false detection is made. An overview of the performance rate of each
phase can be found in table 6.2, here also the performance for the other detectors on each phase
is given.
Summarizing the detector starts to perform acceptable when a certain threshold of the amplitude
of the sawtooth crash is exceeded. However, irregular fast following crashes with many double
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sawtooth crashes form a challenge for the detector resulting is some missed and false detections.
The correct detection rate on this entire discharge is 75.4%, and the false detection rate 27.3%.
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6.2 q - profile reconstruction

The results for this use case are displayed using both figures of the central temperature, as in all
the other use cases, and by looking at the reconstructed q0 by RAPTOR (q0 is used as notation
for the value of q in the center of the plasma). A reconstruction of the q0 value over time for the
discharges of this use case can be found in the figures 6.4, 6.5, and 6.6. In a quick look onto these
results already an enhancement of the q0 value can be observed, q0 is closer to unity meaning it
is a more realistic than the value found using the normal RAPTOR q – profile reconstruction.
Furthermore clear relaxation of the q – profile can be observed by a sharp increase on the q0 value
whenever a sawtooth detection is made. However, looking closer at these results a mistake in the
reconstruction can be observed. q0 increases regular above unity after a sawtooth crash. Since
RAPTOR uses Kadomtsev full reconnection for relaxation of the q – profile, the q0 value should
not come above unity after relaxation of the q – profile.
Relaxation of the plasma using full reconnection by Kadomtsev should result in lim q0 → 1−, so
with a q0 value with the limit towards unity from the low side, and therefore a maximum value of
unity. However, in all three discharges at the end of the discharge the q0 value does increase above
unity, also in discharge 34664 from 2 to 2.5 seconds two clear relaxations with such an error take
place, and in discharge 34850 around two seconds clearly this error surfaces. Figure 6.2 displays
an entire q – profile of such a wrong relaxation since q0 is raised above unity after relaxation of
the q – profile. Harder to see in the figures with the reconstruction of the q0 value (figures 6.4, 6.5,
and 6.6) is that sometimes after a sawtooth detection q0 value is not relaxed towards unity but a
more peaked q – profile is formed (most of the line is closer to zero). An example of such a faulted
relaxation after a sawtooth detection can be seen in figure 6.3. During research on discharges not
used for validation, for several sawtooth crashes this faulted relaxation was found to have an even
bigger effect. This figure shows a more peaked q – profile after the sawtooth detection, meaning a
faulted relaxation of the plasma. Therefore, from these examples already be seen that RAPTOR
has an error in the module which makes a reconstruction of the q – profile with the sawtooth crash
module. This problem has been reported to the current developers of RAPTOR.
Looking at the results of discharge 34664 in figure 6.4, during almost the entire flat top phase,

until 6 seconds, reconstruction of the profile using the IMM detector is within the 10% margin.
If during a longer period sawtooth crashes are missed (such as around 2.5 seconds) the required
margin of 10% is not met anymore. As can be seen in figure 6.7 in the last part of the discharge
(from 6 seconds on) many false detections are made, the q0 does not stay within the set margin.
The second discharge for this use case had a phase of 1 seconds with a little amount of sawtooth
crashes, as stated in section 4.2.3. As can be seen in figure 6.8 these crashes are missed. Since
these sawtooth crashes are missed, here the reconstructed q0 value is off by a big margin. During
a brief moment the q0 using the sawtooth detector is almost equal to the standard RAPTOR q –
profile reconstruction without use of a sawtooth crash detector. Furthermore, during two moments
(just after 1 seconds, and just before 2 seconds) the q0 value is briefly out of the margin.
The last discharge analyzed for this use case if 34850 of which the reconstructed q0 value is
displayed in figure 6.6. The results of the detections made on the observed core temperature can
be found in figure 6.9 Around 2 seconds many false detection are made, however the reconstructed
q0 value does almost stay within the set margin. For this discharge, apart from four brief moments
the reconstructed q0 value does stay from the start until seven seconds within the set margin.
Seen over all the discharges a significant improvement of the q0 value is found, meaning it is likely
to have also an improved the whole q – profile. Although there is definitely still an error in the
way RAPTOR relaxes the q - profile, the results do show that the requirements are not met.
However, the results also show that for these discharges it would be beneficial to use the IMM
sawtooth detector for reconstruction of the q – profile in real – time. Summarized, even though
the requirements are not met, and an error in the relaxation of the q – profile of RAPTOR is
found the IMM detector is definitely use full for this use case.

50 Validation and implementation of a real–time sawtooth crash detector for AUG



CHAPTER 6. RESULTS

Figure 6.2: q – profile made using RAPTOR and the real–time sawtooth detector. Here an error
in the wrong relaxation of the q–profile is visible since it raises above unity. This reconstruction
is made on discharge 34850 before and after the sawtooth crash of 2.0669 seconds.

