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All three discharges demonstrate the importance of detailed analysis of the
global power balance and its individual terms. The L-H transition occurs during
plasma shape changes which must be taken into account in calculation of the proper
power through separatrix P, Evaluation of the individual terms in the global power
balance equation using calculated rather than measured voltage allows more precise
determination of both ohmic power and power through separatrix in non-stationary
tokamak discharge phases.

The question of the ELM type in the discharges is still open. While the
dependence of ELM frequency on the power through separatrix is consistent with
type I ELMs, the plasma density is changing during ELMs. The pedestal stability
diagram will be necessary to decide the type of ELMs.
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5 General conclusions

This thesis summarizes some of the technical and physical work of the author
performed during his doctoral studies and during the reinstallation of the COMPASS
tokamak in Prague. The two main topics are: 1) physical engineering description of
the COMPASS magnetic field systems, and 2) utilization of the MHD equilibrium
reconstruction for COMPASS physical programme.

Chapter 2 of the thesis provides brief description of the COMPASS tokamak, the
physical programme and overall diagnostics. A special section is dedicated to the
introduction of the magnetic diagnostics, particularly diagnostic coils used further in
the thesis.

Chapter 3 provides physical engineering description of the COMPASS magnetic
field systems. The geometry of the poloidal field (PF) coils and connection into
circuits is described. The COMPASS Currents Convention, which codifies
orientations and signs of currents and magnetic fields, is introduced. A theory for
numerical calculation of the magnetic field of the toroidal coil is explained.

The information about PF coils geometry and connections was used to
characterize the vacuum magnetic fields of the COMPASS poloidal field coils
circuits. Both in-vessel magnetic fields and outside (stray) magnetic fields were
described and discussed. The self-inductances and mutual inductances of the PF coils
circuits, important in-vessel points and diagnostic flux loops were calculated.

Chapter 3 also provides description of the design of the PF coils circuit LC filter
units. The filter is simple in principle, but the challenge is in power requirements (~
kA current in the filter with frequencies around ~1 kHz, <1 MW energy dissipation)
and in necessity to prevent oscillation with tokamak coil.

The final section in the Chapter 3 provides description of the thyristor Power
Supply controller and improvements implemented in the controller algorithm.

The primary purpose of the Chapter 3 is to provide a comprehensive summary of
technical and physical characteristics of the COMPASS PF coils circuits. The
information contained in the Chapter 3 was used during COMPASS reinstallation
and commissioning in Prague, particularly during the commissioning of the plasma
control system. The information contained in the Chapter 3 is also important for the
tokamak operators and Session Leaders, because it allows to understand the
capabilities, possibilities and limitations of the COMPASS control system.

The work described in the Chapter 3 is closely connected to the publications
[A1], [A2] and [A3] attached to the thesis.

The publication Havlicek et al.: Power supplies for plasma column control in
COMPASS tokamak [A1] broadens the information contained in the Chapter 3 by
describing two fast Power Supplies for plasma position control. The Power Supplies

133



were designed by external contractor and then manufactured, tested and
commissioned by IPP Prague.

The attached publications Janky et al.: Determination of the plasma position for
its real-time control in the COMPASS tokamak [A2] and Janky et al., Upgrade of the
COMPASS tokamak real-time control system [A3] describe the work done on the
creation of the COMPASS plasma feedback system. A simple algorithm for the real-
time plasma position determination is described, together with feedback for the
plasma radial and vertical position and for plasma shaping. The author of this thesis
is second author of these publications.

It should be noted that the information contained in the Chapter 3 and in the
attached articles is a part of "know-how" to commission the tokamak and its
feedback control system. This information is difficult to obtain, because the
published articles often describe either improvements in the existing feedback
systems or advanced and complicated feedback systems, which are unsuitable for a
small tokamak with limited manpower. The articles do not include the practical
issues faced during commissioning of plasma control system.

Chapter 4 focuses on the numerical reconstruction of the MHD equilibrium,
induced currents in the tokamak vacuum vessel and utilization of the reconstructed
equilibria to determine plasma properties useful both for tokamak operators and for
physicists studying the tokamak plasma.

The theory of the MHD equilibrium in the toroidally symmetrical devices - the
Grad-Shafranov equation - is described, together with algorithm used in the EFIT
(Equilibrium FITting) code. The EFIT++ version of the EFIT code was adapted for
the COMPASS tokamak geometry, diagnostics and database. The work done in the
improvement of the code is described. The induced currents model was implemented
into the EFIT++ and benchmarked against older standalone code. The induced
currents flow in the passive structures of the tokamak - vacuum vessel, PF coils
casings or in the support structure. The induced currents model was used for the
COMPASS tokamak and the calculated vacuum vessel currents were successfully
compared with the measurements.

The influence of the calculated induced currents on the EFIT reconstructed
equilibrium was assessed for COMPASS with surprising results: the influence of the
induced currents is negligible during the plasma flat-top (which was expected), but it
is also minimal during the plasma current ramp-up, even when the vessel current is
comparable with plasma current. This is an unexpected result.

Chapter 4 also describes the utilization of the EFIT during routine operation of
the COMPASS tokamak. The EFIT is calculated automatically on inter-shot basis
and the movie with plasma shape and basic parameters is created and projected on
the screen in the control room. The movie is used by tokamak operators to adjust the
feedback setting for the plasma shape and parameters according to the physical
requirements. The examples of the plasma shapes and practical control system
settings are provided.
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The last section of the Chapter 4 focuses on the calculation of the global power
balance during the non-stationary discharge phases in the tokamak plasma. The
distribution of the input power (ohmic and additional heating) to the different sink
channels is discussed. The sink channels are: a) the build-up of the plasma column
magnetic field energy, b) the plasma thermal energy build-up, c¢) radiation losses and
d) power carried by particles crossing Last Closed Flux Surface. The calculation of
the global power balance requires calculation of the time-varying mutual inductances
between the PF coils circuits and the plasma column. The EFIT reconstructed
equilibria computed for different times are used for this purpose.

