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1 Introduction 
This thesis summarizes part of the author's work during his doctoral studies at 

the Charles University in Prague. The work has been performed at the Tokamak 
Department, Institute of Plasma Physics of the Czech Academy of Sciences (IPP 
Prague). The reinstallation and commissioning of the COMPASS tokamak was in 
progress during the work on the doctoral thesis, strongly influencing the studies. 
There are two main topics in the thesis: 1) physical engineering description of the 
COMPASS magnetic field systems, and 2) utilization of the MHD equilibrium 
reconstruction for COMPASS physical programme. 

The COMPASS tokamak is a small tokamak with clear H-mode and ITER-like 
geometry. Until 2001 it was operated by United Kingdom Atomic Energy Authority 
in Culham Science Centre in United Kingdom. The tokamak was offered to the IPP 
Prague in 2004. The opportunity to broaden the physical possibilities available to the 
Tokamak Department led the IPP management to accept such challenge. The project 
of reinstallation of the COMPASS tokamak officially started in July 2006, the same 
year as start of author's doctoral studies.  

The reinstallation and commissioning of COMPASS required the Tokamak 
Department to acquire expertise in the fields where the know-how was available 
neither within the IPP Prague nor in the Czech Republic. It was necessary to learn 
about topics ranging from common, through technical, to physical. The common 
problems included for example the design of the tokamak hall to protect against 
radiation or cooling of the tokamak coils by demineralized water. The technical 
topics were ranging from requirements for newly built COMPASS Power Supplies 
systems to design of many new diagnostics. The physical knowledge, necessary to 
operate a tokamak with H-mode and diverted plasma, includes understanding the 
plasma control, first wall conditioning, physics of Neutral Beam Injection heating or 
plasma shape reconstruction from measured data.  

The first main subject of this thesis is physical description of the poloidal 
magnetic field systems, particularly with respect to the feedback control of the 
tokamak plasma. The second main subject is focused 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. 
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1.1 Goals 

The main goal of the work was to support the COMPASS reinstallation, 
commissioning and utilization in Prague. The particular topic was "everything 
connected with the magnetic field".  

The individual goals were: 
1) Characterize the vacuum magnetic field generated by COMPASS poloidal 

field coils 
2) Commission the magnetic diagnostics of the COMPASS tokamak 
3) Create a simple algorithm for real-time plasma position determination 
4) Control the plasma current, position, shape and density 
5) Understand and improve the Power Supplies used for plasma control 
6) Understand, install and operate the MHD equilibrium reconstruction code 

EFIT 
7) Utilize the reconstructed equilibria for COMPASS needs 
The text of this thesis contains points 1) and 5) in Chapter  3 - Magnetic Field 

systems, and points 6) and 7) in Chapter  4 - Equilibrium reconstruction. The point 2) 
is briefly covered in the Chapter  2 - COMPASS tokamak. The articles attached at the 
end of the thesis cover the points 3) and 4). 

 The work was done in collaboration within the COMPASS team. Particularly 
the topic of control of the tokamak plasma was done in collaboration with Filip 
Janky. His doctoral thesis "Design and implementation of the plasma control system 

for the COMPASS tokamak" is focused more on the control tasks and should contain 
detailed description of points 3) and 4) which are covered only by attached articles 
here. 

1.2 Thesis overview 

The thesis is divided as follows: 
� Chapter  1 is this Introduction. 
� Chapter  2 - COMPASS tokamak - contains a brief introduction and overview 

of the COMPASS tokamak (Section  2.1), the available diagnostics (Section 
 2.2) and particularly the magnetic diagnostics (Section  2.3). 

� Chapter  3 - Magnetic Field systems - describes the magnetic field systems of 
the COMPASS tokamak. This chapter offers information about poloidal field 
(PF) coils, their magnetic field and used Power Supplies in a concise form 
suitable for physicists.  

• The technical part of the Section  3.1 is dedicated to description of the 
PF coils geometry (Section  3.1.1), the sign convention for currents in 
COMPASS (Section  3.1.2) and connection of PF coils windings into 
circuits (Section  3.1.3).  

• The physical part of the Section  3.1 covers theory for calculation of 
magnetic field of a toroidally wound coil (Section  3.1.4), 
characterization of vacuum magnetic fields of PF coils circuits 
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(Section  3.1.5) and tables with mutual and self- inductances of 
COMPASS PF coils circuits (Section  3.1.6). 

• Section  3.2 focuses on the COMPASS stray magnetic fields. 
• Section  3.3 describes filters designed for the PF coils Power Supplies. 

The principle (Section  3.3.1), simulations (Section  3.3.2), preliminary 
measurements (Section  3.3.3) and current status (Section  3.3.4) are 
discussed. 

• Section  3.4 contains description of the mutual influence between 
individual Power Supplies (Section  3.4.1), description of the Power 
supplies controller (Section  3.4.2 and Section  3.4.3) and 
improvements performed in the controller (Section  3.4.4). 

� Chapter  4 - Equilibrium reconstruction - focuses on numerical reconstruction 
of the MHD equilibrium.  

• The theory of the Grad-Shafranov equation (Section  4.1.1) and its use 
in numerical code EFIT (Section  4.1.2) is described in Section  4.1.  

• The theory (Section  4.2.1), implementation (Section  4.2.2) and 
benchmarking (Section  4.2.3) of the induced currents model for the 
EFIT code is in Section  4.2. 

• Section  4.3 describes use of one particular discharge (Section  4.3.1) 
for discussion about the induced currents in the vacuum vessel of the 
COMPASS tokamak (Section  4.3.2). Their influence on reconstructed 
equilibrium is assessed in Section  4.3.3. 

• The automatic inter-shot EFIT run (Section  4.4.1) and its use for 
tokamak operation (Section  4.4.2) is examined in Section  4.4. 

• Global power balance in non-stationary phases of the plasma 
discharge is described in Section  4.5. Theory (Section  4.5.1), 
numerical determination of externally induced voltage (Section  4.5.2), 
detailed analysis for L-mode discharge (Section  4.5.3) and interesting 
examples (Section  4.5.4) are discussed. 

� Chapter  5 - General conclusions - summarizes the results in the doctoral 
thesis. 

� Attached articles provide information about the Fast Amplifiers and Vertical 
Kick Power Supply built for control of vertical plasma position (A1), real-
time plasma position algorithm (A2) and about improvements in the real-time 
plasma control and in plasma position algorithm (A3). 
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2 COMPASS tokamak 
The COMPASS tokamak is a small tokamak with a clear H-mode [1] and ITER-

like geometry. The COMPASS tokamak was designed to study mainly MHD physics 
in Culham Science Centre in United Kingdom in 1980s, [2], [3], [4], [5], [6], [7], [8]. 
It is equipped with four quadrant set of saddle coils to create resonant magnetic 
perturbation (RMP) fields to influence the ELMs [9]. COMPASS had the first 
plasma in 1989 with circular a cross-section vacuum vessel. The vessel was upgraded 
to D-shaped vessel and tokamak was restarted in 1992. The COMPASS tokamak was 
successfully operated until 2001 when it was mothballed due to difficulties of 
operating the COMPASS tokamak simultaneously with spherical MAST tokamak. 

The tokamak was offered to Institute of Plasma Physics on 29th October 2004. 
The project of reinstallation in Prague ([10]) officially started in July 2006 when the 
Preferential support of EURATOM was granted. 

The timeline of the COMPASS tokamak in the Czech Republic is: 

29 October 2004 Letter with official offer to transfer COMPASS to CR 

2005 Preparation phase, governmental support provided 

July 2006 Preferential support of EURATOM granted,  

start of the COMPASS Project 
2007 Construction of the buildings, Power Supplies, transport of 

COMPASS parts to CR 

20 October 2007 Arrival of the COMPASS tokamak to CR, temporary storage 

12 December 2007 Moving the COMPASS to final place in tokamak hall 

9 December 2008, 
11:45 

First plasma (#180) achieved during engineering test, up to 
150 ms discharge duration achieved in next two days 

19 February 2009 Official start of the tokamak test operation 

November 2009 First design [11] of Fast Amplifiers (FA) for plasma position 
stabilization built, 23 November 2009: information from IST 
Lisbon that the design is faulty 

June 2010 Commissioning of altered first design of FAs failed 

November 2010 Fundamental error in the first design of FAs found, design 
of a completely new FAs started 

July 2011 First tests of the FA for radial position stabilization with 
power supply from flywheel (#1847) 

September 2011 Radial position feedback for circular limiter plasma is fully 
functional 

November 2011 Feedback for plasma current functional 

March 2012 Start of commissioning of vertical plasma position feedback 

November 2012 Vertical position feedback  fully operational, 

plasma in divertor configuration 
29 November 2012, 

13:07 
First H-mode achieved (#4073), ELM free, NBI assisted 
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The timeline of the COMPASS reinstallation in the Czech Republic can be 
divided into several periods: preparation (2005-2006), transportation and 
reinstallation (2006-2008), commissioning (2009-2011) and scientific exploitation 
(2012 onwards). 

The dismantled tokamak after the transport to the Czech Republic is depicted in 
the Figure  2.1. The tokamak is on its place in the tokamak hall. 

The status of the tokamak before the first plasma in December 2008 is in the 
Figure  2.2. The radial preload system for toroidal field coils, gallery over the 
tokamak, the Upper Link Board for poloidal field coils, a vacuum pumping system 
and basic diagnostics are installed. The cables leading from tokamak to the computer 
on the right connect the fast visible camera [12]. 

The current status of the tokamak COMPASS is in the Figure  2.3. 

 

 

 
Figure  2.1: Dismantled COMPASS in the tokamak hall in Prague, 2008 

 
Figure  2.2: COMPASS before the first plasma, 9.12.2008. The Upper Link Board, 
gallery over the tokamak, vacuum systems and basic diagnostics including fast 
visible camera installed. 
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The physical programme of the COMPASS tokamak is mainly concentrated on the 
edge plasma, particularly during H-mode: 

� L-H transition, multi-parameter scaling  
� Edge Localized Modes (ELMs) 
� plasma-wall interaction, heat transfer during ELMs 
� ELM control techniques (Magnetic Perturbation, vertical kicks) 
� Scrape-Off Layer (SOL) physics 
� pedestal physics 
� long range correlations of turbulent structures and MHD modes 
� runaway electrons studies 
� disruption studies 

2.1 Overview 

This section provides quick overview of the basic parameters of the COMPASS 
tokamak. 

The COMPASS tokamak [10] has major radius 0.56 m, minor radius 0.2 m and 
elongation 1.8. The ITER-like geometry is depicted in the Figure  2.4. It can be 
operated with various plasma shapes (circular, elliptic, diverted with smaller or larger 
triangularity) and sizes, allowing good flexibility of important parameters: 
elongation, triangularity or SOL width. 

The parameters of the COMPASS tokamak are summarized in the Table  2-1. 
The tokamak has maximal achievable toroidal magnetic field 2.1 T. This toroidal 

magnetic field requires 92 kA current in the toroidal field coils and vertical hydraulic 
preload system [13], [14] to compensate the forces acting on the coils. The tokamak 
is routinely operated with toroidal magnetic field 1.15 T, where the stress on the coils 
allows infinite amount of cycles.  

 
Figure  2.3: COMPASS, current status (as of 11.6.2015). Thomson scattering 
system, Li beam diagnostics and Neutral Beam Injection systems are visible. 
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The plasma current up to ~350 kA is achievable for BT = 1.15 T.  The pulse 
duration of ~0.5 s with plasma current flat-top up to 300 ms is regularly achieved. 
The maximal achieved pulse duration was 1 s. 

The line integrated density is up to 1.2x1020 m-3 (for BT = 1.15 T). 
The ohmic heating is up to ~500 kW and additional heating is provided by two 

Neutral Beam Injection systems 2x400 kW, see [15], [16]. This power allows 
reaching ~4x higher power than the L-H threshold. 

 

 
 
 

R [m]R [m]  
Figure  2.4: Comparison of the dimensions of tokamaks with ITER-like shape. The 
COMPASS tokamak is 10 times smaller than the ITER tokamak in the linear 
dimension. 

 
Table  2-1: The COMPASS parameters. 
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2.2 Diagnostics 

This section contains brief summary of the diagnostic available on the 
COMPASS tokamak.  

The article of Weinzettl, et al., Overview of the COMPASS diagnostics [17] 
provides references for the listed diagnostics: 

� magnetic diagnostics, [18], [14] 
� Thomson scattering diagnostic system, [19], [20] 
� Fast cameras, [12] 
� Multi-range tomographic system: fast bolometry and SXR tomography, [21], 

[22], [23] 
� Charge Exchange Recombination Spectroscopy (in construction), [24] 
� Interferometer, [25] 
� Radiometer, [26], [27] 
� Reflectometer 
� Reciprocating probes, [28], [29]  
� Divertor probes, [30] 
� Beam emission spectroscopy, [31], [32] 
� Atomic probe diagnostics, [33] 
� Neutral particle analyzer, [34] 

2.3 Magnetic diagnostics 

This section briefly summarizes the status of the magnetic diagnostic of the 
COMPASS tokamak. The diagnostic coils used further in the thesis are described in 
more detail. This section is extended and updated form of two articles: 
Havlicek et al., 2009, Magnetic Diagnostics for Start-up Phase of COMPASS [18] 
and Havlicek et al., 2010, Status of Magnetic Diagnostics on COMPASS [14]. 

There are 392 magnetic diagnostics coils (see Table  2-2) positioned all over the 
vacuum vessel (see Figure  2.5) in the COMPASS tokamak. These coils were 
transported in a functional state from Culham. Replacement of the data cables and 
rack cabinets containing analogue integrators was performed because to the data 
acquisition system location outside of the tokamak hall. 

All diagnostic coils were checked for short circuit with the vacuum vessel during 
COMPASS reinstallation. It was found out that several of them are functionless. 
Cables going from tokamak hall to CODAC room with data acquisition were laid and 
equipped with connectors. 
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Figure  2.5: Top view of the COMPASS tokamak vacuum vessel with magnetic 
diagnostics coils. Discrete coils are Mirnov coils. 

 
Table  2-2: Available diagnostic coils.  
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Magnetic coils measure time derivative of the magnetic field. An analogue 
integration is required to obtain a reliable value of the magnetic field. Numerical 
integration is often not suitable because it is hard to fulfil the requirements to AD 
converters – accurate measurement of ranges from tenths of µV to tens of volts with 
~ MS/s sampling rate. Fifteen active analogue Quad Integrators with variable gain 
and drift compensation were transported from Culham to IPP Prague. Each of these 
integrators has four independent output channels. These integrators are used for basic 
set of diagnostic coils, particularly those used for real-time feedback control of the 
plasma column.  

The majority of the diagnostic coils is connected to the data acquisition systems 
without integrators. The advantage against signals integrated with analogue 
integrator is better frequency bandwidth. These coils are mainly used for studies of 
magnetic field fluctuations. The numerical integration is used, but the integrated 
signal often looses continuity during plasma disruptions.  

The current status of the magnetic diagnostics (as of 11.6.2015) is that ~290 
diagnostic coils are measured routinely: 

� Data acquisition system called "ATCA1", 2 MS/s, 16 bit resolution: 
• 24 discrete Mirnov coils in ring B - integrated - measurement of local 

θB  on 24 positions around plasma on toroidal angle 215.5º. 

• 16 Internal Partial Rogowski coils - integrated - measurement of line 
averaged θB  on 16 poloidal positions around plasma on toroidal angle 

347.5º. Used for real-time plasma position reconstruction. 
• 4 flux loops without integration – measurement of loop voltage UFL. 

Voltage divider is used to decrease the measured voltage to the 
operational range +/-10 V of data acquisition system. 

• 4 flux loops with integration – measurement of the poloidal flux 
function Ψ. Real-time plasma position reconstruction. 

• 8 commercial Rogowski coils MFC 150 (Algodue Elettronica) – 
measurement of currents in the poloidal and toroidal field coils 
circuits. 

• 1 Internal Rogowski Coil – winded inside the vacuum vessel. 
Measures plasma current Ipl. 

• 1 External Rogowski Coil – winded around the vacuum vessel. 
Measures sum of plasma current and vessel current. 