Figure 6.3: q – profile made using RAPTOR and the real–time sawtooth detector. Because the
q – profile has more peaking after a detected sawtooth crash, an error in the relaxation of the
plasma is made in the q – profile reconstruction using RAPTOR. This reconstruction is made on
discharge 34658 before and after the sawtooth crash of 5.0169 seconds.
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Figure 6.4: q0 profile reconstruction over time with and without sawtooth detections made by
RAPTOR for discharge 34664. The reconstructed q - profile does not stay within the required
margin on 10%.
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Figure 6.5: q0 profile reconstruction over time with and without sawtooth detections made by
RAPTOR for discharge 34658. The reconstructed q - profile does not stay within the required
margin on 10%.
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Figure 6.6: q0 profile reconstruction over time with and without sawtooth detections made by
RAPTOR for discharge 34850. The reconstructed q - profile does not stay within the required
margin on 10%.
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6.3 Sawtooth period manipulation

This use case had a requirement of a correct detection of a least 98% with a maximum percentage
of false detections of 1%.
The first discharge which is analyzed in this for this use case is 34664. This discharge is also used
for validation of the q - profile reconstruction, results of this discharge are displayed in figure 6.7.
Two parts of this discharge were analyzed for validation, one part from 1 until 3 seconds and
another from 4.5 until 7 seconds. Looking at the first part one can already see in the figure that
here the requirements are not met. Although no false detections are made, the detector has a
correct detection rate of only 25.8%.
The second part of the discharge also did not meet the requirements, a correct detection rate of
80.6% was found with a false detection rate of 158.0%. The detector has the biggest problems
with correct detection in the part in the discharge from 6.3 up to 7 seconds, as can be seen in
figure 6.7. Here a large number of false detections are made.
The second discharge for validation of the detector on this use case is 34660, of which the results
are displayed in figure 6.10. Looking at this discharge it can be seen directly that to many
sawtooth crashes are missed in the beginning of the discharge to meet the requirements (similar
to 34664), and later to many false detections are made by the detector. Over the entire discharge
a performance of a correct detection rate of only 42.8% with a false detection rate of 60.7% is
found.
The third discharge analyzed for this use case is 34852, as displayed in figure 6.11. This discharge
has a low number of 13 sawtooth crashes because most have a long period. Here a correct detection
rate of 69.2% and a false detection rate of 76.9% is found, which means in also this discharge the
detector does not meet the set requirement for this use case.
Summarizing in all discharges the detector cannot meet the requirements set for this use case.
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6.4 Impurity and sawtooth behavior study

The last use case is for impurity and sawtooth behavior study. Discharges with regular and big
sawtooth crashes are of interest for this use case. To comply with the requirements of this use case
a number of at least 5 total correct detection in a sequence of similar repetitive sawtooth crashes
needs to be made.
The first discharge use for validation is, 32980 where the part from 2.5 to 5 seconds is used for
validation. Looking at figure 6.12 one can see that in this period no error in the detection is made.
The detector has a correct rate of 100% with a false detection rate of 0% on a sequence of 27
sawtooth crashes. Therefore in this discharge the detector complies with the requirements.
The second discharge used for this use case is 32998 of which the results are displayed in figure
6.13. The parts of interest in this discharge are from 2.3 until 3.5 seconds, and from 4.5 to 5.5
seconds. In the first part of the discharge only two false detections are made. Meaning out of the
11 discharges only two are not detected correct and 9 are detected fully correct. Which means
that in the first part of this discharge the detector meets the requirements of the use case.
In the second part of the discharge all nine sawtooth crashes are detected correct and no false
detections are made, meaning also here the detector meets the set requirements. It is evident that
in a validation of both parts the requirements are also met. The found detection rate in this time
was 94.4% correct detections with a false detection rate of 16.7%.
The third discharge analyzed for this use case is 33421, which is used for validation from 2.3 up
to 7 seconds. Looking at figure 6.14 one can clearly see that more than 5 similar sawtooth crashes
are correctly detected. In fact out of the in total 50 sawtooth crashes in this discharge only 9
sawtooth cycles are not detected completely correct. Also on this discharge the detector meets the
set requirements this use case. The found correct detection rate with this is 84.9% with a false
detection rate of 11.3%.
Summarizing the detector meets the set requirements of this use case for all the selected discharges.
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6.5 Overview of performance of the detectors

This section gives an overview of the performance from all the IMM sawtooth detectors described
in chapter 5. A comparison between those detectors is made based on the correct and false
detection rates of the entire discharge (from 1 up and to 8.5 seconds or until the last taken
ECE measurement). In the next four subsection for each use case, and the ’changing heat scheme’
discharge a table with the results and a short interpretation of these is given. Here is also presented
whether the requirements for each detector on each use case are met. Note that the correct and
false detection percentages are for almost the entire discharge. This includes parts which are
non relevant for the use case the discharge is selected for, such as small sawtooth crashes at the
beginning of the discharge. These part are included to compare the performance of the detectors
on the entire discharges. In real–time operation a quality flag is used which prevents the use of
unreliable detections, during ramp up etc. For each detector is also presented whether it fulfills
the requirement for each use case.