The proper calculation of the global power balance is important for the
COMPASS tokamak, because the important events, like L-H transition or ELMs
frequency changes, often occur during the non-stationary discharge phases. The L-H
transition can occur immediately after the X-point creation, during plasma shape
change. The ELM frequency often changes together with the plasma thermal energy.

The analysis of the global power balance is provided for several representative
discharges. The results show that all of the terms in the global power balance
equation play important role and none can be neglected.

The results presented in this thesis provide the reader with comprehensive
description of the COMPASS poloidal field coils circuits and with utilization of the
equilibrium reconstruction code EFIT. The principal physical results are: 1) creation
of the algorithm for the real-time plasma position determination, 2) implementation
of the induced currents model into EFIT++ and 3) calculation of the global power
balance for the COMPASS tokamak.

The work performed during the author's doctoral studies was used in several
publications in impacted journals: the engineering articles focused on plasma control
and feedback [A1], [A2], [A3], [55], [56], [84] and physical articles [17], [20], [23],
[29], [30], [33], [85].
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List of Abbreviations

ATCALT -
CCC -
CCFE -

CDB -
CDF -

CODAC -

COMPASS -
CS -

ECRH -
EF -
EFIT -
EFPS -
ELMs -
EPR -
FA -
FABR -
FABYV -
FPGA -
HFBR -
HFS -
H-mode -
ICM -
ICRH -
IDL -

IPP Prague -
IPR -

name of the data acquisition and control system based on the
Advanced Telecommunications Computing Architecture
COMPASS Currents Convention - convention of the orientations
and signs of the currents and mag. fields in COMPASS

Culham Centre for Fusion Energy - research centre in United
Kingdom

COMPASS DataBase - name of the database

Computable Document Format - file format for storing scientific
data

Control, Data Access and Communication - a term for system
dedicated to control tokamak, acquire and store measured data
Compact Assembly - name of the tokamak

Central Solenoid - coil closest to the major axis; responsible for
induced current in the plasma

Electron Cyclotron Resonance Heating - type of auxiliary heating
system

Equilibrium Field - main vertical magnetic field, used for
maintaining plasma radial position

Equilibrium FITting code - code for numerical reconstruction of the
MHD equilibrium

Equilibrium Field Power Supply - name of the power supply
Edge Localized Modes - type of plasma instability during H-mode
External Partial Rogowski coil - name of the group of diagnostic
coils; located outside of the vacuum vessel

Fast Amplifier - name of the power supply with fast switching
frequency (~40 kHz)

Fast Amplifier, B,.4ia - name of the power supply in the BR circuit,
used for plasma vertical position stabilization

Fast Amplifier, By,.ica - name of the power supply in the BV circuit,
used for plasma radial position stabilization

Field-Programmable Gate Array - configurable integrated circuit
family of fiber optic link components

High Field Side - inner side of tokamak, with higher toroidal field
plasma mode with higher energy confinement

Induced Currents Module - a module in EFIT++ code; used for
calculation of induced currents

Ion Cyclotron Resonance Heating - type of auxiliary heating system
Interactive Data Language - programming language

Institute of Plasma Physics of the Czech Academy of Sciences
Internal Partial Rogowski coil - name of the group of diagnostic
coils located in the vacuum vessel



IST Lisbon - Instituto Superior Técnico - a school of engineering
INDUCTION - name of the code for calculation of induced currents in tokamak

ITER -

LCES -

LFS -

L-mode -

International Thermonuclear Experimental Reactor - tokamak
under construction

Last Closed Flux Surface - the boundary between closed and open
field lines in tokamak plasma in limiter configuration; in divertor
configuration the boundary is called separatrix

Low Field Side - outer side of tokamak, with lower toroidal magnetic
field

plasma mode with lower energy confinement

L-H transition - transition between L-mode and H-mode

MARTe -

MAST -
MF -

MFPS -
MHD -
NBI -
Nimbus -
PF -

PID -

PS -
RFPS -
RMP PS -

SF -
SFPS -
Shaper -

SND -
SNT -

SOL -

TF -
TFPS -
UKAEA -

VEPS -
VKPS -

X-point -

Multithreaded Application Real-Time executor - software used for
the COMPASS tokamak control system

Mega Amp Spherical Tokamak - name of the tokamak in UK
Magnetizing Field - magnetic field used to generate voltage for the
plasma in COMPASS

Magnetizing Field Power Supply - name of the power supply
Magnetohydrodynamics

Neutral Beam Injection - type of auxiliary heating system

name of the data acquisition system based on NI PXIe-6368 cards
Poloidal Field

Proportional-Integral-Derivative controller

Power Supply

Radial Field Power Supply - obsolete name for FABR

Resonant Magnetic Perturbation Power Supply - name of the PS
for RMP coils

Shaping Field -magnetic field used for plasma shaping in COMPASS
Shaping Field Power Supply - name of the power supply

a part of the MFPS circuit; used for fast current change which
produces voltage necessary for plasma breakdown

Single Null Divertor - configuration of the SFPS circuit

Single Null divertor, higher Triangularity - configuration of the
SFPS circuit

Scrape-Off Layer - plasma region characterized by open field lines
Toroidal Field - magnetic field used to confine the plasma

Toroidal Field Power Supply

UK Atomic Energy Authority - UK government research
organization

Vertical Field Power Supply - obsolete name for FABV

Vertical Kicks Power Supply - PS for fast changes of vertical plasma
position

saddle point on the iy function; creates boundary between closed and

opened field lines
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