• 2 diamagnetic loops – measurement of plasma energy. 
� Data acquisition system "Nimbus", 2 MS/s, 16 bit resolution, ~2x lower noise 

than ATCA1, higher bandwidth: 650 kHz: 
• 3x24 discrete Mirnov coils in ring A - not integrated - full ring of all 

three components of magnetic field, toroidal angle 32.5º. 
• 24 discrete Mirnov coils in ring C - not integrated - measurement of 

local θB  on 24 positions around plasma on toroidal angle 257.5º 
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• 104 Saddle loops - not integrated - the vacuum vessel is covered with 
22x4 coils in four toroidal quadrants, measuring normal magnetic 
field. There are 8x2 coils in eight octants on the LFS midplane. 

• 16 External Partial Rogowski coils - not integrated - measurement of 
line averaged θB  on 16 poloidal positions around plasma and vacuum 

vessel on toroidal angle 347.5º. 
• 2x8 Divertor Mirnov coils - not integrated - eight tangential and 

normal measurements in the divertor plate. 
� 4 commercial Hall sensors GH-601 (F.W.Bell) – direct measurement of 

toroidal field. The Hall sensors do not require analogue integration and are 
used in machine protection system to control the current in the TF coils.  

Figure  2.6 shows positions and numbers of 16 Internal Partial Rogowski (IPR) 
coils and positions of 24 Mirnov coils. 

 
Diagnostic coils calibration 

The flux loops do not require calibration because their spatial dimensions are big 
enough and error of its measurement negligible enough to just compute the 
calibration factor in Tesla per volt.  

The Internal and External Rogowski coils used for determination of the plasma 
and vacuum vessel currents, as well as Rogowski coils used for measurement of 

 
Figure  2.6: Poloidal cut of the COMPASS tokamak with Internal Partial 
Rogowski coils (blue) and Discrete Mirnov coils (red) numbers. 
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currents in the poloidal field coils circuits, were calibrated together with particular 
integrators assigned to each of the coils. A capacitor with capacitance 3.2 F and 
voltage 50 V was discharged into thick flexible wire coming through Rogowski coils 
producing current in the wire up to ~ 230 A. The effective current flowing in the 
cross-section of the Rogowski coils was increased by passing the thick wire several 
times through the cross-section (14x for commercial Rogowski coils, 3x for Internal 
and External Rogowski coils). The current in the thick wire was accurately measured 
on the invar resistor shunt with four-point method. Then, the sought after calibration 
constant in ampere per volt was then determined from the output voltage of the 
integrator. 

 
The Internal Partial Rogowski coils and discrete Mirnov coils were calibrated 

with magnetic field originating from poloidal field coils circuits EFPS (Equilibrium 
Field Power Supply circuit) and SFPS-SND (Shaping Field Power Supply circuit, 
Single Null Divertor configuration). The purpose and magnetic field of these circuits 
is described in the Section  3.1.5. The magnetic field on position of diagnostic coils 
was determined by using numerical integration of Biot-Savart law from known 
geometrical description of PF coils circuit. The computed magnetic field was then 
projected into the direction of diagnostic coils. A series of dedicated vacuum 

 
Table  2-3: Positions, angles and calibrations of discrete Mirnov coils in ring B.  
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discharges with different currents in EFPS and SFPS-SND circuits measured by 
Rogowski coils was used for obtaining standard deviation of the calibration constant. 

Currents induced in the vacuum vessel during PF coils circuit current ramp-up 
and ramp-down create a magnetic field which influence the signal in the diagnostic 
coils. Only data sampled during stationary phase were included to the computation of 
calibration constants. 

The results from the calibration are summed in the Table  2-3 and in the Table 
 2-4, together with positions and angles. 

 
 

 
Table  2-4: Positions, angles and calibrations of magnetic diagnostic coils. 
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3 Magnetic Field systems 
This chapter contains information about systems used for generation of magnetic 

fields in the COMPASS tokamak. The systems consist of Poloidal Field (PF) coils, 
Toroidal Field (TF) coils, Power Supplies (PS) used to energize the coils and of 
various control systems. The primary goal of the chapter is to describe the systems 
aspects, which are potentially interesting for physicists: geometry, connections, 
produced magnetic fields, possibilities and limitations of Power Supplies, interaction 
between Power supplies. These parameters are occasionally useful when an 
experiment is planned and performed. The secondary goal of the chapter is to 
provide documentation of part of the tokamak sub-systems commissioned during 
COMPASS reinstallation in Prague [10]. 

3.1 Poloidal Fields circuits 

This section deals with the poloidal magnetic fields created by COMPASS PF 
coils. The geometry, coils connection, generated vacuum magnetic field and mutual 
inductances between individual circuits are presented. 

First, used terminology should be clarified. Tokamak COMPASS is equipped 
with poloidal field coils (P1-P7, see Figure  3.1) which consist of several electrically 
separated windings. The windings have different numbers of turns. The windings are 
organized into poloidal field coils circuits. Each circuit is powered by its own power 

supply after which it is named.  
For example: "MFPS (Magnetizing Field Power Supply) circuit" is an electrical 

circuit consisting of a) several windings connected together with direction of current 
selected on a link board, and b) connected power supply. The term "MF coils" (or 
"MFPS coils") refers to connected windings in the coils. The terms "MF circuit" or 
"MFPS" or "MF coils" are often used to describe either the connected windings or 
power supply or both together, depending on the context. This dependence on the 
context is avoided and proper terminology is used whenever practically possible in 
this thesis. 

COMPASS tokamak uses five circuits [35], [36] consisting of different windings 
in different poloidal field (PF) coils. These are: 

1. MFPS circuit – Magnetizing Field Power Supply (PS) circuit for plasma 
current drive and ohmic heating. It acts as the primary winding in the air 
transformer. COMPASS power supplies are discussed in Zajac et al. [37], 
[38] and Pavelka et al., [39]. 

2. EFPS circuit – Equilibrium Field PS circuit for generating vertical magnetic 
field which prevents plasma column from expanding its main radius. 

3. SFPS circuit – Shaping Field PS circuit for plasma shaping and creation of 
divertor plasma configuration. Several configurations are used for different 
plasma shapes. Commonly used are SND (Single Null Divertor) and SNT 
(Single Null divertor with higher Triangularity). 
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4. BR (or FABR) circuit – horizontal magnetic field circuit powered by Fast 
Amplifier (Havlicek et al., [Attached publication A1]) for fast feedback 
control of vertical plasma position [40].  

5. BV (or FABV) circuit – vertical magnetic field for horizontal plasma position 
feedback, powered by Fast Amplifier.   

It should be noted that "COMPASS-D PF system was designed so that different 
parameters (R, z, Ip, shape) were controlled independently with single-function 
power supplies. This is different from MAST and other modern tokamaks where 
multi-variable control is used, but is very much simpler to implement, if less precise 
and flexible", A. W. Morris, COMPASS-D Plasma Control Systems and Operating 

Limits, in PIC/SL/DPIC training, 15-19 Sept 1997. 

 

3.1.1 Poloidal field coils geometry 

The geometry of the poloidal field coils and windings is known from 
documentation provided by UK Atomic Energy Authority (UKAEA, now renamed to 
Culham Centre for Fusion Energy - CCFE) when COMPASS was transported from 
Culham to Prague. The geometrical values used in this thesis are taken from the 
drawing E/CPS/840369 (see Figure  3.4), from COMPASS Machine Assembly & 

 
Figure  3.1: Poloidal plane cut of the COMPASS tokamak. Different windings in 
the PF coils (P1-P7) are distinguished by colors. M, E, S and F windings are 
historical markings – actually used circuits use various windings.  
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Installation QA Records (item 52 in COMPASS archive, see Figure  3.2 and Figure 
 3.3) and from EFIT (Equilibrium FITting code) input files. 

 
Figure  3.2 and Figure  3.3 show geometry of the PF coils measured after their 

installation in Culham, together with names of individual windings in the coils. It can 
be seen that for example coil P2A (see Figure  3.1) consists of three windings M2A, 
F1A and S1A, each with 12, 2 and 8 turns respectively.  

A special attention should be given to the coil P1 with windings M1 and M6. 
Each of the windings has 48 turns geometrically organized into chessboard pattern.  

This can be achieved by winding two wires together from the top to the bottom 
24 times in inner half of the coil P1, then transiting to the outer half of the P1 coil 
and winding them together 24 times from the bottom to the top. With this procedure 
the chessboard pattern of two windings is created. This makes the location of four 
winding ends suitable for connection to the link boards with cables organized into 
pairs + and -. This ensures that the stray magnetic field of the cables is minimized. 

The windings M1 and M6 are therefore geometrically identical and can be 
swapped with each other without any consequences to the geometry of created 
magnetic field. This feature was used already in Culham. The coil M1 was connected 

Figure  3.2: Radial positions of PF coils as measured in Culham, taken from 
COMPASS Machine Assembly & Installation QA Records (item 52 in archive). 
Courtesy of CCFE. 
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closer to the electrical ground than M6 in the MFPS circuit, while according the 
documentation M6 should had been closer to the electrical ground. The reason was 
better leakage resistance to the electrical ground of the winding M6. 

It should be noted that the winding M1 is also called MB and that the group of 
windings M6+M2A+M2B+M3A+M3B+M4A+M4B+M5A+M5B is called MA. 
There is some Culham documentation, where M1 and M6 are swapped in this 
marking. The real situation is described in this thesis.  

 
An attention should also be given to the coil P1, windings E1 and E2. These are 

connected together with M1 into the EFPS circuit (connection of coils will be 
described in more details in Section  3.1.3), each of the windings E1A, E1B, E2A and 
E2B have eight turns. The difference of E1 and E2 to the rest of the windings is that 
E1 and E2 are connected in parallel. E1A is in series with E2B and they are together 
in parallel to E2A and E1B, which are in series. Details can be found in bachelor 
thesis by O. Kudláček: Elektromagnetická pole v zařízeních s magnetickým udržením 

horkého plazmatu [41].  
Figure  3.4 shows table with geometrical centres of individual windings, 

geometry of individual coils and windings, and geometry of one turn used in the 

Figure  3.3: Vertical positions of the PF coils as measured in Culham, taken from 
COMPASS Machine Assembly & Installation QA Records (item 52 in archive). 
Courtesy of CCFE. 
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windings. It was created by removing redundant information from drawing 
E/CPS/840369. 

Geometrical information about one turn of the windings was used to calculate 
values for I2t protection of the coils. I2t is commonly used as a measure of thermal 
energy deposited in the wire during a short pulse, i.e. without any cooling applied 
during duration of the pulse. Time duration of currents flowing in the COMPASS 
coils is usually shorter than one second, therefore this approximation is valid. The 
energy E deposited in the wire can be described by equation: 
 ∫∫ ⋅=⋅= ttIRttPE d)(d)( 2 , ( 3.1) 

where P is power, R is the resistance of the wire and I is the current flowing in the 

wire. The value of the ∫ ⋅dttI )(2  should be kept lower than a threshold value given 

by: 
 TmcE ∆⋅⋅= , ( 3.2) 
where c = 384.5 11 kgKJ −− ⋅⋅  is the copper specific heat capacity, m is the mass of 

the copper wire and T∆  is the selected maximal allowed temperature change. The 
COMPASS inter-turn insulation is rated up to 80º and T∆  was selected to be 50 K.  

In the Equation ( 3.1) the resistance is assumed to be constant. This assumption is 
only partially valid because the copper temperature coefficient α  is 0.00386 K-1, 
giving the resistance change of 19.3 % for 50 K temperature change. For the long 
wire approximation the mass m is given by lSm dens ⋅⋅= ρ , where copper density 

densρ  is 8960 3mkg − , l is the wire length and S is the wire area. The resistance of 

the long wire is SlR ⋅= ρ , where ρ = 81068.1 −×  Ωm  is copper resistivity. In the 

case of COMPASS windings the area of one turn is 18 x 8 - π·22 - (4-π)·1.52 mm2 
(see Figure  3.4).   

The final value of the I2t is then given by: 
 

TScttI dens ∆⋅⋅⋅<⋅∫ 22   d)(
ρ

ρ
 ( 3.3) 

and the numerical value for the COMPASS poloidal field coils is: 
 172  d)(2∫ <⋅ ttI kA2s. ( 3.4) 

This critical value is checked by the COMPASS feedback system which requests 
current values to be zero if the I2t reaches 80 % of 172 kA2s. The implementation of 
the I2t protection was reported in the article Upgrade of the COMPASS tokamak real-

time control system [Attached publication A3]. 
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Figure  3.4: Excerpt from drawing E/CPS/840369. Number of turns in windings M1 
and M6 in the coil P1 is 48 in each. Courtesy of CCFE. 
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Figure  3.5: COMPASS Magnetic Field 
Configuration sheet used in Culham. Note 
that M1 and M6 are swapped against reality 
during reinstallation. Superseded by CCC. 

3.1.2  CCC - COMPASS Currents Convention 

This section establishes convention for the polarity of the Power Supplies and 
their connection to the PF coils circuits for the COMPASS tokamak.  

Before and during the reinstallation of COMPASS in Prague we had to 
understand the connection of the tokamak coils to the Power Supplies in order to 
install them correctly. We used the documentation provided by CCFE, which was 
available at that time. The used documentation was: 

1. Datasheets "COMPASS Magnetic Field Configuration" describing 
connection of the PS with tokamak windings for different campaigns (see 
Figure  3.5). 

2. Technical drawing E/CPS/902091 of the link boards and their connection to 
the Power Supplies. 

3. Signals from CCFE database - particularly signals for EFIT, e.g. 
MA_EFITMACURR - current in the winding MA = M6 + M2A + M2B + 
M3A + M3B + M4A + M4B + M5A + M5B, MA_MBCURR(S) - current in 
the windings MB = M1, ... 

At that time we did not 
realize that the documentation is 
not self-consistent. This can be 
demonstrated on the polarity of 
the Magnetizing Field. Due to the 
Faraday's law of induction the 
negative plasma current 
(clockwise when viewed from 
above) is created and maintained 
by positive derivative of the 
current in the central solenoid - 
either the central solenoid current 
is positive and is increasing its 
amplitude or it is negative and is 
decreasing the amplitude. This 
can be in achieved either by: 1/ 
connecting central solenoid with 
negative direction to the Power 
Supply with negative current 
derivative (as in "COMPASS 
Magnetic Field Configuration" 
for shots #27789 to #27855 and 
signal MA_EFITMACURR) or 
by 2/ connecting central solenoid 
with positive direction to the 
Power Supply with positive current derivative (as in drawing E/CPS/902091 and 
signal MA_MBCURR(S)). In both cases the physical direction of the current in the 
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central solenoid is identical, only convention of marking of windings connection and 
polarity of the measured current signal is changed. 

The problem with documentation and marking self-consistency was increased 
during COMPASS reinstallation when Power Supplies manufacturer selected 
polarity of the MF Power Supply which was in contradiction to the convention used 
by IPP physicists. 

In order to solve the inconsistencies and establish a unified documentation, an 
official convention was approved by COMPASS management at the end of the year 
2012. This convention is called COMPASS Currents Convention and is abbreviated 
CCC.  

The COMPASS Currents Convention consists of these rules: 
1. The cylindrical coordinate system is (R, φ, Z) and uses right hand rule for 

the orientation of the vectors. The major radius is R, vertical position is Z and 
the toroidal angle φ is positive for counterclockwise direction when viewed 
from above. Note that the coordinate system (R, Z, φ) has orientation of the 
toroidal angle opposite to the CCC. 

2. The standard polarity of the plasma current in COMPASS is negative, 
which means that the orientation of the current is counterclockwise when 
viewed from above. The reversed polarity of the plasma current is positive 
(clockwise orientation). 

3. The standard orientation of the toroidal magnetic field is negative 
(counterclockwise). The reversed orientation of the TF is positive 
(clockwise). Both orientations are achieved by changed connection of TF 
coils to PS, i.e. TFPS current is always positive. 

4. The MFPS current should have positive derivative (e.g. swing from -14 kA 
to +14 kA) for standard plasma current polarity. The connection of the 
MFPS circuit windings should respect this convention. 

5. The EFPS and SFPS currents should be positive for standard plasma 

current polarity. The connection of the windings into circuits should respect 
this convention. 

6. The FABR and FABV currents should be positive for positive Brad and Bvert 

respectively. Therefore the Bj
rr

×  force acting on the plasma with standard 

plasma current polarity should be upwards for positive IBR, i.e. positive Brad, 
and inwards (towards HFS) for positive IBV, i.e. positive Bvert. The connection 
of the windings into circuits should respect this convention. 