6.5.1 Multiple heating scheme discharge

The results of this discharge are a nice example of the difference between the three detectors. Table
6.1 shows that the original IMM detector from van den Brand et al. performs bad compared to the
two newer sawtooth crash detector. The partial reconnection detector and the full reconnection
detector have almost similar correct detection rate. The use of the partial reconnection model
results in a lot lower false detection rate. Meaning one can conclude that the partial reconnection
detector is performing better than the two other detectors. This conclusion can also be made
based on the performance of the detectors in the three distinctive parts of this discharge (these
parts are explained in section 6.1). Table 6.2 shows that in every part the standard detector
has the worst performance. In both the parts 1 - 2 sec and 2 - 4 sec the partial reconnection
detector has the best performance. For the third part 4 - 6 sec the full reconnection detector has
a higher correct detection rate as the partial reconnection detector of 9.1% (which corresponds
to two sawtooth crashes). However, looking at the false detection rate one can see that here the
partial reconnection detector has significant better performance, the false detection rate is 27.3%
lower. From this data the conclusion is made that the partial reconnection detector has the best
performance for this discharge of the three sawtooth detector analyzed.

Detector Partial reconnection Full reconnection Original IMM detector
Performance rate Correct False Correct False Correct False

detection detection detection detection detection detection

33186 (256 crashes) 75.4% 27.3% 74.6% 49.6% 47.3% 81.6%

Table 6.1: Multiple heating scheme discharge(33186) overview performance of all the detectors
from 1 until 8.5 sec.

Detector Partial reconnection Full reconnection Original IMM detector
Performance rate Correct False Correct False Correct False

detection detection detection detection detection detection

Discharge 33186
1 - 2 sec ( 47 crashes) 59.6% 0.0% 51.1% 0.0% 12.8% 0.0%
2 - 4 sec (180 crashes) 77.2% 3.3% 68.3% 8.3% 51.1% 21.1%
4 - 6 sec ( 22 crashes) 90.9% 4.5% 100% 31.8% 81.8% 13.6%

Table 6.2: Performance overview of the multiple heating
scheme discharge for three distinctive parts of all the detectors.
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6.5.2 q - profile reconstruction

The performance of the original IMM detector is unacceptable low for the discharges of this use
case, in two out of three discharges no correct detection is made. In table 6.3 one can see that
both the full and partial reconnection detector performs significantly better than the original IMM
sawtooth detector. The full reconnection detector has a higher correct detection rate than the
partial reconnection detector. However, the missed detection rate of the full reconnection detector
is a significantly higher. In the case of the discharge 34850 an extreme value of the missed detection
rate of 861.9% is found. In this discharge the partial reconnection detector also had a high false
detection rate of 100% but this is considerably less. Because of this high false detection rate
one might expect that the full reconnection model does not enhance the q – profile significant.
However, the detections made by this detector, for all discharges, significantly improved the q0
value over time. The detector original IMM detector however did not help to enhance the central
q value. Which looking at the correct detection rate is not surprisingly.

Detector Partial reconnection Full reconnection Original IMM detector
Performance rate Correct False Correct False Correct False

detection detection detection detection detection detection

34664 (108 crashes) 50.0% 63.0% 99.1% 97.2% 0% 86.1%
34658 (106 crashes) 58.5% 53.8% 83.0% 77.4% 0% 37.8%
34850 (42 crashes) 64.3% 100.0% 73.8% 861.9% 7.1% 38.1%

Meets requirements No, but useful No, but useful No, and not useful

Table 6.3: q - profile reconstruction overview performance of all the detectors from 1 until 8.5 sec.

6.5.3 Sawtooth period manipulation

Also in this set of discharges the performance of the original IMM detector. is unacceptable
low. Table 6.4 shows that also in this set of discharges the difference between the full and partial
reconnection model is again mainly made on the false detection rate. Though the correct detection
rate of the partial reconnection model is consequently lower, but it has a considerably lower false
detection rate.
All detectors do not meet the requirements of this use case.

Detector Partial reconnection Full reconnection Original IMM detector
Performance rate Correct False Correct False Correct False

detection detection detection detection detection detection

34660 (84 crashes) 42.9% 60.7% 77.4% 211.9% 0% 15.5%
34852 (13 crashes) 69.2% 76.7% 84.6% 207.7% 0% 15.4%
34664 (108 crashes) 50.0% 63.0% 99.1% 97.2% 0% 86.1%

Meets requirements No No No

Table 6.4: Sawtooth period manipulation overview performance of all the detectors from 1 until
8.5 sec.

6.5.4 Impurity and sawtooth behavior study

For this use case all detectors comply with the set requirements.
The performance rate over the entire discharge, in table 6.5, show that the full reconnection
detector has more problematic false detections than the other two detectors analyzed. As described
in section 4.2.4 for this discharge several parts are selected for validation of the use cases. Table
6.6 displays the performance in these parts. Here one can see that also in these parts the full
reconnection has a higher false detection rate. Looking at the overall performance of the discharge
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(in table 6.5) the original IMM detector is performing not to bad on these discharges, and does
comply with the set requirements. However, the results in table 6.6 show that also for the parts
selected for this use case the partial reconnection detector has the best performance for these
discharges.

