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1

Introduction

Abstract/ A prerequisite for energy-production in nuclear fusion reactors

is the enhancement of the product of density, temperature and energy

confinement time of fusion plasmas. As a result, plasmas are operated

in the vicinity of operational limits which lead to resistive magneto-

hydro-dynamic instabilities such as magnetic islands. These magnetic

islands reduce the energy confinement time. The research objective of

this thesis is the development of a real-time feedback control system for

controlled suppression and stabilization of magnetic islands in nuclear

fusion reactors.

1.1 Fusion, tokamaks and stability

Fusion

The development of controlled nuclear fusion as a potential source of energy has

been pursued for several decades now. With the initialization of the ITER project,

breakthroughs are within reach to demonstrate the scientific and technological fea-

sibility of fusion power production. In controlled nuclear fusion, the two hydrogen

isotopes deuterium D = 2H and tritium T = 3H , are fused to produce a helium

nucleus 4He (or α-particle), a neutron n and energy

D + T → 4He+ n + 17.6 [MeV ]. (1.1)

Given the abundant energy release per reaction, nuclear fusion is considered a suit-

able reaction for the production of energy at an industrial scale in a prospective

nuclear fusion power plant [9],[57],[88].

The top-level requirement for nuclear fusion is that the energy produced by a fusion

reactor exceeds the input power needed to initiate and sustain the fusion reactions,

1



2 1.1. Fusion, tokamaks and stability

i.e. output power > input power. A prerequisite for self-sustained deuterium-tritium

reactions is that the product of density, temperature and confinement time of the

plasma satisfies [88]

nTτe ≥ 5× 1021 [m−3s keV ], (1.2)

at a temperature T of approximately 20 [keV], with the number of ions per cubic

meter n and the energy confinement time τe. Inequality (1.2) is an approximation

of the Lawson criterion [88]. At 20 [keV] any material is in the plasma state. Both

electrons and ions are no longer bound and move freely in the plasma state. Equation

(1.2) states that a high pressure must be achieved with low thermal and particle

losses in order for fusion to become viable.

Tokamaks

The plasma confinement system with the record of nTτe is the tokamak [9],[57],[88].

In a tokamak, a toroidal plasma is confined by means of magnetic fields. As shown

in Figure 1.1, the tokamak has several sets of magnetic coils. The toroidal field

coils are the coils that produce the toroidal magnetic field Btor. A special role is

for the primary circuit, which is constituted of the solenoid and transformer yokes

depicted in Figure 1.1. Ramping the coil-currents in the primary circuit, generates

a toroidal electric field, which can be used for plasma break-down and the Ohmic

drive of the plasma current Ip. The plasma current drives an additional magnetic

field Bpol. The toroidal magnetic field Btor is typically 10 times stronger than the

poloidal field Bpol. Finally, the poloidal field coils are used to make the poloidal field

toroidally symmetric. The poloidal field coils produce fields for the positioning and

shaping of the plasma.

The energy production of a tokamak plasma scales as Pfusion ≈ < p2 > V ∝ β2B4
torV

with the volume averaged plasma pressure < p >, plasma volume V , Btor the toroidal

magnetic field and β = <p>
B2

tor/(2µ0)
the ratio between the plasma pressure and the mag-

netic field pressure [88]. Variable µ0 is the constant vacuum magnetic permeability.

Enhanced efficiency of tokamaks thus requires high plasma pressure, strong mag-

netic fields, and scaling up towards larger devices. Note that the achievable toroidal

magnetic field Btor is limited by the allowable magnetic fields. This implies that

there is a limit in β. In order to achieve high β, present-day tokamaks are equipped

with systems for auxiliary heating and also require magnets that allow high mag-
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Transformer yoke

Diagnostic port

Torus-shaped vacuum vessel

Toroidal field coils

Plasma

Helical magnetic field lines

Poloidal field coils

Solenoid

Ip Btor
Bpol

Bv

φ

Figure 1.1: Principal outline of a tokamak, showing the torus-shaped vacuum vessel,
toroidal field coils, transformer winding, transformer yoke, solenoid, plasma position
coils, which confine the plasma column in a structure of helically nested magnetic
field lines. The direction of the plasma current Ip, toroidal magnetic field Btor and
poloidal magnetic field Bpol is also indicated. Modified reproduction from [75].

netic fields. In addition, auxiliary systems provide sources for current, momentum

and particles in the plasma.

Equilibrium and stability

In the tokamak plasma, a radial pressure gradient (required to support high values

of the core pressure) is balanced by the Lorenz force j × B = ∇p. One solution of

this force balance is a system that consists of nested surfaces S of constant pres-

sure, in which the magnetic field-lines and the flow lines of the current density are

embedded. The evaluation trivially results in B · ∇p = 0 and j · ∇p = 0. Over

the surface, the poloidal flux ψ and the toroidal flux F are constant. The magnetic

winding number, or safety factor q = ∂ψ/∂F is a flux function. q represents the

number of toroidal turns a magnetic field line on a surface would carry out in order

to fulfil a single poloidal turn. Some of the surfaces consist of an infinite number

of field-lines. On these surfaces, referred to as rational flux surfaces, the rational

numbers associated with the magnetic winding numbers or magnetic pitches q of

the field lines lie close to the real axis.
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Transport along the field-lines is approximately 1014 times faster in comparison

with the transport perpendicular to the field lines, and hence the surfaces feature

constant density n and temperature T . For energy confinement, transport of heat

and particles in the cross field or radial direction is important. The radial transport

determines the efficiency of a nuclear fusion reactor.

An equilibrium is set-up by a small angle between j and B on the surface S. This

small angle is purely determined by the diamagnetic effect [88], which is a conse-

quence of the particles’ gyro-motion. If a gradient in temperature (orbit sizes) and

density (number of orbits) is applied, a net current is set-up perpendicular to the

field lines. Other components of the current flow along the field-lines. These parallel

currents do not contribute to the Lorenz force and hence do not support the radial

pressure gradient.

In this discussion, three components of the current are relevant. These are the

current driven by the Ohmic circuitry jΩ (see above), the bootstrap current jBS (see

Chapter 2) and the driven current by Electron Cyclotron Waves jEC (see Chapter 2).

On most flux surfaces, dissipative terms such as resistivity can be neglected. The

evolution of the magnetic field lines is then dominated by magnetic field convection

by the plasma flow. The magnetic field topology is frozen and the magnetic flux is

conserved. On flux surfaces with rational q, however, small dissipative terms domi-

nate the dynamics of the magnetic field evolution ∂B/∂t. The conservation of flux

is then violated and reconnection of field lines occurs. This is particularly important

when a significant gradient in the current density parallel to the magnetic field is

build up over the rational surface. Under such conditions, the field lines can tear and

reconnect under the formation of magnetic islands [5],[17],[18],[30],[35],[59],[88].

Island formation is thus induced by a tearing mode.

A magnetic island is a typical example of a resistive magneto-hydro-dynamic (MHD)

instability [5],[17],[18],[30],[35]. Islands are essentially three-dimensional structures

in the plasma that can occupy a considerable fraction of the plasma volume. The

island’s O-point is associated with a local deficiency in current density and the X-

point is associated with an excess in current density. An illustration of the island

topology is depicted in a poloidal cross-section in Figure 1.2, with the typical O-

point and X-point as indicated in the figure. The magnetic island thermally shorts

two previously isolated flux surfaces, and allows for significant transport via the
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X-point. Under particular conditions, the magnetic island grows and deteriorates

the plasma confinement or even trigger disruptions, in which the plasma looses its

thermal energy to the tokamak first wall. This happens on a time scale of a few

milliseconds. Consequently, the plasma cools down and the plasma current termi-

nates abruptly. The magnetic confinement deteriorates and large Lorenz forces are

forced upon the tokamak and its subsystems. The deterioration of the magnetic

topology also leads to runaway electrons. In ITER, for example, a 15 [MA] plasma

is estimated to loose its magnetic energy in 40 [ms] during disruption [60]. The

disruption induced forces are so large that they could easily lead to damage to the

in-vessel components.

Operational limits

The tokamak is prone to a number of operational limits [35],[46]. Although the cause

of these limits varies, the result of these limits is a destabilization of a magneto-

hydro-dynamic (MHD) mode. Of special relevance for this thesis is the β-limit,

see [46],[72] and the references therein. In the early eighties, ballooning theory was

applied to calculate the ideal β-limit. It was found that plasmas could be sustained

at β < 4li, in which li is the plasma self-inductance. The plasmas of those days

(short pulses without significant additional heating) observed the ideal β-limit quite

well. With the operation of bigger tokamaks, with significant additional heating

power and longer pulses, i.e. significant fractions of the current were driven non-

inductively, it was found that the plasma pressure was limited well below the ideal

limit [83]. This lower β-limit is related to the maximum plasma pressure that can

be confined by a certain magnetic field when taking ideal MHD instabilities into

account [46]. The onset of this so-called resistive β-limit was for example shown to

be associated with the growth of tearing modes in the plasma. The tearing modes

were shown to be triggered by other MHD modes such as the sawtooth [73]. The

growth of these modes is driven due to a loss of bootstrap current and is described

by neoclassical theory. Hence, they are referred to as neoclassical tearing modes

(NTMs) [30],[93]. The distinction between tearing modes and neoclassical tearing

modes is further elucidated in Chapter 2.

The development of the NTM is now well understood. A seed island is destabi-

lized in the plasma by another MHD event (typically a sawtooth). The seed reduces

the pressure gradient over the island, as a consequence of which the local bootstrap



6 1.1. Fusion, tokamaks and stability

current reduces. If the island is above a certain threshold (the so-called critical is-

land width), further growth of the island is initiated until the island width saturates.

The understanding of the NTM dynamics is supported by ample experimental ob-

servations. However, the theory of the NTM dynamics at small island sizes is still

not completed. Notably, the role of the ion-polarization current [86],[94] is not well

understood. As a consequence of the dynamics itself, systematic experimentation in

this regime has not been possible sofar.

In summary, the product nTτe is required to exceed 5 × 1021 [m−3s keV ]. The

pulse length in these discharges will be extended by significant fractions of non-

inductively driven currents. This will lead to plasmas that are operated in the

vicinity of operational limits, leading to the triggering of MHD instabilities such as

magnetic islands. The occurrence of magnetic islands is associated with a deteriora-

tion of confinement properties of the plasma energy, which is one of the fundamental

problems in the operation of tokamak plasmas. In order to preserve the confinement,

magnetic islands must be controlled.
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1.2 Control of magnetic islands

Research objective

This thesis deals with the real-time suppression and stabilization of magnetic is-

lands. This work is a natural continuation of the research described in the work

of De Vries [20], Classen [13], Oosterbeek [63] and De Lazzari [50]. The magnetic

island control problem will now be approached from a control engineering perspec-

tive, were common control engineering techniques and system theory are applied to

suppress and stabilize magnetic islands in a feedback control loop. More formally

the Research Objective of this work can be understood as:

The development of a real-time feedback control system for controlled

suppression and stabilization of magnetic islands in a tokamak.

In analogy with a definition in [77], control is used here in the sense that:

Definition 1.2.1 Control is the adjustment of the available degrees of freedom (ma-

nipulated variables) of a certain process or plant to assist in realizing acceptable

operation of that process or plant.

With reference to Figure 1.2, where a general outline of the magnetic island con-

trol problem is given, the problem statement can now be understood as follows. A

control system will be designed. The process to be controlled is a tokamak plasma

including (neoclassical) tearing mode instabilities, which result in magnetic islands.

For control to be possible, the available degrees of freedom for suppression and sta-

bilization of the magnetic islands should be manipulated. This will be done in a

feedback loop, which requires actuators and sensors. For manipulation of magnetic

island growth, a specific actuator is available.

Electron Cyclotron Resonance Heating and Current Drive:

Electron Cyclotron Resonance Heating and Current Drive (ECRH/ECCD) [8],[68] is

accomplished through the coupling of high power microwave beams into the plasma.

These microwave beams are produced by gyrotrons. In a gyrotron, electrons gyrate

around field lines of an externally applied magnetic field and emit electron cyclotron

waves or microwaves at the electron cyclotron frequency [8]. These microwaves are
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Figure 1.2: Schematic representation of the magnetic island control problem. In
the poloidal cross-section of a tokamak plasma, the helical magnetic island structure
manifests itself as the radial structure shown in white with a typical O-point and
X-point. At the O-point or island centre, the width indicated by wisland is maxi-
mum. The island is located at a radius denoted by rs. The magnetic island rotates
poloidally with poloidal rotation frequency ω. The gyrotron produces a microwave
beam with a power level Pec. This power is deposited at a certain radial location
rdep in the plasma, when injected at a controlled launcher mirror angle ϑ.

absorbed by the plasma at harmonics of the electron cyclotron frequency and are

resonant with the gyrating plasma electrons at particular field lines. When injected

at sufficiently high power levels, these microwave beams can be used to deposit

power and to drive current in the island’s centre or O-point, to compensate for the

deficiency in bootstrap current. ECRH/ECCD will be treated in more detail in

Chapter 2 and Chapter 3. The microwaves for ECRH/ECCD are generated by an

apparatus called gyrotron [82]. The ECRH/ECCD beam is usually launched into

the plasma via a steerable mirror known as the launcher. Figure 1.2 gives a sim-

plified overview of the coupling of microwave power into a tokamak plasma using a

gyrotron and a launcher.

Figure 1.2 shows that measurements of several parameters corresponding to spe-

cific properties of magnetic islands in a tokamak can be fed back in a feedback

loop, where the feedback signals are used by a controller to actuate the gyrotron

and launcher. The three following control tasks must be included in the design and

realization of the magnetic island control setup.
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• Precise alignment of the stabilizing ECRH/ECCD at cm precision with

respect to a magnetic island’s centre is a necessity to maximize the stabilizing

effect of ECRH/ECCD on the island and requires a feedback loop to compen-

sate for disturbances of this alignment [31].

• Modulation of the applied ECRH/ECCD power level via feedback

manipulation increases the effectiveness of the magnetic island suppression

process by depositing the driven current in the O-point or centre of the mag-

netic island only. The modulation must be synchronized with the rotation of

the magnetic island in the poloidal plane [43],[56].

• Tailoring of the applied ECRH/ECCD power level via feedback ma-

nipulation allows stabilization of a magnetic island at a specific width or to

apply exactly the right amount of power to enforce full mode suppression.

For sensing of the magnetic island properties, several candidate plasma diagnostics

are available [21],[40]. A feedback system, however, requires to resolve the system

properties in real-time. Most tokamak diagnostics [40] are conceived for exploration

of plasma phenomena and typically feature high resolving capabilities and high la-

tency due to post-processing. These diagnostics are not applicable as real-time

sensors in feedback schemes, were latency should be minimized and the required

accuracy is dictated by the desired control performance.

Line-of-sight Electron Cyclotron Emission.

Throughout this thesis, a particular actuation and sensing concept will be used

based on Electron Cyclotron Emission (ECE) measurements, which was developed

earlier at the TEXTOR tokamak, Forschungszentrum Jülich, Germany and designed

specifically as a feedback sensor [63],[64] to monitor MHD instabilities such as (neo-

classical) tearing modes or magnetic islands and sawteeth and to provide sensor sig-

nals, which can be used for feedback purposes to construct MHD control systems.

The line-of-sight system uses an identical view-line for the actuating ECRH/ECCD

and the measurement of Electron Cyclotron Emission.

Suppression of magnetic islands by ECRH/ ECCD has thus-far successfully been

applied in open-loop experiments with fixed alignment and power settings and in a

few closed-loop experiments, which focused on the alignment of ECRH/ECCD with

a mode only [2],[12],[27],[39],[41],[42],[43],[30],[67],[95]. In those closed-loop exam-
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ples, the localization of ECRH/ECCD onto the island centre is complicated by the

fact that the ECRH/ECCD beam trajectory in a plasma is dependent on the plasma

itself. Beam tracing codes are incorporated in the feedback scheme to predict the

ECRH/ECCD beam trajectory and the power deposition location. The alignment

between ECRH/ECCD and the island centre furthermore requires a geometrical

transformation that relies on the accurateness of a plasma equilibrium reconstruc-

tion code. Beam tracing codes and equilibrium reconstruction must therefore be

included in a standard magnetic island control scheme [3],[39],[55]. These complexi-

ties are avoided by the line-of-sight Electron Cyclotron Emission concept. By using

an identical view-line for the actuating ECRH/ECCD and the measurement of Elec-

tron Cyclotron Emission, the incorporation of beam tracing codes and equilibrium

in the feedback loop is no longer required.

Both the alignment problem and the manipulation of the ECRH/ECCD power are

susceptible to different sources of uncertainties and disturbances. Most plasma sens-

ing diagnostics suffer from inherent measurement uncertainties. The exact location

of the centre of the magnetic island is for example difficult to derive from diagnostic

data. The same holds for the measurements estimating the width of an island. Dis-

turbances of the magnetic field topology affect the location of the magnetic island

and ECRH/ECCD deposition location in the plasma. Several plasma phenomena

and external sources cause disturbance of the diagnostic data. In order to com-

pensate for and be robust against such uncertainties and disturbances, feedback

control schemes are indispensable, which motivates the need for a fully autonomous

closed-loop magnetic island control system.

Approach and Contributions

As specified in the research objective, we will follow a systematic design approach

to develop a fully autonomous closed-loop system, that establishes alignment and

ECRH/ECCD power manipulation to suppress or stabilize magnetic islands in real-

time by using the line-of-sight Electron Cyclotron Emission (ECE) diagnostic and

other plasma diagnostics. The approach uses common control engineering techniques

and system theory. The main contributions are summarized here.

1. Formulation of the magnetic island control problem and related sub-problems.

Specification of the control objectives and desired performance.
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2. Development of simulation models relevant for control design based on exist-

ing plasma physics and including models for the actuators, sensors and other

hardware.

3. Comparison of relevant control methods and design of linear and nonlinear

control strategies for magnetic island control.

4. Testing and performance assessment of the designed controllers in simulations.

The parameter sets of the TEXTOR tokamak and the future ITER reactor

serve as case studies.

5. Set-up of a prototype real-time magnetic island control system at the TEX-

TOR tokamak.

6. Design and implementation of algorithms to derive magnetic island control

variables from diagnostic data.

7. Implementation of control algorithms in a real-time data-acquisition and con-

trol system.

8. The successful application of a prototype real-time magnetic island control

system in experiments in situ at the TEXTOR tokamak. Successful real-

time detection and monitoring of magnetic islands, controlled alignment of

the ECRH/ECCD power deposition at the right location and with controlled

ECRH/ECCD modulation for magnetic island suppression, demonstration of

the control behavior in the presence of disturbances.

9. Evaluation of the experimental results.

10. Discussion on the implications for further development of magnetic island con-

trol systems.

11. Outlook on future advances in the control of tokamak plasmas.

Thesis outline

This thesis is outlined as follows. Chapter 2 gives a physics background on mag-

netic islands and their suppression. General physics descriptions of the growth and

width of magnetic islands in the topology of a circular tokamak plasma are derived.

The growth mechanisms of magnetic islands are governed by two distinct origins,
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notably, classical tearing modes and neoclassical tearing modes. The main param-

eters required for the control of magnetic islands in tokamak plasmas are discussed

and means to control magnetic islands are identified. Magnetic island suppression

by injection of high power microwaves will get most attention since this method will

be applied in machines such as ITER. The basics of Electron Cyclotron Resonance

Heating and Current Drive are explained. The localized deposition of ECRH/ECCD

near an island requires typical alignment mechanisms, for which different options

are assessed. The chapter is finalized with an overview of the state-of-the-art in the

development of magnetic island control systems, in a section entitled ’Conventional

control concepts’.

Chapter 3 gives an overview of the relevant hardware that constitutes a closed-

loop feedback control system for the suppression of magnetic islands. The hardware

is discussed by following the feedback loop, i.e. first the plant or system under

consideration is discussed. In this case, the TEXTOR tokamak is introduced and a

simple model for its equilibrium is derived. Next, the actuators and sensors are dis-

cussed. The reader is familiarized with the nontrivial principles in tokamak plasma

actuation and diagnosis. The few real-time compatible diagnostics available for

magnetic island detection are introduced and their functioning is explained. One

of the diagnostics relies on measuring the electron temperature profile of a toka-

mak plasma and monitors the tell-tail fluctuations in the temperature, which are

caused by rotating magnetic islands. By assuming a simple temperature profile, the

measurements obtained by this diagnostic can be simulated. The development of

these simulations is discussed. The chapter ends with an overview of the hardware,

which was used for the implementation of the data post-processing algorithms and

the real-time controllers.

In Chapter 4, a model for the time evolution of the width of a tearing mode in-

duced magnetic island in TEXTOR is established. These modes are destabilized in

the plasma by a set of magnetic perturbation coils. The model for the evolution

of the island’s width is typically nonlinear in nature and takes the form of a first

order ordinary differential equation (ODE). The model is combined with simplified

models for the equilibrium of TEXTOR and models for the actuator, as derived in

Chapter 3. Based on sensor and actuation uncertainties and requirements on the

desired response, control performance criteria are specified. The model is analyzed

and converted into standard models for control via linearization. A complete dy-
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namical analysis is given. Based on the dynamical analysis, the systematic design

of a magnetic island controller is presented. The design is tested in simulations and

the control performance is assessed using the specified performance criteria. Impli-

cations for a practical implementation of the designs are discussed as well.

Chapter 5 focuses on the stabilization of small magnetic islands driven by neoclassi-

cal tearing modes in ITER. The growth of magnetic islands induced by neoclassical

tearing modes typically takes the form of a nonlinear control problem where the

state can attain unstable equilibria. Stabilization of these unstable equilibria re-

quires the extension of the linear control techniques used in the previous chapter for

the tearing mode control problem towards nonlinear techniques. The control per-

formance of the designed controllers is again compared for different control designs.

The robustness of the designs for parameter uncertainties, model uncertainties and

measurement uncertainties and disturbances is discussed.

The last part of this thesis is related to experiments, which were performed on

the TEXTOR tokamak. These experiments were focused on the realization of a

real-time control system for the positioning of stabilizing microwave beams onto the

centre of magnetic islands. An algorithm for the detection of magnetic islands and

their radial location was derived, as discussed in detail in Chapter 6. This chapter

also discusses the implementation of this algorithm in a seem-less integration with

the control loops on the data-acquisition and real-time control hardware.

The experimental results obtained with this prototype setup are presented in Chap-

ter 7. An explanation of the results is given and the functionality of the overall

control system is assessed. Implications for the applicability and feasibility of the

methods for the development of a real-time magnetic island control system for larger

machines such as ITER are addressed. In the final chapter of the thesis, Chapter 8,

the main conclusions of the presented work are drawn and a perspective on the

required future advances for magnetic island suppression and stabilization in fusion

reactors is given.
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Physics of magnetic islands

Abstract/ The origin of magnetic islands is discussed in the context of

magneto-hydro-dynamics. Special attention is given to the role of the

bootstrap current in destabilizing (neoclassical) tearing modes in high

performance discharges. Properties of (neoclassical) tearing modes will

be discussed. Actuators and sensors for suppression and detection of

magnetic islands are explained. An overview of conventional magnetic

island control concepts is given.

The physics of magnetic islands and their suppression is introduced. Most of the

material discussed here is based on the review articles by La Haye [30], Hender et

al. [35] and Wilson [93], which give a broad overview of the topic.

2.1 Introduction

In tokamak plasmas, as introduced in the previous chapter, resistive magneto-hydro-

dynamic (MHD) instabilities such as tearing modes can occur. The occurrence of

these MHD instabilities is invigorated since a plasma is not perfectly conducting.

Ideally, tokamak plasmas are confined in a nested poloidal flux topology. For

cylindrical tokamak plasmas, the magnetic winding number or safety factor q =

rBtor/R0Bpol is given by the ratio between the poloidal field component Bpol and

the toroidal field component Btor [88]. R0 is the major radius of the tokamak defined

as the distance between the centre of the plasma column with respect to the centre

of the tokamak torus. r is the minor radius and a is the minor radius of a plasma’s

last closed flux surface, which lays inside the vacuum vessel of the machine, see

Figure 2.1. The number q is proportional to the number of toroidal turns a field

line makes before completing a full poloidal turn, i.e. q = m/n with m and n the

poloidal and toroidal mode numbers, respectively.

17
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Resistive magneto-hydro-dynamics

Tokamak plasmas are described by magneto-hydro-dynamic (MHD) theory, which

combines the Maxwell equations with equations of fluid dynamics [18],[26],[28]. The

plasma is treated here as a single fluid. The MHD equations for a plasma with finite

resisitivity η are written as

dp

dt
= −ρ∇ · v (Continuity), (2.1)

ρ

(
dv

dt

)

= J×B−∇p (Momentum), (2.2)

dp

dt
= −γp∇ · v (Internal energy), (2.3)

∂B

∂t
= −∇× E (Faraday’s law), (2.4)

where,

E = −v ×B+ ηJ (Ohm’s law), (2.5)

J =
∇×B

µ0
(Ampère’s law), (2.6)

∇ ·B = 0 (Absence of magnetic monopole). (2.7)

The variables ρ, p,v,B,J = ∇ × B, γ, η and µ0 are the density, pressure, velocity,

magnetic field, electric current, ratio of the specific heats, resistivity and the mag-

netic permeability, respectively. In equations (2.1)-(2.3), d/dt ≡ (∂/∂t + v · ∇) by

definition. By combination of Faraday’s law with Ohm’s law and Ampère’s law,

while considering equilibrium, i.e. dv/dt = 0, the evolution of the magnetic field

lines can be expressed as

∂B

∂t
= ∇× (v ×B)
︸ ︷︷ ︸

convection

+
η

µ0

∇2B

︸ ︷︷ ︸

diffusion

. (2.8)

The convective term, which is the first term on the right-hand-side of (2.8), describes

the magnetic field convection by the plasma flow, i.e. if this term is dominant, the

magnetic flux is conserved and the magnetic field topology is frozen. The second

term on the right-hand-side of (2.8) is the diffusive term. If diffusion is relevant,

the magnetic flux is not conserved. Note, that the diffusive term is governed by the

resistivity η.
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Figure 2.1: A sketch of an ideal magnetic field topology with a q = m/n = 2/1 flux
surface indicated in the poloidal cross-section of an axi-symmetric circular tokamak
and a sketch of a magnetic field topology, which is perturbed by the presence of a
magnetic island of width wisland at the q = m/n = 2/1 surface, which is located ra-
dially at the resonant surface rs in the poloidal cross-section. The standard toroidal
coordinate frame of a tokamak is also indicated.

It can be shown that on flux surfaces with rational q-values, ∇ × (ṽ ×B) = 0

[5], and hence that on such layers 1) resonant instabilities fit and 2) the local flux

distribution is modified. The effect of such perturbations is now discussed.

2.2 Tearing modes

The violation of the conservation of flux causes reconnection of opposing magnetic

fields lines on adjacent flux surfaces, thereby forming a resistive MHD instability,

or tearing mode as illustrated Figure 2.1. Tearing modes lead to the formation of

magnetic islands, i.e. structures in the magnetic topology of the plasma. Tearing and

reconnection of the magnetic field topology is driven by the presence of free energy

in the plasma, associated with pressure gradients ∇p and gradients in the current

density parallel to the magnetic field ∇j. The result is a break down of an ideal

magnetic topology into a state with a lower magnetic energy. The instability can be

further destabilized or stabilized by a helical perturbation of the local resistivity, by

helical perturbations of local, non-inductively driven currents, or by the application

of external helical magnetic field perturbations. The nonlinear growth rate of this

resistive instability is typically determined by the resistive time scale τr.
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Tearing mode topology

Consider rs to be the radius of a rational flux surface at which a tearing mode

resides. When the radial magnetic field is perturbed by a magnetic island, it can be

written as

Br = B̃r,0(r) sin(mξ − ωt), (2.9)

where m is the poloidal mode number, r is the radial coordinate, ω is the rotation

frequency of the magnetic island in the poloidal cross-section of the tokamak. For

convenience, the helical coordinate ξ is introduced [88]:

ξ = θ − n

m
φ, (2.10)

where φ is the toroidal coordinate as defined in Figure 2.1 and θ is the poloidal

coordinate. The toroidal annulus of a plasma can be cut open along the poloidal

and toroidal direction. Using the coordinate ξ, the poloidal cross-section can then

be projected on a two-dimensional plane, plotting r versus ξ.

The radial excursion of a field line close to rs due to the presence of a magnetic

island is given by [24],[34],[93]:

x = (r − rs) =
w

2
√
2

√

Ω + cos(mξ − ωt). (2.11)

x = (r − rs) is the radial distance to the rational q = m/n surface at minor radius

rs. Ω is a normalized flux surface label. Flux labels −1 ≤ Ω ≤ 1 refer to a region

inside an island. Ω = −1 corresponds to the O-point or centre of the island and

Ω = +1 corresponds to the separatrix, as indicated in Figure 2.2. w is the magnetic

island full width given by [24],[34],[93]

w = 4

√
√
√
√

(

rqB̃r,0

mBpol|dq/dr|

)

. (2.12)

Rearranging and assuming a steady-state equilibrium ωt = 0 yields

Ω = 8
x2

w2
+ cos(mξ). (2.13)

Now solve the elliptical integral:

2π|r − rs|0 =
∮ 2π

0

√

1

8
w2 (Ω + cos(mξ)), (2.14)
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Figure 2.2: Perturbed magnetic field line topology in close vicinity of a magnetic
island plotted in a contour plot of the radial coordinates r− rs versus Ω as function
of the helical coordinate ξ. The magnetic island width w, location of the O-point,
X-point and separatrix are indicated in the plot.

which describes how the original radial coordinates |r − rs|0 of the unperturbed

magnetic field are rearranged by the presence of an island. Figure 2.2 shows the

field line topology in close vicinity of a magnetic island by plotting x = r − rs as a

function of the helical coordinate ξ and the flux label Ω. The O-point or centre of

the magnetic island and X-point are indicated in the figure.

As indicated in Figure 2.2, a separatrix is identified, where outside the separatrix,

the magnetic surfaces still form a constellation of nested toroidal surfaces, while

inside the separatrix a chain of magnetic islands is formed, i.e. closed flux surfaces

with a helical structure. The width of the magnetic island w (2.12) is defined as the

largest excursion of the field lines on the separatrix in the radial direction.

Tearing mode growth

Just like the perturbed magnetic field in (2.9), a similar expression can be written

for the definition of the perturbed flux near rs

ψ = ψ0 cos(mξ − ωt), (2.15)
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which is related to the perturbed poloidal magnetic field near rs by B̃r,0 = mψ0

rR0

.

ψ0 is the amplitude of the perturbed flux near rs and is assumed to be constant

across the island. As stated previously, a deformation of the flux surfaces opens up

an island where the width is proportional to w ∝
√
ψ. The MHD description for a

plasma with formation of tearing modes consists of a series of ideal MHD equilibria

∇p = J×B, which in the resistive layer near rs is extended by inclusion of resistive

MHD. The resistive MHD is only used in the current sheet near the rational surface

of the tearing mode.

In the resistive layer, Ampère’s law can be used to relate the second radial derivative

of ψ with the parallel current density distribution J// near rs:

1

R0

d2ψ

dr2
= µ0J//. (2.16)

J// is the perturbed parallel current induced by the time derivative of ψ [34],[93],

which is given by the resistive Ohm’s law for the region inside the island:

J// =
1

η

∂ψ0

∂t
(cos(mξ)). (2.17)

When integrating the radial derivative of the perturbed magnetic flux function ψ

over the region outside the island separatrix for which ideal MHD applies, a loga-

rithmic discontinuity in the derivative of the perturbed flux function is found across

rs. This discontinuity is characterized by the tearing parameter ∆′ also known as

the classical stability index. Inside the island separatrix, resistive MHD applies and

it is customary to match the solution of this inner region asymptotically with the

region outside the separatrix. For a finite size island, this matching is calculated at

the separatrix and ∆′ is then defined as [34],[69],[93]:

∆′ =
1

ψ

[
dψ

dr

]rs+w/2

rs−w/2
. (2.18)

The change in the magnetic energy of the plasma in the presence of a magnetic

island is proportional to ∆′. A general expression of tearing mode evolution, which

uses ∆′, is defined by [34],[69],[93]:

∆′ψ0 = 2µ0R0

∫ rs+w/2

rs−w/2
dy

∮

J// cos(mξ)rsdξ. (2.19)

By realizing that the growth rate of a magnetic island dw/dt is related to the per-

turbed flux and magnetic field, the expression for the growth rate of a magnetic
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island can be expressed in terms of B̃r (2.9) and ∆′ (2.18), respectively. The growth

rate of a magnetic island’s width w at rs is approximated by [34],[69],[93]

∂w

∂t
=

η

µ0

1

B̃r

∂B̃r

∂r

∣
∣
∣

+w/2

−w/2
=

η

µ0
∆′, (2.20)

with η the local resistivity and the tearing parameter ∆′.

Using τr =
µ0r2s
1.22η

, expression (2.20) is rewritten as [69]

τr
dw

dt
= r2s∆

′. (2.21)

τr is the current diffusion time or resistive time scale at the radius rs. Expression

(2.21) is known as the classical Rutherford equation, first derived by P.H. Rutherford

[69]. For a detailed derivation of the expression, the reader is referred to [69],[93].

For classical tearing modes ∆′ > 0, i.e. the tearing mode is linearly unstable.

Its growth is governed by resistive diffusion, i.e. driven by current gradients. A

magnetic island destabilizes and starts to grow until it reaches a saturated size. The

linear tearing mode theory is valid for small island sizes only. When the island size

becomes larger than the resistive layer, the linear model no longer applies and non-

linear terms govern the growth until the saturated state is reached. In comparison

with the plasma volume, magnetic islands can reach relatively large sizes.

2.3 Neoclassical tearing modes

In larger tokamaks, such as ITER, where for performance enhancement high plasma

pressures are desired, a special type of tearing mode occurs. These tearing modes

are referred to as Neoclassical Tearing Modes (NTMs) [30], again leading to the

formation of magnetic islands. NTMs typically show the same properties as tearing

modes but the distinction between the two modes is made because the mechanisms,

which trigger their occurrence and drive their growth, differ.

At small island sizes, neoclassical tearing modes are generally stable with the clas-

sical stability term in the Rutherford expression (2.21) ∆′ < 0. Due to the negative

∆′, the Rutherford equation (2.21) shows that dw/dt is also negative and hence,

for small island sizes below a critical island width wcrit, NTMs are usually self-

stabilizing, with w converging to w = 0. As a consequence, a NTM can not grow
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spontaneously, but requires a seed island of sufficient size to grow. A NTM grows

to saturation if the seed island provided is larger than the critical island width wcrit.

Seed island formation and the correlated triggering of NTMs can mainly be at-

tributed to other magneto-hydro-dynamic events (such as sawteeth, Edge Localized

Modes (ELMs), fishbones), resonant magnetic perturbations, and local reductions

of ∇p due to turbulence or classical tearing modes [30],[35]. Special relevance in

this discussion is for the sawtooth, as in a fusion reactor long sawtooth periods are

expected and are known to trigger NTMs [73].

If a small seed island has been initiated by one of the sources discussed previously

and once the magnetic island size attains a width larger than the resistive layer,

helical currents on the resonant surface are understood to govern the further non-

linear growth and suppression of the mode. As introduced in the previous chapter,

the bootstrap current jBS and externally driven current are examples of such helical

currents.

Perturbed helical bootstrap current: The destabilization of NTMs is mainly

attributed to a perturbed helical bootstrap current [30],[93]. In a toroidal tokamak

plasma, the magnetic fields are poloidally nonuniform. This nonuniformity causes

the gyrating plasma particles either to be trapped in an orbit in a small section of

the toroidal geometry or to pass normally along the helical field lines. In the pres-

ence of a radial ∇p, the interaction between trapped and passing particles creates a

net toroidal current along the helical field lines, which exists next to the externally

driven toroidal current. This bootstrap current is expressed in the simple formula

jBS = −
√
ε

Btor

∂p
∂r
. In the limit of the aspect ratio ε = r/R0 = 1, most particles are

trapped and the bootstrap current is driven by pressure gradients in the plasma.