This convention is closely connected to the way how measured signals should be 
stored in the COMPASS database (CDB, reference article [42]). The CCC covers the 
polarity of the signals. Further rules are that time axis stored in CDB should be in 
milliseconds and all other quantities should be in SI units. The milliseconds were 
chosen for user's convenience because COMPASS discharges are shorter than one 
second. 

The reversed plasma current polarity is possible for COMPASS tokamak and is 
used occasionally when there is physical justification (as in articles [43], [44], [45]), 
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but the procedure of changing mechanical connections of windings to the PS and 
reprogramming the feedback and diagnostic system is not straightforward. As a 
consequence the signals stored in the COMPASS database are not conforming to the 
CCC and in some cases are not consistent with each other, when the plasma current 
polarity is reversed. An example of the inconsistent data in CDB is measurement of 
the HFS tangential diagnostic magnetic coil IPR_09 (Internal Partial Rogowski coil): 
the measured magnetic field is in reality opposite against standard orientation, it is 
measured with correct polarity by fast measurement (2 MS/s, CDB signal name: " 
Internal_Partial_Rogowski_coil_09_RAW"), but feedback signal (20 kS/s, CDB 
signal name: " MARTE_NODE.ChannelDataCollection.Channel_019") stores the 
signal with incorrect polarity. The reason is that feedback system is, from the most 
part, reprogrammed to behave as if the polarity of the plasma current was not 
changed, thus ensuring correct control of the plasma. In the future the CCC should be 
broadened to properly cover reversed plasma current operation and signals in CDB 
should be treated retroactively. 

3.1.3 Connections of poloidal field coils circuits 

As was already stated in introduction to Section  3.1, tokamak COMPASS uses 
five poloidal field coils circuits to create and control plasma column. This section 
purely describes the connection of the windings into these circuits, without further 
discussion. The created magnetic field, circuit function and capabilities in regard to 
influencing COMPASS plasma are discussed later in Section  3.1.5 - Characterization 
of PF coils circuits magnetic fields. Mutual coupling between the PF coils circuits is 
generally discussed in Section  3.1.6 - Mutual inductances of poloidal field coils 
circuits and practically exploited in Section  3.4 - Simulation of the EFPS PID 
controller. 

Connections of poloidal field coils circuits were already partially published by 
O. Kudláček in his bachelor thesis: Elektromagnetická pole v zařízeních s 

magnetickým udržením horkého plazmatu [41], but without conforming to the CCC, 
which was introduced later. 

Tokamak COMPASS has all windings in the coils connected to two link boards. 
Upper Link Board is situated roughly 4-5 m north of the tokamak, Lower Link Board 
is situated two floors below the tokamak. With the exception of the windings F1, F5, 
E1 and E2, all other windings are connected to the link boards individually (see 
Figure  3.6) and circuits can be changed by reconnection of the terminals on the link 
boards. Copper bars with cross-section 50 mm x 12 mm or cables with cross-section 
~ 250 mm2 and bolts M16 (24 mm nut) are used to connect individual windings. 
Polarity of the winding in the circuit is determined by the polarity of the power 
supply output connected to the terminal marked with dot (see Figure  3.6). 

 Polarity of a winding connected in the circuit is marked by either + or -. The 
meaning is that winding connected in + direction (+ output  of PS on the terminal 
marked with dot) has current flowing counterclockwise (positive in coordinate 
system R, φ, Z) when viewed from above, for positive current generated by the 
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Power Supply, and clockwise for negative current generated by the Power Supply. 
The winding connected in - direction to positive current from PS has current flowing 
clockwise.  

Shaping Field circuit uses several possible configurations selectable on the link 
boards. These are: SND (Single Null Divertor), SNT (Single Null divertor with 
higher Triangularity), ellipse and Dee. All SFPS circuit configurations were 
adopted from CCFE and no changes were done in IPP Prague.  

The most relevant for COMPASS operation is SFPS-SNT configuration, which 
creates plasma shape highly relevant to the ITER tokamak [10]. Therefore the SFPS-
SNT configuration is used exclusively from the shot #3087 (3.4.2012) up to now 
(as of 11.6.2015 the shot number is #10169). Before the shot #3087, SFPS-Dee 
without Central Solenoid (#2896 - #2898) was used without active vertical position 
stabilization to elongate plasma vertically and achieve higher line averaged electron 
density, and SFPS-SND (#2983 - #3086) was used briefly during vertical position 
feedback commissioning. No fully stabilized plasmas with SND configuration were 
achieved, but there are discharges with briefly achieved divertor configuration (e.g. 
#3002 and #3005). Commissioning of the vertical position stabilization for the 
diverted plasma was done is SNT configuration between shots #3087 and #3925 
(30.10.2012), when the last major obstacle (diagnostic magnetic coils used in radial 
position feedback algorithm were reaching data acquisition voltage limit, solved by 
lowering integration constant) was removed. Soon after that the first H-mode 
(#4073) after COMPASS reinstallation in Prague was achieved in the SNT 
configuration of the plasma. 

The windings and their polarities connected in individual Power Supply circuits 
(see introduction to Section  3.1 for explanation of circuit purpose) are:  

� MFPS:   +M6+M2A+M2B+M3A+M3B+M4A+M4B+M5A+M5B+M1 
� EFPS:   -M1 + (+E1A+E2B)||(+E2A+E1B) which is technically equal 

    to -M1 + E1A||E2A + E1B||E2B 
� SFPS-SND:  +M1-E3A+E3B-F2B-F3B-S1A-S1B-S2B+S3B+S5B  
� SFPS-SNT:  +M1-E3A+E3B-F2B-F3B-S1A-S1B-S2B-S3A-S3B+S5B+S7 
� SFPS-ellipse:  +M1-S2A-S2B-S3A-S3B+S6A+S6B, note that the 
     configuration is top-down symmetrical 
� SFPS-Dee: +M1-S1A-S1B-S2A-S2B-S3A-S3B+S5A+S5B+S7, note that 

    the configuration is top-down symmetrical 
� BR:   -F4A+F4B-S4A+S4B 
� BV:   -F1A-F1B+F5A+F5B 
Expected current waveform in the MF Power Supply is first negative (e.g. -14 

kA) and then rising, then the current flowing in the central solenoid (CS, windings 
M1 and M6) has clockwise (negative) direction for -14 kA and magnetic field 
created by MF circuit inside central solenoid is oriented downwards and it's 
derivative upwards, which creates negative (standard direction) plasma current, with 
downwards magnetic field in central solenoid.  
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Expected current in the EF Power Supply is positive, the magnetic field interacts 
with negative plasma current creating force with direction to HFS, counteracting 
plasma column natural expansion towards LFS.  

Expected current in the SF Power Supply for negative plasma current is positive.  
FABR and FABV currents can be either positive or negative, depending on the 

movement of the plasma and requests from the feedback system. 
Connection of the windings into circuits and to the Power Supplies on Upper and 

Lower Link Boards is described in the following figures. In the figures the Lower 
Link Board consists of three terminal panels: Plasma Current Direction Link Board, 
Turns Ratio Link Board and Lower Shaping Link Board. The Upper Link Board is 
created only from Upper Shaping Link Board panel. Physical placement of the 
windings terminals corresponds to the position in the figures. 

 Figure  3.6 shows connections of the Magnetizing Field circuit (MFPS), 
Equilibrium Field circuit (EFPS), vertical position stabilization circuit FABR (Fast 
Amplifier, Brad) and radial position stabilization circuit FABV (Fast Amplifier, Bvert). 
Note that the windings E1A, E1B, E2A and E2B are connected in parallel. Figure 
 3.7, Figure  3.8, Figure  3.9 and Figure  3.10 show different configurations of the 
Shaping Field Power Supply circuit. 

The figures use IPP Prague notation for the names of the Power Supplies. Power 
Supplies FABR and FABV can be found under different names in the documentation 
from Culham. RFPS (Radial Field Power Supply) and VFPS (Vertical Field Power 
Supply) as well as FA1 (Fast Amplifier 1), FA2 and FA3 were used in different 
places. Polarities of the Power Supplies shown in the figures conform to the 
COMPASS Currents Convention, polarities of the connected windings is decided by 
polarity of the PS connected to the dot mark of the winding. 

Shaping switch has "unknown position" marked in the Figure  3.9 and Figure 
 3.10 for ellipse and Dee configuration of the SFPS circuit. The shaping switch allows 
to bypass winding M1 in the circuit and to operate SFPS circuit without direct 
electrical connection through the winding M1 to the MF Power Supply and EF 
Power Supply. Then the mutual coupling is purely inductive. We assume that the 
winding M1 should be connected in the ellipse and Dee configuration of the SFPS 
circuit (as indicated by the previous text description). Nevertheless the circuit can be 
used with or without the central solenoid (CS, winding M1) depending on the 
required plasma shape. The decision to include the central solenoid in the SFPS 
circuit will be made when the ellipse or Dee configuration is used, based on the EFIT 
reconstruction of the plasma shape and the plasma shape required for the experiment. 
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Figure  3.6: Connection of MFPS, EFPS, FABR and FABV circuits to Power 
Supplies on Upper and Lower Link Boards. Conforms to CCC. 
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Figure  3.7: Connection of SF circuit on Upper and Lower Link Boards. 
Configuration SFPS-SNT (Single Null divertor, higher Triangularity), conforms to 
CCC. 
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Figure  3.8: Connection of Shaping Field Power Supply circuit on Upper and 
Lower Link Boards. Configuration SFPS-SND (Single Null Divertor), conforms 
to CCC. 
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Figure  3.9: Connection of Shaping Field Power Supply circuit on Upper and 
Lower Link Boards. Configuration SFPS-ellipse, conforms to CCC. 
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Figure  3.10: Connection of Shaping Field Power Supply circuit on Upper and 
Lower Link Boards. Configuration SFPS-Dee, conforms to CCC. 
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Power Supplies of the tokamak are influencing each other through the mutual 

inductance (see Section  3.1.6 for quantitative description) and in the case of the 
MFPS, EFPS and SFPS also through direct electrical connection in the winding M1 
in the central solenoid. Consequences of this coupling are discussed in the Section 
 3.4 - Simulation of the EFPS PID controller. The SFPS circuit can be electrically 

Figure  3.12: General connection of the MF, EF and SF Power Supplies for the 
SFPS-SND configuration. The three individually controlled currents are flowing 
through the winding M1 in central solenoid. Decoupling transformers and PS 
choke coils are not depicted. 

Figure  3.11: General connection of the MF, EF and SF Power Supplies for the 
SFPS-SNT configuration. The three individually controlled currents are flowing 
through the winding M1 in central solenoid. Decoupling transformers and PS 
choke coils are not depicted. 
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disconnected from MFPS and EFPS circuit through the "Shaping Switch", but that 
influences its magnetic field (the SFPS current is no longer flowing through M1 
winding) and therefore the shape of the plasma. 

The electrical connection of the Power Supplies together is explained for the 
SFPS-SNT configuration in the Figure  3.11 and for the SFPS-SND configuration in 
the Figure  3.12. The current of the MFPS circuit flows through windings M6 (half of 
the central solenoid) and M2-5 to the winding M1 and then connects through ground 
to the MF Power Supply. The current of the EFPS circuit flows through windings E1 
and E1 to the winding M1. The current of the SFPS also flows through the winding 
M1. Therefore the winding M1 is used by all three circuits and the current inside is 
combination of them: 
 EFPSSFPSMFPSMB IIII −+= , ( 3.5) 

which has consequences for the winding M1 I2t protection, discussed already in the 
Section  3.1.1.  

Figure  3.11 and Figure  3.12 show only connection of the Power Supplies to the 
tokamak windings: the choke coils of the Power Supplies and decoupling 
transformers between power supplies are not shown. The three Power Supplies are 
12-pulse thyristor converters, each consisting from two 6-pulse thyristor converters 
connected in parallel. The choke coil after each 6-pulse converter makes parallel 
connection possible by balancing current distribution between converters. Its 
influence on the global behaviour of the circuit is negligible from the point of view 
of added resistance or inductance. The mutual inductance of the Power Supplies can 
be negated by adding so called decoupling transformer between two Power Supplies. 
The advantage of the decoupling transformer is decreased mutual inductance at the 
expense of increased self-inductance (by self-inductance of primary and secondary 
winding of decoupling transformer) of the individual circuits. The decoupling 
transformer must not have iron core to allow different currents in primary and 
secondary winding. There is "Decoupling Transformer EF-BV" connected in EFPS 
and BV circuit, not depicted it the Figure  3.11 and Figure  3.12. There is also 
"Decoupling Transformer SF-BV" connected in the SFPS circuit but not in BV 
circuit. The practical experience gained after COMPASS reinstallation in Prague has 
shown that the mutual inductance between SFPS and BV does not prevent robust 
operation of the circuits. However, faster reaction of the BV circuit was beneficial to 
the reliability of the tokamak operation (radial position stabilization) and it was 
decided to decrease self-inductance of the BV circuit by disconnecting it from 
Decoupling Transformer SF-BV. The decoupling transformer was left connected in 
the SFPS circuit to keep its self-inductance high. The reasoning was that the voltage 
of the SF Power Supply is high enough to provide sufficient dynamic response 
(dIEF/dt) and higher SF self-inductance lowers the ripple (and therefore the generated 
noise) of the SFPS current. The additional inductance of the primary winding of the 
Decoupling Transformer SF-BV was therefore deemed beneficial. 

Occasionally, it is more convenient to imagine the circuits as depicted in the 
Figure  3.13. Then the individual windings in the circuits are grouped together into 
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coils MA, MB, E, S, BR and BV, while respecting correct polarities according the 
CCC. The coils are then: 

� MA:   +M6+M2A+M2B+M3A+M3B+M4A+M4B+M5A+M5B 
� MB:  +M1 
� E:  (+E1A+E2B)||(+E2A+E1B) 
� S(SND): -E3A+E3B-F2B-F3B-S1A-S1B-S2B+S3B+S5B 
� S(SNT): -E3A+E3B-F2B-F3B-S1A-S1B-S2B-S3A-S3B+S5B+S7 
� BR:  -F4A+F4B-S4A+S4B 
� BV:  -F1A-F1B+F5A+F5B 

 
With this notation the circuit MFPS = + MA + MB, EFPS = - MB + E and SFPS 

= + MB + S, which is determining the position of the dot mark in the Figure  3.13.  

3.1.4 Theory for calculation of poloidal magnetic field 

The poloidal magnetic field of toroidally wound loop can be computed using 
numerical integration of the Biot-Savart law in approximation for infinitely thin wire: 
 ( )
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Figure  3.13: Simplified connection of the Power Supplies. When using this 
simplification, configuration of the SFPS should be specified. Decoupling 
transformers and PS choke coils are not depicted. Adjusted from attached article 
[A3]. 
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Numerical integration of the single turn toroidal loop can be done by filling 

positions expressed in cylindrical coordinates into Cartesian coordinates (see Figure 
 3.14): 
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where N is number of the loop elements used in the integration.  
Then the Equations ( 3.7), ( 3.8) and ( 3.9) are inserted into Biot-Savart law 

(Equation ( 3.6)) and numerical integration over toroidal angle is performed:  
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A function performing computation of the components of the magnetic field BR 
and BZ was created in the Interactive Data Language (IDL) and successfully 
benchmarked against existing analytical solutions. The analytical solutions exist for 

the axis of the circular loop: 
( ) 232
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00

2 RZ

IR
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µ
, for the dipole approximation 

(position R1, Z1 far away from the position of the loop R0, Z0; 0Rrr l >>−
rr

) and for 

the infinitely long straight wire (Ampere's law, 0Rrr l <<−
rr

).  The IDL function has 

selectable number of the loops elements N, typically 1000 - 10000 is used.  
Alternative method to speed up the calculation time of magnetic field from 

single turn toroidal loop is to use Legendre's complete elliptic integrals of the first 
and second kind K(k) and E(k)  for parameter k to solve the Biot-Savart law, as 

 
Figure  3.14: Geometrical situation for numerical integration of toroidally 
symmetrical coil at position R0, Z0 creating poloidal magnetic field at position 
R1, Z1. 
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described in [46, pages 47-48], [47]. The numerical solution of the Biot-Savart law is 
then: 
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 and quantities f1(k), f2(k) and k are: 
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The form used in Equations ( 3.14) - ( 3.18) is fully compatible with the CCC, 
coordinate system (R, φ, Z) and with Equations ( 3.12), ( 3.13).  