Detector Partial reconnection Full reconnection Original IMM detector
Performance rate Correct False Correct False Correct False

detection detection detection detection detection detection

32980 (70 crashes) 62.9% 40.0% 75.7% 54.3% 62.9% 10%
32998 (203 crashes) 36.5% 34.5% 32.5% 12.8% 25.12% 5.9%
33421 (84 crashes) 59.5% 16.7% 77.4% 42.9% 52.4% 3.6%

Meets requirements Yes Yes Yes

Table 6.5: Impurity and sawtooth behavior study overview performance of all the detectors from
1 until 8.5 sec.

Detector Partial reconnection Full reconnection Original IMM detector
Performance rate Correct False Correct False Correct False

detection detection detection detection detection detection

Discharge 32980
2.5 - 5 sec (26 crashes) 100.0% 0.0% 96.4% 17.9% 100.0% 3.9%

Discharge 32998
2.3 - 3.5 sec (11 crashes) 100.0% 18.2% 73.3% 20.0% 25.12% 27.3%
4.5 - 5.5 sec ( 9 crashes) 100.0% 0.0% 100.0% 11.1% 100.0% 11.1%

Discharge 33421
2.3 - 7 sec (53 crashes) 84.9% 11.3% 77.4% 49.1% 73.6% 1.9%

Table 6.6: Impurity and sawtooth behavior study overview
performance of all the detectors

6.5.5 Total overview of performance of all detectors

As said before, preliminary results showed that the partial reconnection detector performed better
than the full reconnection detector and the original IMM detector. From the results found in
this section one can see the detector original IMM detector performs insufficient for overall use
on AUG. Although the full reconnection detector has often the highest correct detection rate, the
false detection rate is considered to high for some of the discharges used for validation in this
research. Note that if false detections are not a problem this detector has a high performance.
In total these results confirm that the research done in this thesis led to an improved, versatile, and
functioning sawtooth detector for AUG, namely the partial reconnection sawtooth crash detector.
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Discussion

7.1 Use of a low-pas filter for the partial reconnection saw-
tooth detector

As said in section 4.1 to meet the requirement set on the reaction time of the real–time sawtooth
detector, no low-pas filter is used on the ECE measurements. To prevent aliasing such a filter
should have been used, however it is chosen not to do so that the delay of the detector is minimized
and the requirements on minimal latency can be met. Aliasing is caused by the fact that when
a signal is re-sampled, without a low-pas filter, high frequency components of the original signal
will give a folded projection onto lower frequencies of the down sampled signal. An example of
such a projection on a high frequency signal can be found in figure 7.1, here a high frequency
signal is down sampled resulting a folded projection. Since the by the detector used signals are
down sampled without a low-pas filter there is a high chance that aliasing is problematic for the
real–time sawtooth crash detector.
Currently the AUG team is working to make the real–time ECE measurements available in with
a sampling frequency of 1 kHz, which is why the presented detector is based on this sample
frequency. However, the combination of this sampling frequency and a low-pass filter would make
it impossible to make fast enough detections to meet the set requirements. A solution for this
problem would be to loosen the requirements and accept a longer delay in the detections.
Since the DCS of AUG runs at a cycle time of 1 ms, sawtooth detections can only be processed
every 1 ms. Though this does not mean the ECE measurements cannot be done at a higher
frequency. After studying multiple combinations of ECE sampling frequencies, low-pas filters and
the set calculation time of DCS, a fairly good solution is found to this problem. Using a real–time
ECE measurement with a sample frequency of 2 kHz, for each calculation step of the DCS (1
ms), two calculation cycles need to be performed. This higher sampling frequency of the ECE
measurements allows to use a low-pas filter with a lower delay for detections. Because DCS cannot
process the signal information to run two calculation cycles every 1 ms, this implementation has
to be made on a system running on a satellite system of DCS. Here the proposed signal input can
be processed in real–time, but also the calculations can be done at a higher frequency.
If a simple lead low-pas filter as explained in appendix B is used, the low-pas filter only introduces
a delay of maximum 1 ms. Which as can be seen on figure 7.2 means a delay of the sawtooth
detection of 1.5 up to 2 ms will be present in the signals.
Because currently work is being done on the implementation of the real–time ECE measurements
with a frequency of 1 kHz known numbers for the exact delay caused by the implementation of
a low-pas filter are not known yet. However since the lead low-pas filter presented here is a very
simple and standard filter, it is assumed that the delay found during implementation will be of a
lower or similar size. The next section will give an overview of the improvement a low-pas filter
can have on the partial reconnection detector.
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Figure 7.1: Example of how aliasing works
a a high frequency signal is projected onto
a lower frequency because of sampling.