Since the pressure is equilibrated across the O-point of a magnetic island and no

pressure gradient is sustained, the local bootstrap current inside an island is anni-

hilated, which will act to destabilize the island further.

The physics for NTM growth at small island sizes is still debated. Next to the

bootstrap current, two physics phenomena are usually understood to govern the

growth of NTMs, i.e. the transport effect and the ion polarization effect, which

result in a reduction of the drive of an island at small island sizes. When the mode

is classically stable, i.e. has a negative value of the classical stability parameter ∆′,

a seed island, which size exceeds a certain threshold width is required to drive an
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NTM. More details on the transport effect and ion polarization are presented in [30]

and [93] and will not be discussed further here.

2.4 Magnetic island properties

Stability and performance of experimental tokamaks is affected by the presence of

magnetic islands, which typically occur in larger tokamaks such as ITER [35]. Espe-

cially the magnetic islands developing at the q = m/n = 2/1 rational flux surface are

notorious for their effect on plasma confinement and operational stability [30],[72].

The presence of magnetic islands in a tokamak plasma has several consequences:

Enhanced particle and energy transport: Around magnetic islands, an en-

hanced transport of particles and energy is found. The reconnected field lines yield

an effective short circuit for particles and energy to escape from the hot plasma

centre towards colder plasma regions [79]. Large magnetic islands cause a local flat-

tening of the pressure profile and temperature profile of tokamak plasmas and tend

to increase the local radial transport.

Reduced energy confinement: [30],[35],[93] The enhanced particle and energy

transport is associated with a reduction of the energy confinement due to the pres-

ence of magnetic islands. As discussed in the previous chapter, the presence of

magnetic islands occurs naturally in large tokamaks, especially in discharges with

high β. Since fusion performance scales with β, at some point one will always en-

counter the β-limit at which magnetic islands are unavoidable. It is also observed

in experiments that a certain desired β level can never be reached in stationary

discharges due to the presence of magnetic islands.

Magnetic island rotation: Helical magnetic island structures tend to rotate in

the plasma. Depending on the magnetic configuration, the applied toroidal momen-

tum and the level of magnetic shear and pressure, the modes rotate at frequencies ω

between several Hz and tens of kHz. Usually, the presence of large magnetic islands

causes the bulk plasma rotation to slow down [20].

Magnetic island locking: [20],[30] The rotation of the modes can also halt

abruptly. In such a coincidence of mode locking, the mode tends to grow to a

larger size. Locked modes often lead to disruption of the plasma and should espe-
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cially in larger machines be avoided. Locking of magnetic islands is associated with

the perturbation of the magnetic field caused by the modes. The magnetic field

perturbation penetrates into the metalic wall of the tokamak containment vessel

and if the perturbation is large enough in magnitude, a resulting magnetic torque

occurs, which slows the rotation of the mode down. This torque is caused by the

force balance between eddy currents flowing in the wall and the plasma current. The

interaction between a rotating magnetic island and a resistive wall and the resulting

drag on the mode causes the mode rotation to decelerate and stop. At high rotation

frequencies, the resistive wall is assumed to be perfectly conductive. However, as the

mode rotation slows down, the oscillating magnetic field perturbation attributed to

the presence of a rotating magnetic island is able to penetrate further into the wall

of the plasma containment vessel. As a result, the drag force between mode and

wall increases. As soon as locking occurs, the stabilizing effect of the conductive

wall on the magnetic island vanishes, the island size increases and eventually leads

to a disruption. As discussed previously, uncontrolled growth of magnetic islands

can lead to a disruption of the plasma, i.e. an abrupt termination of the plasma

discharge. Generally speaking, q = m/n = 2/1 and 3/2 modes limit confinement

most dramatically.

2.5 Detection of magnetic islands

The first identifications of magnetic islands were achieved as early as 1966 in the

former TM-2 tokamak in Russia, although the term magnetic island was not used at

that time. Magnetic island identification was thereafter achieved at many machines.

The installation of pick-up coils or Mirnov coils at the T-3 tokamak by S.V. Mirnov

in 1978 [61] allowed correlation analysis for the identification of the m and n num-

bers of the helical perturbations caused by the presence of magnetic islands. This

marked the start of detailed tearing mode investigations. Magnetic island identifi-

cation using several diagnostics on TEXTOR has been reported in [20],[47] and [87].

The first experimental observations of neoclassical tearing modes were achieved in

1995 on the TFTR tokamak experiment in Princeton [10]. Soon the identification

of NTMs was also reported on other tokamaks. See the examples mentioned in [30]

and the corresponding references therein.

Observation of magnetic islands in tokamak plasmas is relatively difficult. Direct

measurement of the deformation of the magnetic topology due to the presence of
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magnetic islands is impossible. Detection of magnetic islands relies on monitoring

of the impact of the magnetic configuration on the electron temperature profile.

Tokamaks are usually equipped with several auxiliary diagnostics for monitoring of

the temperature profile and magnetic properties [40]. These measurement devices

are placed at considerable distance from the plasma column and are usually not

used to probe or penetrate the plasma. Their functionality relies on measurement

of the different radiative emissions coming out of the plasma core or on the injec-

tion of beams, such as lasers and particle beams and the monitoring of the charge

exchange and scattering caused in the plasma by these perturbing beams. Sensing

for control of magnetic islands also should rely on one of these diagnostics. For the

purpose of feedback control several features of the modes should be monitored. The

properties which must be measured are not necessarily readily available from mea-

surements. Post-processing of diagnostic data is required to get reliable estimates

of mode properties. For magnetic island control, five mode properties are important:

Mode number: The mode number defined by the safety factor q = m/n can

be infered from magnetic perturbations measured by magnetic pick-up coils such as

Mirnov coils.

Mode radial location: Each mode, defined by a unique rational number q, is

located at a unique radial location rs. Using the tell-tail sinusoidal oscillations,

which a rotating magnetic island causes on the electron temperature measurements

obtained from an Electron Cyclotron Emission (ECE) diagnostic, the radial loca-

tion of the mode can be reconstructed. Alternatively, the mode number as found by

Mirnov coils can be combined with an equilbrium reconstruction to find the radial

location of a mode.

Mode width: The width of the mode w, being the maximal excursion of the

field lines near rs, is of interest as a suppression parameter, since the width is the

state of the mode to be controlled. The mode width can be derived from ECE, soft

X-ray and Mirnov coil measurements, but these data need to be post-processed in

order to get a reliable estimate of the mode width, with sufficient accuracy.

Mode rotation frequency and phase: As mentioned earlier magnetic islands

rotate with a certain frequency ω, which does not necessarily equal the bulk plasma

rotation frequency. Due to the helicity of the field lines, the toroidal rotation trans-
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lates into an apparent poloidal rotation, which is a factor n/m larger than the

toroidal rotation. The mode’s rotation frequency and phase can be determined

from the sinusoidal fluctuations, which the mode rotation causes on electron tem-

perature measurements and magnetic measurements.

As indicated, the detection of magnetic islands relies on detection of the tell-tale

sinusoidal fluctuations caused by the rotation of the mode on electron temperature

and magnetic pick-up coil measurements. These fluctuations are not observed when-

ever the mode rotation is locked. Detection and imaging of the topology of a locked

mode and determination of its radial location within the poloidal cross-section of a

tokamak requires toroidally distributed sensing devices, or diagnostics, which mea-

sure the electron temperature profile in two dimensions, i.e. measuring both in the

radial direction as well as in the vertical or Z-direction [13].

2.6 Avoidance and suppression of magnetic islands

Suppression, stabilization or avoidance of magnetic islands is a necessity for oper-

ation of tokamaks in high confinement regimes as mentioned in previous sections.

Avoidance of magnetic islands can be achieved along several routes:

• A rather simplistic approach would be to operate only at a low β below

the critical value at which seed island onset occurs. Of course this approach is

completely unfeasible when taking the requirements for increase of the product

of density, temperature and confinement time and the required performance of

the fusion process into consideration, which strives for as high a β as possible

to enhance the performance of the plasma.

• Control of the amplitude and period of sawteeth; by doing so, one would

remove the most important triggering phenomenon for seeding of NTMs and

would thereby avoid NTM occurence. The drawback of this method is that also

other MHD instabilities and resonant magnetic perturbations are accounted

for seeding of NTMs, while NTMs have also been observed to grow from a

linearly unstable island. Avoiding NTMs by control of sawteeth therefore

does not guarantee that NTMs are prevented in all cases.

• Externally applied helical perturbation fields can be applied to inter-

feer with the bootstrap current. The poloidal nonuniformity of the standard

magnetic field configuration is then perturbed by the field of an additional coil
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set, which is resonant at a particular flux surface and induces a current on

that surface. Depending on the phase of this current, the externally applied

helical perturbation field thereby compensates or counteracts the perturbation

caused by the magnetic island. A similar (de)-stabilizing effect can be achieved

through the coupling between islands on different rational flux surfaces.

• The fourth, most relevant method in the context of magnetic island suppresion

is the application of auxiliary current drive and heating via injection

of radio-frequency waves into the plasma, as discussed in the next section.

Electron Cyclotron Resonance Heating and Current Drive

A local, direct current jec can be driven along the helical field lines of a tokamak by

the injection of microwaves. This current drive originates from two different mech-

anisms, i.e. a direct non-inductive current drive or an inductively driven current.

Non-inductive current drive, refered to as Electron Cyclotron Current Drive

(ECCD) [8],[68] is the direct drive of current due to the tangential injection of

a microwave beam along a helical field line. For non-inductive current drive, the

microwave beam is injected either in co- or counter direction. An additional, in-

ductively driven current results from Electron Cyclotron Resonance Heating

(ECRH) [8],[68]. High-power millimetre waves heat the plasma locally. Due to

this local heating, the temperature increases, resulting in a decrease of the electron

collisionality. As a consequence, the conductivity of the plasma increases and an

indirect, local current drive is being generated. When millimetre waves are injected

perpendicularly with respect to the field lines, the waves only heat the plasma and

no direct current drive occurs.

An advantage of the use of Electron Cyclotron Resonance Heating and Current

Drive in comparison with other plasma heating and current drive methods, is the

high localization of the ECRH/ECCD beams. The propagation and absorption

of electron cyclotron waves in the plasma is determined by the interaction of the

waves with plasma particles. Depending on the electron cyclotron frequency and the

plasma frequency, which is proportional to the plasma density, the absorption and

propagation of the EC waves is influenced. Beam tracing codes are used to compute

the efficiency of the transmission of the ECRH/ECCD power in the plasma, the size

and location of the power deposition region and the trajectory of the beam through

the plasma. In the presence of a magnetic field Btor, the plasma electrons gyrate
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Btor

ωec

electron

Figure 2.3: A sketch
of an electron gyrating
around a magnetic field line
with electron cyclotron fre-
quency ωec.

around field lines with an electron cyclotron frequency: ω
(n)
ec = neBtor/me ∼ 1/R,

where e and me are an electron’s charge and mass, respectively, see Figure 2.3. The

frequency ω
(n)
ec can be given in [rad/s] but is usually rewritten as f

(n)
ec = ω

(n)
ec /2π

[Hz]. The number n denotes the nth harmonic of the gyration frequency. Note

that since Btor is a function of the major radius R, the electron cyclotron frequency

has a 1/R dependence. This implies that for each radial location within a poloidal

cross-section of the tokamak, the electron cyclotron frequency has a unique value. In

other words, a microwave beam of fixed frequency, which is injected into a tokamak

plasma is resonant at one particular radial location in the poloidal cross-section.

The ECRH/ECCD power of the beam is there delivered at the plasma electrons via

the resonant interaction. Note that this electron cyclotron resonant location extends

vertically as an electron cyclotron harmonic layer or chord. The position of this layer

for the nth harmonic at frequency ωec is given by Rec = R(neBtor/meωec − 1).

Alignment of the ECRH/ECCD deposition location with an island

For Electron Cyclotron Resonance Heating and Current Drive to be effective in sta-

bilization of magnetic islands, the power must be deposited locally in close vicinity

of the magnetic island centre or O-point. The deposition location rdep is an impor-

tant control parameter in a feedback scheme for island suppression. In combination

with the radial mode location rs, the deposition location of Electron Cyclotron Res-

onance Heating and Current Drive specifies the alignment error e = rs − rdep. This

alignment error is the objective function, which should be minimized by a control

loop. Although the ECRH/ECCD deposition location is usually difficult to measure,

it can be resolved by measuring its local effect on the electron temperature profile.

In combination with a ray-tracing code and equilibrium reconstruction code, the

deposition location can relatively accurately be determined.
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For the variation of the ECRH/ECCD power radial deposition location,

several actuation options are available:

• Adaptation of Btor results in a shift of the ECRH/ECCD deposition loca-

tion via the relation between electron cyclotron frequency and magnetic field

[30],[39]. Since the radial location of the q-surfaces is also dependent on the

magnetic field value, the alignment between rdep and rs is adjustable via the

applied toroidal magnetic field. The drawback of this method is that this only

leads to acceptable alignment if the ECRH/ECCD deposition is already close

to the magnetic island and the applied magnetic field changes are not too large.

Changing the magnetic field also results in a change of the equilibrium of the

plasma, which is undesirable in the context of steady-state plasma operation.

• By changing the central plasma position, one can shift the entire plasma

column, thereby shifting the radial location of a magnetic island as well. By

keeping the frequency of the applied microwave beam fixed, the ECRH/ECCD

deposition location is also kept fixed. By changing the plasma position, the

aligment between the mode radial location and ECRH/ECCD deposition lo-

cation is manipulated. Again this method only works for small misalignment

corrections, where one should note that the change of the plasma position is

in general relatively slow. The response of changes in the plasma position is

governed by the plasma position control loop, which usually operates at a low

bandwidth. Steady-state operation of the plasma is again conflicting with this

type of plasma actuation [30],[39].

• A more commonly adopted method is the use of a steerable launcher. Such

an ECRH/ECCD launcher typically consists of a rotating mirror, actuated by

servo actuators, which provides adaptable coupling of the ECRH/ECCD beam

at a variety of injection angles into the plasma. Actuation of ECRH/ECCD

launchers is often done electro-mechanically, but, for example, in ITER helium

pressurized actuators are foreseen [14]. Since the frequency of the applied mi-

crowaves is fixed, one can change the deposition location only vertically in

the poloidal cross-section of a tokamak along the electron cyclotron harmonic

layer or deposition chord, by steering of the mirror. Advantage of the use

of launcher systems is the speed and accuracy at which the deposition loca-

tion can be manipulated. In addition, launcher systems offer the possibility

of changing the toroidal injection angle of the ECRH/ECCD beam, thereby
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offering the possibility to change from co- to counter current drive and also

to vary the proportion of inductive current drive versus non-inductive current

drive.

• One last alternative is the use of multiple fixed frequency gyrotrons or

the use of gyrotrons with continuously adjustable frequency. Both

methods are promising from a future perspective, but require advances in

present-day gyrotron technology [82].

It has been mentioned before that magnetic islands tend to rotate along the he-

lical field lines with frequencies ranging from several Hz up to several kHz. The

efficiency of the driven current by means of ECRH/ECCD in the island region in-

creases when the ECRH/ECCD deposition location is perfectly aligned with the

mode resonant surface rs but also increases when the applied ECRH/ECCD is de-

posited in the centre or O-point of the magnetic island solely. Most ECRH/ECCD

schemes for magnetic island stabilization therefore foresee an intermittent operation

of the gyrotron, thereby producing a modulated ECRH/ECCD power pulse train,

which should be synchronized in phase and frequency with the rotation frequency of

the magnetic island. The phasing and duty-cycle of such modulated ECRH/ECCD

pulses are important control parameters to optimize the ECRH/ECCD current drive

into the island and to optimize the stabilization and suppression process.

Disturbances

The alignment of the ECRH/ECCD deposition with respect to the mode is not

stationary during discharges. Uncertainties, perturbations and disturbances affect

the achievable alignment. Uncertainties and perturbations usually refer to dynamics

encountered in a certain system or plant, which are not governed by the description

of the system but affect its operation. Examples of perturbations on the alignment

between ECRH/ECCD and a mode include:

• The perturbation of the plasma position through variations in the applied

magnetic fields Bpol and Btor. Both the deposition location rdep and the ra-

dial location of the mode resonant flux surface rs can be influenced by these

variations.

• The positioning of the total plasma column within the tokamak vessel is deter-

mined by the accuracy at which the plasma position control loop can control
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the plasma position and also on its response time. With a fixed deposition

location of ECRH/ECCD, transients in the control of the plasma position can

perturb the achievable alignment, since rs changes with these transients.

• The alignment is also affected by the size and geometry of the magnetic islands.

It has been observed that for asymmetric islands [32],[58], the radial location

of the O-point of a mode changes when the island size is varying.

These perturbations could either be taken into account explicitly in a model of the

control problem or accounted for as uncertainties in the definition of the control

problem. Examples of disturbances, which affect the desired alignment between

ECRH/ECCD deposition and a mode’s O-point, can be divided in disturbances on

the measurements and disturbances on the plant inputs. Disturbances of the mea-

surements could for example be related to fast energetic particles and heat pulses in

the plasma, which affect the measurements of the electron temperature of the plasma

and perturb the temperature fluctuations used to attain magnetic island properties

from the diagnostic data. Other disturbances, which are likely to affect magnetic

island control are MHD events on other locations within the plasma which can both

disturb the electron temperature measurements and might lead to disturbance of the

magnetic signals measured by pick-up coils. Other MHD events such as sawteeth and

ELMs can affect the dynamics of magnetic islands specifically causing perturbation

of the island width. Disturbances entering the magnetic island feedback loop might

also have an origin in electric interference in the data-acquisition equipment used

to record and process diagnostic data. Such interfering disturbances are frequent in

a tokamak environment where many potential sources of external disturbance are

present. Careful shielding of the data-acquisition paths is not always sufficient to

avoid interference especially since the data-acquisition and control systems should

operate under harsh conditions in close proximity of large magnetic fields.

(De)stabilization of magnetic islands using magnetic perturbation fields

Perturbation coils are used at several tokamaks to alter the poloidal field either

globally for low m and n numbers or locally at the edge for higher m and n. In the

edge, the applied magnetic perturbations result in an ergodization of the magnetic

field topology. For low m and n perturbation fields, magnetic islands with a low

rational value m/n are initiated in the magnetic field topology. Perturbation coils

can thus be used to destabilize magnetic islands at certain rational flux surfaces. An

example of a dedicated perturbation coil set is the Dynamic Ergodic Divertor (DED)
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at the TEXTOR tokamak, which is a set of perturbation coils placed directly behind

the first wall in the vacuum vessel of TEXTOR. The DED and its application in the

triggering of magnetic islands will be discussed in more detail in the next chapter.

2.7 Feedback control for suppression of magnetic islands

Feedback control schemes are required to obtain and maintain the alignment of the

ECRH/ECCD deposition and the magnetic island [30] and to establish full ma-

nipulation of the island’s width using tailoring of the applied ECRH/ECCD power

levels. Especially in the light of the uncertainties, perturbations and disturbances

discussed in the previous section, a feedback control loop, which compensates for

such perturbing and disturbing system features is desired. Besides the alignment

problem, the magnetic island control problem is comprised of several additional

problems, which can be solved by applying feedback control techniques. Recall that

in general, a high power mm-wave gyrotron and a steerable ECRH/ECCD launching

antenna are operated as actuators in such feedback schemes while instrumentation

such as Mirnov coils and Electron Cyclotron Emission (ECE) diagnostics is applied

as feedback sensor. The sensor signals should enable a controller to execute the con-

trol tasks which are most relevant for (N)TM suppression and stabilization,

which are summarized as:

• Effective suppression and/or stabilization of the rotating (N)TMs requires per-

fect alignment at cm accuracy of the well focused ECRH/ECCD with respect

to the mode resonant surface rs. The ECRH/ECCD deposition location rdep

is thus aligned in a feedback loop with the radius at which a magnetic island

island is residing rs. The feedback loop guarantees stability of this alignment

in the presence of disturbances. The required accuracy of the positioning and

the desired response time are important design specifications for the feedback

design.

• The ECRH/ECCD pulse should be applied exactly synchronized in phase and

frequency with the rotation frequency of the (N)TM’s O-point or centre in

order to enhance the efficiency at which current is driven in the island region,

leading to an optimized suppression [43],[56]. Accurate synchronization is

required.

• The possibility to suppress a magnetic island completely by feedback control

on the applied ECRH/ECCD power with respect to the magnetic island width
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is desired to increase the achievable plasma β and subsequently increase the

energy confinement and energy yield of the plasma. This is a typical suppres-

sion problem.

• Another control option, which should be investigated, is the possibility of

stabilization of the magnetic island width at a desired reference width wref .

Control of the width of a magnetic island is of particular importance to enhance

the steady-state stable operation of tokamak plasmas. This is even of more

relevance for NTM induced magnetic islands in high β discharges as foreseen

for ITER. Feedback techniques can be used to guarantee convergence of the

width to the desired reference in a short period of time and will also guarantee

the stability of the reference width tracking. This is a typical example of a

stabilization problem.

• Development of reliable pre-cursor identifiers to indentify the onset of magnetic

island growth would help to employ preemptive feedback control of magnetic

islands. Thereby avoiding excessive growth of the modes.

• For the prevention of magnetic island locking, feedback control could be adopted.

The locking of a magnetic island occurs typically when a certain treshold width

is exceeded. Preventing the mode growth of reaching this width might be an

effective means to prevent mode locking.

• In the case that mode locking has occurred, the feedback system should be able

to unlock the mode again. The application of ECRH/ECCD near the mode

resonant surface might help to decrease the width of the magnetic island and as

such manipulate the force and momentum balance and reduce the coupling of

the island to the conducting wall. However, sustaining the alignment between

the driven current and the island is complicated, since locked modes become

difficult to detect by Electron Cyclotron Emission.

Conventional control concepts

Present-day feedback control techniques for magnetic island suppression focus on

the first task of achieving accurate alignment of ECRH/ECCD with respect to the

mode. Continuous ECRH/ECCD is applied in open loop in these experiments to

show the capabilities to suppress the modes. A true feedback control action on

the ECRH/ECCD power is not used sofar. A few examples of feedback controlled
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alignment of ECRH/ECCD deposition with magnetic islands are documented in

literature. In DIII-D, a successful control experiment was conducted to suppress

NTM activity [39]. The alignment of the ECRH/ECCD deposition location with the

NTMs was achieved by varying both the horizontal plasma position and the toroidal

magnetic field rather than using a feedback controlled steerable launcher mirror. At

JT-60U [42],[43], ASDEX-Upgrade [55], Tore Supra [53] and TCV [2], steerable

launcher systems have been used in the study of (Neoclassical) Tearing Modes and

in suppression experiments. These launcher systems are generally equipped with

a standard feedback controller for positioning of the launcher mirrors. The ITER

ECRH/ECCD system also envisages a controlled launcher as actuator for real-time

control of NTMs [14]. Efforts at JT-60U, TCV, ASDEX-Upgrade and FTU [3]

are advancing towards incorporation of actual diagnostic information on the loca-

tion and the occurrence of the magnetic islands in a control system to align the

ECRH/ECCD deposition with the magnetic island in real-time. JT-60U has pub-

lished an example where a q = m/n = 3/2 magnetic island is detected combining

a coarse plasma shape estimation with evaluation of the electron temperature per-

turbation profile. A local minimum in the electron temperature perturbation profile

corresponds to the centre of the NTM [42]. This information is used to optimize the

injection angle of the electron cyclotron waves.

So far, a reliable, autonomous system, capable of tracking and killing magnetic

islands, combined with the capability of synchronous ECRH/ECCD power modula-

tion in phase with a rotating magnetic island under closed-loop feedback control has

not been published. The reason for this is twofold. First, in none of the published

approaches the electro-mechanical dynamics of the launcher system or additional

dynamical properties of the magnetic island control loop are explicitly taken into

account in the design of the controllers. Secondly, all required diagnostic informa-

tion from e.g. Mirnov coils, Soft X-ray, ECE diagnostics etc. needs to be processed

in real-time to get reliable estimates of the magnetic island location and size and

more significantly: all monitoring of the (N)TM activity is performed along a dif-

ferent view line than the injection of the ECRH/ECCD beam. Application of the

sensor data in a closed-loop control action on the launcher requires a geometrical

mapping from the sensor coordinate frame into the geometrical frame of the actu-

ator, i.e. the launcher. The accuracy required for such a mapping puts extreme

demands on real-time plasma equilibrium reconstruction and beam tracing within

the feedback control loop. Retrieval of an accurate estimate of the mode location
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requires substantial computational effort, which introduces latency. Therefore it

would be desirable to develop a feedback system that does not rely on equilibrium

reconstruction or beam tracing.

2.8 Conclusions

The main driving mechanisms for the destabilization of magnetic islands in tokamaks

have been discussed. A distinction has been made between classical tearing mode

driven- and neoclassical tearing mode driven islands. Mode features were discussed

and the actuators and sensors for feedback controlled suppression of magnetic islands

were introduced. The need for feedback control techniques was highlighted by taking

uncertainties, perturbations and disturbances for the system into consideration. The

present state-of-the-art in magnetic island control shows promising open-loop results

and closed-loop results for the radial alignment of the stabilizing ECRH/ECCD

with a mode but is complicated by the required incorparation of real-time beam

tracing and equilibrium reconstruction codes in the feedback loop. The next chapters

introduce hardware and techniques, which are specifically designed to work around

these complications.
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Experimental setup

Abstract/ The experimental setup required to establish a magnetic

island control system is introduced.

3.1 Introduction

This chapter introduces the elements of a magnetic island control system. This

experimental setup has been employed for feedback controlled magnetic island sup-

pression and stabilization experiments in the Tokamak Experiment for Technology

Oriented Research (TEXTOR) [70], which is situated at the Forschungszentrum

Jülich GmbH in Germany. The next chapters present control designs and simula-

tion studies for this particular experimental setup. Simple models for some of the

components of the system are therefore derived here and used later in the control

simulations.

First, the TEXTOR tokamak [70] is introduced as the plant or system to be con-

trolled. We will only focus on the features of TEXTOR, which are relevant for

magnetic island control. A simple model for the TEXTOR equilibria will be in-

troduced. This model is used in the control design to perform simulations of the

alignment of the ECRH/ECCD driven current with a magnetic island. The next

step is to identify the available actuators for magnetic island control. TEXTOR pos-

sesses a special instrument for the creation of magnetic perturbation fields by the

dynamic ergodic divertor (DED), which is a set of perturbation coils. The DED will

be discussed in more detail in Section 3.2. The experiments use the DED for trigger-

ing of q = 2/1 tearing modes. The other actuator which is used in these studies is

the ECRH/ECCD installation, comprising a powerful microwave source or gyrotron

Parts of this chapter originally appeared in [36],[37] and [38]
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and an electro-mechanical launcher with a 2 degrees of freedom (DOF) steerable

mirror. The technicalities of these actuators will be discussed and a dedicated feed-

back design for positioning of the launcher mirror will be presented. In order to

close the feedback loop, a third element is needed in the form of sensors, which are

able to measure the magnetic island properties, as discussed in the previous chapter.

The focus of the discussion on magnetic island sensing will be on a dedicated line-

of-sight Electron Cyclotron Emission (ECE) diagnostic [64] and magnetic pick-up

coils. The ECE diagnostic uses an identical view line for ECRH/ECCD actuation

and ECE sensing of the magnetic islands, thereby working around the incorporation

of a real-time beam tracing and equilibrium reconstruction in the feedback loop as

required by conventional magnetic island control schemes. The line-of-sight ECE

receiver with dielectric plates and a radiometer is an essential part of the magnetic

island stabilization strategy, as explained in detail later. The last element of the

experimental setup is a real-time data acquisition and control system. This is the

real-time platform for execution of the data post-processing and control algorithms,

which will be designed and specified in the next chapters.

3.2 The TEXTOR plant

Figure 3.1 shows the TEXTOR tokamak [70] with major radius R0 = 1.75 [m],

minor radius a = 0.46 [m], plasma current Ip < 0.8 [MA], toroidal magnetic field

Btor < 2.8 [T] and a pulse length < 10 [s]. TEXTOR is equipped with several

auxiliary heating systems, i.e. two neutral beam injectors (1.5 [MW] each), two

ion cyclotron resonance heating (ICRH) installations (2 [MW] each) and an electron

cyclotron resonance heating and current drive installation, with a 140 [GHz], 1 [MW]

gyrotron. The latter is used for the magnetic island control studies presented here.

The diagnostic capabilities of TEXTOR are described in [22].

TEXTOR equilibrium

For the simulation of the radial deposition of ECRH/ECCD with respect to a mag-

netic island, as performed in the next chapter, we first need to derive a simple

description of an equilibrium of TEXTOR. The description of a TEXTOR equilib-

rium follows the Grad-Shafranov equation [18],[88]. A static, axisymmetric, circular

tokamak equilibrium is assumed in the framework of the poloidal cross-section of



Experimental setup 41

Poloidal field coil

Toroidal fields coilsTransformer yoke

Vacuum vessel interior + first wall

Figure 3.1: Exterior and interior of the TEXTOR tokamak

TEXTOR. For TEXTOR, the large aspect ratio ordering can be used:

ε =
a

R0

≪ 1, (3.1)

with minor radius a and major radius R0. Under this assumption, the Grad-

Shafranov equation, which describes a plasma equilibrium, can be represented by

concentric circular flux surfaces, each displaced by a distance ∆(r) with respect to

the plasma centre:

∆(r) = ∆s

(

1−
(r

a

)2
)

, (3.2)

where ∆s = ∆(0) is the displacement on-axis, also called the Shafranov shift. For a

large-aspect ratio tokamak, i.e. satisfying the condition (3.1), the Shafranov shift is

defined by:

∆s =
1

2

a2

R0

(

β +
li
2

)

, (3.3)

where β is the ratio between the plasma pressure and the magnetic field pressure,

and li is the plasma self-inductance. For typical TEXTOR conditions, the Shafranov

shift can be approximated empirically as:

∆s = 0.023 + 0.060β [m], (3.4)

with β = 2µ0p0/B
2
tor(a), assuming a parabolic pressure profile p(r) = p0

(
1− (r/a)2

)
.
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The radial and vertical coordinates of the respective q-surfaces (e.g. q = 1...4)

in TEXTOR are given by the goniometric relations:

Rq=1...4 = Rlcfs +

(

1−
(
rq=1...4

a1

)2
)

∆s + rq=1...4 sin(θ), (3.5)

Zq=1...4 = rq=1...4 cos(θ), (3.6)

where Rlcfs is the major radial coordinate of the geometric centre of the last closed

flux surface and rq=1...4 is defined by the expressions:

rq=1 =
(7.6 · 10−4Ip)

Btor
, and rq=2...4 =

√

(2...4− C2)

C1
, (3.7)

with C1 = qa−1
a2−r2q=1

and C2 = 1 − C1r
2
q=1 and qa = a

rq=1

, the q-value corresponding

to the minor radius a = 0.46 [m]. A TEXTOR equilibrium for a standard scenario

with Btor = 2.25 [T] and Ip = 300 [kA] is sketched in the poloidal cross-section in

Figure 3.2. The simple description of the TEXTOR equilibrium defined here will in

Section 3.4 be coupled to a model of the electron temperature profile.

3.3 Actuators

Dynamic Ergodic Divertor

TEXTOR features a dynamic ergodic divertor (DED) [23],[62], see Figure 3.3, which

aims at control over energy and particle exhaust based on ergodization of the mag-

netic field in the plasma boundary by means of a set of helical perturbation coils.

The flux surfaces at the edge of the plasma are thereby diverted to so-called divertor

plates. The DED is used at TEXTOR to systematically perturb the magnetic field

topology. The coil set consists of 16 perturbation field coils. The coil windings are

placed at a pitch parallel to the field lines of the q = m/n = 3/1 flux surface. The

plasma facing part of the coil set is covered with carbon tiles, constituting the diver-

tor. Three different dominant perturbations of the magnetic field can be produced

by the DED, notably q = m/n = 12/4, 6/2 and 3/1.

The applied coil currents are either DC or AC, resulting in a static perturbation

field or a rotating perturbation field, respectively. The helical coils of the DED are

used to generate magnetic perturbation fields with known mode amplitude, spectrum

and phase. AC operation of the DED effectively rotates the applied perturbation
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Figure 3.2: Illustration of the poloidal reconstruction of the TEXTOR tokamak.

DED perturbation coils

Figure 3.3: The helically wound perturbation coil set of the Dynamic Ergodic
Divertor in TEXTOR [23]. The figure shows on the left side the set of coils placed on
the high-field-side of the TEXTOR vacuum vessel. The coils are normally covered
with carbon tiles. The right-hand sketch shows the DED coils connected in q =
m/n = 3/1 configuration.
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field in poloidal and toroidal direction and therefore constitutes a unique facility for

the control of plasma transport and instabilities. The set of helical perturbation

coils is wound around the torus at the high-field-side (HFS) of TEXTOR.

By applying 1 [kHz] AC+ currents with a flat-top of 2 [kA] to the 16 coils of the

DED, a helical perturbation field corresponding with a q = m/n = 3/1 mode num-

ber can be created. Previous studies demonstrated the merits of the DED in the

creation of large q = m/n = 2/1 and 3/1 tearing modes [48]. In AC+ operation,

the applied field rotates clockwise in toroidal direction, while in AC- operation the

rotation direction is toroidally counter-clockwise [19]. In q = m/n = 3/1 oper-

ation, the magnetic field perturbation comes with a strong q = m/n = 2/1 side

band. Closer to the central part of the plasma column, this side band becomes the

dominant magnetic perturbation, resulting in the triggering of a q = m/n = 2/1

tearing mode. This tearing mode is triggered when the DED current exceeds a

certain threshold level [48]. The mode rotates typically at 1 [kHz] as it is locked

to the rotating perturbation field. The frequency and phase of the tearing mode

are usually synchronized with the rotation of the DED perturbation field, but the

mode rotation frequency can also be decoupled from the DED in certain plasma

parameter regimes. The size of the magnetic islands produced by such DED-driven

q = m/n = 2/1 tearing modes varies from several centimeters to approximately

10 [cm]. These modes are driven by the DED perturbation field. Note that under

normal conditions no sizeable bootstrap current is achieved in TEXTOR.

Gyrotron

The TEXTOR ECRH/ECCD installation [89],[92] is equipped with a diode type

140 [GHz] gyrotron [74], which is used in the magnetic control experiments. A

gyrotron [82], as depicted in Figure 3.4, is basically a vacuum tube in which elec-

tromagnetic millimeter waves are generated. These high frequency oscillators are

used to generate the millimeter waves for electron cyclotron resonance heating and

current drive. On one side of a vacuum tube, a filament produces free electrons. On

the opposite side of the vacuum tube a collector is located at zero volt potential.

The potential difference between filament and collector accelerates electrons, form-

ing an electron beam in the cavity in the gyrotron vacuum tube. An axial magnetic

field is applied by a super-conducting magnet. As a consequence, the electrons are

forced to gyrate around field lines, thereby emitting electromagnetic waves. The
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power available in the electron beam is only partially emitted as an electromagnetic

wave, whereas the major remaining part of the power is dissipated as heat on the

collector surface. The frequency of the emitted microwaves is the gyro-frequency,

i.e. the frequency at which the electrons gyrate in the applied magnetic field. This

frequency is determined by the applied magnetic field and the geometry of the cavity.

At TEXTOR, the microwave radiation produced by the 140 [GHz] gyrotron is

injected in 2nd harmonic X-mode polarization, i.e. the waves transfer their ra-

diative energy to the plasma electrons by a resonant absorption at the 2nd har-

monic of the electron cyclotron resonance, given by the electron cyclotron frequency

f
(2)
ec = 2eBtor/2πme ∼ 1/2πR0 [GHz] as introduced in the previous chapter. The

140 [GHz] gyrotron [74],[89] features a maximum output power of 1 [MW] with a

maximum pulse length of 10 [s], which is either applied as a continuous power block-

wave (CW) or as a duty-cycle modulated pulse train with a variable frequency and

phase. The gyrotron output power is controlled between a constant lower level of

70 [kW] and a peak level up to 850 [kW] through variation of the electron beam

voltage from 53.5 to 71 [kV]. This power modulation can be controlled up to 7 [kHz].