Calculation of the Biot-Savart law has been transformed to calculation of the 
elliptic integrals, which is well researched mathematical problem with multiple 
possible solutions. One possibility is to use iterative method described in [48]. 
Another possibility are polynomial approximations from [49] for complementary 

parameter m1: 
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When the magnetic field is calculated both by direct numerical integration and 
by elliptic integrals, the methods can be compared to each other with respect to the 
precision of calculation. The comparison shows agreement about 6-7 significant 
digits for the toroidal loop with radius R0 = 1 m for N = 10000 and distance of the 
point of magnetic field calculation around 0.5 m, dropping to 4 significant digits 
when distance of the calculation point is 1 mm from the toroidal loop. 
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The mutual inductance of the two toroidally symmetrical loops can be computed 
with procedure very similar to described calculation of the magnetic field. 

Faraday's law of inductance is: 
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where U is induced voltage, ΦB is magnetic flux, B
r

is magnetic field, S
r

d is area 
element with vector normal to the area, and S is area of the loop in which the voltage 
is induced.  

The law describes a situation when changing magnetic field induces voltage in 
the closed loop encasing area S. There are two major possibilities for the thin wire 
approximation: either the loop itself has a flowing current I1 and magnetic field 
generated by the current lowers external voltage applied to the loop by the induced 
voltage U1, or there are two loops and current I2 flowing in second one generates 
magnetic field, inducing voltage U1 in the first loop. In both cases it is beneficial to 
introduce a new quantity called self-inductance L11 or mutual inductance L12, 
respectively: 
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It should be noted that the terms 
t

L
I

d

d
 in Equations ( 3.23) and ( 3.24) are often 

neglected and an assumption that inductance is constant is made. This assumption is 
valid for wires which are not changing position and therefore the (self or mutual) 
inductance. In the case of tokamaks this assumption is not valid for plasma column 
which is changing both position and current distribution during the discharge. The 
poloidal field coils can in principle change geometry as well because of flexing due 
to the acting forces during the discharge. 

The mutual inductance is a quantity which is dependent purely only on geometry 
of the thin wires, as can be seen from its derivation: 
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Then the mutual inductance Lij between the source loop marked with index j and 
target loop with the index i is (in the thin wire approximation): 
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It can be seen that the mutual inductance between two loops is symmetrical, i.e. 
Lij=Lji.  

The self-inductance cannot be calculated by the formula ( 3.26), because the 
denominator causes divergence of the integral for the thin wire approximation. A 
finite thickness of the wires must be taken into account and the volume integrals with 
current density j

r
 must be used. 
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Up to now the mutual inductance was derived for general shape of the loop. In 
the case of tokamak poloidal field coils with toroidal symmetry and one common 
major axis, the Equation ( 3.26) can be numerically solved with methods similar to 
the procedure used to solve Biot-Savart law Equation ( 3.6). Then the expression for 
numerical integration of the mutual inductance between two single turn toroidally 
symmetrical loops on positions (Ri, Zi) and (Rj, Zj) is: 
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where N is number of the loop elements used in the integration and variables φi,k and 
DR,k are defined by equations similar to the Equations ( 3.10) and ( 3.11): 
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The numerical equation for the mutual inductance ( 3.27) can be calculated faster 
when elliptic integrals are used, similarly to Equations ( 3.14) and ( 3.15): 
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The comparison between the direct numerical integration (Equation ( 3.27)) and 
method with elliptic integrals (Equation ( 3.30)) shows agreement of 6-7 significant 
digits for N = 10000, Ri = 1 m and distance between i-th and j-th loop 0.5 meters. 
This agreement drops to 4 significant digits when distance between i-th and j-th loop 
is 0.1 mm and N = 100000. 

Calculation of the self-inductance Lii of the toroidally symmetrical loop is 
different from calculation of mutual inductance. A simple method is to use 
approximated equation [50]: 
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where r is the loop major radius, a is minor radius (wire radius), constant Y = 1/2 
(and therefore Y/2 = 0.25) for current uniformly distributed in the cross-section of the 
wire and Y = 0 for current uniformly distributed on the surface of the wire. 

The Equation ( 3.32) for self-inductance calculation is insufficient for many cases 
in the tokamak. The plasma column does not fulfil requirement for uniform current 
distribution and for the circular shape of the wire. The vacuum vessel of tokamaks 
can be described as a set of elements with various geometrical shapes. Being limited 
to elements with shapes describable by one parameter a is often inconvenient.  

A solution of the problem is to describe the geometry of the loop by a set of sub-
elements on a square grid with fractions of the unitary current (1 A) assigned to each 
sub-element. With this solution both problematic cases can be solved: irregular shape 
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and non-uniform current distribution. Then the self-inductance of the loop described 
by M sub-elements on square grid takes the following form: 
 

∑ ∑∑
−

=

−

=

∧−

≠=

∧∧

+







=

1

0

1

0

21

,0

M

k

M

k

kkk

M

kll

lkkl ILIILL , 
( 3.33) 

where Lkl is mutual inductance of two sub-elements described by Equation ( 3.26), Lkk 

is self-inductance described by Equation ( 3.32) with Y = 1/2, and kI
∧

 and lI
∧

 are 
dimensionless normalization factors describing fraction of the current in the sub-
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∧
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kI . The importance of the approximated self-inductance is 1/M, e.g. 

for 10 sub-elements 10 self-inductances and 90 (2x45 as Lkl = Llk ) mutual 
inductances are calculated. An example for a loop described by two sub-elements 

with uniform current distribution ( 5.0=
∧

kI ) is: 
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Similar method can be used to calculate mutual inductance of two loops with 
either non-uniform current distributions or with irregular shape. In this case both 
loops are divided into sub-elements on a grid, but the requirement for square grid is 
not necessary because only mutual inductances are calculated. The square grid is 
necessary only for self-inductance calculation by Equation ( 3.32). 

Note that this section dealt with numerical calculation of magnetic field and 
inductances of single turn toroidal loops, even though general equations valid for 
multi-turn coils were used. When numerical solutions for multi-turn toroidal 
windings are desired, appropriate multiplication by the count of turns must be used 
(NT in Biot-Savart law, NT1NT2 in mutual inductance and 2

TN  in self-inductance).  

3.1.5 Characterization of PF coils circuits magnetic fields 

This section is extended form of two articles: Havlicek et al., Characterization of 

Magnetic Fields in the COMPASS Tokamak [35] and Havlicek et al., Modelling of 

COMPASS tokamak PF coils magnetic fields [36]. Additional figures were added to 
better describe the vacuum magnetic fields of the COMPASS PF coils circuits and 
more detailed text description was provided in comparison with the original articles. 
The figures were updated to the CCC. 

The aim of this section is to describe vacuum magnetic fields of the COMPASS 
PF coils circuits and to explain their features and purpose. 

As was already mentioned in the Section  3.1, COMPASS uses different approach 
to control plasma column than many modern tokamaks. COMPASS has windings 
organized into circuits which are dedicated to control different plasma parameters 
which are independent on each other whenever possible. There is MFPS circuit to 
control loop voltage applied to plasma, EFPS and BV circuit to control radial 
position r, BR circuit to control vertical position z and SFPS circuit to control shape 
of the plasma. 

 This approach has an advantage of simplicity and low number of required 
independent Power Supplies, but these advantages are offset by more rigid control of 
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plasma shape. The plasma shape is controlled by current in the SFPS circuit and by 
configuration selected before the discharge on the link boards (SND, SNT, ...). While 
plasma shape during the plasma current flat-top can be well prescribed by selection 
on the link boards, the process of changing shape from circular to diverted plasma 
cannot be well controlled without multiple circuits and Power Supplies.  

This is connected with another disadvantage: less precise control of the distance 
between plasma Last Closed Flux Surface (LCFS) and the first wall elements. The 
shape of the COMPASS plasma is fully controlled by three parameters: 1) ratio 
between plasma current and SFPS current, 2) radial position r and 3) vertical position 
z. The positions, as currently implemented ([Attached publication A2], [Attached 
publication A3]) in the feedback system, are artificial signals which are - in the first 
order approximation - describing the plasma current centre, which should be close to 
the position of the magnetic axis. When the thermal energy stored in the plasma 
increases, the distance between plasma geometrical axis and magnetic axis is 
increasing. Therefore the actual shape of the plasma and distance to the first wall 
depend on the plasma thermal energy as well as on the settings in the feedback. It is, 
in principle, possible to change the feedback controlled variables to different ones, 
e.g. use distance from separatrix LFS midplane point to the first wall instead of 
magnetic axis radial position r, but without more independent plasma shape actuators 
the shape will still change with the plasma thermal energy. Furthermore the distance 
from separatrix to the first wall can be for shots with similar plasma thermal energy 
controlled by changing the plasma centre in the feedback settings on inter-shot basis. 

The limitations in the control possibilities of the COMPASS plasma shape have 
to be taken into account when experiment is planned. In practice the limitations are 
not significantly constraining experimental possibilities and simplicity of the 
feedback system is beneficial to the small tokamak with relatively small team of 
available physicists, engineers and technicians. 

In contrast to COMPASS, many modern tokamaks prefer to use multi-variable 
control systems with more required Power Supplies. Example references for the JET 
tokamak can be found in [51], [52], [53]. 

The theory described in the Section  3.1.4, particularly numerical equations ( 3.14) 
and ( 3.15), was used to calculate poloidal magnetic field of COMPASS poloidal field 
coils circuits. PF coils circuits were represented as a list of elements with positions R, 
Z, current orientations (sign of number of turns) and numbers of turns (usually 1 turn 
per element, but 1.333, 1.5 and 2 turns were also used). The figures in this section 
show magnetic fields inside the vessel generated by unit current flowing through the 
PF coils circuits. 

The primary motivation for the computation of the magnetic field originating 
from the PF coils circuits is to calibrate the COMPASS tokamak magnetic detectors. 
The graphs are also very useful to get better idea of magnetic fields in the 
COMPASS tokamak. 
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MFPS circuit 

MFPS circuit (Magnetizing Field PS) purpose is to generate loop voltage to drive 
the plasma current. The circuit acts as a primary winding of air transformer, where 
secondary winding is plasma column, vacuum vessel and other PF coils circuits.  

It is created from both windings in the central solenoid (M1 and M6) and from 
additional windings in other PF coils which prevent MFPS magnetic field from 
disturbing plasma inside the tokamak vacuum vessel. This is achieved by moving 
magnetic field lines out of the area of vacuum vessel. 

MFPS circuit magnetic field overview is depicted in the Figure  3.15, two cuts 
along the important vectors in the vacuum vessel are in the Figure  3.16. It can be 
seen that MFPS magnetic field inside the vacuum vessel is small – e.g. in the centre 
of vacuum vessel (R = 0.56 m, Z = 0.0 m) it is 0.008 mT/kA. The result is that 
magnetic field of the MFPS circuit does not influence plasma shape or position, even 
for extreme values of the MFPS current (-18 kA, +16 kA). The directions of the 
magnetic field are visible in the Figure  3.15, left panel show its multi-pole character. 

 
Another result of the connection of the MFPS circuit is constant mutual 

inductance between MFPS and any point in the vacuum vessel - 22 µH (see Table 
 3-3 in the Section  0 3.1.6 - Mutual inductances of poloidal field coils circuits). 

The loop voltage acting on the plasma is generated by changing current in the 
MFPS current. The plasma breakdown (described in [54]) is achieved by applying 
high loop voltage. This is done by driving negative current in the MFPS and then 
forcing the current to flow through two resistors R1 and R2 by use of thyristor 
switches and a large capacitor bank. The L/R constant of the MFPS circuit is 
decreased for large R and fast change of the MFPS circuit current towards zero amps 

 
Figure  3.15: MFPS circuit. Left panel: direction of B (vectors have unit length), 
right panel: absolute value of the magnetic field for unit current in the MFPS. 
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provides loop voltage for plasma breakdown. Both the negative MFPS current (-
18 kA to 0 A) and the loop voltage profile are pre-programmed before the discharge 
by setting minimal value of the MFPS current (-14 kA produces higher loop voltage 
than -12 kA) and by setting switch-on times of thyristors TV1 and TV2 in the 
Shaper. These thyristors remove resistors R1 and R2 from the circuit, effectively 
lowering loop voltage during the plasma current ramp-up. As a result, plasma current 
evolution is controlled only indirectly when MFPS current is negative. 

 
The MF Power Supply is created from two thyristor converters in anti-parallel 

connection. Therefore the positive current is created by different converter than 
negative current. Before the positive current is applied to the circuit, a certain time 
must pass to ensure that converters do not damage each other. We call this "MFPS 
current passing zero" and the time is usually > 5 ms, depending on the current 
requests in MFPS and other circuits. 

The positive MFPS current is controlled by COMPASS feedback software 
MARTe [Attached publication A2], [55], [56]. The principle is that operator requests 
time waveform of the plasma current and MARTe uses PI controller to calculate 
requested derivative of the MFPS current (control variable) based on the measured 
plasma current (process variable) and requested plasma current setpoint. The detailed 
description of the feedback algorithm of all PF coils circuits should be part of the 
doctoral thesis of Filip Janky: Design and implementation of the plasma control 

system for the COMPASS tokamak. Part of the description was published in 
[Attached publication A3]. 

EFPS circuit 

The EFPS circuit (Equilibrium Field PS) purpose is, same as BV circuit, to 
create vertical magnetic field, which prevents plasma column radial expansion, and 
control plasma radial position. The EFPS circuit has thyristor converter as a Power 
Source, allowing higher current and voltage than BV circuit. The result is that EFPS 

 
Figure  3.16: MFPS circuit. Top panel: absolute value of B

r
on the midplane, 

bottom panel: absolute value of B
r

on the vertical line crossing the vacuum vessel 
centre. The graphs are normalized to unit current in the MFPS. 
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circuit creates strong, slowly reacting vertical magnetic field, while BV circuit 
provides fast vertical magnetic field for control of radial plasma position. 

The EFPS circuit consists of parallel connected windings E1 and E2 on the LFS 
of the tokamak, and of one half (M1) of the windings in the central solenoid. 

Figure  3.17 contains overview of the magnetic field of the EFPS circuit, Figure 
 3.18 depicts three cuts along the important vectors in the vacuum vessel. The left 
panel in the Figure  3.17 shows that the direction of the magnetic field is mainly 
vertical with relatively small curvature below and above the midplane. The produced 

Bj
rr

×  force acting on the plasma has direction towards HFS for the standard plasma 

current direction (negative = clockwise when viewed from above), preventing natural 
expansion of the plasma column caused by its magnetic field and plasma pressure. 

The curvature of the EFPS circuit magnetic field is such that it produces Bj
rr

×  with 

downwards direction for plasma above the midplane, providing passive vertical 
position stabilization (values are visible in the Figure  3.18, middle panel). This 
allows to operate plasma with circular cross-section without active vertical position 
stabilization. The force is not large enough to stabilize plasmas which are vertically 
elongated. 

 
Right panel in the Figure  3.17 and Figure  3.18 provide further information 

about values and homogeneity of the magnetic field. The vertical component of the 
magnetic field created by EFPS circuit is changing from 13 mT/kA on HFS to 
7.5 mT/kA on LFS on the midplane, while on the vertical line crossing the vacuum 
vessel centre it is 10.4 - 11 mT/kA. The EFPS circuit magnetic field normalized to 

 
Figure  3.17: EFPS circuit. Left panel: direction of B, (vectors have unit length), 
right panel: absolute value of the magnetic field for unit current in the EFPS. 
Plasma current flows in the negative direction (clockwise when viewed from 
above).  



 

45 

unit current is ~ 5 times stronger than the magnetic field of the BV circuit. 
Furthermore the EF Power Supply can achieve up to 16 kA, while BV circuit Fast 
Amplifier is limited to +/- 5 kA. 

The EFPS current is controlled by the COMPASS feedback. The current 
requested by MARTe software from the PS controller is sum of three parts: it is 
directly proportional to the plasma current, directly proportional to current in the BV 
circuit and there is PI controller on the calculated radial position signal. 

 
SFPS circuit 

The purpose of the SFPS circuit (Shaping Field PS) is to provide shaping of the 
plasma column based on the configuration of the SFPS circuit selected on the link 
boards.  

The SFPS circuit consists of wide variety of windings in different coils, see 
Section  3.1.3 for details. 