Figure 7.2: Explanation of the calculation cycle
which takes 1 ms with a ECE temperature meas-
urement sampling frequency of 2 kHz and a low-
pas filter with an delay of 1 ms

7.2 Implementation of a low pas filter for the sawtooth de-
tector

Since only the ECE measurements are down sampled, only for this signal a low-pas filter is added.
To study the possible improvement of an low-pas filter onto the partial reconnection sawtooth
detector the function ’idealfilter ’ in MATLAB is used. This filter is a non-causal, ideal filter which
does not introduce any delay into the signal. The results obtained using this filter therefore show
the maximum achievable improvement with a low-pas filter, with a total delay of 1.5 to 2 ms. This
ideal low-pas filter suppresses all signals above half the sample frequency of the down sampled
ECE measurements, which prevents aliasing as stated by the Shannon-Nyquist criteria[63]. In
the function ’idealfilter ’ the option ’pass’ is used, which for does not suppress signals a specified
bandwidth. The used bandwidth for this is 0 up to half the sampling frequency, 2000Hz

2 in this
case. The rest of the detector algorithm is executed as done before as in chapter 6. Though note
that the temperature measurements now have a frequency of 2 kHz.

7.3 Results of the partial reconnection detector with a low-
pas filter on 2 kHz

In this section both the performance of the partial reconnection detector with and without a low
pas filter on a 2 kHz temperature signal is presented, as well as the results from the previous
chapter of the partial reconnection detector on 1 kHz without low-pas filter. Similar as in section
6.5, the performance of these detectors is presented in tables 7.1 until 7.4 over the time frame
from 1 up to 8.5 seconds for each discharge.
The partial reconnection detectors with signals sampled at 2 kHz, meet the requirements of the
same use cases as the detector presented partial reconnection detector using 1000 Hz from the pre-
vious chapter. Comparing the partial reconnection detector with the low-pas filter and a sampling
frequency of 2 kHz, with the partial reconnection detector without low-pas filter and a sample
frequency of 1 kHz, the correct detection rate shows a decrease of less than 10%. However, the
false detection rate is almost half of the partial reconnection detector on 1 kHz. The difference in
correct detection between the detectors with and without low-pas filter using a 2 kHz sampling
frequency is small. Though also here use of the low-pas filter has a big effect on the the decrease
of the false detection rate.
For the use cases presented in this thesis it does not make a difference whether the partial recon-
nection detector on 2 kHz with low-pas filter or the one on 1 kHz without is used. Looking at
the overall performance over the detector, for future use, maybe for other use cases, and further
development of the detector the writer of this thesis advices to use the partial reconnection de-
tector on 2 kHz with a low-pas filter. Overall the implementation using a low-pas filter seems to
be more robust to make less false detections.
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Detector Partial reconnection Partial reconnection Partial reconnection
with low pas filter without low pas filter without low pas filter

2000 Hz 2000 Hz 1000 Hz
Performance rate Correct Missed Correct Missed Correct Missed

detection detection detection detection detection detection

33186 74.2% 5.6% 79.3% 43.8% 75.4% 27.3%

Table 7.1: Changing heating scheme discharge overview performance of the partial reconnection
detector with and without low-pas filtering for a sampling frequency of 2000 Hz and for 1000 Hz
without low-pas filter

Detector Partial reconnection Partial reconnection Partial reconnection
with low pas filter without low pas filter without low pas filter

2000 Hz 2000 Hz 1000 Hz
Performance rate Correct Missed Correct Missed Correct Missed

detection detection detection detection detection detection

34664 48.15% 25.0% 51.9% 73.2% 50.0% 63.0%
34658 49.1% 1.9% 52.8% 60.4% 58.5% 53.8%
34850 64.3% 85.7% 66.7% 200% 64.3% 100%

Meets requirements No, but useful No, but useful No, but useful

Table 7.2: q - profile reconstruction overview performance of the partial reconnection detector
with and without low-pas filtering for a sampling frequency of 2000 Hz and for 1000 Hz without
low-pas filter

Detector Partial reconnection Partial reconnection Partial reconnection
with low pas filter without low pas filter without low pas filter

2000 Hz 2000 Hz 1000 Hz
Performance rate Correct Missed Correct Missed Correct Missed

detection detection detection detection detection detection

34660 35.7% 7.1% 45.2% 90.5% 42.9% 60.7%
34852 46.2% 46.2% 61.5% 84.6% 69.2% 76.7%
34664 48.2% 25.0% 51.9% 73.2% 50.0% 63.0%

Meets requirements No No No

Table 7.3: Sawtooth period manipulation overview performance of the partial reconnection de-
tector with and without low-pas filtering for a sampling frequency of 2000 Hz and for 1000 Hz
without low-pas filter
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Detector Partial reconnection Partial reconnection Partial reconnection
with low pas filter without low pas filter without low pas filter

2000 Hz 2000 Hz 1000 Hz
Performance rate Correct Missed Correct Missed Correct Missed

detection detection detection detection detection detection

32980 54.3% 14.3% 55.7% 37.1% 62.9% 40.0%
32998 31.5% 3.0% 35.0% 8.4% 36.5% 34.5%
33421 53.6% 13.1% 61.9% 31.0% 59.5% 16.7%

Meets requirements Yes Yes Yes

Table 7.4: Impurity and sawtooth behavior study overview performance of the partial reconnection
detector with and without low-pas filtering for a sampling frequency of 2000 Hz and for 1000 Hz
without low-pas filter
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Conclusion and Outlook