A quasi-optical line transmits the ECRH/ECCD waves directly into the tokamak.

This line contains several confocal mirrors redirecting the beam. Finally, the high-

power electromagnetic waves enter the tokamak vessel through a chemical vapour

deposition (CVD) diamond window. In the vessel, the beam encounters a fixed cop-

per mirror, which is used to project the high power microwaves, originating from

the gyrotron, onto the stainless steel steerable mirror, with a mass of approximately

5 [kg]. The moveable mirror is applied as the last component of the transmission

line. It focuses the microwave beam with a Gaussian power distribution into the

plasma for well-localized, controlled heating and current drive. When injected into

the plasma, the beam is focused at a width wbeam of approximately 1.5-2 [cm]. The

steering mechanism, which actuates the steerable mirror is discussed in detail in the

next section.
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Figure 3.4: A sketch of the principle layout of the 140 [GHz] gyrotron operated at
TEXTOR.

Vacuum seal
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Steerable mirror

Figure 3.5: A drawing of the electro-mechanical ECRH/ECCD launcher system
operated at TEXTOR. The system is designed to move a steerable mirror via a
suspension in two angular DOFs. Both directions of angular motion are indicated in
the figure. The DOF corresponding with motion in the horizontal plane corresponds
with injection in the toroidal direction in the tokamak vessel and is referred to as the
rotational DOF. The most important movement of the launcher mirror for magnetic
island suppression is the movement in the vertical direction, denoted by the symbol
ϑ and referred to as the elevational DOF. The system is equipped with two spindle
motors providing the translational actuation of the mirror suspension. The steerable
mirror and first part of the mirror suspension are placed within the vacuum of the
TEXTOR vessel. A vacuum seal is included in the launcher system.
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Mechanical ECRH/ECCD launcher

An electro-mechanically steerable, bi-directional launcher antenna, see Figure 3.5, is

operated under closed-loop feedback control to align the 140 [GHz] ECRH/ECCD

waves of the gyrotron with the magnetic islands. The EC waves are launched from a

location at the low-field-side of the machine. The location of the launcher mirror is

indicated in Figure 3.2, which shows the setup of the magnetic island control exper-

iments. The EC waves are resonant at the HFS of TEXTOR, in the vicinity of the

q = m/n = 2/1 surface at the radial location rs. The focusing mirror of the launcher

is able to direct the ECRH/ECCD waves both in poloidal and toroidal direction,

where poloidal injection corresponds with elevation (in the vertical plane) and rota-

tion refers to toroidal injection (in the horizontal plane) [89]. The elevation direction

is most important for magnetic island control, since this degree of freedom (DOF)

corresponds with the direction in which the alignment between ECRH/ECCD de-

position rdep and the mode rational surface rs can be manipulated. The elevational

DOF is denoted by the symbol ϑ. A linear polarization of the ECRH/ECCD beam

in the vertical plane is used. Perpendicular injection of the waves corresponds to

X-mode polarization in the plasma. There is no real-time, angle-dependent com-

pensation of the polarization and hence the coupling to pure X-mode polarization

is not optimized.

Actuation of the two angular degrees of freedom (DOF) steerable mirror is achieved

by connection of the mirror with the driving shafts of two translational actuators

via a suspension of rods and hinges, see Figure 3.5. Note that part of the mirror

suspension and the moveable mirror are located inside the tokamak’s vacuum. The

launcher system is therefore equipped with a vacuum seal, through which the trans-

lating shafts are fed. The two translational servo actuators (type MA 408F Danaher

Motion / Kollmorgen), actuating the mirror suspension in both DOFs, consist of a

rotational AC permanent magnet synchronous motor and a spindle, which converts

the rotational motion of the motor into linear translation. The motors encompass

three phase, sinusoidally-distributed stator windings and a rotor with permanent

magnets. The spindle design consists of a hollow shaft with an integrated ball screw

nut, which allows translational motion of the spindle. The spindle is protected

against tension and distortion during axial movement by a slide bearing whereas

protection against radial forces is provided by an interior ball bearing. The steering

range of the mirror is limited between −45 [◦] and 45 [◦] in rotational direction and
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Figure 3.6: A schematic
block-diagram for the
launcher control loop. The
control loop includes a
feedback path to control
the elevation angle of the
launcher mirror ϑ in the
presence of disturbances
d. In addition a stan-
dard feed-forward is added
to compensate for the
nonlinear friction, which
dominates the dynamics of
the launcher Glauncher(s).

from ϑ = −25 [◦] to 25 [◦] in elevational direction. In its centre position, the mirror

is oriented at 0 [◦] elevation and 0 [◦] rotation by definition.

The servo actuators are operated in combination with a servo amplifier system,

which provides the motors with appropriate input trajectories and is able to control

the servo system in closed loop. The motors are equipped with encoders, for speed

control and feedback of the motor axis angular position. The ECRH launcher sys-

tem encompasses digital servo amplifiers of the type ServoStarTM 600 (Kollmorgen /

Seidel). The servo amplifier features an internal cascaded control structure, consist-

ing of three distinct control loops, i.e. position-, velocity- and current (torque)

control. Note that although this cascaded control structure is commonly used for

motor drives, this option was not used for the control of the launcher on TEXTOR.

The cascaded control structure was replaced by an external control loop, running

on a different real-time control system. The use of this external loop allows more

flexibility in the choice of the controllers and offers a better platform for implemen-

tation of a dedicated controller for the launcher system. This controller provides

appropriate voltages as analog input signals to the servo amplifiers. The amplifier is

then configured such that the actuators act as AC servo drives with the analog input

as setpoint for the current control loop. This is similar to providing the permanent

magnet synchronous motor with an electromagnetic torque setpoint.
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Launcher controller

Requirements for sufficient speed of response of the launcher are defined in terms of

a ϑ = 10 [◦] rotation in 100 [ms], with a positioning accuracy of 1 [◦], which is based

on the typical island growth rates as found in TEXTOR. The argumentation used

for this requirement will be given in the next chapter. From these specifications, a

control loop for control of the angular position of the mirror of the launcher system

is designed.

In order to assure flexible, fast and accurate positioning of the ECRH/ECCD beam

in terms of the poloidal injection angle ϑ, the dynamics of the bi-directional launcher

system have been analyzed experimentally through (linearizing) frequency response

function measurements. A detailed account of these experiments is given in [36]. The

frequency response measurements allow the extraction of transfer function estimates,

which are exploited to derive and optimize the controllers for the electro-mechanical

system. A feedback controller for the launcher, consisting of a standard proportional

integral derivative (PID) action described in the Laplace domain (s = jω) as:

Clauncher(s) = Kp +
KI

s
+Kds, (3.8)

with Kp = 35, KI = 50, Kd = 1.5 and a low-pass filter (2nd order Butterworth,

500 [Hz] cut-off) has been designed using loop-shaping [80]. The launcher control

setup is depicted in a control loop in Figure 3.6. By careful tuning of the controller

gains, stability robustness is guaranteed. In terms of control performance, the com-

bination of the proportional and derivative gain provides a lead action, which gives

additional phase advance for a quicker response and additional stability. The steady-

state error reduction is improved due to the addition of an integral action. Using

the estimated transfer function of the electro-mechanical launcher Glauncher(s), the

stabilizing feedback controller Clauncher(s) is designed [77] such that the modulus

margin ‖S(jω)‖∞ = maxω |S(jω)| < 6 [dB], or

|S(jω)| =
∣
∣
∣
∣

1

1 + Clauncher(jω)Glauncher(jω)

∣
∣
∣
∣
≤ 6 dB, ∀jω, (3.9)

thus satisfying a standard empirical condition for robust amplitude and phase mar-

gins [25],[77]. S is the sensitivity function of the closed-loop system.

The feedback controller is operated in combination with a feed-forward consisting

of a static friction compensation term, a viscous friction compensating term and a
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Figure 3.7: Open-loop frequency response function. This represents the feed-
back controlled launcher dynamics Clauncher(jω)Glauncher(jω), using the controller
Clauncher(s = jω) (3.8). Depicted is a Bode diagram for the TEXTOR launcher,
showing the amplitude, phase and coherence of the frequency response function as
derived from FRF measurements. The FRF is obtained for excitation of the eleva-
tional degree-of-freedom ϑ̃. The actual FRF measurements are shown in gray. An
estimate of the open-loop frequency response is provided by the black curves. The
estimated frequency response uses an estimate for Glauncher(s) in combination with
the actual controller Clauncher(s). The third panel shows the coherence as function
of frequency between the in- and output signal for the measurement signals, the
input being a voltage applied to the servo amplifier which results in a motor torque
and the output being an encoder measurement which is translated into the launcher
mirror orientation ϑ̃ using a look-up table.

mass feed-forward (i.e. a feed-forward based on the sign of the velocity sign(ϑ̇ref),

the velocity ϑ̇ref and the acceleration ϑ̈ref of the desired motion task). A properly

tuned set of feed-forward gains (Kfc, Kfv and Kfa) thus predominantly compensates

for the nonlinear friction behavior, in the TEXTOR ECRH/ECCD launcher.

Figure 3.7 shows a Frequency Response Function estimate (FRF) of the open-loop

transfer function Clauncher(jω)Glauncher(jω). The tuned feedback system has a band-

width fBW of approximately 10 [Hz] (also called the cross-over frequency, i.e. for
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which |Clauncher(fBW )Glauncher(fBW )| = 0 [dB]). Note that the FRF measurements

in the low frequency range 1-10 [Hz] appear to be unreliable. This might be affected

by the strong nonlinear stick-slip friction behavior present in the system, which af-

fects the excitation of the system in the low frequency range. Note however that

this nonlinear friction is compensated for by the feed-forward actions specified by

Kfc, Kfv and Kfa when tracking a setpoint, especially in the lower frequency range .

The control structure with feedback and feed-forward is implemented on a Field

Programmable Gate Array (FPGA) and runs at a sampling rate of 5 [kHz]. The

controller implementation on the FPGA generates servo signals, which are provided

directly to the servo amplifiers to drive the actuators of the launcher in analog torque

mode. The orientation of the launcher mirror is monitored using EnDAT encoders

with a resolution of 4096 [lines/revolution], which measure the revolution of the

spindle shaft on the motor side. A look-up table translates the encoder increments

into calibrated angles ϑ of the launcher mirror. With the controller implemented,

the launcher mirror can be swept over its full vertical driving range from ϑ = 25 [◦]

to -25 [◦] in 100 [ms]. In the time-domain, during acceleration, the servo error in-

creases but within 200 [ms] the maximum steady-state positioning error is reduced

to < 1 [◦]. In the experiments described in this thesis, only one direction is actively

controlled, i.e. the poloidal injection or elevation angle ϑ. The toroidal injection an-

gle is kept fixed at -4 [◦], effecting co-current drive with a relatively large inductive

current drive portion when the gyrotron is activated.

3.4 Sensors

In TEXTOR, detection of magnetic islands has been accomplished using a unique

sensing strategy, which uses an identical view line for transmission of the ECRH/

ECCD beam and observation of Electron Cyclotron Emission. In this line-of-sight

scheme the Electron Cyclotron Emission from the plasma around the location of the

ECRH/ECCD deposition volume is collected by the ECRH/ECCD launcher and

reflected into the reverse direction of the transmission line.

Electron Cyclotron Emission

In the presence of a magnetic field, all electrons in a plasma gyrate around field lines

with the gyration frequency and thereby emit radiation in the form of millimeter

waves. Absorption and emission of electromagnetic radiation occurs at the electron
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cyclotron frequency ωec and its higher harmonics nωec [8]. Since the cyclotron fre-

quency of the Electron Cyclotron Emission is a function of the toroidal magnetic

field, which in turn is spatially dependent on the radius of the tokamak, a radially

distributed profile of EC emission can be constructed.

The intensity of the spatially distributed EC emission is used to reconstruct a

plasma’s radial electron temperature profile. The power of the emitted ECE ra-

diation from an optically thick plasma is simply proportional to the electron tem-

perature at the position of the cyclotron resonance for one particular frequency [40].

A standard ECE diagnostic collects all EC emission, which is radiated from the

bulk plasma in a horn antenna. If this antenna is placed in a horizontal line-of-sight

through the plasma centre, the collected ECE is a spectrum in which frequency

determines the radial position and intensity is a direct measure of the electron tem-

perature [40]. Via the horn antenna, the EC emission is usually transmitted through

a short corrugated waveguide, incorporating a notch filter. After appropriate filter-

ing and conditioning of the waves, they are fed to the input of a receiver, which is

known as a radiometer. The power of the collected ECE is measured by the diodes

in the radiometer.

A conventional 2nd harmonic X-mode ECE heterodyne radiometer measures the

intensity of the EC radiation from the plasma in a certain frequency band around

a central frequency. This central frequency corresponds with the frequency of the

EC emission for one particular radial location or emitting layer in the plasma. The

intensity of the radiation coming from this location is linearly proportional to the

local electron temperature and corresponds with the intensity measured in the ob-

served frequency band. Usually, radiometers are build to measure multiple frequency

bands, i.e. such systems are able to measure the electron temperature at multiple

radial locations in the plasma and can be used to reconstruct a plasma’s electron

temperature profile. More detailed accounts on radiometers and their functionality

can be found in [29].

Line-of-sight ECE

As mentioned in the introduction, the magnetic island control system used in this

work makes use of a dedicated feedback sensor in the form of a line-of-sight ECE di-

agnostic. This sensing scheme was first proposed in [91]. Details of the implementa-
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Figure 3.8: Principle of the line-of-sight ECE scheme and feedback structure for
controlled ECRH/ECCD deposition [65].
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Figure 3.9: Sketch of the actual implementation of the line-of-sight ECE sensor
[65].
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tion are given in [63] and [64]. The line-of-sight is shared between the ECRH/ECCD

actuation of the plasma and the sensing of ECE spectra. A frequency selective di-

electric quartz plate is placed in the ECRH/ECCD transmission line to separate the

reflected EC emission from the transmitted gyrotron power, see Figures 3.8 and 3.9.

The dielectric quartz plate has periodic minima and maxima in transmission and

reflection, corresponding to the ECE observation frequencies 132.5, 135.5, 138.5,

141.5, 144.5 and 147.5 [GHz].

The reflected ECE spectrum from the plasma (on the order of several [nW]) is

still dominated by a large power component at the gyrotron frequency of 140 [GHz]

(at [kW] levels). The gyrotron component is many orders of magnitude larger in

power than the ECE radiation received from the plasma. A second dielectric plate

provides additional decoupling between the ECE spectrum and the gyrotron com-

ponent, but this is not sufficient. Further suppression of the gyrotron component

in the measured ECE spectrum is achieved by a millimeter wave notch filter at 140

[GHz]. The notch is placed in the waveguide between the horn antenna and the

radiometer.

A detailed description of the implementation is given in [63] and [64]. The line-of-

sight ECE diagnostic [64],[91] thus measures the electron temperature in an array of

6 radial observation points on the HFS of TEXTOR, as indicated by the six circles

in Figure 3.8. The spacing between the channels is 3 [GHz], which corresponds to a

radial spacing of approximately 3 [cm] in the plasma. The chosen frequencies and

channel spacing allow the measurement of EC emission directly near the gyrotron

power deposition location at 140 [GHz].

Figure 3.10 shows a typical measurement obtained with the line-of-sight ECE re-

ceiver when monitoring tearing mode induced magnetic islands in TEXTOR dis-

charge # 107892. A DED driven q = m/n = 2/1 magnetic island is destabilized

at t = 1.8 s. As depicted in an illustration of the electron temperature profile, the

magnetic island features an O-point in which the Te-profile is flattened and a X-

point without flattening. As discussed in the previous chapters, islands are closed

magnetic structures, which allow fast heat transport over their surface. As a result,

the electron temperature along an island is approximately constant, which causes

the observed temperature flattening. The rotation of the island in the plasma causes

an alternating presence of the O-point and the X-point in front of the ECE antenna
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Figure 3.10: An illustration of the electron temperature profile and the perturbation
caused by the presence of a tearing mode induced magnetic island. The magnetic
island features an O-point in which the Te-profile is flattened and a X-point without
flattening. Rotation of the magnetic island in the poloidal plane therefore generates
oscillations in the electron temperature, which are measured on opposite sides of rs
by the line-of-sight ECE receiver as sinusoidal temperature fluctuations. From these
temperature measurements, the radial location, rotation frequency and phase of a
magnetic island can be identified.

(i.e. the ECRH/ECCD launcher mirror), which in turn causes sinusoidal fluctua-

tions in the observed electron temperature on the ECE channels of the radiometer.

These fluctuations show a 180 [◦] phase reversal when measuring on opposite sides

of the rational surface rs. In case rs of an island lies between two ECE channels, the

fluctuations on these two channels show a phase difference of 180 [◦] as periodically

one of the channels will decrease in temperature, while the other will increase in tem-

perature. An ECE channel measuring at a radial location close to rs will observe

a strongly deformed sinusoid, caused by the flattened temperature in the magnetic

island. The time trace of channel three in Figure 3.10 is an example. Within the

radial viewing range of the line-of-sight ECE sensor, the location of the magnetic
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island is thus indicated by the 180 [◦] phase jump between channels.

The radiometer signals can be post-processed using island detection algorithms,

which make use of the tell-tail fluctuations in the electron temperature, in order

to indicate the radial location of the island. The rotation frequency and phase of

the island can also be derived from the measurements. A basic algorithm could for

example extract the oscillations from the ECE channels and multiply them in pairs.

Whenever the oscillations are in counter-phase, presence of an island is indicated by

the negative sign of this product, whereas in-phase oscillations yield a positive sign.

In Chapter 6 and 7 an algorithm based on this basic principle will be designed and

implemented in experiments.

Plasma electron temperature profile

The functionality of the line-of-sight ECE diagnostic can be illustrated with a sim-

ple simulation model, which couples the earlier derived equilibrium of the TEXTOR

tokamak with the electron temperature profile in Figure 3.10. By incorporation of

a q = m/n = 2/1 magnetic island in this two-dimensional temperature and equilib-

rium profile, the perturbation of the electron temperature due to the presence of a

magnetic island can be simulated. By introduction of a rotation frequency vector

with a fixed frequency for the magnetic island, one can simulate the fluctuations of

the electron temperature when measuring on one particular radial location, corre-

sponding to an ECE channel. The model can be extended to include a model of

the mode rotation. Assuming a quadratic electron temperature profile, which is a

reasonable assumption for a circular, axi-symmetric tokamak plasma, one can write

[88]:

Te(r) = (T0 − Ta)

(

1− r2

a2

)2

+ Ta, (3.10)

where Te is assumed to be time invariant. T0 is the electron temperature in the centre

of the plasma, which is approximated to be 2 [keV] for typical TEXTOR conditions

and Ta is the electron temperature near the plasma edge. The temperature inside

the island is assumed to be constant and equal to:

Te,island = (T0 − Ta)

(

1−
r2s,0
a2

)2

+ Ta. (3.11)

Combining these relations for the electron temperature profile with the expressions

for the radial excursions of the field lines in the presence of a magnetic island as
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derived in Section 2.2, the perturbed electron temperature profile of Figure 3.10 is

obtained. The temperature profile is expanded in the two-dimensional poloidal plane

in Figure 3.2. From the electron temperature, one can also derive the temperatures,

which the line-of-sight ECE diagnostic would measure. As shown earlier, in the

presence of a magnetic field Btor, electrons gyrate around field lines with the electron

cyclotron frequency

ω(n)
ec = neBtor/me ∼ 1/R. (3.12)

Since Btor = (B0R0)/R, the electron cyclotron frequency can be rewritten as:

ω(n)
ec =

neB0R0

meR
, (3.13)

where the value n specifies the nth harmonic, e is the electron charge, me is the

electron mass. Note that the electron cyclotron frequency is usually converted in

Hz units following: f
(1)
ec = ω

(1)
ec /2π [GHz] ≈ 28 [GHz per Tesla].

An ECE diagnostic measures the microwave emission of a plasma. The received

ECE is inversely proportional to the radial position of its emission:

fECE = n
e

2πme

B0R0

R
. (3.14)

The gyration frequency of the electrons at any radial location within the plasma

is unique and the intensity of the EC emission is directly proportional to the local

electron temperature at that radial location, as discussed earlier. The six radiome-

ter channels of the line-of-sight ECE diagnostic correspond to the EC frequencies:

fECE = [132.5 135.5 138.5 141.5 144.5 147.5] [GHz]. Simplifying the expression

fECE = n e
2πme

B0R0

R
, the radial and vertical position of the 6 channels within the

poloidal cross-section of the circular tokamak geometry, see Figure 3.2, are deter-

mined by:

RECE =
1

(

fECE
0.0102
Btor

)

,
(3.15)

ZECE = (2.4−RECE) tan (ϑ) , (3.16)

where the vertical location of the ECE channels ZECE depends on the launcher el-

evation angle ϑ. Since the perturbed electron temperature is also specified in the

poloidal cross-section, having these coordinates available, implies that one straight-

forwardly can simulate the electron temperature measurements per ECE channel.
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ω
Mirnov coils

Figure 3.11: A sketch of
the poloidal cross-section of
a tokamak surrounded by
an array of poloidally ori-
ented Mirnov coils. The
Mirnov coils measure the
perturbations caused by a
rotating magnetic island on
the current density distribu-
tion, which causes fluctua-
tions in the measured mag-
netic flux.

Mirnov coils

Since magnetic islands are associated with perturbation of the magnetic field topol-

ogy, magnetic pick-up coils are used to obtain information on these and other MHD

instabilities. The coils particularly measure the strength and direction of the field

at the plasma edge in the poloidal plane. The strength and direction of the local

magnetic field can be measure when realizing that the voltage V measured across a

coil is identical to the rate of change of the magnetic flux ψ [88]:

ψ̇ ∝ −V (t). (3.17)

A rotating magnetic island causes oscillations in the measured change of the mag-

netic flux. The poloidally distributed array of coils, depicted in Figure 3.11, is better

known as a set of Mirnov coils. This type of pick-up coil was first used in experiments

on the T-3 tokamak in Russia by S.V. Mirnov [61], to investigate plasma dynamics

during the current ramp up phase of plasma discharges. It has been proven that

based on Mirnov coil measurements, the presence of a magnetic island, its mode

numbers m and n and an estimate of the island’s width can be obtained.

3.5 Real-time data acquisition and control system

The TEXTOR control experiments, which will be discussed later, make use of a

real-time data acquisition and control system, which collects data from the diagnos-

tics, does the post-processing of the sensor data and makes them available for use in

a feedback control loop. The hardware used here is a National Instruments PXI sys-

tem, which is configured modularly, by combining different components. The data

acquisition and control system used here is an integrated system combining three
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data-acquisition cards, with multiple analog and digital inputs, with a processor,

hard drive and two field programmable gate array (FPGA) cards with multiple ana-

log and digital in- and outputs. The data-acquisition cards and hard drive are used

to collect and store data and for forwarding of the data to the main data-acquisition

system of TEXTOR, i.e. the TEXTOR web-umbrella [49].

The sensor data necessary for the control loop are fed as inputs to the FPGA cards.

Digital signal processing algorithms to post-process the input variables and trans-

form the data into a representation of the radial misalignment of the ECRH/ECCD

deposition, for example, are programmed in Labview as shown later. Next, the al-

gorithms are either implemented and executed on the processor of the PXI system

or on the FPGAs. The FPGAs are programmed in an effective way via Labview

routines dedicated for programming of FPGAs. The control signals produced by

the signal processing algorithms serve as inputs to the control loops, which are also

implemented and executed on the processor or on the FPGAs.

The data-acquisition and real-time control system is synchronized in time with TEX-

TOR discharges by providing the TEXTOR discharge triggering signals directly to

the data-acquisition and real-time control system and by feeding the internal clock

of this system with the clock counter of TEXTOR. The overall sampling frequency,

which was both used for the data-acquisition and for the in- and outputs of the

control system was set to 100 [kHz]. All radiometer signals are thus recorded at a

sampling rate of 100 [kHz] before entering the FPGA. The control loops programmed

on the FPGA will be discussed later and combine the earlier derived control loop

for control of the angular launcher position seamless with the other control loops.

The control loops used in the experiments are implemented on the FPGA and are

executed at a sampling rate of 5 [kHz]. Note that this requires a down-sampling

step when deriving a launcher steering setpoint from the 100 [kHz] sampled ECE

measurements.
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3.6 Conclusions

This chapter introduced the hardware of a magnetic island control system. The

TEXTOR tokamak with relevant subsystems was discussed. A simple equilibrium

for the circular TEXTOR tokamak was established. The ECRH/ECCD actuator

and steering mechanism were discussed, and a dedicated controller for angular po-

sitioning of the launcher mirror was designed. The line-of-sight ECE concept has

been highlighted as a dedicated sensing technique for feedback control of MHD ac-

tivity, which omits the complications imposed by the otherwise required real-time

beam tracing and equilibrium reconstruction code in standard magnetic island feed-

back schemes. The Mirnov coils were introduced as a sensor for measurement of

the amplitude of magnetic islands. Finally, a platform for real-time data acquisition

and control has been introduced, which will be used later for the implementation of

control algorithms and data-postprocessing for magnetic island control.
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Systematic design of a tearing mode
controller for TEXTOR

Abstract/ A control design study of tearing modes is presented. The

TEXTOR tokamak is used as a case study. The time evolution of a tear-

ing mode subject to suppression by Electron Cyclotron Resonance Heat-

ing and Current Drive (ECRH/ECCD) and destabilization by a magnetic

perturbation field is modeled using the generalized Rutherford equation.

This model is extended by an equilibrium model and an ECRH/ECCD

launcher model. The dynamics and static equilibria of these models are

analyzed. The nonlinear dynamics are linearized and the system dy-

namics are expressed in frequency response function estimates, suited

for control design. The derived controllers are simulated, demonstrat-

ing the radial alignment of ECRH/ECCD with a tearing mode and the

stabilization of a mode at a specific width.

4.1 Introduction

Recent results on the suppression of magnetic islands in tokamaks show the applica-

tion of feedback control techniques. Closed-loop feedback control is used to achieve

alignment between the deposition of the suppressing heating and current drive and

the island centre [39],[42],[43]. The feedback controllers used in these experiments

are usually tuned manually in the loop during experiments or tuned on a simple

model of the magnetic island suppression process [39]. A rigorous analysis of the

dynamics of tearing mode suppression is not taken into account in the design of

these controllers. An assessment of the performance of the controllers is lacking.

The work presented in this chapter has been submitted to Nuclear Fusion:
B.A. Hennen, E. Westerhof, P.W.J.M. Nuij, M.R. de Baar and M. Steinbuch, Systematic design of

a tearing mode controller for TEXTOR (2011).

61
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Proofs of the closed-loop stability and convergence speed in the presence of model

uncertainties, disturbances and perturbations are also not taken into consideration

sofar.

On TEXTOR, experiments were conducted in which a real-time feedback control

system was used for the suppression of tearing mode induced magnetic islands

[36],[37]. A steerable Electron Cyclotron Resonance Heating and Current Drive

(ECRH/ECCD) antenna, i.e. an electro-mechanical launcher system, was combined

with a line-of-sight ECE diagnostic [63],[64],[91] to close the feedback loop. The

simulation study presented here, uses the TEXTOR tokamak as a case study. This

chapter discusses the systematic design of feedback controllers for the TEXTOR

setup in a simulation study of tearing mode control. The physics problem of the

suppression of magnetic islands in a tokamak is translated into a control problem.

The work presented here is an a-posteriori analysis. This analysis was done after the

TEXTOR experiments described in Chapter 7 and [37]. After these experiments,

the ECRH/ECCD installation at TEXTOR was dismantled and hence experimen-

tal data to validate some parts of this simulation study are lacking. The techniques

which are outlined in this chapter, however, can be used for the design of magnetic

island control systems for other machines and provide a useful theoretical back-

ground for interpretation of the closed-loop tearing mode control results achieved

at TEXTOR [37]. Note that the controllers used in the real-time implementation

at TEXTOR could have been derived a-priori using this systematic feedback design

approach [25],[77].

In TEXTOR, the effect of the inductively driven current dominates over the ef-

fect of the non-inductive current drive [13],[90]. In this analysis, therefore, only a

term attributed to ECRH is taken into account. The driven current via ECCD is

neglected. A model governing the time evolution of a tearing mode subject to the

application of ECRH and mode destabilization triggered by means of a magnetic per-

turbation field generated by the Dynamic Ergodic Divertor (DED) [23],[48],[62] at

TEXTOR is introduced. The model is specified in terms of the generalized Ruther-

ford equation (GRE) [30],[51],[52],[69]. This model is extended by a simple model of

a TEXTOR equilibrium as specified in the previous chapter and by a model for the

ECRH launcher. A model for the dynamics of the gyrotron is not explicitly included

in the simulations. The reason for this modeling choice is related to the fact that
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the gyrotron is operated at a much faster time scale than the launcher actuation.

As such, the controlled system has two inputs, i.e. the launcher angle ϑ and the

ECRH power Pec. These inputs are used to manipulate two corresponding system

outputs, notably, the relative radial alignment xdep = rdep− rs of the ECRH/ECCD

deposition rdep with respect to the mode rational surface rs and the magnetic island

width w.

First, the desired control performance is specified. The tearing mode control model

for TEXTOR conditions is introduced. The dynamics and static equilibria of the

model are analyzed. A linearization of the nonlinear dynamics of the GRE in com-

bination with the equilibrium model and the ECRH launcher model is done. After

linearization, the dynamics of the system are expressed in frequency response func-

tion (FRF) estimates. The FRFs are estimates of the linear dynamics of the system

in particular operating points. Such FRFs provide a system description for the de-

sign and application of linear control techniques. Both for the radial alignment of

ECRH with a tearing mode and for the stabilization of a mode at a specific width,

controllers will be designed. Both tasks are essential in order to effectively suppress

and/or stabilize a mode. Simulations are executed with the derived controllers in a

simulation environment to assess the control response and to check the performance

in terms of the response time, accuracy and robustness.

4.2 Performance requirements

Before designing a controller for the tearing mode control problem, the desired con-

trol performance should be specified. The specified performance is used to assess

whether the designed controller meets the demands. In tearing mode suppression,

one typically has to deal with multiple time scales. The growth of a tearing mode is

determined by the resistive time scale of the plasma, which depends on the plasma

properties. For TEXTOR conditions, this time scale is of the order of tens of mil-

liseconds, whereas in ITER NTM growth is much slower, i.e. in the order of seconds

[31],[71].

The growth rate of a DED driven 2/1 tearing mode in TEXTOR is approximately

2 [m/s] [13]. The growth time of the island until it reaches its saturated width is

approximately 20-50 [ms]. Based on this growth rate, a desired mode suppression

time is specified. In TEXTOR, we require a complete suppression of the mode
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from its saturated state within 200 [ms]. These 200 [ms] provide sufficient time to

prevent the magnetic islands in TEXTOR of causing deterioration of the plasma.

This implies that it should take less than 200 [ms] to: 1) detect a mode and re-

trieve its location via post-processing of diagnostic data, 2) position the stabilizing

ECRH/ECCD deposition rdep accurately with the tearing mode centre at rs and

3) to suppress the mode through ECRH/ECCD application.

Given the allowable suppression time of 200 [ms], the desired ECRH launcher set-

tling or response time to setpoint changes is first specified as it sets the critical

time scale for adequate tearing mode suppression. As mentioned earlier, the ECRH

launcher at TEXTOR is a positioning system relying on electro-mechanical actua-

tors for positioning [36],[38]. Mainly due to friction and the inertia of the mechanical

setup, these systems are relatively slow, as shown in Chapter 3. For a relative mis-

alignment of the deposition location rdep with respect to the mode rational surface

rs of a few cm, the effectiveness of the driven current for the suppression of the

magnetic islands reduces significantly [51],[90].

The settling time of the launcher system and the accuracy of the ECRH positioning

thus determines the success of tearing mode suppression. The positioning accuracy

of the ECRH deposition location with respect to rs in TEXTOR is required to be

approximately 1 [cm] or less. This radial positioning accuracy corresponds to an

angular positioning accuracy in ϑ of 1 [◦]. Starting from an arbitrary initial angle,

the launcher should be able to rotate the launcher mirror by ϑ = 10 [◦] and settle

at the target angle wref within 100 [ms] with a steady-state accuracy of 1 [◦]. This

specification implicitly assumes that variation of the tearing mode radial location

rs and radial ECRH deposition location rdep, due, for example, to changes in the

toroidal magnetic field Btor, occur at a slower time scale. The control design and

results presented in Chapter 3 demonstrate that with the controllers derived there,

the launcher positioning control loop meets the control performance requirements

on the positioning of the mirror in terms of settling time and positioning accuracy.

However, an additional control loop is required which, based on measurement of the

radial misalignment provides the launcher position loop with appropriate setpoint

angles to align the ECRH deposition with the mode rational surface rs. The settling

time of this control loop is added to the settling time of the launcher positioning

loop. Part of this settling time is governed by the post-processing of sensor data

to resolve the radial location of a magnetic island. The positioning accuracy of
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the ECRH/ECCD deposition required in ITER is similar to the request for TEX-

TOR [31].

Given the specifications for the settling time of the launcher; the settling time for

the gyrotron and for mode suppression are specified. Suppression of the tearing

mode using ECRH occurs at approximately the same timescale as the growth time

under the assumption that the ECRH deposition location is positioned accurately

and a sufficient amount of power is used. Usually, triggering of the gyrotron and the

rise time of the gyrotron are in the order of tens of microseconds depending on the

capabilities of the power electronics. For effective suppression, the only requirement

on the gyrotron power is that it should ramp-up faster than the growth rate of the

island. Given the growth time of a 2/1 tearing mode of 20-50 [ms], the suppression

of a mode with perfect alignment and with a sufficiently high level of ECRH power

will also take approximately 20-50 [ms]. The performance requirements are summa-

rized in Table 4.1.

Table 4.1: Performance requirements for the different control designs

Launcher settling time (sweep of 10 ◦) 100 ms
Launcher angular positioning accuracy 1 ◦

Gyrotron settling time < 1 ms
Time needed for full suppression (with perfect alignment) 20-50 ms
Total time for alignment and tearing mode suppression 150-200 ms

The specifications for the launcher positioning and the actual mode suppression

leave approximately 50 [ms] for post-processing of diagnostic data for detection of

the tearing mode and retrieval of its location from diagnostic data. Note that these

rates are sufficient requirements if the control problem is to stabilize or suppress

a tearing mode from its saturated width wsat. If an island needs to be suppressed

before reaching its saturated width, much faster response times are desired. De-

pending on the machine conditions, the settling time of the launcher and gyrotron

are then predominantly set by the resistive time scale of the mode growth. In ITER,

the avoidance of mode saturation is of bigger concern, since magnetic islands are

predicted to lock at much lower amplitudes than the saturated island width [30].