Figure  3.19 and Figure  3.20 describe magnetic field for the SFPS-SND 
configuration, while Figure  3.21 and Figure  3.22 show magnetic field of the SFPS-
SNT configuration. In both cases the plasma is elongated vertically by the shaping 

field (see direction of B
r

 above and below midplane). This elongation is not top-
down symmetrical and has a consequence that the plasma is no longer vertically 

stable. This can be easily seen from the fact that the Bj
rr

×  force acting on the top 

part of the plasma column has upwards direction and the force acting on the bottom 

 

 
Figure  3.18: EFPS circuit. Top panel: vertical component of B

r
on the midplane, 

middle panel: radial component of B
r

 on the vertical line crossing vacuum vessel 

centre, bottom panel: vertical component of B
r

. The graphs are normalized to unit 
current in the EFPS. 
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part of the plasma has downwards direction. Then any deviation of the vertical 
plasma position results into total force increasing the deviation. The vertical position 
instability must be controlled by active position feedback. 

Furthermore the X-point and divertor plasma configuration is created if the ratio 
between current in the SFPS and plasma current is large enough. The X-point is 
located on the bottom of the vacuum vessel, see asymmetry in absolute value of the 
magnetic field in bottom part of the right panels in the Figure  3.19 and Figure  3.21. 
The asymmetry is created by cluster of windings F2B, F3B and S2B in which the 
direction of the SFPS current is identical as in the plasma, creating the X-point. 

 
Figure  3.20 and Figure  3.22 show radial component of the SFPS magnetic field 

along the vertical line crossing vacuum vessel centre. It can be seen that absolute 
value of the radial component is larger in the bottom part of the vacuum vessel, 
resulting into two important effects.  

Firstly, the total Bj
rr

×  force potential (from the SFPS circuit magnetic field for 

the plasma column) has maximum in the vacuum vessel, but not necessarily on the 
vertical position z required for the divertor plasma. The additional radial magnetic 
field, created by the BR circuit, is necessary to move the potential maximum to the 
desired vertical position. Furthermore the BR circuit then must be controlled by 
feedback loop to stabilize the plasma vertical position.  

 
Figure  3.19: SFPS - SND circuit. Left panel: direction of B, (vectors have unit 
length), right panel: absolute value of the magnetic field for unit current in the 
SFPS.  
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Secondly, the SFPS magnetic field radial component is stronger in the part of the 

vessel closer to the X-point (bottom in showed cases). This has consequences for the 
plasma column movement speed in case of a disruption. All disruptions of divertor 
configuration plasmas are accompanied by failure to control vertical position. 
Disruptions which move in the upwards direction are slower than disruptions going 
downwards. 

 
The current in the SFPS circuit is controlled by COMPASS feedback. It is 

directly proportional to the smoothed plasma current. The smoothing is necessary to 
prevent oscillation between plasma shape and plasma current, because the SFPS 
current changes generate non-negligible loop voltage, influencing plasma current 
(see Section  3.1.6 - Mutual inductances of poloidal field coils circuits). The tokamak 
operator can request predefined waveform or the feedback controlled current. The 

 
Figure  3.20: SFPS - SND circuit radial component of B

r
 on the vertical line 

crossing vacuum vessel centre, normalized to unit current in the SFPS. 

 
Figure  3.21: SFPS - SNT circuit. Left panel: direction of B, (vectors have unit 
length), right panel: absolute value of the magnetic field for unit current in SFPS. 
Plasma is more triangular than in SFPS – SND configuration. Higher triangularity 
is advantageous because of higher energy confinement time than in lower 
triangularity plasmas. 
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shape of the plasma depends on radial plasma position, vertical plasma position and 
ratio between SFPS current and plasma current. It should be noted that ratio between 
SFPS current and plasma current changes primarily the area of the plasma column 
cross-section and only marginally changes plasma elongation. 

 
BR circuit 

The purpose of the BR circuit (radial magnetic field) is to provide control of the 
vertical position of the plasma column. The circuit is powered by Fast Amplifier 
FABR. 

The BR circuit is created from four toroidal turns in windings F4A and S4A 
above midplane at position mZmR  52.0 , 64.0 ≅≅  with negative current direction 

(positive IBR flows clockwise when viewed from above) and from four turns below 
midplane in windings F4B and S4B with positive current direction. This connection 
of the windings creates magnetic field described by Figure  3.23 and Figure  3.24. 

 

  
Figure  3.23: BR circuit. Left panel: direction of magnetic field B, (vectors have 
unit length), right panel: absolute value of the magnetic field for unit current in 
the FABR. 

 
Figure  3.22: SFPS - SNT circuit radial component of B

r
 on the vertical line 

crossing vacuum vessel centre, normalized to unit current in the SFPS 
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The figures show that created magnetic field is really radial only nearby of the 
midplane. Above and below the midplane the direction of the magnetic field has 
strong vertical component. Figure  3.23, right panel, also shows that the magnetic 
field normalized to 1 kA in the BR circuit is significantly stronger above and below 
midplane than on the midplane (the radial magnetic field is changing from 2 mT/kA 
to 4 mT/kA inside the vacuum vessel). Precise values can be found from the Figure 
 3.24. 

The unfavourable direction of the BR magnetic field above and below midplane 
led us to propose alternative connection of the circuit in the article Modelling of 

COMPASS tokamak PF coils magnetic fields [36], but the alternative connection was 
never realized, primarily because the currently used connection has mostly 
satisfactory practical results in the controlling of the vertical plasma position.  

 
A different connection of the BR circuit with only two toroidal turns above and 

below midplane (i.e. after removal of S4A and S4B winding) was practically 
examined with intention to speed-up reaction time of the vertical position 
stabilization. In this configuration the strength of the magnetic field created by 1 kA 
current is halved, but self-inductance of the circuit is decreased to one quarter, 
effectively yielding two times faster tB dd  at the expense of maximal achievable 

magnetic field. While physically sound, technical problems with the Fast Amplifier 
prevented us from using this configuration. For the connection with lower self-

 
Figure  3.24: BR circuit. Top left panel: radial component of B

r
on the midplane, 

middle left panel: radial component of B
r

 on the vertical line crossing vacuum 

vessel centre, bottom left panel: vertical component of B
r

. Right panel: contour 

graph of the radial component of B
r

. The graphs are normalized to unit current in 
the FABR. 
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inductance the Fast Amplifier [Attached publication A1] did not have any reserves 
with respect to voltage spikes during transistor switching. The problem of the 
decreased maximal achievable magnetic field is also potentially troubling because 
the FABR often operates in range of 2-3 kA in order to maintain plasma position 
above the midplane, to create the divertor configuration. Therefore this alternative 
BR circuit connection would need to operate between 4-6 kA which is over the limit 
of the FA. Nevertheless, this alternative connection of the BR circuit is still 
considered possible in case that new Power Supply is manufactured for the BR 
circuit.  

The current in the currently used BR circuit is controlled by the COMPASS 
feedback system in the 50 µs fast thread, see [Attached publication A2]. The current 
requested by MARTe from the FABR controller is created by applying PI controller 
to the vertical plasma position. The proportional constant is controlling fast plasma 
position oscillations and integral part is keeping average position nearby of the 
requested vertical position. 

BV circuit 

The purpose of the BV circuit (vertical magnetic field) is to provide fast control 
of the radial position of the plasma column. Slow control of the radial plasma 
position is provided by EFPS circuit. The BV circuit is powered by Fast Amplifier 
FABV. 

 
The circuit is created from windings F5A and F5B on the LFS and from 

windings F1A and F1B on the HFS. The direction of the BV circuit current in the F5 
windings create vertical magnetic field, while a primary role of the F1 windings 

 
Figure  3.25: BV circuit. Left panel: direction of magnetic field B, (vectors have 
unit length), right panel: absolute value of the magnetic field for unit current in 
the FABV.  
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(HFS) is to have opposite direction to F5 windings, effectively providing negligible 
mutual inductance to the MFPS circuit (see Table  3-1 in the Section  3.1.6, without 
windings F1 the mutual inductance would be ~4 x 22 µH). 

Figure  3.25 and Figure  3.26 describe magnetic field of the BV circuit. It can be 
seen that the magnetic field is mostly vertical and has good homogeneity in the 
vacuum vessel. The strength of the vertical magnetic field is ~2 mT/kA, which is 
~ 5 times less than the magnetic field of the EFPS circuit. Furthermore the EF Power 
Supply can achieve up to 16 kA, while FABV is limited to +/- 5 kA. 

 
The BV current is controlled by the COMPASS feedback in the 50 µs fast 

thread. The current requested by MARTe from the FABV controller is created by 
applying PI controller to the radial plasma position. The EFPS circuit, which is also 
controlling radial plasma position, has part of its current request directly proportional 
to the current in the BV circuit. The reason is intention to transfer control of 
"average" plasma radial position to the EFPS circuit and allow BV circuit to control 
only fast changes of the radial position. 

3.1.6 Mutual inductances of poloidal field coils circuits 

Theory described in the Section  3.1.4, particularly the numerical equations for 
mutual inductance ( 3.30) and for self-inductance ( 3.32), was used to calculate 
inductances of COMPASS poloidal field coils circuits. PF coils circuits were 
represented by a list of elements with positions R, Z, current orientations (sign of 
number of turns) and numbers of turns (usually 1 turn per element, but 1.333, 1.5 and 
2 turns were also used). 

 
Figure  3.26: BV circuit. Top left panel: vertical component of B

r
 on the 

midplane, bottom left panel: vertical component of B
r

 on the vertical line 
crossing vacuum vessel centre. Right panel: contour graph of the vertical 

component of B
r

. The graphs are normalized to unit current in the FABV. 
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Mutual and self-inductances were calculated for both full PF coils circuits and 
for simplified circuits described in the Figure  3.13. Mutual inductances between 
circuits and important points of interest - either in-vessel points or positions of Flux 
Loops - were calculated as well. The purpose was to create a database of values 
necessary for simulations of the interaction of the PF coils systems with each other 
and with tokamak. Some values had been already known from the documentation 
from Culham but not in a form consistent with the COMPASS Currents Convention 
(CCC). Note that induced voltage is always tILU dd⋅−= , e.g. voltage induced in 

the vessel centre by MFPS circuit current is: 
 tIHtILU MFPSMFPS dd22ddMFPSCENTRE VESSEL ⋅−=⋅−= − µ . ( 3.35) 

A part of the following values was already published in the bachelor thesis of 
Radek Beňo: Modelování systému řízení polohy plazmatu v tokamaku COMPASS 
[57] but without respecting the CCC, which was introduced later. 

 
Table  3-1 contains resistances, self-inductances and mutual inductances of five 

PF coils circuits described in Section  3.1.3 and of two additional circuits: 
BRproposal and BVproposal. These two are possible variants of the BR and BV 
circuits offering a faster reaction of the current change for the feedback system at the 
expense of lower maximal magnetic field available for maximal Fast Amplifier 
current (+/-5 kA). The alternative BR and BV connections were described in the 
article Havlicek et al., Modelling of COMPASS tokamak PF coils magnetic fields 
[36].  

Table  3-1: Resistances, mutual inductances and self-inductances of the 
COMPASS PF coils circuits. 
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Furthermore, the Table  3-1 contains notes with parameters of the decoupling 
transformers introduced in the Section  3.1.3 - Connections of poloidal field coils 
circuits.  

The Decoupling Transformer EF-BV was designed and manufactured in the 
IPP Prague during the COMPASS reinstallation in Prague. The same IDL code as the 
one used for calculation of the inductances in this section was used to find geometry 
of the primary and secondary windings of the transformer. Then the transformer was 
manufactured, its inductances measured and it was installed into the EFPS and BV 
circuits. The transformer has a primary winding (in the EFPS circuit) made from 24 
turns of the 185 mm2 copper cable wound on a wooden barrel. The primary winding 
radius is 0.542 m and the vertical dimensions of 24 turns are from -0.4 m to 0.175 m 
(in an arbitrarily selected coordinate system). The primary winding has one tap on 
the 21st turn. The turns are counted from bottom. The secondary winding (in the BV 
circuit) has 6 turns consisting of two parallel wound 185 mm2 cooper wires. The 
radius is 0.59 m and the vertical dimensions are from -0.36 m to 0.115 m. The 
electrical properties are summarized in the note of the Table  3-1.  

It should be noted that the Decoupling Transformer EF-BV has too high 
resistance of the primary winding, limiting maximal achievable current in the EFPS 
circuit and therefore the maximal controllable plasma current. Theoretically, the 
current for the EFPS maximal effective line to line voltage ULL = 280 V would be 

( V 28023 ⋅⋅π ) / 26.5 mΩ = 14.3 kA, but the maximal voltage value is achieved 

only for no load. With increasing current the transformer provides lower voltage, 
typically by 10-20 %, depending on the uk parameter of the transformer. In reality, up 
to 14 kA is achieved in the EFPS circuit, which is enough to control plasma current 
up to 350 kA. This is allowed by sharing a part of the circuit (winding MB = M1) 
with other Power Supplies, lowering current in the MB winding and therefore 
effectively lowering voltage necessary to achieve required current. It is envisaged 
that the transformer with similar geometrical disposition will be manufactured by a 
commercial enterprise, with significantly higher cross-section of the primary 
winding. 

The Decoupling Transformer SF-BV, also known as TX (P79), has been 
transported together with COMPASS from Culham. It has multiple taps on both 
primary and secondary windings, see Table  3-2. Notes in the Table  3-1 describe its 
parameters for the configuration of actually connected taps FI (10 turns) on the 
primary winding in the SFPS circuit, while the secondary winding is not used in the 
BV circuit, as has been explained in Section  3.1.3.  

Table  3-2 contains measured values of the mutual inductances between primary 
and secondary windings of the Decoupling Transformer SF-BV. The measurement 
has been performed by feeding the primary winding from regular power grid via 
transformer with 50 Hz current with amplitude ~30 Amps. Then the voltage on the 
secondary winding was measured with oscilloscope. The relation between the current 
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measured on the shunt resistor and measured voltage is 

)cos(
d

d
tIL

t

I
LU ⋅⋅⋅⋅−=⋅−= ωω , which allows to calculate the mutual inductance. 

 
Table  3-2 shows measured mutual inductance 38 µH for connection FI-WZ, 

while the note in the Table  3-1 has ~50 µH written, which is a theoretical value 
based on the numerical calculation for known geometry. A difference between these 
two numbers can be used as a basis for estimating error of the theoretical calculation. 
Some of the theoretical values in the Table  3-1 and Table  3-5 were, for comparison, 
measured with the same method used to create Table  3-2. These values are: L(SFPS-

SND, BV) = 31 µH, L(EFPS, BV) = 128 µH, L(BR, BR) = 92.5 µH, L(BV, BV) = 
50.7 µH and L(MB, MB) = 397 µH. The agreement between measured and calculated 
values is good - the difference is lower than 20 % in all cases. This is a reasonable 
upper estimation for the error of the inductance calculation for all tables in this 
section. It should be noted that all numbers in the Tables in this section are written 
with higher number of significant digits than the error estimation warrants. This is 
intentional, to keep the precision of the calculated data even though real values can 
have lower precision. 

 
Table  3-2: Taps and numbers of turns of Decoupling Transformer SF-BV 
(alternative name: TX (P79)). Measured mutual inductances between primary and 
secondary windings. 
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Table  3-3 shows mutual inductances between the PF coils circuits and important 

space points in the vacuum vessel. These points are:  
1. centre of the vacuum vessel (R = 0.56 m, Z = 0 m) 
2. midplane, High Field Side, limiter position (R = 0.347 m, Z = 0 m) 
3. midplane, Low Field Side, limiter position (R = 0.7715 m, Z = 0 m) 
4. HFS, above midplane (R = 0.347 m, Z = 0.25 m) 
These points cover some possible positions of the plasma column during 

tokamak operation or during plasma disruption. It is possible to simulate an influence 
of the plasma on the current in the Power Supplies by placing a thin wire with 
desired current waveform. The waveform can simulate either plasma current ramp-up 
phase (dI/dt = 20-100 kA / 10 ms typically for COMPASS) or plasma disruption 
(dI/dt = 150-675 kA/ms typically). 