8.1 Conclusion

One of the instabilities in tokamaks is the sawtooth instability, which abruptly flattens the radial
temperature and current profile by which it redistributes a lot of energy. This results in a direct
loss of plasma energy during every sawtooth crash which may reduce the fusion rate. On top of this
the phenomenon can also trigger other more troubling instabilities. To study the phenomenon and
maybe even control it, a real–time sawtooth detector is essential. In this thesis the validation and
implementation of a real–time sawtooth detector for AUG is presented. Several research questions
are asked to answer the final research question: ”Can the interactive multiple model detector, in-
cluding all implemented improvements, presented in this graduation project meet the requirements
set for real–time implementation on AUG?” The detector presented in this thesis is based on
the algorithm for sawtooth crash detection presented in van den Brand et al.[1]. This algorithm
uses an interactive multiple model(IMM) Kalman filter and ECE measurements to make sawtooth
crash detections. The IMM is an algorithm which uses multiple Kalman filters in parallel with
different models describing the behavior of the plasma. The algorithm estimates the likelihood for
each model based on real–time observations in the plasma. Sawtooth crash detections are made
if the likelihood of a sawtooth crash model exceeds a defined threshold.

To validate an implementation of the sawtooth detector first a set of requirements are needed.
This set of requirements should answer the first research question: ”What requirements hold for
a real–time sawtooth crash detector on AUG?” Before setting up the requirements a set of pos-
sible applications for the real–time sawtooth detector at AUG are explored. This resulted in the
following three possible use cases: q - profile reconstruction, sawtooth period manipulation, and
impurity and sawtooth behavior study. In the use case q - profile reconstruction the sawtooth
detections are used as input for RAPTOR to enhance the reconstruction of the q - profile. For
each sawtooth detection, a relaxation of the q - profile will be made in the reconstruction made
by RAPTOR.
The second use case, sawtooth period manipulation will use sawtooth detections to control the
moment of the sawtooth crashes and the period of the instability.
The third use case, impurity and sawtooth behavior study needs a sawtooth detector to synchron-
ize the measurements with the period of the sawtooth instability. This research is to further and
more in depth study the exact plasma behavior caused by the sawtooth instability.
Based on these use cases in a dialogue with representative users for each use case a set of require-
ments are found, which are:
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q - profile reconstruction A q0 value made using RAPTOR which is within a 10% margin 6 ms delay
of one created using manual sawtooth detections. allowed

Sawtooth period manipulation A correct detection rate of minimal 98%, with a maximum of 1% 1 ms delay

of false detections. allowed

Impurity and sawtooth In a sequence of similar, regular, and big sawtooth crashes at least 1 ms delay

behavior study five periods of complete correct detection with no false detections. allowed

Table 8.1: An overview of the requirements set for a real–time
implemented sawtooth detector at AUG.