In order to prevent locking, the modes should be suppressed in the initial growth

phase of the magnetic island, which imposes more stringent demands on the launcher

settling time.
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4.3 Generalized Rutherford equation

The stabilization and destabilization of a tearing mode, i.e. its growth dynamics

are governed by the generalized Rutherford equation (GRE). The rotation of a

tearing mode is not included in this model. The different terms in the GRE are

averaged over one rotation periode of the island. Thereby it is implicitly assumed

that tearing mode growth occurs at a slower time scale than the rotation. The

Rutherford equation, which was derived in Chapter 2, is specified for TEXTOR

conditions. The Rutherford equation is generalized and written in terms of the

equations in [51]-[52] and reads:

τr
dw

dt
= r2s∆

′
0 + r2s∆

′
DED(w) + r2s∆

′
ecrh(w

∗, Pec, xnorm). (4.1)

The GRE for tearing mode growth under TEXTOR conditions is an ordinary differ-

ential equation with two destabilizing terms accounting for the growth of the tearing

mode and one stabilizing term associated with the suppression of the mode width

by means of ECRH. w is the full width of a q = m/n = 2/1 tearing mode, rs is the

rational surface at which the 2/1 mode is residing, Pec is the applied ECRH power,

the normalized island width w∗ = w/wdep, with wdep the deposition width of the

ECRH beam at the deposition location rdep. xnorm = xdep/max(w,wdep) denotes

the normalized radial ECRH deposition location relative to the resonant radius, i.e.

xdep = rdep − rs. Although the GRE is continuously differentiable, the definition

of xnorm can possibly lead to singular derivatives at w = wdep, which are of course

absent in the real system. The resistive diffusion time scale τr, is defined as

τr =
µ0r

2
s

1.22η
, (4.2)

with µ0 the magnetic permeability and the local (neoclassical) plasma resistivity

[88]:

η ≈ 2.8 · 10−8 Zeff

δT
3/2
e

(
1− ε1/2

)2
. (4.3)

Zeff is the effective charge, δTe is a finite temperature perturbation produced at the

island’s O-point or centre with respect to the temperature at the island separatrix

and ε = rs/R0 the inverse aspect ratio. The destabilizing contribution of the per-

turbation field of the Dynamic Ergodic Divertor (DED) to the growth of the mode

can be written as [13]:

r2s∆
′
DED(w) = 2mrs

(wvac
w

)2

cos (∆(mξ)) , (4.4)
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with ∆(mξ) = m (ξO,plasma − ξO,vacuum), the phase difference between the island in

the plasma and the induced vacuum island by the perturbation coils of the DED.

m = 2 is the poloidal mode number, wvac = 0.04 [m] the vacuum island width. For

DED locked modes: ∆(mξ) = 0 → cos (∆(mξ)) = 1.

Table 4.2: Parameters generalized Rutherford equation for TEXTOR conditions

Pec, max 800 kW Total gyrotron power
wvac 0.04 m Vacuum island width
q = m/n 2/1 - Safety factor
Jsep 6.5 · 105 A/m2 Inductive current density at separatrix
Tsep 0.6 keV Temperature at separatrix
Zeff 1 - Effective charge
R0 1.75 m Major radius
r 0.46 m Minor radius
rs 0.26 m Radial location resonant surface
Btor 2.25 T Toroidal magnetic field
∇q 6 - Gradient of q (measured)
ne 2 · 1019 m−3 Electron density
χ⊥ 1.2 m2/s Perpendicular heat conductivity
wdep 0.02 m Deposition width of ECRH
µ0 4π · 10−7 N/A2 Magnetic permeability
Lq(rs) q/∇q = 0.33 - q gradient scale length
wsat 0.08 m Saturated island width
kB 1.60217653 · 10−16 J/keV Boltzmann’s constant
Bpol(rs) rsBtor/R0q = 0.18 T Poloidal field at the resonant surface

Consider the case: r2s∆
′
ecrh(w

∗, Pec, xnorm) = 0, i.e. no ECRH is applied. Realize

that without application of ECRH, the mode saturates at its saturated island width

wsat, where dwsat/dt = 0. This implies that in absence of the heating contribution,

the two first terms on the right-hand-side in the GRE should balance each other at

wsat, when the saturated island size has reached its steady-state. Consequently, for

a saturated tearing mode, the following static, algebraic relation between ∆′
0 and

∆′
DED must hold:

r2s∆
′
0 = −r2s∆′

DED(w ≡ wsat). (4.5)

Insertion of the expression for the DED term in this equality yields an expression

for ∆′
0:

∆′
0 =

−2mw2
vac

rsw2
sat

. (4.6)
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Next, the contribution of ECRH is added to the GRE. The term r2s∆
′
ecrh is the

stabilizing effect of inductive current drive by ECRH on the tearing mode width,

written as function of the normalized island width w∗ = w/wdep, ECRH power Pec

and normalized deposition offset xnorm [51],[52]:

r2s∆
′
ecrh ≈ −rs

16µ0Lq
Bpolπw2

dep

ηHPecFH(w
∗, xnorm), (4.7)

with [16]

ηH =
3w2

dep

8πR0neχ⊥kB

Jsep
Tsep

, (4.8)

the inductive current drive efficiency. χ⊥ is the perpendicular heat conductivity, kB

is Boltzmann’s constant, Jsep refers to the inductive part of the current density at

the island separatrix only and Tsep is the temperature at the island separatrix. The

geometrical deposition of the power is given by an analytical function FH [51]

FH(w
∗, xnorm) = NH(w

∗)GH(w
∗, xnorm), (4.9)

with

NH(w
∗) =

0.077w∗2 + 0.088w∗

w∗2 + 0.8w∗ + 2.17
, (4.10)

GH(w
∗, xnorm) = exp

(

−
(
xnorm
gH(w∗)

)2
)

, (4.11)

gH(w
∗) = 0.00035w∗4 − 0.008w∗3 + 0.07w∗2 + 0.02w∗ + 0.5, (4.12)

with the normalized width w∗ = w/wdep, the magnetic shear length Lq ≡ q/(dq/dr),

the total heating or current drive power Pec, the poloidal magnetic field component

Bpol(rs) at rs and the full width wdep of the power deposition, i.e. the width of the

applied ECRH beam at the current drive deposition location near rs. The param-

eters of the GRE are listed in Table 4.2. These values hold for typical TEXTOR

conditions. Solutions of the GRE for TEXTOR conditions are shown in Figure 4.1.

The curves in Figure 4.1 are obtained by substitution of the expressions (4.2)-(4.9)

in equation (4.1) and using the parameter set given in Table 4.2. The solutions are

drawn for a typical DED induced m/n = 2/1 magnetic island. The different dw/dt

versus w curves depicted in the figure are obtained for increasing power levels Pec

being applied to the magnetic island. Curves are shown for P̄ec = 0 [kW] and for

P̄ec = 100, 200, 400, 600 and 800 [kW], respectively.
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Figure 4.1: dw/dt versus w curves for magnetic island suppression under TEXTOR
conditions. The result is obtained using the generalized Rutherford equation in the
form of equation (4.1). The terms r2s∆

′
0, r

2
s∆

′
DED and r2s∆

′
ecrh for 100 [kW] are

depicted separately in the graph as the gray curves. The black solid and dashed
curves represent the full GRE for increasing power levels of Pec being applied to the
m/n = 2/1 magnetic island.

4.4 Static equilibria and experimental validation

Consider the GRE (4.1) once more. Note that the GRE is a first order ordinary

differential equation (ODE), which can be rewritten in the form of an input/output

representation, with state variable x = w. Two variables, notably Pec and ϑ (which

relates to xnorm), are the input signals. The input vector u of the system described

by the ODE is thus chosen as u = [Pec ϑ]
T . The output y is chosen as y = w = x,

i.e. the output equals the state. Note that with these definitions, the GRE can be

rewritten as the standard ODE:

ẋ = f(x, u), (4.13)

y = x, (4.14)

where x ∈ R
+ is the state vector with R

+ the set of positive reals, u ∈ [R+
R]T

is the input vector with R the set of real numbers, y ∈ R
+ is the output vector,
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ẋ = dw/dt and f is a smooth function. Expression (4.13) is usually referred to as

the state equation and (4.14) is the output equation. The dynamics of the system

represented by this ODE, are investigated by first computing the equilibrium points

of the state equation. Within the state space of the system, a point x = x̄ can be

chosen for which the following definition holds:

Definition 4.4.1 The point x̄ = weq in the state space of ẋ = f(x, u) is said to be

an equilibrium point if the state of this system remains in x̄ for t → ∞ when the

initial state was also chosen equal to x̄ [44]. The corresponding input is denoted as

ū = [P̄ec x̄norm]

For the system (4.13)-(4.14), the equilibrium points can be obtained by choosing

˙̄x = 0 and solving the expression

f(x̄, ū) = 0, (4.15)

i.e. in terms of the GRE, it is straightforward to choose dweq/dt = 0. Suppose that

a perfect alignment of ECRH with respect to the tearing mode resonant surface is

reached, i.e. xnorm = xdep = 0. From relation (4.11) it is evident that

exp

(

−
(
xnorm = 0

gH(w∗)

)2
)

= 1, (4.16)

with w∗ = w/wdep. With x = w, the GRE reduces to:

ẋ = C1
︸︷︷︸

constant

+ C2
1

x2
+ C3Pec

0.077
(

x
wdep

)2

+ 0.088
(

x
wdep

)

(
x

wdep

)2

+ 0.8
(

x
wdep

)

+ 2.17
, (4.17)

where three constants have been introduced to simplify the expression for further

analysis:

C1 = −2mrs
w2
vac

w2
sat

τ−1
r , (4.18)

C2 = 2mrsw
2
vacτ

−1
r , (4.19)

C3 = − 16µ0Lqrs
τrBpπw

2
dep

ηH . (4.20)

With the constants C1, C2 and C3 as defined in equations (4.18)-(4.20), the GRE is

rewritten as

ẋ = C1 + C2
1

x2
+ C3PecFH

(
x

wdep
, xnorm

)

. (4.21)
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The function FH

(
x

wdep
, xnorm

)

is defined in (4.9) and (4.10) with

GH(w
∗, xnorm = 0) = 1.

With the assumption dx̄/dt = 0 for x = x̄, one can now write as a static equi-

librium model:

0 = C1 + C2
1

x̄2
+ C3P̄ec

0.077
(

x̄
wdep

)2

+ 0.088
(

x̄
wdep

)

(
x̄

wdep

)2

+ 0.8
(

x̄
wdep

)

+ 2.17
, (4.22)

and after rearranging

P̄ec =
1

C3

(
x̄

wdep

)2

+ 0.8
(

x̄
wdep

)

+ 2.17

0.077
(

x̄
wdep

)2

+ 0.088
(

x̄
wdep

)

(

C1 + C2
1

x̄2

)

. (4.23)

As a next step, the case xnorm 6= 0 is considered, i.e. now the launcher mirror is

being swept, which adds a second dimension to the static map of the magnetic is-

land suppression problem. Simulations have been performed at a constant power

level P̄ec, while the launcher elevation angle ϑ̄ is varied slowly in its driving range

ϑ̄ = −25 [◦] → 25 [◦]. The resulting static map of steady-state magnetic island

widths depicted as a function of ϑ̄ and P̄ec is shown in Figure 4.2. The same result

is also depicted in the contour plot of Figure 4.3. Trivially, an increase of the applied

ECRH power P̄ec results in a reduction of the island size. Suppression of the mag-

netic island width is most effective at high power levels and at an angle ϑ̄ ≈ ±10 [◦].

Note that these results are stationary and only hold for a steady-state situation.

In experiments on the TEXTOR tokamak, such quasi steady-state scans of the

launcher with a constant power level of 200 [kW] were performed in the range

ϑ̄ = −15 [◦] → 15 [◦]. One experimental result is plotted in Figure 4.4. The

magnetic island width as derived from a Mirnov coil is plotted as a function of the

launcher elevation angle ϑ̄. The experimental result is depicted with error bars,

indicating the uncertainty on the measurement of the width. A simulation result is

added for an identical scan at a power level of 200 [kW]. As indicated by the error

bars, the systematic error on the island width measurement is relatively large due to

the uncertainty in the calibration of the Mirnov coil signal. The statistical error in

the experimental data is much smaller as can be seen in the small scatter of the data.

The trend as observed in the data as a function of the launcher angle is thus signifi-

cant and in good correspondence with the simulation. In order to achieve a complete
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validation of the static mapping depicted in Figure 4.2 and 4.3, multiple launcher

scans should be performed systematically at different power levels. Unfortunately,

since this analysis has been done a-posteriori to the experiments at TEXTOR, which

will be presented in Chapter 7 and since the TEXTOR ECRH/ECCD installation

has been dismantled after those experiments, these systematic launcher scans can

not be executed anymore. Such measurements are therefore lacking in the analysis

presented here.

4.5 Linearization of the Rutherford equation

By linearization of the nonlinear expression of the GRE, the model can be converted

into a form suitable for controller design. The terms on the right-hand-side of this

equation are nonlinear functions of w∗, xnorm and Pec. The terms will be linearized.

The resulting linearizations are valid around the nominal values x̄ = weq, ū1 = P̄ec

and ū2 = x̄norm, which are the operating points. These nominal values are chosen

from the steady-state solutions computed in the previous section.

The qualitative behavior of this nonlinear system near an equilibrium point is de-

termined via linearization with respect to that point. When considering the nom-

inal value or operating point represented by x̄ and ū, one can apply perturbations

around these nominal values to achieve a linearization of the nonlinear ODE. This

linearization is valid for a small region around the nominal values: u(t) = ū + ũ

and x(t) = x̄ + x̃, with x̄ = weq and ū = [P̄ec x̄norm]
T . Using the perturbations,

expression (4.13) can be rewritten as

˙̄x+ ˙̃x = f(x̄+ x̃, ū+ ũ). (4.24)

This equation can be linearized when taking into account that the function f must

be continuously differentiable, which is the case for the GRE. The right-hand-side

of the GRE is expanded into its Taylor series near the equilibrium point determined

by x̄ and ū. Making use of the partial derivatives ∂f/∂x and ∂f/∂u, the Taylor

series expansion yields

˙̃x = f(x̄, ū) +
∂f

∂x

∣
∣
∣
x̄,ū
x̃+

∂f

∂u

∣
∣
∣
x̄,ū
ũ+H.O.T., (4.25)

where H.O.T. denotes the higher-order terms of the Taylor series expansion.
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Figure 4.4: Magnetic island width as a function of launcher elevation angle ϑ̄ for
a typical launcher elevation angle scan from ϑ̄ = −15 [◦] to 15 [◦] and a constant
ECRH power P̄ec = 200 [kW]. The measured tearing mode width, depicted in gray,
is derived from a Mirnov coil signal of TEXTOR discharge #109715. The black
curve is a simulation result for the same experiment. Error bars are shown for the
measurement data. More experimental data to provide a complete validation of the
static map of the GRE are lacking unfortunately and are therefore not included in
the present analysis.

The higher-order terms are neglected if the linearization is restricted to a sufficiently

small area around the equilibrium point. The Taylor series expansion is then used to

approximate the nonlinear state equations by a linear state-space description read-

ing:

˙̃x =
∂f

∂x

∣
∣
∣
x̄,ū
x̃+

∂f

∂u

∣
∣
∣
x̄,ū
ũ, (4.26)

= Ax̃+Bũ. (4.27)

When deriving such a linear state-space description for the GRE, first the derivatives

∂f/∂x and ∂f/∂u must be computed. The first partial derivative is the derivative

of the function f with respect to the state x, i.e. the derivative of the GRE with
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respect to w, which equals:

∂f

∂x

∣
∣
∣
x=x̄,
u=ū

= C2
−2

x̄3
− C3ū1

∂FH
∂x

, (4.28)

where

FH

(
x

wdep
, u2

)

= NH

(
x

wdep

)

GH

(
x

wdep
, u2

)

, (4.29)

with

NH

(
x

wdep

)

=

=NH,1

︷ ︸︸ ︷

0.077

(
x

wdep

)2

+ 0.088

(
x

wdep

)

(
x

wdep

)2

+ 0.8

(
x

wdep

)

+ 2.17

︸ ︷︷ ︸

=1/NH,2

, (4.30)

GH

(
x

wdep
, u2

)

= exp



−
(

u2
gH(

x
wdep

)

)2


 , (4.31)

gH

(
x

wdep

)

= 0.00035

(
x

wdep

)4

−0.008

(
x

wdep

)3

+0.07

(
x

wdep

)2

+0.02

(
x

wdep

)

+0.5.

(4.32)

Using the chain rule, the derivative ∂FH/∂x is computed, where the function NH is

split in two parts NH,1, NH,2 and GH is taken from (4.31) and (4.32). The derivative

of FH is then written as:

∂FH
∂x

=
∂NH,1

∂x
NH,2GH +NH,1

∂NH,2

∂x
GH +NH,1NH,2

∂GH

∂x
. (4.33)

The derivatives of the parts NH,1, NH,2 and GH read:

∂NH,1

∂x

∣
∣
∣
x=x̄,
u=ū

= 0.154

(

x̄

w2
dep

)

+ 0.088

(
1

wdep

)

, (4.34)

∂NH,2

∂x

∣
∣
∣
x=x̄,
u=ū

=
−2
(

x̄
w2

dep

)

+ 0.8 1
wdep

((
x̄

wdep

)2

+ 0.8
(

x̄
wdep

)

+ 2.17

)2 , (4.35)

∂GH

∂x

∣
∣
∣
x=x̄,
u=ū

= GH

(
x̄

wdep
, ū

)
∂

∂x




−u22

g2H

(
x

wdep

)





∣
∣
∣
x=x̄,
u=ū

,
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with

∂

∂x




−u22

g2H

(
x

wdep

)





∣
∣
∣
x=x̄,
u=ū

= 2ū22
1

g3H

(
x̄

wdep

)
∂

∂x
gH

(
x

wdep

) ∣
∣
∣
x=x̄,
u=ū

, (4.36)

and

∂

∂x
gH

(
x

wdep

) ∣
∣
∣
x=x̄,
u=ū

= 0.0014
x̄3

w4
dep

− 0.024
x̄2

w3
dep

+ 0.14
x̄

w2
dep

+
0.02

wdep
. (4.37)

Similarly, the Taylor series expansion requires the computation of the derivatives of

the GRE with respect to the inputs u, representative of the applied ECRH power

ū1 = P̄ec and the launcher angle ū2 = x̄norm → ϑ̄:

∂f

∂u1

∣
∣
∣
x=x̄,
u=ū

= C3NH

(

x̄

w2
dep

)

exp



−
(

ū2
gH(

x̄
wdep

)

)2


 , (4.38)

∂f

∂u2

∣
∣
∣
x=x̄,
u=ū

= −2C3ū1NH

(
x̄

wdep

)
ū2

gH

(
x̄

wdep

)exp



−
(

ū2
gH(

x̄
wdep

)

)2


 ,

(4.39)

with NH

(
x̄

w2

dep

)

and gH

(
x̄

wdep

)

given by the expressions (4.30) and (4.32), respec-

tively.

Given the Jacobians A = ∂f
∂x

∣
∣
∣
x=x̄,
u=ū

, B =

[

∂f
∂u1

∣
∣
∣
x=x̄,
u=ū

∂f
∂u2

∣
∣
∣
x=x̄,
u=ū

]

and taking C = 1,

the state space description is written as

ẋ = Ax+Bu, (4.40)

y = Cx, (4.41)

Note that A and C are scalars in this case and B is a vector consisting of two

scalars. This expression can easily be converted into a multiple input single out-

put (MISO) transfer function description in the Laplace domain. This is done by

choosing ẋ = sx, yielding

G(s) = C (sI − A)−1B. (4.42)

In the case of a multiple input multiple output (MIMO) system, I is the identity ma-

trix, however in this case I is scalar, since A and C are scalars as well. The transfer

function G(s) is composed of the transfer from P̃ec to w̃ denoted by G1(s) and the

transfer from x̃dep to w̃ denoted by G2(s). By taking s = jω, where j is the imagi-

nary unit, the Bode diagram in Figure 4.5 is drawn. The Bode diagram presents the
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magnitude |G1(jω)|, which is equal to |y(ω)|/|u(ω)| and phase ∠G1(jω) [rad] of the

FRF estimates G1(jω) for multiple operating points x̄, ū. In other words, the FRFs

depicted in Figure 4.5 are representative of the transfer from P̃ec to w̃. Note that

the magnitude or system gain |G1(jω)| in the Bode diagram is plotted on a decibel

scale defined as: A [dB] = 20 log10 (|y(ω)|/|u(ω)|).

As shown in Figure 4.5, the transfer P̃ec → w̃, for all operating points, is a first

order low-pass system. At low frequencies, the dynamics show a constant static

gain. For higher frequencies, the system dynamics show a -1 slope in amplitude, i.e.

a slope of −20 [dB] over one decade in frequency. The phase diagram shows that

the system has an overall phase lag of 180 [◦], due to the fact that an increase in

the applied power Pec causes a decrease of the island width w resulting in a minus

sign. The phase drops by a further 90 [◦] for higher frequencies, which is typical

for a first order low-pass filter. By increasing the power level P̄ec, the amplitude

curves and phase curves change, indicating the nonlinear nature of the suppression

problem, indicated by the direction of the arrows in the plots. One can furthermore

conclude from the Bode diagram that a low frequency change in the applied power

Pec has much more effect on the island width than high frequency changes. This is

reflected in the fact that the amplitude levels for low frequencies in the Bode dia-

gram are spread over a larger range than the amplitudes in the high frequency range.

The second transfer function model G2(s), which describes the transfer from x̃dep to

w̃, can further be extended by inclusion of a model for the feedback controlled

launcher dynamics and a nonlinear relation describing the transformation from

launcher elevation angle ϑ to xdep or xnorm. As such, the transfer function from

x̃norm to w̃ is converted into a transfer function model describing the transfer from

ϑ̃ to w̃. The static, nonlinear relation between launcher elevation angle ϑ̄ and x̄dep,

which is shown in Figure 4.6, is taken into account in the analysis below through

the derivative dx̄dep/dϑ̄. From the simple circular geometry of the TEXTOR equi-

librium, defined in Chapter 3, one can easily find numerical values for the relation

dx̄dep/dϑ̄ for given launcher angles ϑ̄ = −25 [◦] → 25 [◦], as shown by the red curve in

Figure 4.6. The closed-loop models representing the launcher dynamics are defined

as

Glauncher,CL(s) =
Clauncher(s)Glauncher(s)

1 + Clauncher(s)Glauncher(s)
, (4.43)

with the launcher controller Clauncher(s = jω) (3.8) and Glauncher(s = jω) an FRF,
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in Figures 4.2 and 4.3 and ϑ̄ = 10 [◦]. The values of P̄ec are chosen in the power
level range 0 → 800 [kW] as indicated by the color scaling in the colorbar.
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Figure 4.7: Frequency response functions for the GRE in several operating points.
Transfer from ϑ̃ref to x̃dep. The FRFs are obtained by multiplication of the closed-
loop launcher dynamics Clauncher(jω)Glauncher(jω)/ (1 + Clauncher(jω)Glauncher(jω))
derived in Chapter 3 with the Laplace transform of the gradient relation dx̄dep/dϑ̄
for launcher elevation angles in the driving range ϑ̄ = −25 [◦] → 25 [◦] as indicated
by the color scaling in the colorbar. The Bode diagram on the left-hand-side holds
for negative ϑ̄ while the right-hand-side FRFs correspond to positive ϑ̄. Note that
due to the sign change in the relation between x̃dep and ϑ̃, the phase of the FRFs
shifts by 180 [◦] when moving from the negative angles to positive angles.

which represents the dynamics of the launcher, as shown in Figure 3.7. This model

for the launcher dynamics is converted into a transfer function model describing

the transfer from ϑ̃ to x̃dep by multiplication of Glauncher,CL(jω) with the Laplace

transform of the relation dx̄dep/dϑ̄. Figure 4.7 visualizes the resulting FRFs from ϑ̃

to x̃dep for multiple operating points. The model is further extended into a model for

the transfer from ϑ̃ to w̃ by adding the earlier derived transfer function model G2(s),

which is the result of the linearization of the GRE for the second input x̄dep. Figure

4.8 shows the frequency response curves for the transfer from ϑ̃ to w̃ in multiple

operating points at a constant ECRH power level P̄ec = 600 [kW].
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Figure 4.8: Frequency response functions for the GRE in several operating points.
Transfer from ϑ̃ref to w̃. The FRFs are obtained by multiplication of the closed-
loop launcher dynamics Clauncher(jω)Glauncher(jω)/ (1 + Clauncher(jω)Glauncher(jω))
derived in Chapter 3 with the Laplace transform of the gradient relation dx̄dep/dϑ̄
and the transfer function model G2(jω), which represents the transfer from x̃dep to
w̃. The frequency response curves are obtained at a constant P̄ec of 600 [kW] for
launcher elevation angles in the driving range ϑ̄ = −25 [◦] → 25 [◦] as indicated by
the color scaling in the colorbar. The Bode diagrams on the left-hand-side hold for
negative ϑ̄, while the right-hand-side FRFs correspond to positive ϑ̄. Note that due
to the sign changes in the relation between x̃dep and ϑ̃, as well as in the relation
between x̃dep and w̃, the phase of the FRFs shifts three times by ±180 [◦] while
moving the angle ϑ̄.
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4.6 Frequency Response Function identification on nonlinear model

For the design of practically implementable magnetic island controllers in real exper-

iments on a tokamak, FRF estimates would be desired, which describe the dynamic

behavior of the real experimental setup. Experimental techniques to extract the

FRFs of a system make use of excitation techniques to excite the dynamics of the

system in a certain frequency band [54]. The FRF estimates derived from the mea-

surements are in turn suited for the design of controllers. For the measurement of

an FRF of the GRE, one operating point is chosen by fixing the tearing mode width

at a constant w̄ by choosing fixed values for P̄ec and ϑ̄. Next, this operating point is

perturbed by excitation signals, which excite the system around the nominal operat-

ing point. In order to excite the system adequately in a broad range of frequencies, a

random noise excitation signal is chosen with a sufficient amplitude. The excitation

signal should be designed carefully in order to constrain the excitation of the system

to a small region close to the operating point. FRF measurements can be obtained

either in open loop or in closed loop.

In open loop, input signals are applied consisting of a constant nominal value and a

perturbing noise signal. The outputs are measured. Using the auto power spectral

density and cross power spectral density of the in- and outputs of the system, FRFs

are obtained [54]. The auto power spectral density and cross power spectral density

are defined by:

Suu(f) = U∗(f)U(f), (4.44)

Suy(f) = U∗(f)Y (f), (4.45)

where U(f) and Y (f) are the Fast Fourier transforms (FFT) of the in- and output

signals, respectively. The FRF estimate from input ũ to output ỹ is than obtained

by dividing the cross power spectral density by the auto power spectral density:

Ĝuy(f) =
Suy(f)

Suu(f)
. (4.46)

In most systems, the operating point around which the linearization is performed is

not static. Due to external disturbances and nonlinearities, for example, dynamic

phenomena such as drifts can occur. Therefore, FRF measurements are most often

conducted in a closed-loop controlled setup, where the system is stabilized and kept

fixed near the operating point by a feedback controller. The feedback controller

serves the purpose of keeping the system stable. Assuming the system is adequately

stabilized, a FRF can be measured.
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Figure 4.9: Amplitude plots of the FRFs for the 2 × 2 MIMO system, with two
inputs P̃ec and ϑ̃ref and two outputs w̃ and x̃dep. Note that G21(jω) = 0.

4.7 Choice of the control structure, decoupling

Consider the tearing mode control problem as a multiple input multiple output

(MIMO) system, with two inputs, i.e. Pec and ϑref , and two outputs, i.e. w and

xdep = rdep−rs. The amplitude plots of the FRFs for this MIMO system are depicted

in Figure 4.9. The system is a 2 × 2 MIMO system. Figure 4.10 shows a block

diagram representing this system and a control configuration, where the system is

controlled by two single input single output (SISO) controllers. In general, a 2 × 2

plant can either be controlled by two SISO loops or by a 2×2 MIMO controller. The

choice for either one of them depends strongly on the coupling between the different

input/output pairings, which are present in the system. If each of the outputs of

the MIMO system is affected by more than one input, there is interaction in the

system. If the amount of interaction is significant, the system should be controlled

in a MIMO way, or it should first be decoupled and after that, the system can be

controlled by two independent, decentralized SISO control designs. From the FRFs

derived and estimated in the previous section and plotted in Figure 4.9 and from

the block-scheme in Figure 4.10, the following is evident.
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G11(s)

G12(s)

G21(s)

G22(s)

+

+

+

+

u1 = Pec

u2 = ϑref

y1 = w

y2 = xdep
Kϑ(s)

Kecrh(s)

y1,m = wm

+

y2,m = xdep,m = rdep,m − rs,m

wref

e = xdep = rdep − rs

Figure 4.10: Block-scheme showing the general outline of the 2× 2 MIMO system,
representative of the magnetic island control problem. The MIMO system is feed-
back controlled by two SISO controllers. The inputs of the system are defined as
u1 = Pec and u2 = ϑref , whereas the outputs of the system are y1 = w and y2 = xdep,
respectively.

The input/output relations of the 2× 2 system read

y1 = G11(s)u1 +G12(s)u2, (4.47)

y2 = G21(s)u1 +G22(s)u2, (4.48)

where G11(s = jω), G12(s = jω), G21(s = jω), G22(s = jω) are the FRFs of

which the amplitudes are depicted in Figure 4.9. In order to make explicit how the

interaction affects the dynamics, we consider Figure 4.10, with Kecrh in place, and

Kϑ to be designed, i.e. we brake the second (lower) loop open and investigate the

transfer function from u2 to y2, while the first or upper loop is closed. The transfer

from u2 towards u1 is computed using

u1 = Kecrh(s) (−G12(s)u2 −G11(s)u1)

= −Kecrh(s)G12(s)u2 −Kecrh(s)G11(s)u1. (4.49)

Rearranging, one will find

(1 +Kecrh(s)G11(s)) u1 = −Kecrh(s)G12(s)u2, (4.50)

or

u1 =
−Kecrh(s)G12(s)

(1 +Kecrh(s)G11(s))
u2. (4.51)
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Hence, the transfer function from u2 to y2 is written as

y2 = G22(s)u2 +G21(s)u1

=

(

G22(s)−
Kecrh(s)G12(s)G21(s)

1 +Kecrh(s)G11(s)

)

︸ ︷︷ ︸

Geq
22
(s)

u2. (4.52)

From this equation it can be seen that for the design of the second controller Kϑ(s),

the design of the first loop with Kecrh(s) is instrumental, due to the interaction.

However, in our case note from Figure 4.9 that there is no transfer between the

applied ECRH power Pec and the relative misalignment xdep between ECRH depo-

sition and the rational surface. In other words, G21(s) = 0. From expression (4.52)

it is than clear that in that case

Geq
22(s) = G22(s), (4.53)

which indicates that the coupling between the two loops induced by the transfer

function from launcher angle ϑ to the tearing mode width w is the only interaction

between the two feedback loops. This interaction can be considered as a disturbance

entering at the output of the first (upper) feedback loop in Figure 4.10. Because

of the inherent decoupling in the system, it is save to control this system with two

separate SISO feedback loops. The one-way interference between the two SISO loops

does not cause stability problems. Note furthermore that the two loops operate at

two different time scales, since in general the gyrotron can be actuated much faster

than the launcher angle. The interaction will therefore be of no concern for the

actuation and closed-loop performance in the first (upper) loop. For each loop, a

controller can be designed, which stabilizes the given SISO feedback loop and does

not affect the other loop.

4.8 Controller design for the ECRH positioning loop

Now that the dynamics of the system have been analyzed and expressed in FRF esti-

mates and the control structure and desired control performance have been specified,

the feedback control problem of positioning the ECRH deposition location rdep in

close vicinity of the mode rational surface rs is considered. The following assump-

tions are made:

Assumption 4.8.1 The overall tearing mode control system is assumed to be de-

coupled and is therefore represented by two SISO loops.
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Kϑ(s)
e = xdep = rdep − rs u = ϑref

d

n

+ +

+

+

ym = xdep,m = rdep,m − rs,m

dxdep
dϑ

ϑ y = xdep
Glauncher,CL(s)

ϑinitial

Figure 4.11: Standard one degree-of-freedom control configuration for the control
loop that aligns the ECRH deposition radially with the tearing mode radial location,
i.e. minimizing e = xdep = rdep − rs by manipulation of the launcher angle ϑ.

Assumption 4.8.2 Both rs and rdep are assumed to be known or to be measured

accurately.

Assumption 4.8.3 The applied ECRH power Pec is either kept constant or properly

controlled in a SISO feedback loop.

Given these assumptions, the alignment control problem boils down to minimizing

the control objective e = xdep = rdep − rs, starting from any initial orientation

ϑinitial in the driving range of the launcher angle ϑ. The alignment problem is a one-

dimensional control problem, which can be solved by the design and implementation

of a SISO controller Kϑ(s), see Figure 4.11.

Loop-shaping

Given the FRF curves for the transfer between the launcher angle ϑ and the depo-

sition location xdep = rdep − rs in Figure 4.7, a controller Kϑ(s) can be designed to

control the system, as shown in Figure 4.11. When designing feedback controllers,

loop-shaping techniques [77] are often used, where ”loop shape” refers to the open-

loop transfer function L(jω) = G22(jω)Kϑ(jω) of which the amplitude and phase

are shaped by proper selection of the controller Kϑ(jω). The fundamentals of loop-

shaping design are described in [77] and are summarized here. Consider the plant

model G22(s) as the product of all transfer functions within a loop, i.e. including

the transfer function models for the actuators, system and sensors. The goal of the

loop-shaping procedure is to design a controller Kϑ(s) such that the complex-valued

loop gain L(jω) is optimally shaped. Given the transfer function models for the

controller and the plant, the closed-loop error e and system output y can be written
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as:

e =
1

1 +G22(s)Kϑ(s)
r, (4.54)

y =
G22(s)Kϑ(s)

1 +G22(s)Kϑ(s)
r. (4.55)

The objective of the feedback controller is to make the control error e as small as

possible, preferably e ≈ 0 in the frequency region of interest and the output signal

y should than equal the reference value r. For feedback control to be effective, the

loop gain should thus be made as large as possible to obtain a high-gain feedback.

This is particularly important for frequencies below the desired bandwidth of the

control loop. The bandwidth of the control system is defined as the frequency at

which |L(jω)| = |G22(jω)Kϑ(jω)| = 0 [dB]. For an ideal system, the bandwidth can

in theory be made as large as possible with high-gain feedback. In real systems,

however, system properties such as time delays, high frequency dynamics, nonlinear

dynamics, and sensitivity to sensor noise, and bounds on the inputs limit the achiev-

able bandwidth and require the loop gain to drop below 1 above the bandwidth.

Closed-loop stability

The stability of a feedback controlled system, as represented by the expressions

(4.54) and (4.55), is usually assessed by determination of the pole locations of the

controlled system. The poles are the solutions of the denominator of equation (4.55):

1 + G22(s)Kϑ(s) = 0. Note that the closed-loop stability is thus examined by

exploring the relation between the open-loop transfer function G22(s)Kϑ(s) and the

point -1. The Nyquist stability criterion [25],[77] is based on this relation, which can

straightforwardly be represented in a Nyquist plot, were s = jω is substituted in the

open-loop transfer function and the resulting FRF is plotted in the complex plane.

In the Nyquist plot, a necessary and sufficient condition for stability of the feedback

controlled (open-loop stable) system requires that the open-loop FRF curve lays

such that the point (-1,0) is always at the left side of this curve and the point (-

1,0) is not encircled by the curve. In fact, in order for the stability to be robust

against uncertainties and disturbances, the open-loop curve is required to keep a

certain minimal distance with respect to the point (-1,0). This distance is known

as the modulus margin. For the designs presented here, the minimal value for this

modulus margin is chosen to be 1/2. In the Nyquist diagram, the modulus margin

is represented by a disk with radius 0.5 with the point (-1,0) at its centre. The
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Nyquist criterion can also be interpreted in a Bode diagram. If the open-loop FRF

G22(jω)Kϑ(jω) is plotted in a Bode diagram, closed-loop stability requires that the

phase, at each frequency where |G22(jω)Kϑ(jω)| = 1, is larger than −180 [◦] and

smaller than 180 [◦]. Formal statements on closed-loop stability can be found in [44]

and [77].

Controller tuning

By loop-shaping, given the shape of G22 (jω), a standard proportional, integral (PI)

controller is designed, which should give a robust control performance for all the

operating points in the driving range of interest of the launcher mirror angle ϑ, i.e.