Table  3-3 shows that mutual inductance from the MFPS circuit to any point 
inside the vessel is 22 µH. This is an intention of the design of the MFPS circuit, 
where the central solenoid is augmented by windings in other coils to have exactly 
this effect. As a result, the voltage generated in any possible position or shape of 
plasma is always same: tIHtILU MFPSMFPS dd22dd ⋅−=⋅−= µ . Note that the 

standard plasma current direction is negative (counter-clockwise when viewed from 
above) and plasma current is generated by negative voltage. 

Another interesting values are mutual inductances from the EFPS circuit. It can 
be seen that the EFPS circuit generates negative loop voltage on the LFS of the 
plasma column and positive voltage on the HFS during the plasma current ramp-up 
(<=> EFPS current ramp-up). The effective voltage applied to the plasma from the 
EFPS circuit must be evaluated with respect to the plasma shape and current profile. 

The last important values in the Table  3-3 are mutual inductances from the SFPS 
circuit. Their value is non-negligible against 22 µH value of the MFPS circuit. 

 
Table  3-3: Mutual inductances between COMPASS PF coils circuits and 
important in-vessel points. 
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Therefore the SFPS circuit generates non-negligible part of the voltage applied to the 
plasma column during ramp-up of the SFPS current in the process of creating 
diverted plasma shape.  

Voltages applied by different Power Supplies to the plasma column during 
different discharges are discussed in the Chapter  4, Section  4.5 - Global power 
balance and in article Havlicek et al., Global Power Balance in Non-Stationary 

Discharge Phases in the COMPASS Tokamak [58].  

 
Table  3-4 shows mutual inductances between the PF coils circuits and eight 

available Flux Loops. Flux Loops FL1 to FL8 are single turn toroidally wound wires 
measuring a local value of the loop voltage. Table  3-4 can be used for separation of 
voltage induced by the PF coils circuits and voltage induced by plasma and vacuum 
vessel. 

 
Table  3-5 and Table  3-6 show similar data as Table  3-1 and Table  3-3: 

resistances, self-inductances and mutual inductances but for simplified coils 
described in Section  3.1.3 in the Figure  3.13. Both mutual and self-inductances of 

 
Table  3-5: Resistances, mutual inductances and self-inductances of the simplified 
PF coils circuits. See Figure  3.13 for description of the simplified circuits. 

 
Table  3-4: Mutual inductances between PF coils circuits and magnetic 
diagnostics Flux Loops. 
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the simplified coils as well as mutual inductances to important in-vessel points are 
shown. 

 

3.2 COMPASS stray magnetic field 

This section is an extended form of part of the article Havlicek et al., 
Characterization of Magnetic Fields in the COMPASS Tokamak [35]. In comparison 
with the original article, more information is provided and updated figures are used. 

Tokamaks create magnetic field not only in the plasma area inside the vacuum 
vessel but also in the vicinity of the tokamak. This stray magnetic field does no 
useful work and often causes problems for systems and structures around the 
tokamak. The stray magnetic field has to be taken into account even when the 
tokamak building is constructed. The floor in the circle around the COMPASS 
tokamak is made from steel reinforced concrete, but the steel bars are not welded 
together - they are insulated and tied together with plastic cable ties. This solution 
prevents existence of closed metallic circuits in the concrete floor and induced 
currents which could affect tokamak plasma. 

The computation of the COMPASS stray magnetic field was motivated by the 
fact that some auxiliary systems require stray magnetic field lower than certain 
threshold. The first request on information about maximal possible stray magnetic 
field came from a manufacturer of the Neutral Beam Injection system (Urban et al., 
[15]), which requires B less than 20 mT in the vicinity of the ion source (R = 3 m). 
Calculated stray magnetic field had to be known when position and shielding of the 
ion source were designed. 

It was requested to compute the worst case scenario, i.e. the maximal possible 
value of the stray magnetic field in each spatial point. The computation of the stray 
magnetic field was performed only for the SFPS-SND configuration. Maximal 
currents flowing through the PF coils circuits in this simulation were selected: 16 kA 
for the MFPS, 16 kA for the EFPS, 12 kA for the SFPS-SND circuits, 3 kA for the 

 
Table  3-6: Mutual inductances between simplified PF coils circuits and 
important in-vessel points. See Figure  3.13 for description of the simplified 
circuits. 
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BR, 5 kA for the BV and 400 kA for the plasma current (which is marginally more 
than maximal achieved Ipl = 350 kA). Directions of the currents in individual circuits 
and in plasma were selected to maximize the magnitude of computed magnetic field 
vector in each spatial point individually. Therefore the calculated values of the stray 
magnetic field should be understood as the maximal envelope of realistically 
achievable magnetic field, because the selected combination of directions of currents 
is not necessarily possible from the plasma physics point of view. 

The stray magnetic field was computed only from the PF coils and from the 
plasma column represented by a single wire in the vacuum vessel centre (R = 0.56 m, 
Z = 0 m). Toroidal component of the magnetic field created by the Toroidal Field 
coils was not included into the computation. Exact positions of different windings in 
the PF coils belonging to different circuits were neglected and positions of PF coils 
centres were used instead, i.e. the calculation used less precise positions than in 
Section  3.1.5. 
 

 

 
Figure  3.27: Poloidal plane cut of the tokamak. Different windings in the PF coils 
(P1-P7) are distinguished by colors. M, E, S and F windings are historical 
markings – actually used circuits use various windings, see Section  3.1.3. The 
orange vectors show where stray magnetic field was computed. 
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The calculation of the stray magnetic field was performed for spatial vectors 
starting at the location of three COMPASS vacuum vessel ports (see Figure  3.27): 

1. horizontal (radial) direction at the midplane (Z = 0.0 m). The vessel ends at R 
= 0.792 m. The spatial vector starts inside the port H (Horizontal). The results 
are in the Figure  3.28. 

2. vertical (upward) direction at R = 0.4 m. The ports VUI (Vertical Upper 
Inner) located at R = 0.4 m, Z = 0.44 m. The results are in the Figure  3.29. 

3. vertical (upward) direction at R = 0.56 m. The ports VUC (Vertical Upper 
Centre) located at R = 0.56 m, Z = 0.4 m. The results are in the Figure  3.30. 
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Figure  3.28: Stray magnetic field – horizontal spatial vector at Z = 0.0 m, 

midplane. Top row:  total magnitude B, middle row: horizontal component of B
r

, 

bottom row: vertical component of B
r

. Left column: from centre to 4 m, right 
column: from 2 m to 10 m. The vessel ends at R = 0.792 m. Neutral Beam 
Injection (NBI) is located at R = 3 m. Black full line – with plasma current, blue 
dashed line – without plasma current. 
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Figure  3.29: Stray magnetic field – vertical (upward) spatial vector at R = 0.4 m. 

Top row:  total magnitude B, middle row: horizontal component of B
r

, bottom row: 

vertical component of B
r

. Left column: from midplane to 4 m, right column: from 
2 m to 10 m. Ports VUI located at R = 0.4 m, Z = 0.44 m. Black full line – with 
plasma current, blue dashed line – without plasma current. 
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The results of the calculation show that stray magnetic field on the midplane 

(Figure  3.28) is significant even outside of the TF coils (R > 1.25 m) - vertical 

component of B
r

 is 75 mT and horizontal component is up to 20 mT. Farther from 
the tokamak the horizontal component becomes less important and vertical 
component is dominant. That is to be expected because the majority of the 
COMPASS tokamak magnetic fields are top-down symmetrical and from afar 
vertical: MFPS circuit field, EFPS circuit field and BV circuit field are fully vertical, 

 

 

 
Figure  3.30: Stray magnetic field – vertical (upward) spatial vector at R = 0.56 m. 

Top row:  total magnitude B, middle row: horizontal component of B
r

, bottom row: 

vertical component of B
r

. Left column: from midplane to 4 m, right column: from 
2 m to 10 m. Ports VUC located at R = 0.56 m, Z = 0.4 m. Black full line – with 
plasma current, blue dashed line – without plasma current. 
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magnetic field from plasma is vertical in this simulation and nearly vertical in reality 
(diverted plasma is often moved above the midplane). Figure  3.28 had also shown 
that the maximal possible stray magnetic field at the position of the NBI ion source is 
less than 8 mT, therefore the design of the NBI system did not require any changes. 

Figure  3.29 and Figure  3.30 show stray magnetic field above the tokamak on 
the radial location of two diagnostic ports. The ratio of the horizontal and vertical 

components of B
r

 is higher than on the tokamak midplane and the horizontal 
component is significant even farther from the tokamak. The calculated stray 
magnetic field in this area influenced for example placement of the turbomolecular 
vacuum pump of the vertical reciprocating probe drive. The particular type of the 
turbomolecular pump required smaller magnetic field and the pump had to be placed 
behind ~ 1 meter long vacuum pipe to avoid the area with the highest stray field. 

The simulated stray magnetic fields were also used in design of the shielding 
system of the Lithium Beam diagnostics [33]. 

3.3 Power Supplies filtering 

This section is extended form of the article Havlicek et al., Design and 

Preliminary Results of the COMPASS Power Supplies Filters [59]. In comparison 
with the original article, a description of new Power Supplies and more detailed filter 
description and discussion were added. 

The COMPASS tokamak currently uses eight circuits (five PF coils circuits, one 
TF coils circuit, two Resonant Magnetic Perturbation - RMP - coils circuits) of the 
magnetic field coils to control and influence the plasma. There are five types of 
Power Supplies ([37], [38], [39], [Attached publication A1]) used to supply the 
circuits from energy stored in two flywheel generators [38]:  
1) 24-pulse thyristor converter: (1440 - 2040 Hz) 

� TFPS (0 ÷ 92 kA) – Toroidal Field Power Supply for creation of up to 2.1 T 
magnetic field. 

2) 12-pulse thyristor converters: (720 - 1020 Hz) 
�  MFPS ( -18 ÷ 16 kA) – Magnetizing Field Power Supply for plasma current 

drive and ohmic heating. At the moment the current is limited by software in 
the PS controller to -16 ÷ 14 kA. 

� EFPS (0 ÷ 16 kA) – Equilibrium Field PS for generating vertical magnetic 
field which prevents plasma column from expanding its main radius. 

� SFPS (0 ÷ 12 kA) – Shaping Field PS for shaping and creating divertor 
plasma configuration. At the moment (as of 11.6.2015), the current is limited 
by software in the PS controller to 10 kA. 

3) Fast Amplifiers (FA) based on MOSFET transistor H-bridge: (40 kHz) 
� BR (+/- 5 kA) – horizontal magnetic field for fast feedback control [Attached 

publication A2] of the vertical plasma position. 
� BV (+/- 5 kA) – vertical magnetic field for horizontal plasma position 

feedback. 
4) Vertical Kicks Power Supply (VKPS): (intermittent frequency up to 4 kHz) 
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� In series with FABR in the BR circuit, +/- 5 kA. It is powered from the 
capacitor bank and intended for ELM (Edge Localized Mode) pacing by 
"kicking" with plasma vertical position. Increase of allowed frequency to 6 
kHz is foreseen for future. 

5) RMP Power Supplies based on MOSFET transistor H-bridge: (40 kHz) 
� Two electrically independent (!) circuits [60] of Resonant Magnetic 

Perturbation coils for creation of ergodic layer at the edge of the plasma with 
intention of influencing ELMs. The design is similar to Fast Amplifiers, but 
used VMM 300-03F transistors have higher allowed voltage (either 140 V or 
190 V operation voltages are available, depending on transformer taps 
connections). 

All of these Power Supplies are in principle switched-mode power supplies with 
sharp changes in the voltage applied to the tokamak coils (see Figure  3.31 for 
simplified explanation). The tokamak coils are mostly inductive loads with self-
inductances in the range of 50 - 3000 µH and resistances in the range of 2 - 50 mΩ 
(see Table  3-1 in Section  0 3.1.6 or Table  3-7). Due to the magnitude of the self-
inductance the current ripple generated by repetitive voltage changes of the switched-
mode power supplies is generally low (less than 1 % for thyristor converters for 
typical current values). Nevertheless this current ripple still poses a problem because 
it generates a significant noise in multiple diagnostics [17]. 

 
There are two major reasons for the noise in diagnostic measurements. The first 

one is the grounding of many diagnostics - specifically the diagnostics grounded to 
the tokamak vacuum vessel where an induced current is flowing. This current is 
generated inductively by the tokamak coils and reaches up to 40 kA during plasma 
current breakdown and then ~ 3 kA ripple with frequency of the 12-pulse converters 
during the plasma flat-top phase. The second source of the noise is direct inductive 
coupling between tokamak coils and various diagnostics - this can be coupling to the 
electronic circuits, coupling to the data cables (usually twisted shielded pairs or 
coaxial cables) or coupling to diagnostic coils in case of magnetic diagnostics. 

Noise spikes – U_loop, I_vessel, mag. 

fields, other diagnostics

Noise spikes – U_loop, I_vessel, mag. 

fields, other diagnostics

 
Figure  3.31: One phase of thyristor converter (regulation angle > 90˚ for negative 
effective voltage at the output). 12 - pulse converter uses six phases. Current ripple 
causes noise peaks in tokamak signals. 
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The COMPASS tokamak uses two flywheel generators to provide energy for the 
Power Supplies [38]. The maximal rotation speed of the flywheels is 1700 rpm and 
the flywheels can slow down to 1200 rpm. Corresponding frequency of the 24-pulse 
thyristor converter is changing during the discharge from 2040 Hz (24 x 3 x 1700 
rpm / 60 s) to 1440 Hz (or 1020 Hz to 720 Hz for 12-pulse converters feeding PF 
coils). It should be noted that the flywheels can start the discharge from lower than 
maximal rotation speed and 1400 rpm is commonly used. 

Two Fast Amplifiers [Attached publication A1] are H-bridges based on 
MOSFET transistors with Controller Unit which uses fixed frequency (40.138 kHz) 
to apply positive or negative voltage (100 V) to the load, based on the requested and 
internally measured current. 

The Vertical Kicks Power Supply [Attached publication A1] is supplied from the 
capacitor bank charged by a small auxiliary charging system before the plasma 
discharge. The VKPS is designed to operate at 1200 V and uses modern high current 
IGBT transistors FZ3600R17HP4. This Power Supply should not be filtered because 
any filter would interfere with intended "kicks" to the plasma column vertical 
position. 

Recently designed and manufactured RMP Power Supplies were not described in 
any published work and brief description of the design is provided here. The two 
RMP PSs are constructed as H-bridge, each is composed from 30 MOSFET modules 
IXYS VMM 300-03F. Each half-bridge module is rated up to 300V. Each transistor 
has two snubber capacitors PMC-30uF/330V-VP 10 %, the main power is provided 
through the capacitor bank made from 60 EPCOS capacitors B43750A4538M003 
with 5,3mF/350V each. The rectifier supplying the main capacitor bank is 
manufactured from 6 diodes DZ1070N. The drivers for the MOSFET modules were 
designed by IPP contractor (same as the overall design of the RMP PS), 
manufactured by IPP Prague and are controlled by in-house developed FPGA based 
controller which is fully electrically disconnected from the PS by HFBR optical 
elements. An important feature, added after gaining experience with the FAs, is over-
current protection implemented in individual power transistor drivers. In the case that 
one power transistor fails and controller switches on a group of 15 opposite transistor 
modules, the entire group of 15 modules would be destroyed without this protection. 

This section describes design and preliminary measurements of filters for all four 
thyristor converter Power Supplies. Filters for two Fast Amplifiers are not yet 
designed. Filters of two RMP PSs were designed and are used, but are not described 
in this thesis. 

3.3.1 Filter principle 

The principle of the filters will be explained on the EFPS circuit using 
measurements of the temporary testing filter unit manufactured for validation of the 
concept. The basic idea is to use a standard LC filter, however capacitor of such filter 
creates an oscillating LC circuit together with tokamak coils. These oscillations must 
be suppressed by a damping resistor which is in parallel with the capacitor. 
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Two 6-pulse thyristor converters are supplied from three phase transformer (not 

depicted in the Figure  3.32) with two secondary windings - one in triangle, one in 
star configuration - providing six phase shifted voltage sine waves. The two 6-pulse 
thyristor converters are connected in parallel through two choke coils (each 45 µH, 
effectively L0 = 22.5 µH) to tokamak EFPS circuit and the Decoupling Transformer 
EF-BV (temporary variant with high primary winding resistance 10 mΩ, described in 
Section  3.1.6) which forms together a circuit with Rtok = 26.5 mΩ and Ltok = 1450 µH 
(exact calculated values in the Table  3-1 are slightly lower). 