For validation a reliable set of precise determined sawtooth crashes is formed by manual detec-
tion. Since it is impossible to do this for all the discharges of AUG, a subset of discharges is
selected. For each use case a set of three representative discharges are found which are used to
validate the results of the implementation of the real–time sawtooth detector. Furthermore, an
extra discharge is used for evaluation of the performance of the detector in which multiple and
changing actuations on the plasma are used. In this discharge the performance of the sawtooth
crash detector for different forms of actuation of the plasma is evaluated. Using the use cases
and the set requirements with corresponding selected discharges an objective assessment of the
results is obtained, which answers the second research question: ”How can de performances of
an real–time implemented sawtooth detector for AUG be evaluated?” To evaluate the performance
ECE signals are used with a frequency 1 kHz which are downsampled without a low pas filter to
reduce the delay and comply with the set requirements.
This research started with an assessment of the already developed sawtooth detector for AUG by
van den Brand et al.[1]. The use of sawtooth crash models and the IMM algorithm is a novel way
to detected sawtooth crashes. The detector of van den Brand et al. uses the full reconnection
Kadomtsev model to describe the relaxation fo the plasma. Multiple sizes of sawtooth crashes
described by Kadomtsev are used, and one model which describing behavior in the plasma when
no crash occurs. By looking at the likelihood of each model estimated by the IMM a sawtooth
crash detection is made. The use of such models allows for a more portable detector and also
(after more development of the detector) for more insight into the specifics of the size of sawtooth
crash which occurred.
In the paper of van den Brand et al. validation was done on only small snippets of discharges,
here a really good performance was found. Outside of these snippets nothing was known about
the performance of this sawtooth detector, therefore the next question asked in this research was:
”What limitations does the original IMM sawtooth detector of by van den Brand et al. have?”
Already in preliminary results on other discharges and more sawtooth crashes, was found that the
original IMM detector missed a lot of sawtooth crashes.
Since this performance of the original IMM detector was too low, logically one likes to know if
improvements can be made onto this detector to maybe comply with the set requirements. Or as
stated in the next research question: ”What improvements can help the detector to comply with the
set requirements or achieve a better performance for real–time implementation on AUG?” Tuning
of the detector led to full reconnection sawtooth detector, which already had an improved per-
formance. This detector used more sawtooth crash models with a smaller mixing radius and a
rule was added to prevent double detections. The advantage of using sawtooth crash models with
a smaller mixing radius is that more sawtooth crashes where detected. However, it also resulted
into a higher rate of false detections.
During a preliminary evaluation of the performance was found out that the change of the tem-
perature profile during a sawtooth crash had a lot of similarities with the partial reconnection
sawtooth crash model from Porcelli[3]. The implementation of such a model resulted in a partial
reconnection detector with an almost comparable rate of correct detections as the full reconnection
detector while the number of false detections was reduced significantly.
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In chapter 7 also a look onto the use of the partial reconnection detector with the implementation
an low-pas filter was made. In a setup running on a satellite system of DCS, with an ECE sampling
rate of 2 kHz and the implementation of a simple low-pas filter, resulted in a delay of maximum
2 ms while the discharge control system of AUG running at the standard calculation cycle of 1
ms. Although this implementation cannot comply with the set requirements of the reaction time,
looking at the other requirements also an assessment was made on this improvement.
The final and main concluding research question of this research was: ”Can the IMM detector, in-
cluding all implemented improvements, presented in this graduation project meet the requirements
set for real–time implementation on AUG?”
To answer this research question an assessment of the performance of the implementation of the
partial reconnection sawtooth detector in a real–time simulated environment was done. This as-
sessment showed that for the use case ’impurity and sawtooth behavior studies’ the requirements
are met. For the use case of sawtooth period manipulation the requirements are not met, this is
caused by small sawtooth crashes of which most are missed, and lots of irregular behavior in the
discharges which reduce the performance. The results obtained in the assessment of the use case q
- profile reconstruction showed that the requirements are not met. Although the requirements of
this use case are not met, looking closer at the results of this use case the conclusion can definitely
be made that the use of the sawtooth detector did improve the q - profile reconstruction.
The full reconnection detector meets the same requirements as the partial reconnection detector,
however a higher false detections rate was found in most discharges. The original IMM detector
also meets the requirements of the use case impurity and sawtooth behavior studies, for the other
two use cases this detector was not useful and the requirements are not met. Looking at the
results obtained, we can see that the use of the partial reconnection detector not only resulted
into a higher performance but also a more robust detector. For different types of plasma, and
sawtooth behavior it performed better.
The implementation of the partial reconnection detector using an ECE signal with a sample fre-
quency of 2 kHz and a low-pas filter did meet almost all the same requirements as the normal
partial reconnection detector. However, the 2 kHz detector did not meet the requirements of the
reaction time because of the use of a low-pas filter and its corresponding delay. Since the use of the
low-pas filter should result in a more robust detector, the writer of this thesis thinks this detector
is more suitable for implementation onto AUG than the others presented. The implementation of
this detector does mean however that not only the reaction time requirement needs to be loosen,
but since it cannot be used on DCS directly another conversion of the implementation towards a
satellite system of DCS is needed. Before this is implemented, the standard partial reconnection
detector (using an ECE sampling frequency of 1 kHz without the use of a low-pas filter) is the
preferred detector for use in real–time on AUG.
The results obtained during this thesis show that the improvements resulted in a much better per-
formance where many sawtooth crashes are detected. Validation of the detectors has been done
on a large variety of sawtooth crashes. Unfortunately not all the requirements of the use cases
are met, however looking in hindsight maybe some requirements are set to high for what could
be realistically expected from a real–time implementation of a sawtooth detector. For example a
discharge with a long sawtooth period (such as discharge 34852 as displayed in figure 4.6), has
also less sawtooth crashes. Meaning if one sawtooth crash is missed, or one false detection is made
already the requirements are not met for the requirements set in the use case sawtooth period
manipulation. This does not mean that more improvements on the sawtooth detector cannot be
made so that maybe these requirements are met, the next section presents an outlook onto the
future of real–time sawtooth detection at AUG.

8.2 Outlook

After actual real–time use of the detector on AUG several improvements can be researched to
improve the performance of the sawtooth detector. The use of more crash models, or non-crash
models could improve the performance. Sometimes specific non-crash plasma behavior can have a
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lot of similarities with a crash model. This may result in a false detection. The use of additional
non-crash models can be used to prevent such false detections. If on many similar events, such
as pre-cursors, false detections are made, this event can be identified and transformed into a
model. Using these models false detections can be prevented. During the likelihood estimate of
each model by the IMM, this model will have a lot higher likelihood than that of the standard
non-crash model, or other crash models. This way the inclusion of a non-crash model can prevent
false detections.
Since the use of models does allow the detector to give more information about the plasma behavior
it would be interesting to also use this information. Currently this information was not used or
validated for any use case, however, if a use case is found where this is needed it would be interesting
to further validate the correctness of the detected mixing radius.
Since models of the sawtooth crash are generic and not specific for one tokamak, it is expected
that the developed sawtooth detector could be implemented onto another devices. Follow up
research could study this by comparing the results obtained from such an implementation onto
another device with that of an already existing real–time sawtooth detector. By doing so more
information about the actual portability of the detector could be found. Eventually this could lead
to an sawtooth crash detector for ITER which can already be installed during the early operation
of the machine (when only a little amount of data is available).
Finally the possibilities of the use of machine learning for sawtooth detection are explored in a
brief research done in this graduation project. It has the advantage of combining multiple signals
into one strong and redundant detector. Furthermore, such algorithms are able to also combine
small hints in signals which can mean detections with a stronger certainty can be made. This
means a detector could be developed which does not solely relies on ECE measurements, but for
example can also combine soft X-ray measurements, and radiation measurements done using fast
diode bolometers. On of the difficulties is the use of a training set in such a case, however, since
the offline detector from Gude et al.[22] does perform really well, it is seen acceptable to develop
a real–time capable detector with the same performance as such an offline detector. Especially if
a form of reliability of the detection can be given by the detector it self. This can for example be
done by methods such as data augmentation and reinforced learning.
Summarizing a lot can be done to further improve the sawtooth detector on AUG. And the
knowledge obtained could maybe even be used during operation of the ITER tokamak.
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Appendix A