ϑ̄ = −25 [◦] → 25 [◦]. The proportional, integral controller takes the general shape:

Kϑ(s) = K1 +K2
1

s
. (4.56)

This controller is chosen to allow for high gain in the lower frequency region due

to the integral gain, while the proportional gain is added for a fast response. The

loop-shaping procedure results in the gains: K1 = 300, K2 = 4000. These gains

are chosen such that the modulus margin of the controlled system satisfies the

requirement |1 + L(jω)| > 0.5, which is equal to the requirement

‖S22(jω)‖∞ = max
ω

|S22(jω)| = max
ω

∣
∣
∣
∣

1

1 +G22(jω)Kϑ(jω)

∣
∣
∣
∣
≤ 6 [dB], ∀jω, (4.57)

where S22(s) = 1/(1 + G22(s)Kϑ(s)) is the sensitivity function of the closed-loop

system. By satisfying (4.57), the designed controller is guaranteed to comply with a

standard empirical condition for robust amplitude and phase margins, which defines

the stabilizing properties of the resulting feedback design and partly specifies its

performance. Note, from the earlier observations that the transfer from ϑ̃ref to x̃dep

is dependent on the sign of the launcher angle. In order to deal with the resulting

180 [◦] phase change in the dynamics of the system, the sign of the controller should

also be adjusted with respect to the sign of ϑ. The PI controller is therefore multi-

plied with the signum function sign(ϑ).

Figure 4.12 presents the open-loop FRF G22(jω)Kϑ(jω), which is the result of the

application of the designed controller Kϑ(jω) to the FRF curves of the plant G22(jω)

as depicted in Figure 4.7. The open-loop FRFs are also plotted in the Nyquist di-

agram in Figure 4.13. Note that the control design fulfils the stability criterion

of Nyquist [25],[77] and takes into account sufficient modulus margin to be robust

against uncertainties and disturbances.
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Closed-loop simulation

Figure 4.14 shows step responses, which were obtained by simulation of the control

scheme in Figure 4.11 with the previously designed PI controller Kϑ(s). The simu-

lations are performed starting from arbitrary angles ϑinitial in the range −25 [◦] →
25 [◦]. At t = 2 [s], the control loop is closed and the feedback controller manipulates

ϑref such that rdep − rs ≈ 0, after a certain settling period. The performance of the

control design meets the requirements on the accurateness of the alignment and the

allowable response time, which were specified in Section 4.2.

4.9 Controller design for the gyrotron loop

Next, consider the feedback control problem of stabilizing the width of a tearing

mode induced magnetic island at a steady-state value w̄ = wref with an appropriate

actuation of the gyrotron power Pec. The gyrotron power serves as the manipulated

input of the system, indicated by u and the tearing mode width serves as the system

output y. By feedback of the measured signal ym = wm, a control error can be

constructed e = wref − wm. A feedback controller is designed, which in closed loop

minimizes the control error e by appropriate manipulation of the input variable u of

the process. This control problem is schematically represented in the block-diagram

of Figure 4.15.

Assumption 4.9.1 The system is again assumed to be decoupled and is therefore

representable by two SISO loops. Via the additional assumption that the loop for

positioning of the ECRH deposition with respect to the tearing mode is properly

controlled, i.e. xdep = rdep−rs ≈ 0, the gyrotron control problem is a one-dimensional

control problem, which can be solved by the design and implementation of a SISO

controller Kecrh(s).

Controller tuning

Loop-shaping is again used to design a standard, classical PI controller, which is

extended by a first order low-pass filter. The integrator is again added for steady-

state error reduction and high gain at low frequencies whereas the low-pass filter

is added to suppress the high frequent dynamics and noise components above the

bandwidth of the feedback controlled system. With both filters placed in series, the
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Figure 4.12: Open-loop FRFs G22(jω)Kϑ(jω) in several operating points.
Open-loop transfer from ϑ̃ref to x̃dep. The FRFs are obtained by mul-
tiplication of the controller Kϑ(jω) with the closed-loop launcher dynamics
Clauncher(jω)Glauncher(jω)/ (1 + Clauncher(jω)Glauncher(jω)) derived in Chapter 3 and
the Laplace transform of the gradient relation dx̄dep/dϑ̄ for launcher elevation angles
in the driving range ϑ̄ = −25 [◦] → 25 [◦]. The Bode diagrams on the left-hand-side
hold for negative ϑ̄ while the right-hand-side FRFs correspond to positive ϑ̄.
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Figure 4.13: Nyquist diagram of the open-loop FRFs G22(jω)Kϑ(jω) in a broad
range of operating points. The closed-loop stability is examined using this plot.
All open-loop curves have the point (-1,0) on their left-hand-side, indicating closed-
loop stability according to the Nyquist criterion. Sufficient robustness margin is
taken into account, since the open-loop curves lay at considerable distance (modulus
margin) of the point (-1,0).
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Figure 4.14: Time domain signals for step responses of the feedback controlled
launcher system for the alignment of ECRH deposition with the radial magnetic
island location. Starting from arbitrary initial angles ϑinitial in the range −25 [◦] →
25 [◦], the feedback controller manipulates ϑ such that the radial alignment error
e = xdep = rdep − rs is minimized. On the left-hand-side of the figure ϑ is plotted
as function of time, while on the right-hand-side the corresponding alignment errors
are shown as function of time. Note that the control loop is closed at t = 2 [s].
A sufficiently accurate alignment for mode suppression is reached within 100 [ms],
with ϑ ≈ ±10 [◦]± 0.5 [◦] and e = xdep ≈ 0± 0.006 [m].
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Figure 4.15: Standard one degree-of-freedom control configuration for the control
loop that stabilizes a tearing mode’s width at a certain width w̄ = wref by manip-
ulation of the gyrotron power Pec(w). The feedback controlled Pec(w) manipulates
the magnetic island such that the control error e = wref − w is minimized.
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overall controller is written as:

Kecrh(s) =

(

K1 +K2
1

s/(4πf1)

)

︸ ︷︷ ︸

PI controller

1

s/(2πf2) + 1
︸ ︷︷ ︸

low−pass filter

, (4.58)

with K1 = −6 ·107, K2 = −1 ·107, f1 = 300 [Hz] and f2 = 1000 [Hz]. These constant

controller gains K1, K2 and the constant frequencies f1, f2 are again chosen such

that the modulus margin of the controlled system satisfies

‖S11(jω)‖∞ = max
ω

|S11(jω)| = max
ω

∣
∣
∣
∣

1

1 +G11(jω)Kecrh(jω)

∣
∣
∣
∣
≤ 6 [dB], ∀jω, (4.59)

where S11(s) = 1/(1 + G11(s)Kecrh(s)) is the sensitivity function of the closed-loop

system. By satisfying (4.59), the designed controller complies with a standard em-

pirical condition for robust amplitude and phase margins. This again defines the

stabilizing properties of the resulting feedback design and its performance. With

appropriately tuned gains and properly selected values for f1 and f2, the FRF of

the controller can be plotted in a Bode diagram as shown in Figure 4.16. By ap-

plying this controller in the feedback loop for control of the tearing mode width, a

stable tearing mode suppression can be guaranteed. In order to assess stability and

performance of the designed controller, first the open-loop transfer G11(s)Kecrh(s)

is visualized in the FRF curves in the Bode diagram in Figure 4.17. The FRFs are

drawn for a wide range of operating points in the operational domain 0 → 800 [kW].

The stability of the feedback control results is reflected in the Nyquist diagram in

Figure 4.18. Note that implementation of the designed controller results in rela-

tively conservative robustness margins. However, since the design meets the control

performance specifications, which were specified in Section 4.2, there is no need to

optimize the design further.

Closed-loop simulation

In Figure 4.19, a control simulation, which applies the PI controller for the suppres-

sion of a m/n = 2/1 tearing mode in TEXTOR in a feedback loop with wref = 0.03

[m] is shown in the framework of the dw/dt versus w plot of the GRE. In the simu-

lation, a magnetic island is induced by the DED and saturates at its saturated size

wsat. Next, the stabilizing ECRH term is switched on by closing the feedback loop

from w to Pec. The feedback loop is in this case a reference tracking loop with the

reference width wref = 0.03 [m]. The transient convergence of the controlled system

to this reference point is clearly visible in the phase portrait. In terms of settling
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Figure 4.16: Bode diagram of the design feedback controller Kecrh(jω) for control
of the tearing mode width w by manipulation of the gyrotron power Pec.

time, this convergence only takes approximately 30 [ms]. The feedback controlled

system remains at this equilibrium point until the feedback loop is opened again

and the feedback action is terminated. The mode then grows back to its saturated

width wsat.

Linear Quadratic Regulator Problem

Note from the linearizations performed in Section 4.5 that an equilibrium point for

the GRE is determined by assuming nominal values for the applied ECRH power

and launcher angle. In close proximity of this equilibrium point and for small vari-

ations of the nominal input variables, the system will remain in a region where

the linearization corresponding to the equilibrium point is valid. The designed lin-

ear controller with fixed controller settings therefore also operates optimally in close

vicinity of the equilibrium point for which it is designed. Given the nonlinear nature

of the tearing mode suppression curve, the control performance can be enhanced by

either designing a robust controller or by designing an adaptive control structure.

A robust controller would extend the operational region by properly taking into ac-

count relatively conservative amplitude and phase margins. An adaptive controller

typically adapts the controller gains with respect to the area of the input/output
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Figure 4.17: Open-loop FRFs G11(jω)Kecrh(jω) for the controlled GRE in several
operating points. The FRFs are obtained for linearizations around nominal values
of P̄ec in the range 0 − 800 [kW ] and a fixed launcher angle ϑ̄ = 10 [◦]. Open-loop
transfer from P̃ecrh to w̃.
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Figure 4.18: Nyquist plot of the open-loop FRFs G11(jω)Kecrh(jω) for the con-
trolled GRE in several operating points. The FRFs are obtained for linearizations
around nominal values of P̄ec in the range 0 − 800 [kW ] and a fixed launcher angle
ϑ̄ = 10 [◦]. Open-loop transfer from P̃ec to w̃.
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Figure 4.19: A feedback control simulation, where the width of a m/n = 2/1
tearing mode in TEXTOR is controlled to a stable width of wref = w = 0.03
[m]. The control experiment is depicted in the typical dw/dt versus w portrait of
the GRE. The simulation starts at a saturated island size wsat. At a particular
point in time, the feedback loop is closed and ECRH power is applied resulting in
stabilization of the mode at the reference width wref . When ECRH is switched-off
re-growth of the mode occurs until the saturated width is reached again.

map in which it is operating.

As an example, a feedback controller with variable gains is now designed for the

island size control loop, by considering the island size control problem as a linear

quadratic regulator (LQR) problem. In control literature, LQR control is also known

as optimal control [25],[77]. Assume a linear state-space description for the plant in

the form

ẋ = Ax+Bu, (4.60)

y = Cx. (4.61)

If all the states of this system are known, the LQR problem is understood as a

deterministic initial value problem: given ẋ = Ax+Bu with a non-zero initial state
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x(0), one wishes to find an input signal u(t) such that the system is taken to its

zero state x = 0 in an optimal manner. Generally, the LQR problem boils down to

finding a simple state feedback law u = −Krx such that a certain deterministic cost

function is minimized. This cost function is specified as:

Jr =

∫ ∞

0

(
x(t)TQx(t) + u(t)TRu(t)

)
dt, (4.62)

where Q and R are appropriately chosen constant weighting parameters satisfying

Q = QT ≥ 0 and R = RT > 0.

As mentioned, the optimal solution for the LQR problem for any initial state is

the state feedback law u = −Krx, where

Kr = R−1BTX, (4.63)

where X is the unique, positive semi-definite, i.e. X = XT ≥ 0, solution of the

algebraic Riccatti equation [25],[77]:

ATX +XA−XBR−1BTX +Q = 0. (4.64)

Design 1: Now consider the first order process G11(s) = c(s − a)−1b, which is

the result of the linearization of the GRE for TEXTOR conditions as derived in

one of the previous sections, where the ECRH power Pec is considered as the only

input and perfect alignment is assumed, i.e. xdep = rdep − rs ≈ 0. a, b and c are

scalars in this case. This system can also conveniently be written in state-space

form: ẋ = ax(t) + bu(t), y = cx(t), where a and b are again scalars and c = 1,

implying that the state, i.e. the tearing mode width y = x = w is directly measured

and serves as the output of the dynamical system. For a non-zero initial state, the

cost function to be minimized for the LQR problem reads:

Jr =

∫ ∞

0

(
Qx2 +Ru2

)
dt. (4.65)

The weighting parameters are also scalar constants in this case and are chosen

following Bryson’s rule [25] as: Q = 1/(w2
sat) and R = 1/(P 2

ec, max), i.e. Q =

1/(maximum acceptable value of x2) and R = 1/(maximum acceptable value of u2).

In essence, the weighting parameters are chosen such that each term in (4.65) is

normalized to one. This is particularly important when the values of the variables x

and u are numerically very different from each other. For the TEXTOR conditions

specified in Section 4.3, i.e. wsat = 0.08 [m] and Pec, max = 800 [kW], the LQR
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problem can now be solved analytically. In order to derive the optimal state feedback

law, first the following algebraic Riccatti equation is solved:

aX +Xa−XbR−1bX +Q = 0. (4.66)

By straightforward manipulation of the Riccatti equation, its positive solution can

be written as

X =
aR +

√

(aR)2 + b2QR

b2
.

Since the control problem considered here is relatively easy, an algebraic expression

for the optimal state feedback law can be derived, which reads u = −Krx where Kr

is given by:

Kr = R−1bX =
1

bR

(

aR +
√

(aR)2 + b2QR
)

. (4.67)

So, the control problem of stabilizing a tearing mode at a constant width w can be

solved by a simple proportional feedback action. The closed-loop system resulting

from application of this controller to the tearing mode stabilization system can now

be written as

ẋ =

(

a− 1

bR

(

aR +
√

(aR)2 + b2QR
))

. (4.68)

The closed-loop pole of this controlled system is located at

s = a− 1
bR

(

aR +
√

(aR)2 + b2QR
)

< 0, provided that a < 0 ∀ x.

Using the framework of the LQR problem, one can compute an optimal gain value

for each of the operating points related to the linearizations and transfer functions

obtained earlier for the transfer from ECRH power to the island width. The re-

sulting solutions are visualized in Figure 4.20. The plot shows the values of the

gain obtained when solving the LQR problem in multiple operating points, i.e. for

linearizations around different values of w̄. For the same operating points, the

open-loop FRFs obtained when applying the optimal gains to the system transfer

functions is depicted in the Nyquist diagram of Figure 4.21. Note that in compari-

son with the PI controller designed by loop-shaping, the closed-loop performance is

expected to result in faster response times and a faster convergence to the reference

trajectory wref , when applying the LQR with variable gains in an adaptive imple-

mentation of the controller. The Nyquist diagram shows that the stability margins

are less conservative for the LQR in comparison with the PI controller with a sin-

gle gain. Note that in principle, the gain-scheduling of the adaptive controller can

also be derived using loop-shaping instead of using the LQR framework. However,
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Figure 4.21: Nyquist diagram showing the FRF curves of the open-loop transfer
when applying the LQR gains of Figure 4.20 to the system transfer functions.
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solving the problem as an LQR problem provides an automated approach to derive

an optimal gain schedule.

Design 2: The same design procedure can also be used to derive a LQR-based

PI controller. The integrator is then again added for steady-state error reduction

and a faster convergence to the setpoint value. The formulas for the state-space

description are than altered into the following state-space form to account for the

integral action.

ẋ = Ax+ Bu, (4.69)

σ̇ = e = x− r, (4.70)

y = Cx, (4.71)

with

A =

[

a 0

c 0

]

, B =

[

b

0

]

, K = [Kr KI ] .

The state feedback law is in this case chosen as

u = −Krx −KIσ (4.72)

σ̇ = e = y − r. (4.73)

The LQR problem is also specified in terms of this state-space description. The

optimal feedback law, including the gains Kr and KI , can again be obtained by

specifying a deterministic cost function of the form (4.62) and by solving the result-

ing algebraic Riccatti equation, provided that K = [Kr KI ] is designed such that

A− BK is Hurwitz, i.e. has negative eigenvalues [44],[77].

The resulting PI controller takes approximately similar gain values as the earlier

derived gains for the loop-shaping design, depending on the choice of the weighting

parameters Q and R. The resulting integrator gain KI = −1 ·107 equals the integral
gain of the loop-shaping PI controller and remains constant when solving the LQR

problem in multiple operating points. The proportional gains are of the same order

as the gains depicted in Figure 4.20. Using the controller, the open- and closed-loop

response of the feedback controlled system can again be evaluated in Bode diagrams

and Nyquist diagrams.
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4.10 Magnetic island control simulations

Using the linear controllers designed sofar, both the ECRH positioning loop and the

gyrotron control loop can be simulated in MATLAB Simulink r. The simulation

model combines the nonlinear expression of the GRE with a simple circular equi-

librium reconstruction for TEXTOR, as introduced in Chapter 3, and the launcher

model including the control loops designed previously. A simulation is performed

for typical TEXTOR conditions using the parameter set specified in Section 4.3.

The DED term in the GRE is used to simulate the driving term of the island

growth produced by the DED perturbation coil set. Although the model is kept as

simple as possible, it is a sufficient representation for the most important dynamics

of the tearing mode control system. The simulation furthermore assumes that mode

properties such as the island width w, ECRH deposition location rdep, mode rational

surface rs, launcher angle ϑ and the applied gyrotron power Pec are monitored in

real-time with sufficient accuracy. The simulation result presented hereafter demon-

strates alignment of the gyrotron power with respect to the mode in the presence

of perturbations, meanwhile stabilizing the width of the mode at a reference width

wref . An assessment of the control performance of the controllers is made.

Closed-loop performance

The simulation result is depicted in Figure 4.22. A feedback simulation is presented

were the goal is to track a certain reference trajectory in the island width wref(t)

over time. The simulated reference trajectory as shown in the second panel of the

figure is not a trajectory which one would wish to apply in a real experiment, due to

operational constraints. As shown, the reference trajectory consists of slow ramps

in the island width, staircase steps and a sinusoidal chirp signal, of which the fre-

quency increases in the range 0.02 [Hz] to 3 [Hz]. This reference trajectory is chosen

to demonstrate the capabilities of the control system to track slow and fast setpoint

changes. In the simulation, both the launcher elevation angle ϑ and applied ECRH

power Pec are manipulated simultaneously by the SISO controllers, which were re-

trieved in the loop-shaping process.

The feedback control loop is closed in the time frame t = 2 − 8 [s]. The feed-

back controlled launcher angle is shown in the first panel of Figure 4.22. Note that

at the start of the control action, the launcher aligns the ECRH deposition via a
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Figure 4.22: Simulation of a tearing mode stabilization experiment, where the mag-
netic island width is manipulated following a reference trajectory wref(t) through
simultaneous feedback control of the launcher elevation angle ϑ and applied ECRH
power Pec. During the time interval t = 2 − 8 [s] both feedback control loops are
closed. The first plot shows the launcher angle ϑ and toroidal magnetic field Btor.
The second plot shows the width of the m/n = 2/1 magnetic island as function
of time and the magnetic island width reference trajectory wref(t) depicted by the
gray dashed line. The third plot shows the required ECRH actuation via the gy-
rotron power Pec, which manipulates the island width. The feedback action on the
launcher angle ϑref results in a fast alignment of the applied ECRH with the mode.
At t = 4 [s] the alignment is perturbed by a gradual ramp in the applied toroidal
magnetic field Btor of the static equilibrium. The feedback controlled launcher an-
gle ϑ compensates for this perturbation of the alignment by moving the launcher
gradually upward by a few degrees. The second feedback control loop controls the
actual width of the magnetic island over time according to the reference trajectory
wref . The red curves in the plots correspond to application of a standard PI con-
troller in the gyrotron control loop, which was derived using loop-shaping. The blue
curves are obtained with the same PI controller, but now adding an anti-windup
compensation. Note that the anti-windup compensation effectively reduces the over-
shoots, which happen in the PI controlled case whenever a setpoint change is made
that drives the gyrotron power in one of its extremes, i.e. either Pec = 0 [kW] or
Pec = 800 [kW]. This is particularly seen in the zooms of the island width, depicted
in the two lower panels of the figure.
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transient response within approximately 100 [ms] with the radial location at which

the island is residing, although a small steady-state error < 1 [◦] remains. This

error is reduced further in the next 400 [ms], due to the integrator action of the PI

controller. Already at t = 2.1 [s], the alignment is sufficiently accurate for ECRH

to effectively suppress the mode.

The alignment of the ECRH deposition onto the mode is perturbed by a grad-

ual ramp in the applied toroidal magnetic field Btor of the static equilibrium, as

shown in the first panel of Figure 4.22 as well. The feedback controlled launcher

compensates for this perturbation of the alignment by moving the launcher mirror

gradually upward by a few degrees. Note that a similar perturbation of the align-

ment by variation of the toroidal magnetic field as executed here was also used in

the real-time experiments on TEXTOR as described in [37] and Chapter 7.

Next, the gyrotron control action is considered as represented in the results in panel

2 and 3 of Figure 4.22. The experiment visualized in the red curves in Figure 4.22

corresponds to application of the standard PI gyrotron controller as derived in Sec-

tion 4.9. Due to the relative misalignment at the beginning of the control action at

t = 2 [s] and due to the fact that the island is still at its saturated width at the

beginning of the control action, a large peak in the applied ECRH power is first

requested from the gyrotron. As soon as the actual width converges to the desired

reference width wref , the demanded ECRH power is reduced and the control system

starts to follow the island size reference trajectory in time.

Practical considerations

For a practical implementation of the designed controllers, which include an integra-

tor term, one should take into account that the operational space of the actuators

is limited by actuator saturation. In fact, in any real control system, the output of

an actuator can saturate since the dynamic range of a real actuator is limited. In

the case of actuator saturation, the control signal is not adaptable anymore by the

controller and remains constant. Effectively, the feedback action is annulled. The

integrator in the feedback loop continues to integrate its input, i.e. the saturation

results in an increased error signal (the desired trajectory or reference value can

not be achieved) whereas the integral action in the control enhances this effect by

continuing the integration of the feedback error. As a result, the control signal u
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Figure 4.23: Anti-windup scheme for the tearing mode control loop.

increases further. In control systems, such integrator wind-up is counteracted by a

properly designed anti-windup scheme as depicted in Figure 4.23. When compar-

ing this scheme with the standard magnetic island width control scheme depicted

in Figure 4.15, one can see that the scheme still has the same feedback structure

with PI-controller Kecrh(s) = Kp + KI/s, but the scheme is extended by an input

saturation block and an anti-windup compensation path via the gain kA.

In the case of control of the magnetic island width, the usual actuator is a gy-

rotron, which only produces positive output power levels. Formally, the control

input u = Pec is therefore defined to be strictly non-negative, i.e. u = Pec ≥ 0. With

such a positive actuator and taking into account that the maximum power Pec, max

produced by the gyrotron is finite, saturation is unavoidable. The 140 [GHz] gy-

rotron used at TEXTOR manipulates the beam voltage to vary the power level of

the produced microwave beam. This implies that if the output power request for

the gyrotron is low, the remaining power produced by the gyrotron is dissipated

in a collector. As a consequence, the gyrotron can not be operated for long time

periods at a low power setting. Hence, there is not only a maximum limitation for

the power level produced by the gyrotron but a lower level limitation as well. Con-

sequently, the adjustments of the gyrotron power as requested by a controller might

be impractical. Other types of gyrotrons as the one used at TEXTOR use different

types of power manipulation and might therefore be better suited to execute the

requested setpoint as shown in the simulation result.

In addition to the standard PI controlled gyrotron results depicted in the red curves

in Figure 4.22, the simulation results show the application of an anti-windup scheme

for gyrotron control as well. The anti-windup results are shown in blue. Clearly, the
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ECRH power at TEXTOR is limited 0 ≤ Pec ≤ 800 [kW] and at several time instants

during tracking of the trajectory, the maximum or minimum power level is reached.

At the same time instants, the original controller without anti-windup is unable to

control the width of the mode according to the reference. As a consequence, the

width shows large overshoots. In the part of the control experiment where the is-

land width trajectory is sinusoidal, the tracking of the reference is also not optimal

when the standard PI controller is used without anti-windup compensation. The

zooms depicted in the figure clarify this conclusion. These results are positively

influenced when taking the anti-windup compensation into account as shown by the

blue curves. The saturation periods are shortened and are less frequent. The over-

shoots on the tracking of the reference width trajectory are also reduced. The total

applied ECRH power Pec is reduced in comparison with the standard feedback case.

4.11 Conclusions

In this chapter, the classical tearing mode control problem was defined in terms of a

simulation model for DED-inducedm/n = 2/1 tearing modes as found in TEXTOR.

The simulation model combines an expression of the GRE, which was written for

TEXTOR conditions, with a model for a feedback controlled ECRH launcher and a

simple model for the circular equilibrium of TEXTOR. Based on linearization of the

nonlinear models, FRFs were derived, which describe the transfer function between

the in- and output pairs which define the tearing mode control problem, i.e. the

inputs ϑ and Pec and the outputs xdep = rdep − rs and w.

Using the FRFs, the dynamics of the system were assessed and the control structure

was assigned. Next, the FRFs were used to design two SISO controllers, which ma-

nipulate the two system inputs to achieve a desired response of the outputs. It was

shown that the designed controllers robustly manage to: 1) accurately position the

ECRH power with respect to the radial tearing mode location through manipulation

of the launcher angle ϑ in a closed feedback loop and 2) to manipulate the applied

ECRH power in such a way as to stabilize the island width at a desired reference

width. The simulation results demonstrate that the control design and the derived

controllers meet the control performance requirements, which were also stated for

the tearing mode control problem in the framework of the TEXTOR tokamak in

this chapter. Implications for a practical implementation of the derived controllers

were also given.
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By following the systematic design approach described here, controllers can be de-

signed for control of magnetic islands. The approach offers optimized closed-loop

stability and convergence speed. The analysis presented here should further be

extended by taking into account uncertainties, disturbances and perturbations of

the system dynamics. The perturbation of the alignment by applying the toroidal

magnetic field ramp in the simulations is an example of such a perturbation. The

robustness and control performance of the controllers applied for magnetic island

suppression and stabilization will be significantly enhanced when following this ap-

proach. Based on the methods described here, the control performance of feedback

controlled magnetic island suppression and stabilization can be predicted a-priori in

simulations before applying the designed controllers in an experiment.
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Neoclassical Tearing Mode control in ITER

Abstract/ The feasibility of feedback stabilization of neoclassical tear-

ing modes at small island sizes, corresponding to otherwise unstable

island sizes in ITER scenario 2 is demonstrated. The islands are stabi-

lized by application of electron cyclotron resonance heating and current

drive in a regime where the application of current drive in open loop

normally results in a complete suppression of the island. By applying

current drive in closed loop with feedback of real-time measurements

of the island width, complete suppression is avoided and the island is

stabilized at a specific reduced size. Three conceptual (non-)linear feed-

back controllers with varying complexity, performance, robustness, and

required model knowledge are introduced. Simulations show the theo-

retical feasibility of small island stabilization at a specific reducedwidth.

The controllers are applied to the generalized Rutherford equation, which

governs the island evolution subject to electron cyclotron current drive.

A strategy for the gradual implementation of the controllers is suggested.

Stabilization of small islands by feedback control will allow the use of

system identification to extend the model knowledge on the evolution of

small islands, and will extend the operational regime.

5.1 Introduction

Suppression of magnetic islands [30] is a requirement for the operation of ITER

[35]. This is particulary relevant for the high β-scenarios with sawteeth, in which

neoclassical tearing modes (NTMs) are likely to be destabilized. NTMs are initiated

The work presented in this chapter has been submitted to Nuclear Fusion:
B.A. Hennen, M. Lauret, G. Hommen, W.P.M.H. Heemels, M.R. de Baar and E. Westerhof,
Nonlinear control for stabilization of small Neoclassical Tearing Modes in ITER (2011).
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by seed islands [30] that are created in the magnetic field by other magnetohydro-

dynamic (MHD) events [73]. The seed reduces the pressure gradient over the island,

as a consequence of which the local bootstrap current is reduced. After seeding of

the NTM, the island grows to a saturated size w = wsat. The width of a magnetic

island w is usually suppressed by applying localized Electron Cyclotron Resonance

Heating and Current Drive (ECRH/ECCD) on the island.

Full suppression of NTMs has been demonstrated on several tokamaks, see [30] and

references therein. A peculiarity of NTMs, subject to ECRH/ECCD, is the existence

of unstable equilibrium island widths below a certain threshold island size, referred

to as wthres. Usually, a large fraction of the available ECRH/ECCD power is applied

in open loop to bring the island size below wthres, after which the island vanishes

by itself [30],[68],[71], i.e. applying a sufficiently large level of ECRH/ECCD power

results in dw/dt < 0 and consequently w → 0. NTM suppression requires pre-

cise alignment of ECRH/ECCD with the island centre. Several methods for radial

alignment of the ECRH/ECCD deposition and the mode rational surface rs were

experimentally demonstrated in a closed feedback loop [39],[42],[43],[37]. In [37]

and Chapter 7, experimental results are described, which demonstrate autonomous

alignment of the suppressing ECRH/ECCD power deposition with a 2/1 tearing

mode using a dedicated real-time control system. This system is based on a steer-

able ECRH/ECCD launcher and a line-of-sight ECE diagnostic [64]. The applied

ECRH/ECCD power Pec in these experiments is modulated, to deposit power in the

island’s centre or O-point only.

An important draw-back of the open-loop application of ECRH/ECCD for the sup-

pression of an island is that often the maximum available power Pec, max is applied,

or that an a-priori model-prediction of the required power Pec is used to ensure a

complete suppression [30]. Instead of complete suppression one could also consider

stabilization of NTMs at specific sizes. It was recently presented [45],[66] that is-

lands in high performance discharges influence the ambient plasma, e.g. islands are

observed to cause flux pumping, which can positively affect the evolution of the

current density profile. The results shown in [45],[66] suggest that direct control

over the island width thus allows for actuation of the ambient plasma.

This chapter analyzes stabilization of small NTMs using feedback techniques. For

an effective stabilization of the mode, a feedback loop can be conceived in which the
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applied ECRH/ECCD power is manipulated in response to real-time measurements

of the island width w. This implies the real-time computation of the controlled

variable Pec as a function of the real-time measured w(t): Pec (w(t)). In this numer-

ical study, it will be shown that using the feedback law u(w) = Pec(w), NTMs can

be stabilized at small sizes below the threshold widht w < wthres. Three feedback

controllers will be introduced and simulated to demonstrate this in theory. The

analysis will be restricted to the control of m/n = 2/1 NTMs below wthres in ITER

scenario 2 discharges [76].

The average power required to hold the island at a constant size below wthres will

hold important information on the small island physics. In particular the depen-

dence of this average power on the island size. For small islands, a finite pressure

gradient remains over the island, and hence the bootstrap current is not completely

suppressed. This implies that the precise ratio between the parallel and perpendic-

ular heat diffusivity becomes important [30],[93],[86]. Secondly, the exact effect of

the ion polarization current is not well known [30],[93],[86].

Section 5.2 of this chapter introduces the generalized Rutherford equation (GRE),

following references [51] and [52]. The GRE describes the dynamics of the NTM.

In Section 5.3, the relevant parameter set for ITER scenario 2 is listed [76]. In Sec-

tion 5.4, the equilibria of the GRE for different operating points at constant Pec are

calculated and the dynamics of the GRE are analyzed. In Sections 5.5, 5.6 and 5.7,

controllers with varying complexity, performance and robustness are introduced. A

gradual implementation of these controllers is proposed, starting with a standard

linear proportional integral (PI) controller. This controller is derived and applied in

simulation to show the stabilization of islands at small island sizes w < wthres. It

will be shown that the control performance obtained with this controller provides

local results only. In order to optimize the control performance in a broader, global

domain, two nonlinear controllers are proposed thereafter. A sliding mode or switch-

ing controller [78],[44] is introduced and simulated, followed by a controller based

on feedback linearization [44]. Both nonlinear controllers explicitly compensate the

nonlinear island dynamics, resulting in an optimal control performance in a broad

operational domain. The merits of the three different control methods will be out-

lined both theoretically and in simulation. The effect of parameter uncertainties on

the performance of the designed controllers will be addressed. Besides parametrical

uncertainties, the designed controllers should also deal with uncertainties on the
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functional dependence of the bootstrap current representation in the GRE at small

island sizes. Such uncertainties are not considered further in the analysis presented

here as it is expected that the derived controllers can be made robust for such un-

certainties in a practical setup. Section 5.8 assesses issues related to the practical

implementation of the control methods for stabilization of NTMs in ITER. Impli-

cations for implementation of these NTM stabilization techniques in experiments

are discussed and an assessment of the three control methods is given. Section 5.9

summarizes the results and draws the conclusions.

5.2 Generalized Rutherford equation

The evolution of the NTM island width w, i.e. its growth dynamics, are governed

by the GRE [30],[69]. The expressions for the different stabilizing and destabilizing

terms differ from the expressions used for classical tearing modes. In the remainder

of this work, it is assumed that the applied ECRH/ECCD is perfectly aligned with

the island centre. Here, the GRE is used in its generalized form as presented in

[51],[52]:

0.82
τr
rs

dw

dt
= rs∆

′
0 + rs∆

′
BS + rs∆

′
CD. (5.1)

rs is the radius of the mode’s rational surface, ∆′
0 is the classical tearing index, ∆′

BS

a term accounting for the lacking bootstrap current related drive of the island and

∆′
CD a term representative of ECCD. Note that in this case, only the current drive

effect of the applied ECRH/ECCD is implicitly taken into account in the model, as

the suppression of NTMs in ITER is dominated by the direct non-inductive current

drive effect of the applied EC waves [51],[90]. Note furthermore that the rotation

of the NTMs is not included in this model. The different terms of the GRE are

averaged over one rotation period of the island. A resistive diffusion time scale τr is

introduced, which is defined as

τr =
µ0κr

2
s

ηneo
, (5.2)

where the neoclassical resistivity is given by

ηneo = 2.8 · 10−8ZeffT
−3/2
sep (1− ε1/2)−2, (5.3)

with µ0 the magnetic permeability , Zeff the effective charge, Tsep the average elec-

tron temperature at the island separatrix and ε = rs/R0 the inverse aspect ratio.

R0 is the major radius and κ is a parametrization representing the plasma elongation.
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Consider the case with r2s∆
′
CD = 0, i.e. without applying ECRH/ECCD to the

island. Realize that without application of ECRH/ECCD, the mode saturates at

the stable saturated island width wsat, with dwsat/dt = 0, see Figure 5.1. Conse-

quently, for a saturated NTM, the following static relation between ∆′
0 and ∆′

BS

must hold:

∆′
0 = −∆′

BS(w ≡ wsat). (5.4)

For NTMs in ITER, ∆′
0 is typically stabilizing, i.e. negative ∆′

0 < 0. The destabiliz-

ing contribution to the growth of the mode is usually considered to originate from a

few distinct physics mechanisms. The destabilization of NTMs is mainly attributed

to a perturbed helical bootstrap current, which reinforces the growth of an initial

seed island. The term ∆′
BS relates to the perturbed bootstrap current. At small

island sizes, however, the perturbed bootstrap current is not sufficient to initiate

the seeding and growth of NTMs. The perturbed bootstrap current term in the ex-

pression is therefore modified by a term related to the finite parallel transport near

an NTM island, which results in an incomplete flattening of the pressure gradient

inside the magnetic island, modifying the GRE. Combining the bootstrap current

term and the transport term yields

rs∆
′
BS =

16µ0Lqrs
Bpolπ

4

3w

w2

(
w2 + w2

marg

)jBS , (5.5)

where µ0 is the vacuum magnetic permeability, rs the radial mode location, Lq ≡
q/(dq/dr) the local magnetic shear length at rs, Bpol the local poloidal magnetic

field component at rs, and jBS the bootstrap current. The marginal island width

wmarg is defined as the island width for which the growth rate dw/dt is maximum,

see Figure 5.1.

An alternative expression, for the term ∆′
BS is related to combination of the per-

turbed helical bootstrap current with the so-called ion polarization effect. In this

case, for small island sizes, the limitation of the neoclassical drive of the island width

is attributed to a stabilizing ion polarization effect, where the assumption should

be satisfied that the marginal island size is expected to scale with the ion banana

width. The alternative expression for rs∆
′
BS reads:

rs∆
′
BS =

16µ0Lqrs
Bpolπ

4

3w

(

1−
w2
marg

3w2

)

jBS. (5.6)

Both expressions are also used in [71]. As stated in the introduction, the detailed

contribution of these two mechanisms is not known. In the GRE used here, only
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expression (5.5) will be taken into account. Since this work focuses on the devel-

opment of methodologies for feedback stabilization of otherwise unstable magnetic

island sizes, a detailed model based on physics interpretation is not required. The

model should just give a sufficient description of the qualitative, global dynamics of

the NTM suppression process. Particularly the polarization term will be neglected

here. It is expected that the actual behavior of ∆′
BS at small island sizes can be

identified in experiments during the gradual introduction of the controllers.