The filter consists of the capacitor Cf, series resistor RS and parallel damping 
resistor Rp. The higher frequencies of the voltage generated by the converter create a 
current which can pass through the choke coils L0 and Ladded and capacitor Cf (Figure 
 3.32a, red line) while lower frequencies current is applied to the tokamak coils. Part 
of the converter current also goes into through L0+Ladded and the damping resistor Rp 
(Figure  3.32b, red line) effectively lowering the current available for the tokamak 
coils. The effective voltage applied to the tokamak coils Utok consists of converter 

a) b) a) b) 

 
Figure  3.32: Filter principle for 12-pulse converter, a) shot #2517, 720-1020 Hz 
current ripple (red line) passes through choke coils L0 and Ladded to capacitor Cf 
which filters the current to tokamak coil (black line), b) shot #2516, current in the 
damping resistor Rp (red line), current in the tokamak coil (black line). Both cases 
for Ladded = 0 µH, Cf = 4.2 mF, RS = 75 mΩ and Rp = 1 Ω used in the temporary 
testing filter. 
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voltage Uconv (switched, sharp changes) and voltage generated in the choke coils L0 
and Ladded by the passing current: 
 

t

II
LLU

tokfilter
addedchoke

d

)(d
)( 0

+
+= . ( 3.36) 

Considering the fact that the high frequency part of the current passes through 
the filter, the resulting Utok is smoothed in comparison to Uconv. In principle this is a 
standard LC filter, which is discussed in all basic electronics textbooks, but an 
oscillation problem of inductive load must be solved by adding the damping resistor 
Rp to satisfy stability criterion for LC filter. 

The black lines (filtered current) in the Figure  3.32a, b and black lines (filtered 
current) and red lines (unfiltered current) in the Figure  3.33 show various 
realizations for requested tokamak current (2kA, 100 ms long rectangular pulse) 
during tests of the temporary filter unit. 

 
Figure  3.33a shows an experiment with higher capacity and disconnected 

damping resistor Rp. The black line shows oscillations of the tokamak current in 
comparison with unfiltered tokamak current (red). The oscillations have a period of 

ms 262 == ftokCLT π . This experiment clearly demonstrates the necessity of the 

damping resistor Rp even though the resistor lowers the power available for tokamak 
coils.  

Figure  3.33b shows direct comparison between unfiltered tokamak current (red 
line) and current filtered by the testing filter unit (black line). It should be noted that 
smooth oscillations on the filtered current are exaggerated by the incorrect 
regulation. During these tests the control of the current was incorrect because the 
EFPS converter controller discretely measured current in the converter and did not 
take into account current flowing into the filter. In the final realization the filter 
current is measured by Hall sensor LT 4000-S/SP34 and provided to the controller to 
have correct regulation of the current flowing into tokamak coils. 

a) a) b)b)

 
Figure  3.33: a) Itok with higher capacity (12 mF) and  no damping resistor leads to 
~26 ms oscillations (filter: shot #2421, no filter: #2409), b) test without Ladded, Cf = 
4.2 mF, Rp = 1 Ω, RS = 75 mΩ (shot #2516) leads to smoother current in tokamak 
coil when compared with unfiltered (shot #2409). 
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3.3.2 Performed filter simulations 

The actual filters for the TFPS, MFPS, EFPS, and SFPS circuits Power Supplies 
were designed after extensive simulations to achieve optimal performance with given 
constraints. The desired parameters of the filters were: 1) minimal achievable 
distortion of the circuit current response to the rectangular requested current pulse 
and 2) maximal suppression of the current ripple (1 kHz or 2 kHz). The constraints 
were: 

� use of the available capacitors MKK B25650 with capacity 4.2 mF, Umax = 
2.5 kV, Isteady,max = 410 A 

� financial limit to the overall cost - mostly limits possibility to add choke coils 
Ladded 

� spatial limit in the assembly area 
� manageable power load of the damping resistor Rp, which limits its lowest 

value for given Power Supply maximal voltage 
The simulations will be described on the EFPS filter example. The 5Spice 

Analysis Software [61] was used for initial filter design and then the results were 
confirmed by the Power Supplies manufacturer in the more realistic Matlab Simulink 
model with full description of the converter including control loop [62]. 

 
Figure  3.34 shows schematics (a) of the EFPS circuit with the filter. The 

schematics contains  simplistic approximation of the converter in the form of DC 
voltage with superimposed 1 kHz triangular voltage, coils L0 and Ladded, filter with 

c) 

filter:

2 A ripple but 

500 Ap2p to C

Table of filter parameters

L added 50 uH

Cf 4.2 mF

R parallel 0.5 Ohm

tau - R_parallel*C 2.1 ms

tau - Ltok*Cf 15.5 ms

tau - Ltok/Rtok 54.7 ms

no filter:

30 A ripple

b) 

a) 

c) 

filter:

2 A ripple but 

500 Ap2p to C

Table of filter parameters

L added 50 uH

Cf 4.2 mF

R parallel 0.5 Ohm

tau - R_parallel*C 2.1 ms

tau - Ltok*Cf 15.5 ms

tau - Ltok/Rtok 54.7 ms

no filter:

30 A ripple

b) 

a) 

 
Figure  3.34: 5Spice Analysis Software was used to simulate all circuits, the EFPS 
circuit is shown. a) Schematics, b) EFPS circuit current with filter, c) without filter. 
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added parasitic inductances Lp and Ls to test the sensitivity to such parameters, and 
tokamak coils Ltok with Rtok.  

Table of filter parameters in the Figure  3.34 summarizes the values of the 
selected electrical parts in the filter and time constants of the different parts of the 
entire circuit. The reaction speed of the EFPS circuit is determined by the tokamak 
coils inductance and resistance (RL circuit, time constant 54.7 ms) and by available 
voltage of the converter (line to line effective voltage 280 V in the transformer of the 
EFPS, converter controller software limits [63] and transformer uk decreases the 
available voltage). The reaction speed is not significantly influenced by the filter 
design because tokamak coils have inductance much larger than L0 and Ladded. The 
filter capacitor creates oscillating LC circuit with tokamak coils with time constant 
15.5 ms. These oscillations would negatively influence plasma control and must be 
dampened. This is achieved by using the damping resistor Rp which creates RC 
circuit with the capacitor Cf. The time constant of the RC circuit Rp x Cf (selected 2.1 
ms) must be much smaller than the time constant of the LC circuit. This is one 
constraint in the filter design. 

Another constraint in the filter design is power dissipated in the Rp resistor. The 
EFPS filter uses 0.5 Ω, which can be loaded with effective 255 kW when EFPS 
converter provides its maximal effective voltage of 356 V 

( 9.02/32809.02 280 ⋅⋅⋅≅⋅⋅= πVV ). 
Choke coil Ladded increases inductance of the already used choke coils (two 

45 µH parallel coils = 22.5 µH). The higher value of Ladded results in better filtration 
and the value is limited mostly by financial consideration. The reaction speed of the 
entire circuit (54.7 ms) is not significantly lowered as long as the tokamak coils have 
much larger self-inductance than the choke coils. 

Figure  3.34b and Figure  3.34c show circuit response to the current request jump 
from 2 kA to 0A (red line, left axis and its detail: blue, right axis) together with 
current to the filter (green line, left axis). It is visible that the current ripple without 
the filter is ~ 30 Ap2p, while the decrease of the current from 2 kA to 0 A is 15 ms 
long. The filter decreases the current ripple significantly and the response to the 
current jump is reasonably undisturbed. 

The final design of the EFPS filter uses Cf = 4.2 mF consisting of 2x2 capacitors 
MKK B25650 (each 60 kg, 4.2 mF, 2.5 kV, 410 A), resistance Rp = 0.5 Ω (rated for 
300 kW/1sec then 10 minutes pause, 31 kg) and Ladded = 50 µH (choke coil TLV 
56/29, 20 kA/1sec then 10 minutes pause, 155 kg, 1000 V). 

3.3.3 Preliminary measurements 

Preliminary measurements of the filters influence on diagnostics signals are 
presented in this section. Loop voltage measured by the flux loop (toroidally wound 
wire) is the best to show the filter influence as it is directly proportional to the 
derivative of any toroidal current - PF coils current, induced toroidal current in the 
vacuum vessel or the toroidal component of the induced poloidal current flowing in 
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only TF filtered

no filter

TF remains

only TF filtered

no filter

TF remains

 
Figure  3.35: Loop voltage measured by 
the Flux Loop #4 on the HFS, all circuits 
currents are zero during the measurement 
(the worst case scenario for thyristor 
converter – the highest noise). The 
840 Hz and 1680 Hz structures are 
marked by ellipses. 

the vessel around the vacuum vessel ports. The poloidal current can be generated by 
changes of TF coils current. 

Figure  3.35 shows a loop voltage 
measured by Flux Loop #4 located on 
the High Field Side (R = 0.325 m, Z = 
0 m). There are three cases depicted:  

1. "only TF filtered" - MF, EF and 
SF circuits are running and are 
not filtered while TF coils are 
filtered. Voltage structures with 
840 Hz frequency (1400 rpm, 
12-pulse) are visible while 
1680 Hz voltage peaks from TF 
switching are suppressed. 

2. "no filter" - all circuits are 
running without filter, both 
types of voltage structures and 
peaks are present. 

3. "TF remains" - TF coils are 
unfiltered while all PF circuits 
with exception of EFPS are 
disconnected. EFPS is filtered 
by the temporary testing filter 
unit. 1680 Hz voltage peaks are 
visible while 840 Hz voltage 
structures are suppressed. 

These preliminary measurements 
show good improvement in the noise 
observed by the loop voltage. It should 
be stated that magnetic signals are not 
the only signals influenced by the 
Power Supplies current ripple. The 
probe measurements are particularly 
sensitive to this type of noise (but 
mostly from Fast Amplifiers and RMP Power Supplies) and some of the bolometry 
channels are also affected. 

3.3.4 Status of the filters realization 

The thyristor Power Supplies filters were designed, manufactured and installed. 
The Table  3-7 summarizes parameters of the Power Supplies and PF coils circuits 
(converter transformer line to line voltage ULL, effective self-inductance of the 
parallel choke coils L0, self-inductance Ltok and resistance Rtok of the circuit), 
parameters of the designed filters (added inductance Ladded, capacity of the filter Cf, 
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series-parallel configuration of capacitors, resistance of the damping resistor Rp, peak 
dissipation power of the damping resistor Pparallel and series resistor RS) and 
optimized time constants of parts of the circuits. 

Note that the damping resistors have very high dissipation power. The resistors 
are made from meander shaped cast metal and have mass sufficient to contain the 
dissipated energy during the tokamak pulse and release it between the pulses.   

 
All individual filters were tested together with their respective Power Supply 

with exception of the MFPS filter (due to the time constraints in COMPASS 
operation and availability of experts from Power Supplies manufacturer).  

 

Power Supply TF EFPS SFPS MFPS

ULL [V] 370 280 540 700

L0 [µH] 5.5 22.5 35 50

Ltok [µH] 2500 1450 760 3000

Rtok [mΩ] 2.7 26.5 40.7 37

Ladded [µH] 10.5 50 100 50

Cf [mF] 6.3 4.2 2.8 2.8

configuration of Cf 2x3 2x2 3x2 3x2

Rp [Ω] 1 0.5 0.8 1

Rs [mΩ] 10 10 10 10

Pparallel [kW] 250 286 664 893

tau Rp*Cf [ms] 6.3 2.1 2.24 2.8

tau Ltok*Cf [ms] 24.9 15.5 9.2 18.2

tau Ltok/Rtok[ms] 925.9 54.7 18.7 81.1
 

Table  3-7: Parameters of the filters of the thyristor Power Supplies. EFPS and 
SFPS self-inductances with the decoupling transformers accounted. The SFPS is in 
SND configuration (worse noise and more difficult filtering than SNT). ULL is line 
to line effective voltage of the converter transformer. Note that L0 does not include 
effective inductance of the converter calculated from uk transformer parameter, 
which adds ~ 20 % to L0.   
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Figure  3.36: Cross-talk caused by MFPS current in the EFPS and SFPS circuits. 
Shot #4605, MFPS had requested current -14 kA between 800 ms and 950 ms. 
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A cross-talk problem between individual PF circuits was discovered - e.g. 
current in the MFPS circuit generates current going through the EF coils and the 
EFPS filter (see Figure  3.36). The cross-talk was not anticipated because all circuits 
were modelled individually. The reason for the cross-talk is electrical and inductive 
connection between the individual Power Supplies (Figure  3.13) in the MB winding. 
The individual controllers are not capable of compensating voltage generated from 
other Power Supplies to the same degree as without the filters, particularly Rparallel.  

A possible solution to this problem is to provide the controllers of individual 
Power Supplies with information about current generated by other supplies. Then the 
controllers can adjust their voltage immediately without any delay caused by the PID 
controller reacting to the regulation error of the current. 

Another possibility is to partially disconnect the individual circuits by diodes.  
The least preferred solution is to lower the capacity and increase the Rparallel of 

the designed filters, which would reduce the problematic cross-talk and allow 
controllers easier reaction. 

The solution of the cross-talk problem delayed putting the filters into service. 
Only the TFPS filter is used now (see Figure  3.37), even the though filters were 
installed in the year 2013. 

 

3.4 Simulation of the EFPS PID controller 

This section is an extended form of the article Havlicek et al., A Simulation of the 

COMPASS Equilibrium Field Power Supply PID Controller [63]. In comparison 
with the original article, redundant information covered in previous sections of this 
thesis was removed and a wrong value of the EFPS maximal voltage was corrected. 
The description of the basis angle akK was also altered. Note that this simulation was 
performed before the PS filters, described in the previous section, were designed and 
the filters are not incorporated in the simulation. Nevertheless the description of the 
controller as well as description of the mutual influence of the unfiltered Power 
Supplies circuits is still valuable. 

   
Figure  3.37: TFPS filter. Left panel: two from four parallel additional choke coils 
are visible in the back, filter in front, right. Right panel: TFPS filter: six capacitors 
in the metal frame, meander resistors Rp and Rs on the top, Hall sensor LT 4000-
S/SP34 in the middle. 



 

73 

The COMPASS tokamak thyristor Power Supplies (TFPS, MFPS, EFPS and 
SFPS circuits) have individual control units which ensure safe operation and use a PI 
regulation with protective ramps to achieve currents requested by the higher level 
tokamak control system MARTe [Attached publication A2], [55], [56].  

The individual control units do not have the information about currents flowing 
in the other circuits and that prevents them from adjusting for the voltage generated 
by mutual influence of the circuits. This influence is caused by mutual inductance of 
the circuits as well as electrical connection between some of the circuits. 

The coupling between Magnetizing Field and Equilibrium Field Power Supplies 
is of particular concern because the influence is very significant. The voltage induced 
in the Equilibrium Field circuit during plasma breakdown phase is comparable to the 
voltage used by its Power Supply. As a result, the radial position of the plasma 
column is difficult to control for short time after the breakdown, because the main 
vertical magnetic field (created by EFPS circuit) has limited dynamic response to 
requests from the tokamak control system MARTe. This section describes the mutual 
influence between the MFPS and EFPS circuits, its use for modelling the EFPS 
circuit and improvements implemented in the controller algorithm. 

3.4.1 Description of Power Supplies mutual influence 

The Magnetizing Field, Equilibrium Field and Shaping Field circuits are coupled 
together by mutual inductance and by shared winding M1 (=MB) in the tokamak 
central solenoid (see Figure  3.38, which is for convenience reprinted Figure  3.13). 

 
In this section we are limiting ourselves to describe the interconnection between 

MFPS and EFPS. The influence of the SFPS is not taken into account and all shown 
measurements were done with mechanically disconnected SFPS circuit. The EFPS 
circuit current is described by equation:  
 EFEFEFEFEFdistortionEF IRtILUU ⋅=⋅−+ − dd , ( 3.37) 

where UEF is voltage applied by the EF Power Supply, Udistortion is distortion voltage 
generated by any other sources, LEF-EF is EFPS circuit self-inductance with 
decoupling transformer included (1540 µH used, see Table  3-1), REF is resistance of 

 
Figure  3.38: Reprinted Figure  3.13: Simplified connection of the Power 
Supplies. When using this simplification, configuration of the SFPS should be 
specified. Decoupling transformers and PS choke coils are not depicted. Adjusted 
from attached article [A3]. 
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the EFPS circuit with decoupling transformer (26.5 mΩ, Table  3-1) and IEF is current 
in the EF circuit. 