Implementation into AUG
discharge control system

This section describes the implementation of the sawtooth detector algorithms into the discharge
control system (DCS) of AUG. DCS has a central computer to which all the measurements of
diagnostics and other signals are fed into. Currently DCS runs with a calculation cycle of 1 or
1.5, where the former is of interest in this thesis.
For control algorithms which are made in Simulink a standardized procedure exist to generate
C++ code that can be run in real–time on DCS.
One of the problems for implementation into the real–time system of DCS is that 3D matrices can
currently not be used in the DCS framework. Currently the AUG team is looking for the options
to allow the use also matrices with this framework. Otherwise a change is the implementation of
the algorithm will be made.
During operation the real–time implemented version of the detector will always use the signals
latest available measurement to make a detection. This means that for measurements with different
sample frequencies, always the latest available measurement is used so that during each calculation
cycle (of 1 ms) on DCS detections can be made. Note that as said in section 3.2.1 said the ECE
measurements will be taken with a sampling time of 1 ms.
Not all detections made have the same reliability, it seems that during ramp up the detector is
less reliable. Furthermore, most use cases have a rough idea at the start time of the detection of
sawtooth crashes. Looking at for example the use case ’impurity and sawtooth behavior study’
the user of the detector has quite a good idea from when on the detections are needed. Confidence
flags, which are part of the DCS signal are used to communicate the quality of the detections
with users and other control systems. This also allows the detector to make detections during the
entire discharge without giving unnoticed unreliable input to other control algorithms. The extra
obtained data can be used for further development of the detector or other research.
The detector will give three levels of confidence: good, corrupted, and raw. During the ramp-up
phase, while the plasma current is under a predefined limit, the signal has the tag of ’corrupted’.
After the limit on the plasma current is exceeded the confidence flag ’raw’ is added to the signal.
When the start time of the detector is reached the output is classified as ’good’ until the plasma
current drops under the said limit again. In ramp down, when the plasma current drops under
the predefined limit, the signal is flagged with ’corrupted’ again.
For debugging purposes a large number of internal variables from the sawtooth detector are saved
and given as output. Note that the development of the detector is only focused on making correct
detections, using for example information about the detected mixing radius is not properly tested
and validated.
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Appendix B

Low-pas filter design with delay

The ECE diagnostic system is a digital system, meaning a discrete low-pas filter needs to be
implemented. Using MATLAB such a filter is made. To find the maximum delay in such a setup
an artificial sawtooth signal is also created. This signal is used to find the delay caused by a
discrete low-pas filter on such a signal. The low-pas filter used is a lead low-pas filter with a so
called transfer function with the shape:

Filter =
( 1

2π f1
s+ C1

1
2π f2

s+ C2

)
/Camplitude.

With the values f1 = 2300, f2 = 1200, C1 = 50, C2 = 1 , and Camplitude = 50. To transform
this continue filter into a discrete filter the MATLAB function c2d is used with the discretization
method zero-order hold. This results in a lead low-pas filter which lets the frequencies under 1000
Hz pass and suppresses signals with a frequency significantly above this value. For the interested
reader an bode plot of this both this discrete filter and also the continuous version of the filter are
displayed in figure B.1.
The reason why this low-pas filter is designed and presented in this thesis is to find the maximum
delay for such a filter. Therefore the discrete system is used on a artificial sawtooth signal on
which one can look at the delay introduced by the discrete low-pas filter. Since the down-sampled
ECE temperature measurements will be down sampled to a frequency of 2 kHz, the introduced
delay will be a multiplication of the step size (0.5 ms). Looking at figure B.2, in the enlarge part
one can read that the delay is maximum 1 ms.
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APPENDIX B. LOW-PAS FILTER DESIGN WITH DELAY

Figure B.1: Bode plot of implemented low-pas filter with continues equation
(

1
2π· 2300 s+50

1
2π· 1200 s+1

)
/50.

Figure B.2: Effect of low-pas filter on sawtooth signal, showing in enlarged version the delay of
maximum 1 ms for a sampling time of 2000 Hz with use of an low-pas filter as described above.
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