By insertion of relation (5.5) in equation (5.4) the following static relation is ob-

tained:

rs∆
′
0 = −16µ0Lqrs

Bpolπ

4

3wsat

w2
sat

(
w2
sat + w2

marg

)jBS . (5.7)

Next, the contribution of the stabilizing ECRH/ECCD is added to the expression

of the GRE following [51],[52]:

rs∆
′
CD = −16µ0Lq

Bpolπ

ηcdPec
w2
dep

NCD (w/wdep) , (5.8)

with

NCD (w/wdep) =
0.25 + 0.24(w/wdep)

1 + 0.64(w/wdep)3 + 0.43(w/wdep)2 + 1.5(w/wdep)
, (5.9)

and Pec(t) is the total heating or current drive power, wdep is the full width of the

power deposition and ηCD is the global current drive efficiency. Note that in [51],[52],

∆′
CD is explicitly expressed as a function of the alignment accuracy of ECRH/ECCD

with the mode rational surface rs. Since we assume a perfect alignment, the expres-

sion of ∆′
CD is simplified here by leaving the dependency on the alignment accuracy

out of consideration.

5.3 ITER parameter set

Table 5.1 gives an overview of the parameters of the ITER scenario 2, which is used

for further analysis and simulation of the GRE. The ITER scenario 2 is an inductive

scenario at 15 [MA], with plasma pressure βN = 1.8 and plasma self-inductance

li = 0.8 with a burn duration of approximately 400 [s] [76]. The values for the

current drive efficiency ηCD and the deposition width of the ECRH/ECCD beam

wdep are taken from a TORBEAM calculation [4] and hold for the lower steering

mirror (LSM) of the ITER ECRH/ECCD installation. The ITER major radius

R0 = 6.2 [m] and minor radius a = 2 [m] are given in [71],[76]. The elongation
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Table 5.1: Parameters generalized Rutherford equation

Pec, max 20 MW Maximum gyrotron power
wsat 0.32 m Saturated island width
wmarg 0.02-0.06 m Marginal island width
wdep 0.024 m Deposition width of ECRH for LSM
jBS(rs) 73 · 103 A/m2 Bootstrap current at rs
ηCD 2.7 · 10−3 A/W Current drive efficiency for LSM
q = m/n 2/1 - Safety factor
Tsep 5.6 keV Average electron temperature at separatrix
R0 6.2 m Major radius
a 2 m Minor radius
Zeff 1.7 - Effective charge
κ 1.7 - Plasma elongation
rs 1.55 m Radial location resonant surface
Btor 5.3 T Toroidal magnetic field
µ0 4π · 10−7 N/A2 Vacuum magnetic permeability
Lq(rs) q/∇q = 0.87 - Local magnetic shear length
Bp(rs) 0.97 T Poloidal field at the resonant surface
τr 293 s Resistive time scale

κ = 1.7 is given in [76]. The toroidal magnetic field Btor for the burning plasma

scenario in ITER is Btor = 5.3 [T], this value is mentioned in a data-set for ITER

scenario 2 [1] and in [71],[76]. The radial location of the resonant surface at radius

rs is rs = 1.55 [m] [84] for the m/n = 2/1 mode. This radius is half the diameter

of the flux surface in the midplane. This differs by a factor 1/
√
κ from equivalent

cylindrical coordinates, see remarks in [4]. The value for rs corresponds with the

value mentioned in [33], where rs = 1.53 [m] is used. A value for the local magnetic

shear at q = m/n = 2/1, which is defined as Lq = q/(dq/dr) = 0.87 [m] is taken

from [84]. Given these values, the poloidal field at rs can be approximated to be

Bpol(rs) = (rsBtor)/(R0q) or Bpol(rs) = 0.97 [T] [84]. The bootstrap current near

rs in ITER scenario 2 [1] is jBS = 73.7 [kA/m2] [4]. Note that [33] uses a value

72 [kA/m2], where jeccd/jBS = 0.63 [31]. The global current drive efficiency ηCD is

derived from the expression [4]:

ηCDPec = ICD & π3/2
√
κrswdepjCD,max, (5.10)

where jCD,max is the maximum in the driven current density profile at the mode

rational surface. For the LSM of the ITER ECRH/ECCD installation, a value

ηCD = 2.7 [kA/MW] is found using TORBEAM calculations following [51],[4]. The

electron temperature at the separatrix of the magnetic island is assumed to be
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Tsep = 5.6 [keV] [84]. The width of a saturated island in the ITER scenario is

assumed to be wsat = 0.32 [m], this value is also used for the 2/1 NTM in [71]. The

marginal island width is chosen as wmarg = 0.02 [m]. [71] uses wmarg = 0.02− 0.06

[m]. The deposition width of ECRH/ECCD is of the same order of magnitude and

can be chosen as wdep = 0.02− 0.03 [m]. The TORBEAM calculation gives a value

wdep = 0.024 [m] for injection via the LSM [4]. The resistive time scale from Spitzer

resistivity equals τr = 293 [s] for the 2/1 island in ITER scenario 2.

5.4 Equilibria and analysis of system dynamics

Solution of the generalized Rutherford equation

Using the parameter set and assumptions made in the previous sections, solutions

of the GRE can be computed for different levels of the applied ECRH/ECCD power

Pec. Figure 5.1 shows such solutions of the NTM growth rate dw/dt as function of

the NTM width w. The upper black curve is obtained when Pec = 0 [MW] is applied

to the island. A stepwise increase of the ECRH/ECCD power being deposited in the

island centre or O-point, results in a downward shift of the dw/dt versus w curve,

as reflected by the subsequently plotted dashed curves in Figure 5.1.

Numerical analysis of the equilibria of the equation

We will now first investigate the properties of the system, without ECRH/ECCD,

i.e. with Pec = 0. This corresponds with the black solid curve in Figure 5.1. Pec = 0

trivially implies that rs∆
′
CD = 0. Using the parameter set specified in Table 5.1, the

terms in the GRE can be written as explicit numerical values. The equation then

reads:
dw

dt
= −0.0143 + 11.5 · w/(2500w2 + 1). (5.11)

By choosing dw/dt = 0 and solving the resulting expression, the equilibria or zeros

of this differential equation can be computed. Two solutions or equilibria are found.

The two solutions have very different properties: w1 = 0.32 [m], is a stable equilib-

rium usually referred to as the saturated island width wsat. This equilibrium point

is stable since the tangent of the curve in the dw/dt versus w plot at this equilibrium

point is negative. The other solution, w2 = 0.00125 [m] is an unstable equilibrium

point, i.e. the tangent of the curve in the dw/dt versus w plot at this equilibrium

point is positive. Note that the second equilibrium denotes a critical island width

wcrit = w2 = 0.00125 [m] below which the island dynamics cause the island to
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Figure 5.1: Solution of the GRE plotting dw/dt versus w. Up to 11.47 [MW]
of ECRH/ECCD is applied to the m/n = 2/1 NTM to suppress the mode from
its saturated width wsat = 0.32 [m] to a certain suppressed width. The solid black
curve indicates the solution for a situation where no ECRH/ECCD is applied and the
mode grows to its saturated width. The results depicted are obtained by combining
the GRE (5.1) with the transport model of equation (5.5).

suppress completely. This also implies that an island’s size can not be stabilized

at a constant width below wcrit except for w = 0. Note that although w = 0 is a

stable equilibrium for NTMs, it is not explicitly found as an equilibrium of the GRE.

We will now consider the effect of the application of ECRH/ECCD to the system,

or Pec 6= 0. Pec is strictly positive definite, and we only consider power deposition

when rdep = rs, i.e. the applied ECRH/ECCD is properly aligned with the rational

surface at which the island resides. The equilibria are computed for constant Pec.

The GRE then reads:

dw

dt
= −0.0143 + 0.0046w/(w2 + 1/2500)− 1.2 · 10−7PecNCD (w/wdep) . (5.12)

Again, by choosing dw/dt = 0 and solving the resulting expression, the equilibrium

solutions are computed.

As an example, we consider a case with Pec = 6.8 [MW]. The zeros of the equation

are now computed by substitution of Pec = 6.8 [MW] and dw/dt = 0 in expression
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Figure 5.2: Phase diagram of the GRE plotted as dw/dt versus w for the case
when 6.8 [MW] of ECRH/ECCD is applied to the m/n = 2/1 NTM to suppress
the mode. Two equilibria are found, one stable equilibrium at w = 0.26 [m] and an
unstable equilibrium at w = 0.047 [m]. Unstable equilibria are typically found when
a sufficient amount of power is applied to bring the island width below wthres. The
solid black curve is the solution of the GRE for Pec = 6.8 [MW]. The direction of the
velocity vector near the two equilibria is indicated by the gray arrows, representing
the phase portrait of the system. The goal of the feedback controllers derived in this
chapter is to stabilize the unstable equilibrium wunstable, which lies below wthres.

(5.12) and solving for w. The real positive solutions of this expression are w1 =

0.26 [m] and w2 = 0.047 [m]. Figure 5.2 shows a phase portrait for the case when

Pec = 6.8 [MW] is applied to the 2/1 island. The island dynamics represented in this

phase portrait show the two equilibria. From the direction of the velocity vector near

the equilibria it is clear that wstable = w1 is a stable equilibrium and wunstable = w2

is an unstable equilibrium.

As shown in Figure 5.1, the threshold island width wthres corresponds with the

island width which is achieved for the minimum value of the applied ECRH/ECCD

power Pec at which dw/dt is always smaller or equal 0, dw/dt ≤ 0. From the so-

lutions it is clear that a stable island width can always be found above an island

width w > wthres (Figure 5.1). This implies that NTMs of considerable size above

the threshold island width wthres can be stabilized in open loop. Below w = wthres,
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the phase portrait shows a negative growth rate of the island. Open-loop stabiliza-

tion of islands for w < wthres seems unfeasible. We will now prove in simulation that

an island’s size can be stabilized below wthres when applying a closed-loop control

strategy.

5.5 Classical linear controller

In Figure 5.1, it is shown that dw/dt ≤ 0 for all w, for the system under considera-

tion, is reached when applying Pec ≈ 11.47 [MW] of ECRH/ECCD power, resulting

in a threshold island width wthres ≈ 0.158 [m]. The power level corresponding with

wthres will be denoted as Pec, wthres
in the remainder of this work. By specifying a

certain desired, constant island width wref , which serves as the reference signal in

the control loop, a control error e = w − wref is constructed. A controller is now

designed and implemented with the objective to stabilize the island size at any wref

in the domain wcrit < wref < wthres and have the control error converge to e ≈ 0 as

fast as possible.

The design of a controller for stabilization of the NTM width below wthres is started

with the design of a linear feedback controller. First observe that the GRE (5.1)

takes the form of a nonlinear ordinary differential equation (ODE), which in in-

put/output representation is usually written as [44]

ẋ = f(x, u), (5.13)

y = x, (5.14)

where x ≡ w ∈ R
+ is the state, with R

+ the set of positive reals, i.e. R+ = [0,∞),

u ≡ Pec ∈ R
+ is the input, y ≡ w = x ∈ R

+ is the output, f is a smooth function

and ẋ ≡ dx/dt ≡ dw/dt. Note that both x and y as well as u are nonnegative.

When implementing a feedback controller on this system, the input u is replaced by

a feedback law. We first propose a basic feedback controller consisting of a classi-

cal proportional, integral action (PI). Note that principally, the first-order system

(5.13),(5.14) can be stabilized by feedback control in a single operating point with

a simple proportional gain controller. The integral action, however, is incorporated

for reduction of the steady-state error. The system equations (5.13),(5.14) are now

rewritten to incorporate the control structure of the PI controller. Specify a linear
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feedback control law in the form of the classical PI controller:

u = −k1e− k2σ, (5.15)

where e = y − r = x − wref = w − wref and σ is the integrated error σ =
∫
edt,

i.e. by integration of the expression σ̇ = e. Using this control law, the closed-loop

system is written as

ẋ = f(x,−k1e− k2σ), (5.16)

σ̇ = e = y − wref = x− wref , (5.17)

y = x. (5.18)

After implementation of the control law in MATLAB, one can use design techniques

such as loop-shaping [77] to tune the control parameters k1 and k2 of the linear

feedback controller to stabilize the system at the equilibrium point (x̄, ū). The

control parameter settings for this linear controller provide local stability and control

performance results, as shown in the next section.

Linearization

In order to study the stability of the feedback controlled system, i.e. with the linear

proportional, integral controller being applied to the nonlinear GRE, linearizations

are usually performed near a specific operating point or equilibrium point. The ex-

pression of the GRE in the form (5.13) and (5.14) is now linearized. The qualitative

behavior of the nonlinear system near an operating point, which is defined by the

nominal values x̄ and ū, related to f(x̄, ū) = 0, is determined via linearization by

writing u = ū + ũ and x = x̄ + x̃ around x̄ and ū. The nominal values correspond

to a stationary equilibrium of the nonlinear system.

Using the above expressions, the standard ODE is rewritten as [44]

˙̄x+ ˙̃x = f(x̄+ x̃, ū+ ũ), (5.19)

which can be linearized when the function f is continuously differentiable, which is

the case for the GRE when w > 0. The right-hand side of the GRE is expanded in

its Taylor series near the equilibrium point determined by the steady-state values x̄

and ū. Making use of the Jacobians ∂f/∂x and ∂f/∂u, the Taylor series expansion

yields

˙̃x = f(x̄, ū) +
∂f

∂x

∣
∣
∣
x=x̄,
u=ū

x̃+
∂f

∂u

∣
∣
∣
x=x̄,
u=ū

ũ+H.O.T., (5.20)
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where H.O.T. denotes the higher-order terms of the Taylor series expansion. The

higher-order terms can be neglected if the linearization is restricted to a sufficiently

small area around the equilibrium point given by x̄ and ū. The Taylor expansion

is then used to approximate the nonlinear state equations by a linear state-space

description reading:

˙̃x =
∂f

∂x

∣
∣
∣
x=x̄,
u=ū

x̃+
∂f

∂u

∣
∣
∣
x=x̄,
u=ū

ũ, (5.21)

= Ax̃+Bũ. (5.22)

When deriving such a linear state-space description for the GRE, first the Jacobians

∂f/∂x and ∂f/∂u must be computed. Using the constants:

C1 = − rs
0.82τr

(
16µ0Lqrs
Bpπ

)(
4

3wsat

)(
w2
sat

w2
sat + w2

marg

)

jBS, (5.23)

C2 =
rs

0.82τr

(
16µ0Lqrs
Bpπ

)(
4

3

)

jBS , (5.24)

and

C3 = − rs
0.82τr

(
16µ0Lq
Bpπ

)(

ηCD
w2
dep

)

, (5.25)

the GRE is written in the form of (5.13), where the original function f(x, u) is now

split into two separate parts g(x) and h(x)u:

ẋ = C1 + C2
1

x

(
x2

x2 + w2
marg

)

︸ ︷︷ ︸

g(x)

+C3uNCD (x/wdep)
︸ ︷︷ ︸

h(x)u

. (5.26)

Note that the function f(x, u) is thus written as f(x, u) = g(x) + h(x)u. The first

partial derivative, to be computed, is the derivative of the function f(x, u) with

respect to the state x, i.e. the derivative of the GRE with respect to x = w:

A ≡ ∂f

∂x

∣
∣
∣
x=x̄,
u=ū

=
∂g

∂x

∣
∣
∣
x=x̄,
u=ū

+
∂h

∂x

∣
∣
∣
x=x̄,
u=ū

, (5.27)

with

∂g

∂x

∣
∣
∣
x=x̄,
u=ū

= C2

(

1

x̄2 + w2
marg

− 2
x̄2

(
x̄2 + w2

marg

)2

)

,

= −C2

(
x̄2 + w2

marg

)

(
x̄2 + w2

marg

)2 , (5.28)
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and

∂h

∂x

∣
∣
∣
x=x̄,
u=ū

= −C3ū







0.24

wdep

(

1 + 0.64
(

x̄
wdep

)3

+ 0.43
(

x̄
wdep

)2

+ 1.5 x̄
wdep

)







+

C3ū








(

0.25 + 0.24 x̄
wdep

)(

1.92
(

x̄
wdep

)2

+ 0.86
(

x̄
w2

dep

)

+ 1.5
wdep

)

(

1 + 0.64
(

x̄
wdep

)3

+ 0.43
(

x̄
wdep

)2

+ 1.5 x̄
wdep

)2







. (5.29)

The second partial derivative, which must be computed, is the derivative of the

function f(x, u) with respect to the input u, i.e. the derivative of the GRE with

respect to u = Pec

B ≡ ∂f

∂u

∣
∣
∣
x=x̄,
u=ū

= −C3NCD (x̄/wdep) . (5.30)

Closed-loop performance and stability

With the linearization completed and the system written in state-space form, the

stability of the PI controller can be assessed as follows: The task of the PI controller

in the feedback controlled system is to stabilize the equilibrium point (x̄, σ̄). Recall

that σ is defined as the integrated error e. Linearization of the closed-loop system

(5.16)-(5.18) about (x̄, σ̄) gives

ż = (A− BK) z, (5.31)

with

zδ =

[

x− x̄

σ − σ̄

]

, A =

[

A 0

C 0

]

, B =

[

B

0

]

, K = [k1 k2] , (5.32)

A =
∂f

∂x
(x, u)

∣
∣
∣
x=x̄,
u=ū

, B =
∂f

∂u
(x, u)

∣
∣
∣
x=x̄,
u=ū

, C = 1, (5.33)

where A and B are given by (5.27) and (5.30), respectively. Now, design K, i.e. chose

the constants k1 and k2, such that A−BK is Hurwitz [44], that is all eigenvalues λi

of A− BK must lie in the left half of the complex plane, Re(λi < 0). This implies

that the closed-loop system satisfies the standard closed-loop stability condition [44].

As an example, we consider simulation of the PI controller with the aim to sta-

bilize an m/n = 2/1 NTM at a steady-state width x̄ = w̄ = 0.05 [m]. In other
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words, a reference NTM width wref = 0.05 [m] should be provided as a setpoint

to the control loop and the controller should be able to stabilize the system at this

steady-state equilibrium. Using the control gains k1 = −3 · 108 and k2 = −16 · 104,
the controlled system is simulated. The closed-loop result is depicted in Figure 5.3.

Using k1 = −3 · 108 and k2 = −16 · 104, local stability is obtained since the eigenval-

ues of A− BK with these control gains are: λ1 = −5.71 and λ2 = −3 · 10−4. Note

that this stability result is only valid locally, near wref = 0.05 [m].

As shown in Figure 5.3, when the control loop is closed, the island width is stabilized

within 30 [s] at w = 0.05 [m]. These 30 [s] correspond to the minimal required time

to stabilize a fully saturated 2/1 island from its saturated state to wref = 0.05 [m].

Note that this suppression rate is determined by the maximum in the applicable

Pec and can be directly related to the largest (or fastest) eigenvalue, i.e. λ1 of the

closed-loop system. The remaining steady-state error is reduced subsequently by

the integrator action of the PI controller in order to converge to the desired setpoint

value. The steady-state error reduction by the integrator action is governed by the

smallest (or slowest) eigenvalue λ2 of the closed-loop system.

At t = 1000 [s], the reference width wref is switched from wref = 0.05 [m] to

wref = 0.03 [m]. The designed controller is able to stabilize the NTM at both set-

point widths below wthres, i.e. the island size remains stabilized also when switching

to the reference width of 0.03 [m]. Note that the closed-loop performance for the

controlled system as shown here is a local result only, since the parametrization of

the controller is based on a linearization near a single operating point. w = 0.05

[m] is the operating point for which the gains of the linear controller have been

optimized. For small perturbations around w = 0.05 [m], the system performance

will remain acceptable, but if these perturbations become larger or if a different

reference NTM width wref is chosen, convergence to the reference value is not guar-

anteed. Note that this is reflected in the result when switching the reference to 0.03

[m]. Although the island width remains stable and the island width is stabilized

near the desired reference, a steady-state error is observed, which is subsequently

reduced by the integrator action. This steady-state error is larger than the one ob-

served for the the previous set-point value and it consequently takes longer for the

integrator action to compensate the steady-state error. The convergence speed of

the controlled system to the set-point value is clearly set-point dependent, for this

linear controller. This is logical since the controller gains are constant and the linear
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controller is derived for a given linearization around a local setpoint value, whereas

the actual island suppression process is nonlinear in nature.

From the local stability results obtained here it has become clear that the inherently

unstable NTM width, which tends to go to zero below wthres can be stabilized locally

at a reference width wref < wthres by a stabilizing linear feedback controller. From

the viewpoint of the steady-state operation of a tokamak it would be highly desir-

able to extend these local results to a broader operational domain. The PI controller

provides optimal set-point tracking in a limited region around a particular reference

point wref , as discussed previously. Given the nonlinear nature of the NTM stabiliza-

tion problem, the gains of the PI controller appear to be less optimal for a different

operating point than the one for which the controller has been derived. As a natu-

ral next step, one would therefore proceed to design a controller, which could reach

global stability, optimized control performance and set-point tracking with negligi-

ble overshoots over the entire domain of operation, i.e. ∀ wref ∈ W = [wcrit, wsat).

The problem is therefore considered from a different perspective using a nonlinear

feedback law in the sense of a sliding mode or switching controller [78],[44].

5.6 Sliding mode controller

It is clear from the analysis of the dynamics of the island evolution and the previous

implementation of the linear controller that the problem which we are studying is

strongly nonlinear in nature. Given the nonlinearity of the island dynamics a more

straightforward choice would be to use a nonlinear control law. The aim would then

be to allow optimal set-point convergence in more than one operating point.

The control error is again defined as e = y − wref = x − wref . A straight-forward

choice for a nonlinear feedback control strategy would be to increase the power level

of the applied ECRH/ECCD just above Pec, wthres
when e > 0, while decreasing

the power level when e < 0. The desired control behavior could, for example, be

achieved by a simple switching logic, such as:

u =

{

6.8 [MW ] for e ≤ 0.

11.9 [MW ] for e > 0,
(5.34)

Note that the choice of the lower level, i.e. Pec = 6.8 [MW] is arbitrary. The

choice made for this value, however, directly determines the achievable region of

attraction of the feedback controlled system. The higher power level, i.e. Pec =
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Figure 5.3: Closed-loop results for a basic PI linear NTM controller. Figure 5.3(a)
depicts the width of the NTM as a function of time. Figure 5.3(b) depicts the
applied ECRH/ECCD power Pec as a function of time. Figure 5.3(c) and 5.3(d)
show zooms of the island width and ECRH/ECCD power, respectively. As reflected
by the results, the control action is initiated at t = 150 [s] whereas the feedback
path is opened again at t = 1500 [s]. Stabilization of the island near wref = 0.05
[m] with a small steady-state error is reached within 30 [s]. Next the integrator
action of the controller reduces the steady-state error further. As soon as wref is
changed to 0.03 [m], the island width remains stabilized, but the steady-state error
is now larger. The integrator action subsequently reduces the steady-state error
again. This indicates that the PI controller provides locally appropriate control
performance, but this performance is set-point dependent.
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11.9 [MW] should at least be chosen larger than Pec wthres
for the controller to be

effective. A nonlinear controller of the form (5.34) is a typical example of a sliding

mode controller [78],[44]. The lower power level which is chosen in the example, i.e.

Pec = 6.8 [MW] determines the region of attraction for which island stabilization is

possible. Applying 6.8 [MW] of ECRH/ECCD power to the island would in open

loop result in an unstable island size of w = 0.047 [m], as shown in Figure 5.2.

The region of attraction for the sliding mode controller which uses this power level

as the lower level in the switching law is than specified as wunstable < w < wsat,

where wunstable corresponds with the value as given in Figure 5.2. Any island below

wunstable = 0.047 [m] can not be stabilized by the chosen settings of the switching

law. By lowering the power level, the region of attraction can be extended. The

region of attraction is maximum when the lower level for Pec is set to 0 [MW].

Note, however, that islands smaller than the critical island width wcrit = 0.00125

[m] can not be stabilized. Hence, the maximum region of attraction is defined as

wcrit < w < wsat. This controller might seem to be attractive as its functioning

is rather intuitive, but the main drawback for a practical implementation of this

controller is related to the chattering of the control input Pec, which results in a

very high control activity, demanding fast switching of the gyrotron power.

Closed-loop simulation

The resulting closed-loop behavior for the sliding mode or switching controller (5.34)

is depicted in Figure 5.4. Figure 5.4(a) represents the width of the NTM as a func-

tion of time. Note that the island grows to its saturated width wsat = 0.32 [m] in

the time interval t = 0− 150 [s] when no ECRH/ECCD is applied (Pec = 0 [MW]).

At t = 150 [s], the nonlinear NTM controller is switched on. The control objective

is to stabilize the island at wref = w < wthres. A reference wref = 0.05 [m], which

jumps to wref = 0.03 [m] at t = 1000 [s], is chosen as a simulation example. Figure

5.4(b) shows the resulting actuation signal of the gyrotron power Pec. Note that the

switching law first keeps the applied ECRH/ECCD power constant at the power

level Pec = 11.9 [MW]. As soon as the island width is close to the desired reference

value, i.e. w ≈ wref , the control input Pec starts to switch according to the simple

switching logic in equation (5.34). The switching behavior results in chatter in the

control input as observed in the figure. Figure 5.4(c) and 5.4(d) show zooms of

the island width and ECRH/ECCD power, respectively. The results show that the

closed-loop switching controller is able to stabilize the mode width at w = 0.05 [m]
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Figure 5.4: Closed-loop results for a nonlinear sliding mode or switching NTM con-
troller. Figure 5.4(a) depicts the width of the NTM as a function of time. Figure
5.4(b) depicts the applied ECRH/ECCD power Pec as a function of time. Figure
5.4(c) and 5.4(d) show zooms of the island width and ECRH/ECCD power, re-
spectively. As reflected by the results, the control action is initiated at t = 150
[s] whereas the feedback path is opened again at t = 1500 [s]. Stabilization of the
island at wref = 0.05 [m] is reached within 180 [s]. As soon as wref is changed to
0.03 [m], the island width is not stabilized any longer and the mode consequently
suppresses completely.
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within 180 [s] after the activation of the control action. Note that in open loop, an

island of this size would just have disappeared completely.

Given the settings for the power levels in (5.34), the closed-loop result for the

controller settings chosen here is only stable near operating points larger then

wunstable = 0.047 [m]. This is reflected in the simulation. When changing the

reference width to wref = 0.03 [m], the mode width can not be stabilized at the

reference value anymore and consequently suppresses completely. By changing the

lower power level in the switching law, the region of attraction of the controller is

extended and the island width can be stabilized at wref = 0.03 [m] as well. As

mentioned chattering is the main drawback for implementation of a sliding mode

controller. Although methods are available to limit the amount of switching events,

the gyrotron producing the ECRH/ECCD power in practice should still be able to

execute high frequent switching over a large power range.

5.7 Feedback linearizing controller

As an alternative nonlinear controller, which aims at global set-point convergence, a

feedback linearizing control law is now introduced. The goal of a feedback lineariza-

tion [44] is to design a control law u such that a nonlinear system, which is of the

form,

ẋ = g(x) + h(x)u, (5.35)

y = x, (5.36)

is transformed from a nonlinear system into an equivalent input/output linear sys-

tem. Given the nonlinearity of the GRE, feedback linearization can be a suitable

strategy for the NTM control problem. Since the GRE is a first order standard

ODE, a feedback linearizing controller can straightforwardly be chosen as:

u = −g(x)
h(x)

+
ν

h(x)
, (5.37)

where ν is considered as a new auxiliary control input. By substitution of the control

law u in (5.35) one can immediately see that

ẋ = g(x) + h(x)

(

−g(x)
h(x)

+
ν

h(x)

)

= ν. (5.38)

The feedback law u (5.37) cancels the nonlinear terms g(x) and h(x), resulting in the

linear system ẋ = ν. The feedback linearizing control law u transforms the original
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nonlinear system in a linear system.

When the input ν is governed by a linear controller, e.g. a proportional gain or

a PI controller to render the closed-loop system stable, the resulting system is in-

deed linear. Note that the feedback linearization procedure works in the case that

the model matches the real system behavior adequately. If the dynamics of the real

system differ from the dynamics governed in the model, the nonlinear terms g(x)

and h(x) are not adequately canceled. The resulting feedback linearized system

then still shows nonlinear behavior. This implies that the conversion of this control

concept into a practically relevant controller requires detailed model knowledge for

optimal performance, and given the uncertainties of the GRE in the small island

regime, this model knowledge may need to be identified from experiments.

For the design of a feedback linearizing control law, the GRE is written as:

ẋ = g(x) + h(x)u, (5.39)

with the nonlinear terms g(x) and h(x)

g(x) =
rs

0.82τr

16µ0Lqrs
Bpπ

(

− 4

3wsat

wsat2

w2
sat + w2

marg

jBS +
4

3x

x2

x2 + w2
marg

jBS

)

,

(5.40)

h(x) = − rs
0.82τr

16µ0Lq
Bpπ

ηcd
w2
dep

0.25 + 0.24
(

x
wdep

)

1 + 0.64
(

x
wdep

)3

+ 0.43
(

x
wdep

)2

+ 1.5
(

x
wdep

) .

(5.41)

The control input u takes the form of the linearizing, stabilizing feedback law (5.37),

with

ν = −Ke. (5.42)

Hence, the control law specifying ν is chosen as a standard proportional action,

where ν = −Ke with e = y − wref = x− wref and K > 0 for stability and tracking

purposes. Instead of a proportional gain one could also use a proportional, integral

action, which will probably enhance the performance further.

Closed-loop simulation

A closed-loop simulation is performed with the feedback linearizing controller. The

result is depicted in Figure 5.5. Note that when comparing these results with Figure
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5.3, the difference in stabilization between the feedback linearizing controller and

the PI controller is clear from the results. Whereas the PI controller managed to

stabilize the width of an island locally at wref with setpoint dependent steady-state

errors, the feedback linearizing control law guarantees stabilization of the island at

any wref with negligible steady-state error. Note once more that the convergence

speed of the feedback controlled system to the setpoint value is limited by the max-

imum applicable Pec.

In order to compare the three controllers derived and simulated sofar, their main

features are summarized in Table 5.2. It has been shown that the PI controller,

sliding mode or switching controller and the feedback linearizing controller all lead

to satisfactory stabilization of islands at small sizes below wthres. The PI controller

offers local control performance whereas the nonlinear controllers aim at reaching

global set-point convergence in a larger operational region. The main drawback

of the sliding mode controller in a practical implementation is the high-frequency

chattering of the control signal whereas an effective feedback linearization requires

an accurate model, i.e. model uncertainty results in a steady-state error. Note that

in a practical implementation the local results of the PI controller can be extended

using adaptive techniques such as gain scheduling [44], whereas methods are also

available to limit the chattering induced by the sliding mode controller. At this

stage of the analysis it is not clear which of the methods would offer the best results

as the functionality of the control strategy is strongly dependent on the capabilities

of the gyrotrons being used as actuator.

Table 5.2: Comparison of the three control concepts

PI controller switching controller FB linearizing controller
type linear nonlinear nonlinear
region of attraction ‘local’ ‘global’ ‘global’
further issues chattering accurate model needed

Pre-emptive closed-loop simulation

Next this survey of NTM control strategies is continued by using the feedback lin-

earizing control law for pre-emptive closed-loop stabilization of a magnetic island at

a small width. ECRH/ECCD is then applied preemptively, in the growth phase of

the island before the mode has reached its saturated width wsat. By using the feed-

back linearizing control law in a closed feedback loop, a mode can be stabilized at
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Figure 5.5: Closed-loop results for the feedback linearizing NTM controller. Figure
5.5(a) depicts the width of the NTM as a function of time. Figure 5.5(b) depicts
the applied ECRH/ECCD power Pec as a function of time. Figure 5.5(c) and 5.5(d)
show zooms of the island width and ECRH/ECCD power, respectively. As reflected
by the results, the control action is initiated at t = 150 [s]. Stabilization of the
island at wref = 0.05 [m] is reached within 30 [s]. The steady-state error is zero. As
soon as wref is changed to 0.03 [m], the island width remains stabilized, and there
is again no steady-state error. The conceptual feedback linearizing control law thus
provides perfect reference tracking, which is independent of the chosen set-point.
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a given small island size without ever reaching its saturated island size wsat. Figure

5.6 shows three simulations in which a 2/1 NTM in ITER is preemptively stabilized

at a small island size wref = 0.05 [m]. The start of the closed-loop feedback action

for each of the three simulations is chosen at a different starting point. When closing

the feedback loop at t = 0 [s], i.e. at the start of the seeding of the NTM, the mode

is stabilized at w = 0.05 [m] within 0.6 [s]. The maximum width never exceeds 0.05

[m] and the maximum applied ECRH/ECCD power is approximately Pec = 7 [MW],

which corresponds with the steady-state power level required to stabilize the width

at w = 0.05 [m].

The second simulation shown in Figure 5.6 closes the feedback loop at t = 2 [s].

In the first part of the control experiment, where no control action is applied, the

mode grows to a maximum width of w = 0.10 [m]. At t = 2 [s], the controller is

activated and 20 [MW] of ECRH/ECCD power is immediately applied to the mode.

Within 1.4 [s], the island is stabilized at w = 0.05 [m] as desired by the reference

width tracking controller. The power is than reduced to Pec = 7 [MW], resulting in

steady-state stabilization of the mode at the desired width. The same experiment

is repeated but now closing the feedback loop at t = 4 [s]. The maximum width

reached during the simulation is now 0.14 [m]. Convergence to the setpoint value

wref = 0.05 [m] takes 3.8 [s] in this case. At the start of the feedback action Pec = 20

[MW] is first applied for 3 [s]. The power setting is later reduced to Pec = 7 [MW]

again.

As shown by the results, the required amount of power Pec for stabilization is the

lowest for the earliest controller activation. It thus makes sense to start the feedback

action as early as possible, preferably in the initial growth phase of the island. In

order to close the feedback loop at the right time instant, identifiers for the seeding

of the NTM and detectors for mode growth would be required. This further implies

that in order for the closed-loop preemptive ECRH/ECCD to be effective: 1) the

positioning of the ECRH/ECCD deposition with respect to the mode must either be

very fast or 2) the ECRH/ECCD launcher system used for this positioning should

already be aligned sufficiently accurate with the rational surface at which a mode is

expected to occur, before the mode is growing. For fast positioning, a fast steerable

launcher system would be required, which uses a dedicated feedback sensor such as

line-of-sight ECE [37],[64]. The location of the mode is then determined quickly in

the initial growth phase of the island. The second option requires the use of ac-
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Figure 5.6: Closed-loop preemptive application of ECRH/ECCD in three simu-
lations. A 2/1 NTM is preemptively stabilized at w = 0.05 [m] in three control
simulations where the control action is initiated at three subsequent time instants
in the initial growth phase of the island. The feedback linearizing control law is used
here.

curate real-time beam tracing and equilibrium reconstruction in the ECRH/ECCD

positioning control loop.

5.8 Considerations for a practical implementation

For a practical implementation of the linear PI and nonlinear switched and feed-

back linearizing control techniques discussed in the previous sections, issues related

to measurement noise, parameter uncertainty, time delays, saturation and quantiza-

tion of the applicable gyrotron power should be considered. Especially the effect of

all these issues on the stabilizing properties of the derived feedback controllers and

their robustness must be addressed. Since such an analysis is specifically dependent

on the chosen implementation environment, we limit the discussion here to relatively

simple simulations of the effect of parameter uncertainty, measurement uncertainty

and time delay on the control result. A machine dependent parametrization should

be used for the design of a practically implementable NTM controller.
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An assessment of the variation in the parameter wmarg gives an indication on how

sensitive the dynamics of the GRE are for parameter uncertainty, since the variable

wmarg has the largest influence on the dw/dt versus w relations and equilibria as

shown in Figure 5.1. Note that wmarg can vary in the range 0.02-0.06 [m]. Given

wmarg = 0.02 [m], the smallest island size which can still be stabilized is larger than

wcrit = 0.00125 [m] as found earlier. Given wmarg = 0.06 [m], the smallest island

size which can still be stabilized is larger than wcrit = 0.0113 [m]. Hence, depending

on the variation in the parameter wmarg, the size of the smallest, stabilizable island

varies with a factor nine.

Suppose the measurement uncertainty on the island width measurement can be

represented by random noise with an amplitude of 0.01 [m], which is added in the

simulation by injection of random white noise at the system output. Figure 5.7

shows closed-loop magnetic island stabilization results, where the goal is to stabilize

the island at wref = 0.025 [m], again using the feedback linearizing controller. As

shown in the results, without application of noise, the feedback linearizing controller

is able to stabilize the island at the desired width of 0.025 [m]. When applying noise

with an amplitude of 0.01 [m], the island width remains stabilized but a small steady-

state error of 0.005 [m] remains, which is not compensated for by the control action.

Adding an integrator term in the control law ν would compensate this steady-state

error. When the noise amplitude is increased by a factor two, the island width is

not stabilized at the reference width anymore but the mode suppresses completely,

w → 0. This is a general problem, as soon as w < wcrit, w eventually goes to zero,

disregarding the control law.

Figure 5.8 shows island stabilization at a reference width of wref = 0.02 [m] us-

ing the feedback linearizing control law. A delay term is added to the measurement

of the island width, in the feedback path of the controlled system in the simula-

tion. A delay of ∆t = 0.05 [s] is chosen. The simulation result in Figure 5.8 for

the ∆t = 0.05 [s] case shows that island stabilization at wref = 0.02 [m] is still

possible. Increasing the delay to ∆t = 0.06 [s] again results in an unstable island

width, which suppresses completely. Limitation of the time delays in the sensing

path is thus important to avoid stability problems.
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Figure 5.7: Effect of disturbing noise on the measurement of the island size w.
Stabilization of a saturated magnetic island at wref = 0.025 [m] is shown for the
feedback linearizing controller, where measurement noise is added to the measure-
ment of the island width in the form of random white noise with an amplitude of 1
[cm] and 2 [cm], respectively. For a noise amplitude of 1 [cm], the feedback controlled
system is still stable, but a sizeable steady-state error exists. A measurement noise
amplitude of 2 [cm] results in an unstable system, for which the magnetic island can
not be stabilized at wref = 0.025 [m] any longer.
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Figure 5.8: Effect of delay on the closed-loop feedback linearization results. Sta-
bilization of a saturated magnetic island at wref = 0.02 [m] is shown for a delay
of 0.05 [s] and 0.06 [s] in the measurement of the island width, respectively. For
a delay of 0.05 [s], the feedback controlled system is still stable whereas a delay of
more than 0.05 [s] results in an unstable system. The magnetic island is then not
stabilized at wref = 0.02 [m] any longer, but suppress completely.
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5.9 Conclusions

The designed controllers and simulation studies presented in this work show the

feasibility of feedback techniques to enable stabilization of small NTM islands in

ITER through manipulation of the applied ECRH/ECCD power Pec as a function

of the measured island width w. The results in this work demonstrate that it is

theoretically possible to adopt such methods to stabilize modes below the threshold

island width at which the islands would normally suppress completely if the sup-

pression process was operated in open loop. Although the simulation studies and

designs discussed in this chapter show the potential for implementation of a NTM

control strategy for stabilization of modes at a certain reference width, an actual

experimental implementation of the methods requires additional effort.

The first point of attention is related to the detection problem. The width of a

magnetic island can be derived from Electron Cyclotron Emission measurements or

soft X-ray measurements but the usual diagnostic for estimation of an island’s width

is provided by the Mirnov coils. In order to isolate the fluctuations corresponding

to a certain type of island from the observed magnetic oscillations measured by the

coils, several post-processing steps of the data are required. Both the uncertainty in

the estimate of the island width as well as the delay caused by the post-processing

affect the control performance, as we have shown. In the simulations, the influence

of uncertainties and delays was briefly addressed and figures of merit were given

for the allowable level of uncertainty and delay in some of the parameters. For a

conclusive analysis and a practically implementable controller, the uncertainties and

delays should be quantified and taken into account in the design process to optimize

the controller design.

Besides the detection, which should receive more attention, the capabilities of the

gyrotrons being used as actuators in the feedback loop also affect the achievable

control performance. Based on the simulations, figures of merit can be given for

the desired quantization of the ECRH/ECCD power being applied and the speed at

which the power level of the gyrotron should be manipulated. The actuator limita-

tions in the form of saturation associated with the minimal and maximal applicable

power should also be taken into account when designing a magnetic island width

controller for a practical experiment.
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Having shown the feasibility and potential of feedback stabilization of the island

width, it would be interesting to consider the operational and physics implications,

as listed next.

• Stabilization of the mode at a small width would enable the investigation of

the validity of the GRE at small island widths and can be used experimentally

to validate the terms governing island growth at small island sizes.

• Stabilization of small islands in combination with ELMs causes flux pumping

which can help to maintain favorable q-profiles in high-performance discharges

[45],[66].

• One of the problems associated with mode growth is locking of the island.

Locking typically occurs at a given island width [30]. In ITER, locking is

expected to start at island sizes well below the saturated island width wsat.

Stabilization of a mode at a certain width below the threshold island size for

mode locking can be used to prevent locking of the mode.

• Having a small island present in the plasma, with a stabilized width, ensures

that disturbances of the island width and unexpected mode growth due for

example to other MHD modes are compensated.

• Preemptive stabilization of an island at a small island width would allow one to

limit the consumed ECRH/ECCD power for mode suppression and guarantees

that the stabilized mode remains in steady state. This would also have benefits

for the power balance and the remaining available power for other heating and

current drive tasks.

• For scenario development it could be beneficial to stabilize an island at a small

size and keep it controlled at that size in a plasma with relatively low β. After

the mode has been stabilized, the plasma can be manoeuvered into a higher β

regime.

• Hypothetically, a small magnetic island with a controlled size can also be used

for interplay with the transport processes in a tokamak plasma.

In conclusion, application of the described methods in present-day tokamaks will

provide important information on the dynamics of small magnetic islands, which

might as well apply for ITER. The most important point, which could be investigated

when enabling the stabilization of a small island is an assessment of the validity of
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the GRE at small island widths. An experimental identification of the dynamics of

small islands sizes would by any means be desirable. Such validation could benefit of

the application of advanced nonlinear system identification techniques in closed-loop

experiments adopting relatively simple controllers. The extended model knowledge

obtained from these experiments can in turn be used to optimize the NTM controller

further towards a design which incorporates more model knowledge such as the

feedback linearizing controller.
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Algorithms and real-time implementation

Abstract/ An algorithm for post-processing of line-of-sight ECE data

to retrieve a real-time estimate of the radial location of magnetic islands

for feedback purposes is introduced. The real-time implementation of

the ECRH/ECCD positioning loop is discussed. The use of an analog

phase locked loop for the synchronization of an ECRH/ECCD pulse train

in phase and frequency with the rotation frequency of a rotating 2/1

magnetic island is presented.

6.1 Introduction

Control of magnetic islands and the design of magnetic island controllers has thus-far

been discussed in a theoretical framework. A practical implementation for feedback

control experiments in the TEXTOR tokamak requires the conversion of the de-

signed control structures and the derived controllers into a real-time environment.

Sofar, magnetic island control parameters such as the radial position, frequency,

phase and width were considered to be measured accurately.

A reliable and sufficiently accurate estimate of the radial magnetic island position

is extracted from line-of-sight Electron Cyclotron Emission measurements by real-

time post-processing algorithms. The post-processed data are then made available

for use in the feedback loop. As indicated in Chapter 3, the data post-processing

algorithms and control algorithms are implemented on a Field Programmable Gate

Array (FPGA).

Next to the algorithms, an analog phase locked loop (PLL) is introduced, which

Parts of this chapter originally appeared in [37]
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provides the control scheme for synchronization of an ECRH/ECCD pulse train in

phase and frequency with the rotation frequency of a rotating 2/1 magnetic island.

6.2 Real-time magnetic island identification

The real-time magnetic island identification algorithm makes use of the tell-tail

sinusoidal fluctuations on the electron temperature measurements of the line-of-

sight ECE diagnostic. As shown in Chapter 3, these sinusoidal fluctuations show a

180 [◦] phase reversal for channels measuring on opposite sides of the mode location

rs.

m/n = 2/1 magnetic island radial position identification algorithm

A real-time correlation algorithm is used to infer the relative phase of two adjacent

radiometer channels from line-of-sight ECE data to determine the radial location of

the O-point of a rotating m/n = 2/1 magnetic island. The location is resolved in

terms of an electron cyclotron frequency estimate fEC, magnetic island, which is asso-

ciated with the mode’s rational surface, i.e. given the relation between the electron

cyclotron frequency and radial coordinates in a tokamak plasma as discussed in

Chapter 2 and 3. The algorithm is implemented on a Field Programmable Gate

Array (FPGA) to allow real-time processing of the data. All radiometer signals are

recorded at a sampling rate of 100 [kHz] before entering the FPGA.

The first operation performed on the data is a DC offset compensation to isolate the

fluctuations from the data. A running average over 256 data points (∼ 2.56 [ms]) is

computed for each ECE signal xa(i) separately and subtracted on a point-to-point

base from each individual data point. The running average is updated every single

time step. For each ECE channel (a = 1...6) this reads:

x̄a(i) = xa(i)−
1

Nav

Nav−1∑

j=0

xa(i− j), (6.1)

where i indicates the sample number andNav = 256. The DC offset compensated sig-

nals are pairwise multiplied for any combination of two different ECE channels x̄a(i)

and x̄b(i) to compute the correlation between the electron temperature fluctuations

measured on channel a with respect to channel b (where b = 1...6). The pairwise

multiplied fluctuations are normalized and summed over a finite time window with
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length Ncorr = 200, following

ca,b(i) =

Ncorr−1∑

j=0

x̄a(i− j)x̄b(i− j)

|x̄a(i− j)x̄b(i− j)| . (6.2)

If ca,b(i) is negative, the oscillations on the corresponding ECE channels a and b are

in anti-phase. Due to the noisy nature of the ECE measurements and equipment,

the measured signals are not purely sinusoidal, which makes it difficult to detect a

negative trend in ca,b(i) instantaneously. A fixed, negative threshold value (= −100)

is therefore specified as an indicator to flag if two ECE channels are in anti-phase,

i.e. measuring on opposite sides of the resonant surface rs. A solution matrix for

all possible ECE channel combinations is constructed, indicating over time which

channels are in anti-phase with respect to each other and which channels are in

phase. Formally:

Ca,b(i) =

{

1 if ca,b(i) ≤ −100,

0 if ca,b(i) > −100,
(6.3)

with a = 1...6, b = 1...6 and i the sample number. Positive magnetic island iden-

tifications corresponding to EC frequencies far outside a pre-set expectancy range

for the q = m/n = 2/1 mode are more likely to correspond to q = m/n = 3/1, or

q = m/n = 3/2 magnetic islands and consequently are ignored. Next, a frequency

matrix F is defined

F =














132.5 134.0 135.5 137.0 138.5 140.0

134.0 135.5 137.0 138.5 140.0 141.5

135.5 137.0 138.5 140.0 141.5 143.0

137.0 138.5 140.0 141.5 143.0 144.5

138.5 140.0 141.5 143.0 144.5 146.0

140.0 141.5 143.0 144.5 146.0 147.5














[GHz], (6.4)

where the entries correspond to the median EC frequency of all unique ECE chan-

nel combinations: Fa,b =
1
2
(fECE,a + fECE,b). For each sample i, one can obtain an

estimate of the magnetic island location in terms of an EC frequency related to the

resonant surface rs by combining the matrix of anti-phase correlations Ca,b(i) with

each corresponding entry in the matrix of EC frequencies. Note from the matrix F

that the location of a magnetic island can be indicated by an anti-phase correlation

between multiple combinations of channels. If the magnetic island is for example

located close to a radial position corresponding to an EC frequency of 138.5 [GHz],

an anti-phase will be observed between channel 1 and 5 but also between channel
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2 and 4.

In order to retrieve a reliable estimate of the EC frequency at which the mag-

netic island is located, the anti-phase detections of all possible channel pairs are

averaged. Realize that the reliability and accurateness of the estimate reduces when

two ECE channels are farther apart from each other. The averaging should there-

fore incorporate a reliability scaling or weighting of all entries corresponding to the

spatial separation between the channels. Entries for all ECE channel combinations

are weighted by a weighting factor, which has been chosen to decrease by a factor 2

as the channel spacing increases by one: i.e. Wa,b = 25−|a−b|. Finally, the resulting

estimate for the location of the resonant surface, translated in the EC frequency

domain then reads:

fEC, magnetic island(rs, i) =

∑5
a=1

∑6
b=a+1Ca,bFa,bWa,b

∑5
a=1

∑6
b=a+1Ca,bWa,b

. (6.5)

This simple choice of weighting factors led to satisfactory results, as reflected by

the experimental result depicted in Figures 6.1 and 6.2. Depending on the initial

vertical orientation of the launcher, the EC frequency at which the magnetic island

is detected fEC, magnetic island is a value between 132.5 and 147.5 [GHz]. Higher fre-

quency values are obtained when the launcher is viewing through the centre of the

plasma (at small launcher angles), while lower EC frequencies are obtained when

moving up or down with respect to the equatorial plane (for larger launcher angles).

Due to the symmetry, solutions corresponding to matrix elements with b < a can

be omitted, thereby minimizing the required computational effort in the real-time

implementation of the algorithm.

The algorithm has been implemented on a Field Programmable Gate Array, where

it processes the 100 [kHz] sampled-data of the six line-of-sight ECE channels at a

clock rate of 16 [µs]. After retrieving the magnetic island’s location, this information

is used in real-time as an input for the magnetic island control loop, which will be

discussed in the next section.

Real-time detection of a 2/1 magnetic island

An example of application of the algorithm is shown in Figures 6.1 and 6.2. A

discharge with a standard scenario: Btor = 2.25 [T], Ip = 300 [kA], ne = 2.1 · 1019
[m−3] is established. The co-direction neutral beam is active from t = 1 to 5 [s],
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applying 300 [kW] of neutral beam power to the plasma. The DED is applied at 1

[kHz] in AC+ mode from t = 1.5 − 4.5 [s] with a current flat-top from t = 2 − 4

[s] and a maximum amplitude of 2 [kA] to induce a magnetic island deliberately.

The launcher rotation angle is fixed at -4 [◦] and the elevation angle performs a

pre-programmed scan in the time interval t = 2 − 4 [s] from ϑ = -20 [◦] to 20 [◦].

Figure 6.2 displays from top to bottom the line-of-sight ECE time traces, the time-

frequency spectrum of line-of-sight ECE channel 2, the launcher elevation angle ϑ,

the magnetic island localization signal fEC, magnetic island, the Btor value, the DED

current and an estimate of the magnetic island width as derived from a Mirnov coil

signal. The magnetic island localization signal fEC, magnetic island depicted here is

also shown in the left panel of Figure 6.1.

The ECE signals, the spectrum of channel 2 and the Mirnov coil signal reveal the

presence of a magnetic island from t = 1.7−4.8 [s]. The localization algorithm iden-

tifies the magnetic island as soon as it appears in the view-frame of the line-of-sight

ECE diagnostic. For negative elevation angles ϑ < 0 [◦], when the launcher is moving

in the lower half of the poloidal cross-section, the EC frequency fEC, magnetic island,

at which the magnetic island is identified increases with decreasing launcher angle

ϑ. At ϑ = 0 [◦], fEC, magnetic island reaches its maximum of 145 [GHz]. Entering the

top half of the poloidal plane, fEC, magnetic island reduces with increasing elevation.

6.3 ECRH positioning loop

Consider once more the problem of establishing alignment between the ECRH/ECCD

deposition and a magnetic island using a steer-able ECRH/ECCD launcher. Instead

of using radial coordinates to define an alignment error for this control loop, the

alignment can also be defined in the EC frequency domain. At the TEXTOR a

140 [GHz] gyrotron is used, which implies that there is a fixed vertical chord in the

plasma where ECRH/ECCD power can be applied. The control error is then defined

as e = 140− fEC, magnetic island [GHz]. This control error should be minimized by a

controller Kϑ(s) resulting in alignment between the ECRH/ECCD deposition and

a magnetic island. The block diagram of this control scheme is drawn in Figure 6.3.

The controller thus produces a set-point, which steers the launcher to the exact

position where the 140 [GHz] chord and fEC, magnetic island intersect. In practice,

this means that the steering action should always result in a configuration where



140 6.3. ECRH positioning loop

1.4 1.6 1.8 2 2.2 2.4

−0.4

−0.2

0

0.2

0.4

R [m]

z
[m

]

120140160
−20

−10

0

10

20

EC freq. [GHz]

L
a
u
n
ch

er
a
n
g
le

ϑ
[◦

]

 

 

140 [GHz] chord q = 2/1 q = 3/1 fEC,magnetic island [GHz]

Launcher
mirror

TEXTOR vesselq = 3

q = 2 q = 3

q = 2

ϑ

Figure 6.1: A poloidal cross-section of the TEXTOR vessel showing a semi-
empirical reconstruction of a plasma equilibrium, with a large m/n = 2/1 magnetic
island (w = 7 [cm]), the launcher mirror oriented at ϑ = 9 [◦] poloidal injection, the
140 [GHz] deposition chord of the gyrotron beam and the location of the channels
of the line-of-sight ECE diagnostic (indicated by the six circles at different radial
positions along the ECRH/ECCD beam line). The equilibrium corresponds to a
standard scenario with Btor = 2.25 [T] and Ip = 300 [kA]. The panel on the lhs
depicts the location of a q = m/n = 2/1 magnetic island within the EC spectrum
measured by the line-of-sight ECE sensor in terms of fEC, magnetic island in [GHz],
together with the location of the q = 2/1 surface as obtained from the equilibrium
reconstruction. The measurement of fEC, magnetic island shown here is also plotted in
Figure 6.2.
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Figure 6.3: Schematic representation of the real-time control system for tracking
of magnetic islands using a line-of-sight ECE diagnostic. Note that this scheme
incorporates the launcher mirror positioning control loop with feedback and feed-
forward as designed in Chapter 3.

the launcher has been steered such that the magnetic island is located exactly in

the middle of the EC frequency viewing range of the line-of-sight sensor. As soon

as the centre of the magnetic island lies between ECE channel 3 and 4, the launcher

is properly aligned and the ECRH/ECCD beam is pointing right on the magnetic

island’s centre.

The controller Kϑ(s) used in the TEXTOR experiments multiplies the error signal

with a proportional gain (Kp,ϑ = −1.58). An integral action is added to converge

fast to the set-point angle ϑref , which serves as the reference for the earlier defined

launcher positioning control loop. Kϑ(s) is a proportional, integral controller (PI).

Starting from an initial angle ϑinitial, a set-point ϑref is applied such that steer-

ing of the launcher according to this reference results in convergence of the control

error e = 140 − fEC, magnetic island to a sufficiently small level. Note that the con-

trol behavior is affected by multiple sources of (external) disturbances d. As soon

as an external perturbation d is causing the magnetic island to move radially, the

presented feedback scheme will compensate for this movement by applying a new

steering action. In other words, this scheme can track a tearing mode in real-time.

Note that the choice of the controller gain Kp,ϑ influences the dynamics, stability

and response of the total control system and affects the effectiveness of the magnetic

island suppression directly.
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A better tuned controller, would incorporate understanding of the dynamics of a

magnetic island (subject to ECRH/ECCD) in the control design and tuning proce-

dure, resulting in a controller which reduces the steady-state error e further. Such

systematic controller design was treated in the simulation studies in Chapter 4. The

experimental results displayed in the next chapter will demonstrate the ability of

the standard proportional controller to sustain system stability whilst obtaining an

acceptable control performance.

The control scheme is implemented in the same FPGA environment as the con-

trol structure for the launcher and links the launcher steering seamlessly with the

real-time magnetic island identification algorithm. Recall that the servo loop is

executed on the FPGA at a 5 [kHz] sample rate. The launcher control loop and

the magnetic island identification algorithm operate at different clock rates, i.e. 0.2

[ms] and 16 [µs] respectively. Every 16 [µs], the island identification estimate is

updated. The use of a window of length Ncorr = 200 in the correlation algorithm

causes additional delay in the sensing path of the island identification and tracking

loop. Note that, since the island identification runs at a higher clock rate than the

launcher control loop, a down-conversion of the sampling rate is required, before ap-

plying the set-point ϑref (produced by the algorithm) to the launcher control loop.

The FPGA features 32 bits fixed point calculations and 16 bits analog to digital

conversion. Depending on the quality of the alignment (e.g. when e ≤ 0.5 [GHz])

the gyrotron is triggered automatically by the control system.

6.4 Magnetic island phase and frequency

Phase locked loop for gyrotron modulation

As mentioned in Chapter 1, the magnetic island control system should be capable

of applying modulated ECRH/ECCD power synchronized with the O-point of the

rotating mode. The rotation of the modes at TEXTOR varies in the frequency range

0 [Hz] - 5 [kHz]. The ECRH/ECCD power Pec(t) can be modulated as a function of

time by variation of the beam voltage of the gyrotron. The power modulation is done

by providing the gyrotron with a control signal that is synchronized in frequency

and in phase with the mode’s rotation. Frequency and phase information on mode

rotation is present in the line-of-sight ECE signals. In the experiments presented in

this thesis, radiometer channel 2 at 135.5 [GHz] is typically used. When the launcher

is properly aligned for power deposition at rs, the minima in this signal correspond
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Figure 6.4: Schematic representation of the phase locked loop, applied for synchro-
nization of the ECRH/ECCD modulation with respect to the rotation frequency
and phase of a magnetic island. The line-of-sight ECE measurement of channel 2 is
typically used as an input to the PLL, which outputs a pulse train that serves as
the reference signal for the gyrotron. As shown in the figure, the PLL consists of a
phase detector Kd, loop filter Z(s) and a voltage controlled oscillator VCO.

with the passage of the O-point of the magnetic island through the heating beam.

The ECE signals, however, are contaminated with harmonics of the rotation fre-

quency and with broadband noise. In order to extract the rotation frequency of the

modes only, the ECE signal should be filtered. The tracking bandpass filter capabil-

ities of a phase locked loop (PLL) [15] are used to extract the frequency and phase

information of a rotating magnetic island from the ECE signal. The amplitude of

the line-of-sight ECE signal is fluctuating over time. There is a fixed DC offset on

the signal and, on top of that, steering of the launcher mirror results in amplitude

variation on the line-of-sight ECE channel. The PLL transforms the ECE input

signal with fluctuating amplitude in a block-wave with a fixed amplitude, which

results in a smooth actuation signal for the gyrotron power electronics.

As shown schematically in Figure 6.4, a PLL [15] is a feedback system, which

consists of a phase detector, represented by Kd, a loop filter Z(s) and a Voltage

Controlled Oscillator (VCO). The VCO is represented as an integrator Kv/s. The

output of this PLL is a sinusoid with a constant amplitude and a variable frequency,

which phase and frequency are controlled to maintain a constant phase difference of

90 [◦] relative to the first harmonic of the noisy input signal. A phase comparator

computes the phase difference between the first harmonic of the input signal with

frequency ωi and phase ϕi and the output of the VCO with frequency ωo and phase

ϕo. The resulting phase difference serves as an input for the loop filter or controller
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Z(s). The controller translates the phase difference in a voltage, which is send to the

VCO. Depending on the applied voltage, the VCO frequency increases or decreases.

The phase of the output signal of the VCO changes correspondingly.

In the feedback loop, the output of the VCO is fed back to serve as the secondary

input of the phase comparator. The control loop will automatically adjust the VCO

frequency and phase to maintain the 90 [◦] phase difference with respect to the first

harmonic of the input signal. As a result, the VCO output will track the input and

preserve locking. The remaining phase error is a function of the dynamics of the

control loop and the input signal.

The phase-locked loop used here is implemented as an analog circuit, which of-

fers high reproducibility, accuracy and avoids phase shifting due to aliasing filters

as required in a digital implementation. The analog PLL circuit synchronizes the

signal from an oscillator with a second input signal, i.e. the reference, to have them

both operating at the same frequency. The relation between frequency ω and phase

φ in a PLL is given by ω = dφ/dt. Additional low-pass filtering in the loop-filter

Z(s) beyond the attenuation of a basic lead-lag filter can be accomplished by using

a loop-filter of the form shown in Figure 6.5. This is a so-called type 2, third or-

der PLL loop filter. Given this loop filter, the open-loop filter characteristic of the

scheme presented in Figure 6.4 is represented by the transfer function

Gol(s) = −KdKv

Ns2
1

R1C2

1 + s (R2C1 +R2C2)

1 + sR2C1
. (6.6)

By introducing the system’s natural frequency ωn =
√

KdKv

NR1C2

and the time constants

τ1 = R2C1 and τ2 = R2 (C1 + C2) with τ2 > τ1, the open-loop filter characteristic

can be rewritten as

Gol(s) =
(ωn
s

)2

lead/lag
︷ ︸︸ ︷

1 + sτ2
1 + sτ1

=
(ωn
s

)2 1 + sτ2
1 + αsτ2

, (6.7)

where 0 < α < 1 and 1/α is the ratio between the pole-zero breakpoint frequencies

[25]. The specific design of the type 2, third order PLL used here is discussed in [15].

The type of the PLL is determined by the number of poles of the open-loop transfer

Gol(s) in the origin and the PLL order is the highest degree of the characteristic

equation, i.e. 1 + Gol(s). A loop design procedure for the type 2, third order PLL

[15] is specified as:
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+

Figure 6.5: The electric
scheme of the loop filter
Z(s) for a type 2, third or-
der PLL.

• Select a phase margin value and the open-loop unity gain frequency ωmax.

A value between 45 [◦] and 60 [◦] is chosen for reasonable transient response

performance and low-gain peaking. ωmax is specified as the desired bandwidth

of the PLL and is written as ωmax =
1

τ2
√
α
. The maximum phase contribution

of the PLL is required at ωmax corresponding to: sin (φmax) = 1−α
1+α

or α =
1−sin(φmax)
1+sin(φmax)

[25]. Hence, by choosing ωmax and φmax, the time constant τ2 can

be determined.

• Given τ2 and α, the second time constant τ1 can be computed: τ1 = ατ2.

• Given τ1 and τ2, R2C1 is known and consequently R2C2 is known.

• From the unity-gain requirement at frequency ωmax and the open-loop gain

function, one can compute the value for R1C2, using known values for the

phase detector gain Kd and VCO gain Kv.

A type 2 PLL is able to track a step in phase and in frequency with zero phase

error and to track a frequency ramp with a constant phase error. In Figure 6.6, the

open- and closed loop response of the type two, third order phase locked loop are

depicted. The bandwidth of the closed-loop PLL is the frequency at which the open

loop |Gol(s)| curve in Figure 6.6 crosses the point 0 [dB]. As shown in the figure, the

closed-loop is thus tuned at a bandwidth of 150 [Hz], resulting in a quick response to

fast frequency changes over a rather large range from 300 [Hz] to 5 [kHz]. The upper

bound of detectable frequencies is limited by the bandwidth of the PLL. Increasing

the bandwidth would improve locking on higher input frequencies but this comes

at a cost: the lower bound of detectable frequencies shifts upward with increasing

bandwidth. A careful trade-off should be made in the selection of the controller

bandwidth.
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Figure 6.6: Bode diagram of the open-loop Gol(s) and closed-loop
Gol(s)/ (1 +Gol(s)) responses of the type 2, third order phase locked loop (PLL).

After the output of the PLL is locked in phase and frequency to the line-of-sight

ECE signal, it is translated in a block-wave pulse train to drive the modulation

of the gyrotron. A constant phase compensation ∆ϕ is added to focus the high

power of the modulation square-wave on the O-point of the magnetic island. Note

that the phasing should be shifted 180◦ depending on the line-of-sight ECE channel

that is selected as input for the PLL. Experimental results employing this PLL de-

sign for the synchronization of modulated ECRH/ECCD with 2/1 tearing modes in

TEXTOR will be shown in the next chapter.

6.5 Conclusions

Real-time magnetic island identification based on line-of-sight ECE measurements

has been presented. An algorithm for the estimation of the radial location of a

magnetic island from line-of-sight ECE data has been specified. Based on correla-

tion between the electron temperature fluctuations measured on multiple channels

of the ECE diagnostic, the mode radial location is retrieved and mapped onto the

EC frequency domain, i.e. the mode location is specified as an EC frequency. De-

pending on the launcher angle ϑ, the radial location of the magnetic island varies

within the viewing range of the line-of-sight ECE diagnostic. Using the estimate
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of the radial location fEC, magnetic island [GHz], an alignment error was introduced,

i.e. e = 140 − fEC, magnetic island, which is minimized in a real-time control loop by

an appropriately designed feedback controller Kϑ(s) for which a systematic design

procedure has been outlined in Chapter 4.

A phase locked loop was presented as a solution for the synchronized modulation of

an ECRH/ECCD pulse train with the rotation frequency of a magnetic island. The

phase locked loop used here is a type 2, 3rd order PLL. The PLL is implemented in

an analog circuit. Both implementations are employed in the TEXTOR experiments

presented in the next chapter.
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Experimental Results

Abstract/ Experimental results which demonstrate the feasibility of

feedback controlled tearing mode suppression are presented. The results

subsequently demonstrate: ECRH/ECCD launcher positioning with re-

spect to a tearing mode based on line-of-sight ECE measurements, track-

ing of a magnetic island while the alignment between ECRH/ECCD and

the mode is perturbed by a ramp of the toroidal magnetic field Btor. The

results demonstrate both complete suppression and partial suppression

of the tearing modes. A last result shows ECRH/ECCD power modula-

tion in synchronization with the rotation frequency of the tearing modes.

7.1 Introduction

This chapter reports on the experimental results achieved at the TEXTOR toka-

mak with the prototype real-time tearing mode control system introduced in the

previous chapters. A proof-of-principle of a feedback control approach for real-time,

autonomous suppression of tearing modes in TEXTOR is given. The experiments

are primarily focused on achieving and maintaining an accurate and fast alignment

of the ECRH/ECCD deposition with respect to the mode centre of a DED induced

q = m/n = 2/1 magnetic island, both radially and poloidally.

Both for the radial and poloidal alignment, the line-of-sight ECE signals are used

to monitor the mode radial location, island rotation frequency and phase. These

data are extracted from the ECE measurements using the algorithms and hardware

discussed in the previous chapter. Using the radial alignment feedback loop and the

phase locked loop, the ECRH/ECCD deposition location is aligned with the mode

The experimental results presented in this chapter originally appeared in [37]

149
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in radial coordinates, in frequency and in phase with respect to the rotating mode.

Five experimental results are presented to demonstrate the functionality and capa-

bilities of the designed feedback system. For this purpose, the operating conditions

of the TEXTOR tokamak are chosen as reproducible as possible.

The experiments discussed hereafter use two distinct scenarios for reliable gener-

ation of tearing modes in TEXTOR. The initiation of tearing modes is mainly

achieved by application of the perturbation fields of the Dynamic Ergodic Diver-

tor, although some discharges are performed with tearing modes induced in a more

natural way by applying a neutral beam relatively early in the discharge. The natu-

rally induced tearing modes are used in the experiments where the synchronization

of the ECRH/ECCD modulation pulse train with the rotation of the modes in the

poloidal cross-section is demonstrated.

The functionality of the feedback approach is further tested in discharges where

the modes are locked to the perturbation field of the DED, but also in discharges

where the DED is ramped in the beginning of the discharge. After initialization of

the mode, the DED is then switched off and the island is left to evolve freely. Typical

discharge parameters are: a toroidal magnetic field Btor = 2.25 [T], plasma current

Ip = 300 [kA]. In most discharges, only limited amounts of ECRH/ECCD power are

applied, since the goal of these experiments is not to investigate the physics process

of magnetic island suppression but rather to assess the functionality of the feedback

control system.

7.2 ECRH launcher positioning and magnetic island search-and-suppress

A magnetic island search-and-suppress experiment with ECRH/ECCD is shown in

Figure 7.1. The following discharge scenario is used: Btor = 2.25 [T], Ip = 300 [kA],

neutral beam: 300 [kW] from t = 1 to 5 [s]. The launcher starts at an arbitrary posi-

tion of ϑinitial = 5 [◦]. The tearing mode induced island is triggered by the DED and

is locked to the DED perturbation field in the time interval t = 1.5−4.5 [s]. At t = 2

[s], the real-time controller is activated and the launcher starts to move. At the start

of the control action, the magnetic island is identified at fEC, magnetic island = 144.3

[GHz] and the launcher moves upward. After a transient settling period, the launcher

manages to align the 140 [GHz] deposition location with the resonant surface, by
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Figure 7.1: TEXTOR shot # 110221: Example of a magnetic island search-and-
suppress experiment where the magnetic island is suppressed to a constant width.
The panels subsequently show: 6 line-of-sight electron temperature traces, the spec-
trum of line-of-sight ECE channel 2, the launcher elevation ϑ, fEC, magnetic island,
toroidal magnetic field Btor, the DED current, the applied ECRH/ECCD power and
an estimate of the tearing mode width as derived from a Mirnov coil signal.

steering to an angle of ϑ = 10◦, where it remains in steady-state for the remainder of

the discharge. Complete alignment is achieved within 160 [ms] after the start of the

control action (as observed from the signal fEC, magnetic island). Based on the achieved

alignment, the control algorithm automatically triggers the gyrotron at t = 2.065

[s]. A continuous ECRH/ECCD pulse of 200 [kW] is applied for 1 [s] duration. The

width of the magnetic island reduces due to the applied ECRH/ECCD. After the

gyrotron has been switched off, the mode grows to a saturated width again, as a

result of the driving term of the DED.
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7.3 Complete suppression

An example of a complete suppression of a q = m/n = 2/1 magnetic island is shown

in Figure 7.2. In contrast to the previous example, the DED is now only used to

initiate the magnetic island. After initialization, the DED is ramped down quickly

to avoid locking of the mode to the DED perturbation field. The neutral beam

is not applied in this discharge. The magnetic island is allowed to rotate freely

in the plasma. Note that due to absence of the DED driving term, the magnetic

island can be stabilized completely, if the applied ECRH/ECCD is aligned correctly.

At the initialization of the control action, the launcher moves from ϑinitial = 5 [◦]

up to ϑ = 10 [◦]. As observed in the signal fEC, magnetic island, alignment is reached

within 150 [ms] when the magnetic island identification drops from 143.5 [GHz] to

140 [GHz]. The launcher slightly overshoots and fEC, magnetic island correspondingly

indicates the magnetic island at 138.5 [GHz]. Just before t = 3 [s] the launcher

manages to re-establish the alignment. From t = 3 − 4 [s], CW ECRH/ECCD at

200 [kW] is applied. Within 85 [ms] the mode’s amplitude decreases and its rotation

frequency spins up. At t = 3.085 [s], the magnetic island is suppressed completely,

which is concluded from the sudden loss of the frequency component of line-of-sight

ECE channel 2 corresponding to the 2/1 magnetic island and from the loss of the

magnetic island detection in the signal fEC, magnetic island. The same is concluded

from the line-of-sight ECE time traces and the Mirnov amplitude signal. Due to the

suppression of the mode, the launcher moves away from the resonance surface.

7.4 Tracking of an externally perturbed magnetic island

The experiment shown in Figure 7.3 demonstrates the tracking capabilities of the

feedback system when the toroidal magnetic field Btor is ramped from 2.25 [T] to

2.35 [T] in a time interval from t = 2.5 − 4 [s] to perturb the closed-loop. The

variation in the magnetic field causes the 140 [GHz] deposition location to move

with respect to the resonance surface where the mode resides. The 140 [GHz] depo-

sition location shifts approximately 7 [cm] in the direction of the LFS of TEXTOR.

The radius of the resonant surface in the poloidal cross-section with respect to the

Shafranov-shifted centre of the vessel reduces approximately by 0.5 [cm] as a result

of the changing magnetic field. In order to preserve the alignment between the

ECRH/ECCD deposition location and the magnetic island’s centre, the launcher
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Figure 7.2: TEXTOR shot # 110212: Example of a magnetic island search-and-
suppress experiment where the magnetic island is suppressed completely. The panels
show the same signals as in Figure 7.1.

elevation should move up by 6 [◦] approximately.

Starting from ϑinitial = 5 [◦], the control action initiated at t = 2 [s] moves the

launcher towards a steady alignment at ϑ = 8 [◦]. When the Btor ramp is applied

at t = 2.5 [s], the launcher starts to move upward gradually. At the end of the Btor

ramp the launcher has reached a steady angle of ϑ = 13 [◦] approximately. The signal

fEC, magnetic island indicates that despite of the perturbations caused by the changing

magnetic field, the compensation of the launcher angle results in preservation of the

alignment between the ECRH/ECCD deposition and the magnetic island’s centre.
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Figure 7.3: TEXTOR shot # 110205: Example of a tracking experiment where
the alignment between the magnetic island centre and the ECRH/ECCD deposition
location is perturbed by a Btor ramp from 2.25 [T] to 2.35 [T]. The panels show
the same signals as in Figure 7.1, except for the ECRH/ECCD signal, which is not
depicted here.

The experiment is repeated with a Btor ramp from 2.25 [T] to 2.15 [T]. In addition

200 [kW] of continuous ECRH/ECCD is applied. The result is depicted in Figure

7.4. As expected the launcher steers from ϑinitial = 5 [◦] to ϑ = 8 [◦], and then moves

down with the negative Btor ramp back to ϑ = 5 [◦], approximately. The tracking

of the 140 [GHz] deposition location with respect to the mode is sustained. The

applied ECRH/ECCD is stabilizing the magnetic island to a constant width during

the ramp. The mode remains small during movement of the launcher, indicating

that the gyrotron beam is sufficiently accurate aligned with the resonant surface rs.
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Figure 7.4: TEXTOR shot # 110208: Example of a tracking experiment where
the alignment between the ECRH/ECCD deposition location and the magnetic is-
land centre is perturbed by a Btor ramp from 2.25 [T] to 2.15 [T]. Continuous
ECRH/ECCD at 200 [kW] is applied for 2 [s]. The panels show the same signals as
in Figure 7.1.

7.5 Synchronous ECRH/ECCD modulation

The scenario for triggering of magnetic islands without the DED has been imple-

mented to perform a modulation experiment on a magnetic island with a natural

evolution. The result is shown in 7.5 and 7.6. The co-directional neutral beam is

applied early in the discharge at t = 0.3 [s] with a power of 600 [kW]. This causes

destabilization of a natural 2/1 tearing mode induced magnetic island. The mo-

mentum of the beam, which is transferred to the plasma, keeps the mode rotating

at a high frequency of 4 [kHz]. With the launcher fixed at ϑ = 10 [◦], modulated

ECRH/ECCD is applied. The gyrotron is modulated from 200 [kW] - 70 [kW].
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The analog phase locked loop (PLL), introduced in the previous chapter, is used

to derive the set-point for modulation of the gyrotron. Channel 2 of the line-of-sight

ECE diagnostic is fed directly as an input to the PLL circuit. The first plot in

Figure 7.5 shows the times traces of line-of-sight ECE channel 2, the neutral beam

and the ECRH/ECCD power signal. The second, third and fourth panels show

time-frequency spectra of the in- and output of the PLL, i.e. line-of-sight ECE

channel 2 and the modulation signal, and the spectrum of the gyrotron modulation

signal. A constant phase compensation ∆ϕ = 225 [◦] is added to the PLL output.

As mentioned in the previous chapter the phase difference between the input of the

PLL and its output is 90 [◦]. In order to focus on the O-point or X-point of the

island, the phase should be shifted by an additional 180 [◦]. After the PLL, the

modulation signal enters an additional analog electronic hardware module, which

conditions the modulation signal before it is send to the power electronics of the

gyrotron. This electronic module adds another fixed phase shift to the modulation

signal. The constant phase compensation ∆ϕ = 225 [◦] was determined during the

experiments. With this delay applied, the pulse train is executed by the modulator

of the gyrotron. Note that the spectral content of the modulated ECRH/ECCD

signal is identical to the spectral content of the line-of-sight ECE signal. The fifth

panel shows the lock indication signal of the PLL, which indicates if the in- and

output of the PLL are locked in phase with respect to each other or not.

From the spectrum of the ECE channel one observes that the mode experiences

several frequency transitions during the discharge. Initiated at a rotation frequency

of 4 [kHz], the frequency drops at t = 1.5 [s]. When ECRH/ECCD is applied,

the mode quickly spins up in frequency. The frequency drops to a lower value of

approximately 3 [kHz] after ECRH/ECCD is switched off. The sudden increase of

the rotation frequency at the start of ECRH/ECCD is caused by the fact that the

heating and current drive mechanism is suppressing the magnetic island.

Figure 7.6 additionally shows two detailed zooms of line-of-sight ECE channel 2

and the gyrotron modulation signal, for the same experiment as depicted in Fig-

ure 7.5. The zooms are taken at the start of ECRH/ECCD and at t = 2.5 [s]

when the frequency of the mode has increased. Note that in both time intervals

the applied modulated ECRH/ECCD is perfectly synchronized to the O-point of

the magnetic island. The passage of the O-point of the magnetic island through

the ECRH/ECCD-ECE view-line corresponds with the minimum in the sinusoidal
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Figure 7.5: TEXTOR shot # 110760: Example of a modulated ECRH/ECCD ex-
periment where the ECRH/ECCD pulse train is synchronized in frequency and phase
to the rotation frequency of a natural m/n = 2/1 magnetic island. The panels sub-
sequently show line-of-sight ECE signal 2, neutral beam, modulated ECRH/ECCD
power, the spectra of line-of-sight ECE channel 2, the output of the PLL and the
modulation signal, a PLL lock indication.

fluctuations of line-of-sight ECE channel 2.

7.6 Conclusions

The experimental results presented in this chapter demonstrate application of a

prototype real-time control system for magnetic island search-and-suppress, i.e. de-

tection and suppression of magnetic islands. Important control tasks required to

perform magnetic island suppression have been demonstrated, notably, the system

aligns the ECRH/ECCD deposition with the mode’s centre, tracks externally per-

turbed magnetic islands in real-time and is able to modulate the applied ECRH/ECCD

power synchronously with the rotation of the magnetic island’s centre in the poloidal

plane. These result were obtained with an optimal sensing through the line-of-sight
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Figure 7.6: TEXTOR shot # 110760: two zooms of Figure 7.5, which demonstrate
the synchronized modulation capabilities of the PLL system in two different time
intervals during the discharge. The experimental results show synchronization of
the ECRH/ECCD pulse train in frequency and phase with the rotation frequency
of a natural m/n = 2/1 magnetic island. The time-domain signals for line-of-sight
ECE channel 2 and the modulated gyrotron forward power are shown. The minima
in the fluctuating electron temperature measurements correspond to the passage of
the O-point of the island through the view line of the ECRH/ECCD antenna.

concept in combination with active launcher steering. In particular, the following

has been achieved:

• The ECRH/ECCD deposition has been aligned with respect to a magnetic is-

land’s centre through launcher steering:

The real-time behavior of magnetic island was monitored by an ECE diag-

nostic placed in line-of-sight with the quasi-optical transmission path of the

ECRH/ECCD beam. The line-of-sight ECE diagnostic has been applied as

feedback sensor in a control loop with the steerable launcher and gyrotron

as actuators. The line-of-sight approach guarantees that alignment can be
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reached without inclusion of ray-tracing codes and equilibrium reconstruction

codes in the control loop, as required by conventional magnetic island suppres-

sion schemes. Reliable and accurate detection of magnetic islands and retrieval

of their radial location was demonstrated experimentally using the real-time

algorithm introduced in the previous chapter. The ECRH/ECCD deposition

has been aligned with respect to the centre of the mode by matching the fixed

actuator frequency of the gyrotron with the mode location in the ECE sensor

spectrum. The alignment was achieved accurately and fast with a relatively

simple controller. The alignment experiments show that it takes on average

approximately 200 ms or less to align the ECRH/ECCD deposition with an

accuracy of 2 cm or less with respect to the rational surface rs.

• The magnetic island tracking capabilities of the control system were demon-

strated:

A gradual ramp in the toroidal magnetic field has been applied to initiate

a perturbation in the alignment between the ECRH/ECCD deposition and

a magnetic island’s O-point. The perturbation mimics a disturbance of the

radial location of the magnetic island. The control system showed its capa-

bility to keep track of the magnetic island through steering of the launcher

mirror. The steering compensates for the variation of the location of the mag-

netic island and maintains the alignment of the ECRH/ECCD deposition with

respect to the mode.

• Synchronous ECRH/ECCD modulation on the O-point of magnetic island us-

ing a phase locked loop has been demonstrated:

The ECRH/ ECCD power was modulated in phase with the rotation frequency

of the O-point of the magnetic island using an analog PLL in the frequency

range 300 [Hz] to 5 [kHz], which extracts the mode’s poloidal rotation fre-

quency and phase from ECE data. The experimental results proved that the

PLL enables synchronization of the ECRH/ECCD modulation with the O-

point of the mode in a broad range of rotation frequencies.

The controllers which were used in the experimental proof-principle presented in this

chapter were not designed following the design procedures outlined in Chapter 4.

Nevertheless the controllers used here, demonstrate their effectiveness in stabiliza-

tion of the system and guarantee an acceptable performance in terms of settling time
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and steady-state error reduction. With these controllers, effective magnetic island

suppression was achieved. The control performance of the system can further be

improved by the design of specific controllers, which take the dynamics of magnetic

island stabilization into account as discussed in the systematic design and simula-

tion studies presented in Chapter 4 or by the use of more advanced control strategies.

Note that although these experimental results demonstrate the applicability of a

feedback control system based around the line-of-sight ECE diagnostic, still sev-

eral elements of the system require further development. Note furthermore that the

real-time magnetic island control system presented here does not provide solutions

for all the problems and control tasks associated with magnetic island suppression

and stabilization as listed in Chapter 1 and 2. Stabilization of a magnetic island

at a specific reference width could not be achieved in the experiments at TEXTOR

due to lack of a reliable estimate of the magnetic island width and constraints on

the actuation of the gyrotron and more importantly due to a lack of experimental

time before the dismantling of the ECRH/ECCD installation at TEXTOR. The

next chapter will summarize the main contributions of the presented work in this

thesis, followed by a discussion and outlook on further development of magnetic

island control.



8

Conclusion, discussion and outlook

Abstract/ The main conclusions and results of this work are summa-

rized. The implications for further development of magnetic island con-

trol strategies and techniques are discussed.

8.1 Main results

Control of magnetic islands is essential for high performance, long pulse fusion plas-

mas in tokamaks. This problem was studied from a control-engineering perspective

in terms of input/output manipulation, resulting in feedback controlled suppression

and stabilization of magnetic islands.

A systematic approach for the design, development and realization of a feedback

control system for controlled suppression and stabilization of magnetic islands in

a tokamak has been followed. A proof-of-principle which applies this integrated

real-time control scheme in experiments on TEXTOR has been achieved. Finally,

the theoretical feasibility of the feedback controlled stabilization of small unstable

NTMs in ITER was analyzed and the implications of such stabilized small islands

for plasma operation have been addressed.

These main results stem from the research objective, which was formulated in Chap-

ter 1 as: Develop a real-time feedback control system for controlled suppression and

stabilization of magnetic islands in a tokamak. This objective was accomplished

through the following contributions:

• The plasma physics describing the magnetic island suppression problem was

analyzed and a translation of the associated plasma physics in control engi-

neering models was achieved. (Chapter 1, 2, 4 and 5)

161
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• A system description and associated integration of all subsystems required

to establish the magnetic island control system was provided using a system

engineering approach. (Chapter 2 and 3)

• Analysis of the dynamics of the steerable electro-mechanical launcher and

design and experimental testing of a control strategy for accurate and fast

positioning of the ECRH/ECCD launcher mirror was done. (Chapter 3)

• The dynamic evolution of the width of magnetic islands (both induced by TMs

and NTMs) has been analyzed. (Chapter 4 and 5)

• A feedback control strategy for the radial alignment of ECRH/ECCD by means

of a steerable mirror and line-of-sight ECE onto a magnetic island’s centre was

designed. (Chapter 4 and 6)

• A systematic design procedure for the derivation of tearing mode controllers

was discussed and exemplified in a simulation study for the TEXTOR toka-

mak. (Chapter 4)

• A theoretical proof of the stabilization of NTMs at small widths using both

linear and nonlinear control techniques was achieved. (Chapter 5)

• Algorithms for the detection of the radial location of a magnetic island were

designed and implemented. (Chapter 6)

• A control system to synchronize a modulated ECRH/ECCD power pulse train

in phase and frequency with the poloidal rotation of a magnetic island was

designed and realized. (Chapter 6)

• An experimental proof of the radial alignment of ECRH/ECCD with a mag-

netic island centre was demonstrated. (Chapter 7)

• An experimental proof of the control behavior when the radial alignment is

perturbed, demonstrating the island tracking capabilities of the control system,

was realized. (Chapter 7)

• The synchronization of ECRH/ECCD modulation in phase and frequency with

the poloidal mode rotation was proven experimentally using a phase locked

loop. (Chapter 7)
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Strictly speaking, these results are valid for TMs and NTMs in discharges with

positive magnetic shear only. A family of TMs in discharges with negative shear exist

as well, the so-called double tearing modes [11]. In principle, all techniques described

here should apply, except for the algorithm for determining the location of the mode

rational surface. Double tearing modes occur at two radii, which correspond with

the same q = m/n values and are coupled in frequency and phase to each other.

8.2 Discussion

Further improvement of the magnetic island control system designed in this work

and its control performance can be achieved through improvement of the model-

ing, control design, actuation and sensing. Suggestions for such improvements are

discussed in this section.

Improvement of the models and controller design

Although not optimized, the controllers used in this proof-of-principle demonstrate

their effectiveness in stabilization of the system and guarantee a good performance

in terms of settling time and steady-state error reduction. Effective tearing mode

suppression was achieved with the designed controllers, both in simulation and ex-

periments. The systematic design of the tearing mode controllers in Chapter 4 leads

to controllers that provide optimized control performance while keeping robustness

limits into account. However, system performance can be further improved by the

design of more advanced controllers.

Sofar, the system has been divided into three SISO feedback loops for: 1) the po-

sitioning of the ECRH/ECCD deposition, 2) manipulation of the ECRH/ECCD

power level and 3) synchronous modulation of the ECRH/ECCD power with the

island rotation, respectively. Thereby it is inherently assumed that the different in-

and outputs used by the SISO feedback loops are decoupled. From experimental

observations, however, it has become evident that the application of ECRH/ECCD

at sufficiently high power can affect the q-profile of a tokamak plasma and can result

in a shift of the island position. There is also a link between the size of a mode and

its rotation frequency. The dynamics associated with these couplings have sofar

been neglected in the presented models and discussion.
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A MIMO analysis of the system, both in experiments and adopting more complex

tokamak models might provide insights in how the dynamics of the system change as

a result of these couplings. Such analysis will answer the question if the decoupling

of the feedback loops as shown in Chapter 4 is still a valid representation of the

actual dynamic system. Translation of the control problem into a robust control

framework might result in more insights in such system properties and in the un-

certainties which play a role in the dynamics. This will result in optimization of the

control designs.

Improvement of the PLL design

The ECRH/ECCD modulation control will benefit of further improvement of the

phase locked loop circuit by incorporating data of multiple ECE channels in the

retrieval of the tearing mode’s frequency and phase. Tracking of lower frequencies

requires gain scheduling of the bandwidth of the PLL. More complex loop filters will

allow for zero error frequency gradient tracking.

Improvement of the ECRH/ECCD positioning and deposition

The key element in the feedback loop for positioning of ECRH/ECCD at a mode’s

O-point is the steerable launcher mirror. At TEXTOR, nonlinear friction dominates

the dynamics of the launcher. Although application of a feedback and feed-forward

control strategy resulted in an acceptable steady-state position error and settling

time, an improved design of the mechanical mirror suspension would allow for a

faster system. A faster launcher would be better suited for small adjustments of

the launcher angle as required to sustain the alignment in the presence of fast dis-

turbances. Optimization of the response of the launcher system is relevant for the

launcher systems presently operated on other tokamaks and the system designed for

ITER [14].

In addition to the issue of the launcher dynamics, delays in the sensing path in

combination with slow actuators will limit the achievable control performance and

might even render the feedback controlled system unstable. For the alignment of

ECRH/ECCD with a magnetic island this might be of particular relevance, since

in any magnetic island control setup, post-processing of data will be required to re-

trieve reliable estimates of magnetic island properties, which unavoidably introduces

latency in the feedback path.
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In addition, the ECRH/ECCD systems operated at larger tokamaks such as ASDEX-

Upgrade and DIII-D and the system foreseen for ITER make use of multiple launch-

ers and multiple gyrotrons. For effective suppression and stabilization of MHD in-

stabilities, the combined power of several gyrotrons is either focussed with multiple

launcher mirrors on a single deposition area near a q-surface or on multiple q-surfaces

simultaneously. The distribution of the power among different MHD modes on dif-

ferent q-surfaces in the plasma and the use of ECRH/ECCD for (non-)inductive

current drive requires an overlaying decisive control structure which controls the

ECRH/ECCD power management, by setting priorities in the subsequent stabiliza-

tion of MHD activity.

Improvement of the line-of-sight ECE concept

The presented implementation of the line-of-sight system as part of the feedback

system on TEXTOR was a proof of principle. The system is limited in operation

due to dissipation in the dielectric quartz plates. This leads to heating of the di-

electric quartz plates through absorption of the high power mm-waves. Substantial

efforts have been initiated to translate the frequency selective decoupling and power

separation required for line-of-sight ECE into a waveguide compatible analog which

allows CW operation. A prototype of such waveguide implementation [6] is being

build for implementation on ASDEX-Upgrade. The frequency selective decoupling

and power separation is achieved by combination of the notch filter working and

selectivity of a fast directional switch (FADIS) with a Mach-Zehnder interferometer

[6]. The system is incorporated in the existing ASDEX-Upgrade ECRH/ECCD in-

stallation, where a FADIS is normally used to combine the EC waves from multiple

gyrotrons which operate at multiple fixed frequencies.

[85] proposes an alternative for the line-of-sight system by using equivalent rather

than identical sight lines for the ECRH/ECCD beam and an ECE sensor, thereby

trying to work around the complicated separation of the nano-watt level ECE from

the high-power microwave beam (MW). In [85] an equivalent sight line is created

using an ECE view with only a minor (about degrees) displacement in toroidal di-

rection with respect to the ECRH/ECCD beam.
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Although this simplification of the line-of-sight principle might seem attractive, the

problem of EC power separation is traded in for the problem of assuring alignment

between the ECRH/ECCD launcher and the ECE antenna in absolute coordinates.

Any disturbance on this alignment would cause this system to malfunction, which

is not the case for the line-of-sight principle. ”Oblique ECE” [85] also has the dis-

advantage of requiring an additional access through the first wall. The line-of-sight

ECE does not require a second entrance through the first wall and can be placed at

considerable distance from the actuating antenna.

The resolution of the prototype line-of-sight ECE system used in these studies was

just sufficient to conduct the alignment experiments discussed in Chapter 7. A next

generation line-of-sight ECE system would require an improved resolution, i.e. an

increased number of radiometer channels to allow for the extraction of more accurate

estimates of the mode’s radial location and the mode width.

A further advance in the development of the line-of-sight concept is to be expected

from direct digitized Fast Fourier Transform (FFT)-based resolving of ECE spectra.

The ECE spectrum is resolved in the GHz domain using fast Fourier transform based

methods. These methods offer an improved ECE resolution, adaptable observation

windows and an adjustable focus of the ECE zoom [7],[81].

8.3 Outlook

Future work on feedback control of magnetic islands in tokamaks should be con-

cerned with:

Experimental proof of magnetic island width stabilization

The simulations presented in this thesis suggest the applicability of linear and non-

linear feedback control techniques for the stabilization of an NTM’s width at small

island sizes. An experimental proof is desired to confirm these results. In the

TEXTOR experiments this loop could not yet be closed. The principal required

diagnostic for monitoring of the island width, i.e. the Mirnov coils at TEXTOR

could not provide an accurate real-time estimate of the mode’s width. In addition,

time constraints did not allow for additional experiments. It is expected that island

width estimates can be extracted from the diagnostic coverage at ASDEX-Upgrade,
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especially when the waveguide compatible line-of-sight ECE diagnostic is installed

there.

Preemptive stabilization

Preemptive application of ECRH/ECCD at a rational surface rs before a mode ex-

ists might effectively be used to reduce the overall power budget used for NTM

control. Suppression when w < wsat requires less power than stabilization for the

case with w = wsat. This would imply that the location of the q-surfaces needs to

be monitored in real-time. Of course, the line-of-sight approach discussed in this

work is unable to resolve the location of the q-surface in the absence of a mode.

Real-time equilibrium solvers or a model-based closed loop observer for estimation

of the plasma profile can be used to obtain a coarse estimate of the radial location

of the q = 2/1 surface. Based on this estimate, the stabilizing ECRH/ECCD can be

placed sufficiently close to rs. The alignment error of rdep with respect to rs must

be smaller than the ECRH/ECCD deposition width for an effective suppression. As

soon as the mode starts to grow, the line-of-sight ECE scheme can take over the

monitoring of the mode and radial positioning of the ECRH/ECCD.

Precursors for growth of the mode as related to links with other MHD can be used

to trigger the gyrotron for preemptive application of ECRH/ECCD. ELMs and

sawteeth are known drivers for seeding of NTMs. Control of the amplitude and fre-

quency of these driver MHD cycles might help to limit the associated perturbation

on the island width. Preemptive power application of closed-loop ECRH/ECCD

triggered by a controlled ELM or sawtooth precursor will then result in a direct

stabilization of the magnetic island on the desired reference value wref .

Towards experimental validation of the Rutherford equation

A formal validation of the generalized Rutherford equation (GRE) in terms of system

identification applied in experiments will help to enhance the insights in magnetic

island dynamics. Feedback control of magnetic islands might appear to be a useful

tool to study the evolution of the GRE, particularly in the limit of small islands for

which an experimental validation is lacking. After stabilization of a magnetic island

at a constant, small reference width in closed-loop by a relatively simple controller

as was done in Chapters 4 and 5, the physics of small islands can be investigated

systematically through small perturbations around the chosen nominal operating
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point w̄ss. Closed-loop system identification is then used to systematically validate

the terms in the GRE. Such a validated experimental model is of value to make the

simulation models for magnetic island suppression and stabilization more realistic.

These simulation models can subsequently be used to simulate and improve the

behavior of the system under closed-loop feedback. A properly validated and realistic

Rutherford model governing the actual magnetic island evolution as observed in the

experiment can be used for the extraction of more advanced controllers such as the

feedback linearizing control law described in Chapter 5, which heavily relies on

accurateness of the dynamic models.

Towards autonomous control of magnetic islands

As mentioned in section 2.7, next to the ECRH/ECCD alignment problem, ECRH/

ECCD power tailoring problem and synchronization with respect to the island rota-

tion, a true real-time feedback control system for magnetic island suppression and

stabilization is required to execute other tasks as well. The former three tasks form

the basis for the further development towards fully autonomous control of magnetic

islands. Such an autonomous system would rely on reliable pre-cursors that flag the

onset of mode growth to initiate the suppression and/or stabilization of the mag-

netic island promptly. The system should furthermore be capable of mode unlocking

and prevention of mode locking. The unlocking of modes by a combination of the

magnetic perturbation coils and ECRH/ECCD assistance has been investigated at

DIII-D [85]. Mode unlocking is complicated by the fact that magnetic islands are

difficult to detect on a one-dimensional array of ECE channels and also become un-

detectable at magnetic measurements. If a two-dimensional distributed diagnostic is

available, such as ECE imaging, the topology of a locked island can be determined.

Alternatively, monitoring of the heat pulse propagation of ECRH/ECCD applied in

close vicinity of the magnetic island can potentially be used to retrieve the radial

location of the X- and O-point of a mode by looking at the phase changes of the

propagating heat pulse [79].

Towards MHD control and performance enhancement

Magnetic islands developing at rational q-surfaces link to other MHD instabilities

as well. Due to the links with those other MHD phenomena, control of magnetic

islands might also be effective in the manipulation of those other MHD instabili-

ties and vice versa. Obviously, there is a link between sawteeth and the initiation
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of magnetic islands [72]. [45],[66] shows the observation of an interaction between

ELMs and magnetic islands, thereby also suggesting that the control of NTMs at

a small width can be used for manipulation of the current density profile in high

performance discharges. This suggests that control of magnetic islands can be used

for the manipulation of transport processes in a tokamak. Since the radial transport

along a magnetic island is enhanced, a magnetic island with a controlled width could

be used as a valve in the plasma to locally manipulate transport.

The feedback techniques applied to the magnetic island control problem are appli-

cable for the stabilization of other MHD phenomena and tokamak plasma problems

as well. The design of these controllers and the analysis of their control performance

most often does not require detailed plasma physics modeling. As long as a simple

model can be derived which gives a qualitative description of the system or process

dynamics, practically implementable controllers can be derived. Especially for the

advances needed to manoeuver a tokamak plasma into a self-sustaining, burning

plasma state, the effective manipulation of different types of MHD instabilities and

transport processes for example will be required. In a prospective fusion power

plant, the number of actuators and sensors available for control of the fusion pro-

cess will be reduced considerably. One key to success of nuclear fusion will be to

get a grip on the magneto-hydro-dynamic and transport processes evolving in the

plasma and the possibility to manipulate the dynamics involved in these processes.

Effective control schemes for manipulation of these processes are required. The goal

of plasma feedback control will be to provide ways to bring the plasma in a high

confinement state given a limited set of actuators and sensors and by making use of

the dynamical properties of the processes that affect this state.
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[22] A.J.H. Donné, M.F.M. de Bock, I.G.J. Classen, M.G. von Hellermann,
K. Jakubowska, et al. Overview of core diagnostics for TEXTOR. Fusion
Science and Technology, 47:220–245, 2005.



Bibliography 173

[23] K.H. Finken (Ed.) et al. Background, motivation, concept and scientific aims for
building a dynamic ergodic divertor. Special Issue: Dynamic Ergodic Divertor.
Fusion Engineering and Design, 37:337, 1997.

[24] R. Fitzpatrick. Interaction of tearing modes with external structures in cylin-
drical geometry (plasma). Nuclear Fusion, 33:1049, 1993.

[25] G.F. Franklin, J.D. Powell, and A. Emami-Naeini. Feedback Control of Dynamic
Systems. Prentice Hall, Upper Saddle River, New Jersey, USA, 2002. ISBN 0-
13-098041-2.

[26] J.P. Freidberg. Plasma Physics and Fusion Energy. Cambridge University
Press, The Edinburgh Building, Cambridge CB2 8RU, UK, 2007. ISBN 978-0-
521-73317-5.

[27] G. Gantenbein et al. Complete Suppression of Neoclassical Tearing Modes
with Current Drive at the Electron-Cyclotron-Resonance Frequency in ASDEX
Upgrade Tokamak. Physical Review Letters, 85(6), 2000.

[28] H. Goedbloed and S. Poedts. Principles of Magnetohydrodynamics. Cambridge
University Press, The Edinburgh Building, Cambridge CB2 8RU, UK, 2004.
ISBN 0521-6-2347-2.

[29] H.J. Hartfuss, T. Geist, and M. Hirsch. Heterodyne methods in millimetre wave
plasma diagnostics with applications to ECE, interferometry and reflectometry.
Plasma Physics and Controlled Fusion, 39:1693–1769, 1997.

[30] R.J. La Haye. Neoclassical Tearing Modes and their control. Physics of Plasmas,
13:055501, 2006.

[31] R.J. La Haye. Requirements for alignment of electron cyclotron current drive
for neoclassical tearing mode stabilization in ITER. Nuclear Fusion, 48:054004,
2008.

[32] R.J. La Haye, D.P. Brennan, R.J. Buttery, and S.P. Gerhardt. Islands in the
stream: The effect of plasma flow on tearing stability. Physics of Plasmas, 17:
056110, 2010.

[33] R.J. La Haye et al. Cross-machine benchmarking for ITER of neoclassical
tearing mode stabilization by electron cylcotron current drive. Nuclear Fusion,
46:451–461, 2006.

[34] C.C. Hegna and J.D. Callen. On the stabilization of neoclassical magnetohy-
drodynamic tearing modes using localized current drive or heating. Physics of
Plasmas, 4:2940, 1997.

[35] T.C. Hender, J.C. Wesley, J. Bialek, A. Bondeson, A.H. Boozer, et al. Progress
in the ITER Physics Basis; Chapter 3: MHD stability, operational limits and
disruptions. Nuclear Fusion, 47:S128–S202, 2007.



174 Bibliography

[36] B.A. Hennen, P.W.J.M. Nuij, J.W. Oosterbeek, M. Steinbuch, E. Wester-
hof, et al. Modeling and control for fusion plasma stabilization by means
of a mechanical ECRH launcher at TEXTOR. In Proceedings of the 4th
IAEA TM on ECRH Physics and Technology for ITER, Vienna, http://www-
naweb.iaea.org/napc/physics/meetings/4ECRH.htm, 2007.

[37] B.A. Hennen, E. Westerhof, P.W.J.M. Nuij, J.W. Oosterbeek, M.R. de Baar,
W.A. Bongers, A. Bürger, D.J. Thoen, M. Steinbuch, and the TEXTOR team.
Real-time control of tearing modes using a line-of-sight electron cylcotron emis-
sion diagnostic. Plasma Physics and Controlled Fusion, 52:104006, 2010.

[38] B.A. Hennen, E. Westerhof, J.W. Oosterbeek, P.W.J.M. Nuij, D. De Lazzari,
G.W. Spakman, M. de Baar, M. Steinbuch, and the TEXTOR team. A closed-
loop control system for stabilization of MHD events on TEXTOR. Fusion
Engineering and Design, 84(2-6):928–934, 2009.

[39] D.A. Humphreys, J.R. Ferron, R.J. La Haye, T.C. Luce, C.C. Petty, et al. Ac-
tive control for stabilization of neoclassical tearing modes. Physics of Plasmas,
13:056113, May 2006.

[40] I.H. Hutchinson. Principles of Plasma Diagnostics. Cambridge University
Press, Cambridge, UK, 2nd edition, 2002. ISBN 978-0521-675741.

[41] A. Isayama et al. Complete stabilization of a tearing mode in steady state high-
βp H-mode discharges by the first harmonic electron cyclotron heating/current
drive on JT-60U. Plasma Physics and Controlled Fusion, 42:L37–L45, 2000.

[42] A. Isayama, K. Kamada, N. Hayashi, T. Suzuki, T. Oikawa, et al. Achievement
of high fusion triple product, steady-state sustainment and real-time NTM
stabilization in high-βp ELMy H-mode discharges in JT-60U. Nuclear Fusion,
43:1272–1278, 2003.

[43] A. Isayama, G. Matsunaga, T. Kobayashi, S. Moriyama, N. Oyama, et al.
Neoclassical tearing mode control using electron cyclotron current drive and
magnetic island evolution in JT-60U. Nuclear Fusion, 49:055006, 2009.

[44] H.K. Khalil. Nonlinear Systems. Prentice Hall, Upper Saddle River, New Jersey,
USA, 3rd edition, 2002.

[45] J.D. King, R.J. La Haye, C.C. Petty, T.H. Osborne, C.J. Lasnier, et al. Mag-
netic Island Evolution due to ELM-NTM Coupling in DIII-D. In Proceedings
of the 38th EPS Conference on Plasma Physics, Strassbourg, 2011.

[46] H.R. Koslowski. Operational limits and limiting instabilities in tokamak ma-
chines. Transactions of Fusion Science and Technology, 53:144–151, 2008.

[47] H.R. Koslowski, G. Fuchs, R. Jaspers, A. Krämer-Flecken, A.M. Messiaen, et al.
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Summary

Feedback control for magnetic island suppression in tokamaks

A real-time feedback control system has been developed that finds, tracks, sup-

presses and/or stabilizes resistive magnetic instabilities in a nuclear fusion plasma.

In a tokamak, magnetic fields confine a fusion plasma in a topology of toroidally

nested magnetic surfaces. The power produced by the fusion reactions increases

with the plasma pressure. At high pressure, however, the magnetic field topology

can break-up and magnetic islands are formed. Magnetic islands grow nonlinearly,

reduce the plasma energy confinement and deteriorate the steady-state operation

of tokamaks. Control of magnetic islands allows for high performance plasmas and

pulse length extension.

For effective magnetic island suppression, localized, high-power millimeter waves

must be aligned precisely with the island centre at centimeter accuracy. The injected

millimeter waves induce a local driven current that suppresses the island. This is

known as Electron Cyclotron Resonance Heating and Current Drive (ECRH/ECCD).

Suppression experiments, reported earlier, use a fixed alignment and power settings

or offer a coarse closed-loop optimization of the alignment of ECRH/ECCD with

an island. In this work, an advance is made towards a fully autonomous closed-

loop system that detects magnetic islands, establishes and maintains an accurate

alignment between the suppressing ECRH/ECCD and a magnetic island via a feed-

back controlled steerable mirror and manipulates the applied ECRH/ECCD power

in real-time. This feedback control system allows dynamic island tracking and guar-

antees stability robustness against uncertainties, disturbances and perturbations. In

addition, it will be shown that tailoring of the applied ECRH/ECCD power level via

feedback manipulation allows to apply exactly the right amount of power to enforce

complete suppression of an island or can be used for the stabilization of a magnetic

island at a specific width.

Besides the actuators for manipulation of magnetic islands, the feedback control

system requires sensors for real-time detection and monitoring of island control

variables such as the island location in the magnetic topology, the island’s size and

its rotation frequency. A prototype line-of-sight Electron Cyclotron Emission (ECE)

system was developed earlier at the TEXTOR tokamak, Forschungszentrum Jülich,
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Germany and is used here as the dedicated sensing scheme for feedback control of

magnetic islands. The line-of-sight ECE system incorporates magnetic island moni-

toring and actuation in a single transmission path, thereby minimizing latencies and

avoiding the need for geometrical transformations between sensor and actuator.

The magnetic island control system is setup following a systematic design approach.

The control problem is specified in terms of input/output manipulation and ana-

lyzed using common control engineering techniques and system theory. Particularly,

the following steps are made: 1) formulation of the magnetic island control problem

and related sub-problems, 2) development of simulation models relevant for the de-

sign of magnetic island controllers based on existing plasma physics and including

models for the actuators, sensors and other hardware, 3) comparison of relevant

control methods and design of linear and nonlinear control strategies, 4) testing

and performance assessment of the designed controllers in simulations, where the

parameter sets of the TEXTOR tokamak and the future ITER reactor serve as

case studies, 5) setup of a prototype real-time magnetic island control system for

the TEXTOR tokamak, 6) design and implementation of algorithms to derive mag-

netic island control variables from diagnostic data, 7) implementation of control

algorithms in a real-time data-acquisition and control system, 8) demonstration and

analysis of the successful application of a prototype real-time magnetic island control

system in experiments on TEXTOR, which in particular show successful real-time

detection and monitoring of magnetic islands, controlled alignment of the stabilizing

ECRH/ECCD power deposition at the right location and with the right timing for

magnetic island suppression. An experimental demonstration of the tracking capa-

bilities of the feedback system in the presence of an alignment perturbation is also

given.

Further development of the magnetic island control system is discussed and sug-

gestions for improvement are given. Many of the techniques used for magnetic

island control are also applicable to other tokamak problems. An outlook on future

advances for the control of tokamak plasmas is therefore included.
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