Udistortion is in our case generated in the EFPS circuit by MFPS:  
 MFMMFEFMFdistortion IRtILU ⋅+⋅−= − 1dd , ( 3.38) 

where LMF-EF is mutual inductance between MFPS and EFPS circuit (-650 µH used, 
Table  3-1, resulting to positive Udistortion for positive dIMF/dt), RM1 is resistance of the 
shared coil M1 (=MB) (10 mΩ, Table  3-5) and IMF is current in the MFPS circuit. 
The coils M1 and M6 together create the central solenoid of the tokamak (see 
Section  3.1.1 - Poloidal field coils geometry). Each of them has 48 turns. 

3.4.2 PID controller basic principles 

The proportional-integral-derivative (PID) controller is one of the simplest and 
the most commonly used active feedback control method [64], [65]. In this section a 
very brief explanation is given to provide basic understanding of its principles. 

The PID controller uses “regulation error” e(t) – difference between measured 
process variable and requested setpoint - to calculate the “process control input”. The 
regulation error is minimized by applying the process control input to the controlled 
system.  

In our case the regulation error is difference between the realized and requested 
current e(t)  = ( Irealized – Irequested ) and the process control input is the regulation 
angle of the thyristor converter. Then the equation describing the PID controller is:  
 ( ) ( ) ( )te

t
KtteKteKanglereg

t

DIP d

d
d .

0

⋅+⋅+⋅= ∫ , 
( 3.39) 

where KP, KI and KD are parameters of the PID controller:  
� Proportional term KP: direct amplification of the regulation error. It can be 

viewed as a steepness of the Stabilizing potential hole created by the PID 
controller (see Figure  3.39). 

� Integral term KI: accelerates the reaction, but it can cause overshot. In the 
example from Figure  3.39 it slowly moves the centre of total potential 
towards the desired setpoint.  

� Derivative term KD: slows down the reaction, reduces overshot, but amplifies 
the noise. It can be viewed as viscous fluid in the Total potential hole. It can 
have opposite sign to increase speed of the reaction at the expense of stability. 

These parameters should be optimized to obtain the best performance of the 
controller for individual tokamak PS circuits. Due to the large self-inductances of the 
tokamak PS circuits the derivative term is not necessary to slow down the reaction. 



 

75 

 

3.4.3 Description of the controller model for the simulation 

The EFPS controller is a PI controller with several protective ramps used to 
protect the 12-pulse thyristor converter Power Supply from potential damage. The 
12-pulse thyristor converter consists of two 6-pulse converters in parallel with shifted 
voltage phases. The regulation angle controls when the thyristor is switched on and 
conducts a current. Each of the three voltage phases of the 6-pulse thyristor converter 
module is controlled by two thyristors and each thyristor conducts current when the 
voltage sine wave is between regulation angle and regulation angle + 180˚ (see 
Figure  3.31 in the Section  3.3). The resulting effective voltage of the thyristor 
converter is described by Equation ( 3.40).  

One of the 6-pulse converters can be destroyed if the regulation angle is quickly 
increased, resulting into the current from the circuit moving into the converter and 
overloading it while the second converter is switched off by the steep change in the 
regulation angle. The regulation angle protective ramp can prevent this scenario.  

The EFPS thyristor converter applies to the circuit the voltage:  
 ) .cos(max_ angleregUU EFEF = , ( 3.40) 

where UEF_max is 340 V. UEF_max is 90 % from LLU⋅⋅ 23 π , where ULL is line to line 

effective voltage taken from Table  3-1. 
The discrete differential form of the PI controller used by the PS manufacturer is:  

 [ ] [ ] [ ] [ ]







 −+
+−−⋅=∆

i

P
T

keke
kekeKanglereg

2

1
1 . , 

( 3.41) 

where Kp/Ti is used instead of the KI from the generic PID equation ( 3.39) and k is 
time index. This variant of the PID controller algorithm notation has the feature that 
both proportional and integral part from the Equation ( 3.39) are changed by changing 
Kp, while Ti allows change of the integral part relative to the proportional part. 
Equation ( 3.41) describing change of the regulation angle anglereg  .∆  is 

differentiated [ ] [ ] [ ]( )( )∑ −++⋅= 211 . kekeTkeKanglereg iP . The EFPS control 

 
Figure  3.39: Illustration of the PID controller as “ball on the hill”. The 
Destabilizing potential (“hill”) is countered by Stabilizing potential created by 
proportional term of the PID controller. The Total potential has minimum at the 
point away from the desired setpoint (Z=0), which is solved by the integral term 
KI. The oscillations of the “ball” are slowed down by KD.  
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unit software, manufactured by the Power Supply contractor, uses 
[ ] [ ] [ ] 10025000/)( ⋅−= kIkIke requestedmeasured  measured in % from 25 kA and 100 % 

e[k] creates regulation angle 160˚ for Kp = 1 (i.e. the Equation ( 3.42) should have 
factor 1.6, when e[k] in % is used, to obtain reg. angle in degrees, see Equation 
( 3.43)). The same values were used in the modelling. 

A basis angle oo 4.82;4.112=akK  is used to avoid interrupted currents regime 

of the thyristor converter. The basis angle akK prevents a situation when the current 
is interrupted during converter voltage pulses if the load has low self-inductance. The 
EFPS circuit self-inductance (940 µH + 600 µH from decoupling transformer) is 
high enough to prevent this scenario, but the basis angle is nevertheless applied in the 
Power Source control unit as a safety measure. The exact value of the basis angle is 
tabulated and depends on actual frequency of the flywheels feeding the tokamak 
Power Supplies. As an approximation a value given by the following equation was 
used in the simulation:  
 

3

2500009.0
sin304.112 




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



⋅
⋅−= requestedI

akK
oo . 

( 3.42) 

where Irequested is in amps and sine is calculated from radians. Equation ( 3.42) is valid 
for [ ] 22500009.0 π⋅⋅<AI requested , otherwise o4.82=akK . 

The protective limitations of the EFPS model controller were: 
� Maximal allowed regulation angle (= minimal negative voltage):135˚ at 

Imeasured < 5 % (current in % from 25 kA), 105˚ at Imeasured > 20 %, linear 
maximal allowed regulation angle between.  

� Minimal regulation angle (= maximal positive voltage): 5˚ 
� Protective ramps of the requested current (up/down): 2˚/417 µs (417 µs is the 

control unit time step) 
� Requested current protective ramps: 0.28 % / 417 µs (= 70 A / 417 µs) 
The resulting regulation angle applied to the thyristor converter is sum of the 

basis angle akK and the regulation angle computed by Equation ( 3.41) after applying 
the protective limitations: 
 [ ] [ ] [ ] [ ]( )16.1.]1[ . . −−+⋅∆+−= kakKkakKkangleregkangleregkanglereg . ( 3.43) 

 The model of the EFPS circuit uses equations ( 3.41) and ( 3.42) to compute the 
requested regulation angle, then applies the protective limitations to obtain the 
regulation angle with ramps. Equation ( 3.40) is used to compute the voltage applied 
by the thyristor converter to the coils and circuit current is computed by the Equation 
( 3.37). Distortion voltage is taken from measured current IMF and is computed by 
equation ( 3.38). 

Using the measured current IMF to compute the distortion voltage applied to the 
EFPS circuit is reasonable approximation only as long as the computed current of the 
EFPS is similar to the measured IEF during the discharge when the IMF was measured. 
The reason is that the EFPS current also influences MFPS current while the model 
takes into account only the MFPS circuit influencing the EFPS circuit. Nevertheless 
the EFPS controller algorithm can be optimized for one given Udistortion. 
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3.4.4 Results of comparison between simulation and 

measurement 

The comparison of the created model with the EFPS current measured in the 
actual tokamak discharge is shown in the Figure  3.40. The requested EFPS current 
was linear ramp from 0 A at 951 ms to 1850 A at 957.5 ms (triangular request). The 
MFPS current was set to -14 kA with a quick drop to 0 A at 960 ms followed by 
linear ramp to 6.81 kA at 1100 ms. The EFPS current request was limited by the 
protective ramps. The EFPS current does not follow the request, which is caused by 
the strong Udistortion induced from the quickly changing MFPS current.  

The selected current scenario is favourable to be studied because the MFPS 
requested current is standard for the plasma breakdown phase and because the 
selected EFPS current request allows study of the worst case situation when the 
higher level tokamak control system requires to quickly slow down EFPS current rise 
during plasma current ramp up. 

The regulation angle decreases (increasing UEF) at the beginning of the discharge 
when the requested current is higher than the realized (or simulated) current. When 
the MFPS forces EFPS current to overshoot the requested current the regulation 
angle increases while the speed of the increase is limited by protective limits. The 
undesired behaviour starts when the regulation angle reaches its maximum value. It 
starts to decrease (the UEF voltage, which is negative at the moment, increases) even 
though the regulation error is relatively high and still increases after t = 965ms. This 
is caused by the differential form of the PI controller, Equation ( 3.41), and the 
regulation angle clipping to the maximum allowed value. For the non-differential 
form this would not happen. 

 

 
Figure  3.40: Shot #1301, KP = 5, Ti = 60 ms. Comparison of simulated (left panel) 
and measured (right panel) EFPS for triangular request (ikE) and strong influence 
from starting MFPS. The right panel shows Print Screen from Postmort View – 
diagnostic program of the thyristor control units. Shown values are: ikR – realized 
request with ramps, c_I – realized current, Rc – requested regulation angle, Hak – 
reg. angle with ramps, akK – basis angle. The time axis of the right panel is in 
samples. Currents are shown in % from 25 kA, multiplied by factor 4.3. Angles are 
in º multiplied by 100/135. 
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It can be seen in the Figure  3.40 that the simulated and measured EFPS currents 
are almost identical. The model was able to predict correct behaviour of the PID 
controller and the EFPS circuit from measured IMF and requested EFPS current. 

The created model was used to optimize the behaviour of the EFPS controller. 
Relaxed protective limitations as well as adjustments to the realization of the PID 
controller were examined. Figure  3.41 shows the most notable results.  

 
Figure  3.41a shows the original algorithm as described with different values of 

the proportional and integral terms and relaxed regulation angle protective ramp. It is 
compared to the Figure  3.41b, which has different application of the maximal 
allowed regulation angle limitation. 

The protective limitation is applied to the realized regulation angle instead to the 
requested regulation angle. The result is that requested regulation angle can go much 
higher than is allowed to the reg. angle with ramps and the simulated EFPS current is 
brought to 0 A as quickly as possible. The curvature seen on the reg. angle with the 
ramps between 960 ms and 980 ms is caused by the dependence of the maximal 

 

 
Figure  3.41: KP = 10, Ti = 40 ms. Request current protective ramp fully removed. 
Regulation angle protective ramp relaxed to 20˚/417 µs. a) original algorithm, b) 
maximal allowed regulation angle applied to realized regulation angle and not to 
requested regulation angle, c) same as variant b) but integration part of the PI 
controller uses limited regulation error e[k] – 2% from 25 kA. 
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allowed regulation angle on the EFPS current. This improvement of the PID 
controller has a drawback as the requested regulation angle does not return to its 
initial value when the simulated current reaches 0 A. To mitigate this problem a 
further improvement can be made. 

Figure  3.41c shows the identical algorithm as the Figure  3.41b with added 
limitation of the regulation error e[k] in the integral part of Equation ( 3.41). The 
regulation error is used in the proportional part without any changes, but in the 
integral part it is limited by selected maximal allowed value (2 % form 25 kA). This 
further improvement has the same behaviour of the simulated EFPS current as the 
variant from the Figure  3.41b, but the drawback – requested regulation angle not 
returning to initial value – is significantly improved. 

The simulations of the EFPS controller together with further discussion with 
Power Supplies manufacturer (ČKD Elektrotechnika) resulted into realization of the 
following changes in the EF Power Supply controller unit: 

� The PI controller parameters were set to KP = 5 and Ti = 30 ms. The higher KP 
was tested, but resulted into unbalanced currents between two parallel 6-pulse 
thyristor converters. 

� Maximal allowed regulation angle was relaxed to 155˚ at 0 %, 125˚ at 100 % 
current, linear interpolation between. 

� Regulation angle protective ramp was relaxed to 155˚/417 µs when EFPS 
current is between 0 % and 30 % of 25 kA, 2˚/417 µs when EFPS current is 
higher than 50 % from 25 kA, linear ramp between. 

� Requested current protective ramps were completely removed. 
� The regulation error e[k] was limited at upper regulation angle border. This 

yields almost identical results as the variant in the Figure  3.41c. 
The result of the performed changes (incorporated into EFPS controller 

8.9.2010) is better agreement between requested and realized currents in the EFPS 
circuit. The improvement is noticeable not only during the plasma current breakdown 
phase, when the MFPS circuit fast current change strongly influences the EFPS 
circuit but also during the plasma current flat-top phase. After the improvements 
were implemented, the control exerted on the plasma radial position by the EFPS 
circuit was improved to the level when plasma radial position can be sometimes 
controlled even when Fast Amplifier of the BV circuit is not operational. This 
situation is caused by failed communication between the FA controller and the 
higher level tokamak control system MARTe. Such failure occurs rarely (< 0.5 %) 
and is normally solved by a restart of both controller and MARTe. When FA is not 
operational, the radial position after the breakdown is controlled poorly and often 
leads to an untimely end of the plasma, but if this phase is overcome, the plasma is 
then controlled sufficiently by the EFPS circuit only. Such control was not possible 
before the improvements in the EFPS controller. 

 It is proposed to include information about all PS currents into each individual 
Power Supply control unit in future and to compensate for mutual influence of the 
circuits in the controller algorithms. That would be more effective than optimizing 
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individual controller settings. The understanding of the PS controller algorithms, 
described in this section, is important for design of the connection between the 
controllers. 
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4 Equilibrium reconstruction 
This chapter contains theory of the MHD equilibrium reconstruction in toroidally 

symmetrical devices, introduction of the equilibrium fitting code EFIT algorithm, the 
work done on development of the code EFIT++ and finally information about EFIT 
results for COMPASS - examples of calculated equilibria and EFIT utilization in 
computation of global power balance. A proper computation of global power balance 
is important especially for small tokamaks, where many interesting phenomena (L-H 
transition, ELM frequency changes) happen during non-stationary discharge phases. 

4.1 Equilibrium reconstruction theory 

This section is an extended version of the article: Havlicek et al., A Magnetic 

Equilibrium Reconstruction in Tokamak [66]. Against the original article the text was 
extended to better describe the theory and discussion of some equations was added. 

Equilibrium reconstruction is used to obtain information about the plasma shape, 
the current profile and the pressure profile parameters in tokamaks [67]. The 
reconstruction is performed by iterative solving of the Grad-Shafranov equation [68], 
[69], [70]. Various tokamak experiments have their own unique codes for 
equilibrium reconstruction. Some of these codes are particular versions of EFIT [67]. 
Tokamak geometry, currents in the poloidal field coils and magnetic measurements 
are fundamental input data to the EFIT code. Other diagnostics, such as Thomson 
scattering, Motional Stark Effect (MSE) or Faraday rotation, might be used as well.  

EFIT++ is a machine-independent version of the general EFIT code and 
evolvement of the older EFIT2006 [71]. It adopts object-oriented code design and 
XML input files which are self-describing and hierarchically organized. The code is 
written in C++ language with computational core in Fortran 95. EFIT2006, and later 
EFIT++, was selected as an equilibrium reconstruction code for COMPASS. 

4.1.1 Grad-Shafranov equation 

Plasma can be described by different approaches. One of the models well 
describing plasma is the MHD one-fluid model. This model describes plasma 
macroscopically, as a single fluid consisting of electrons and ions. It uses set of so 
called MHD equations. 

In this sub-section we will derive the Grad-Shafranov equation from Maxwell 
equations and MHD equation of motion. The Grad-Shafranov equation describes 
equilibrium state of the plasma and its magnetic configuration in axially symmetric 
devices such as tokamak. 

Maxwell equations in the MHD approximation are: 
 0=⋅∇ B

r
 ( 4.1) 

 jB
rr

0µ=×∇  ( 4.2) 
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where B
r

 is magnetic induction, µ0 is magnetic permeability, j
r

 is current density 

and E
r

 is electric field. It should be noted that the Maxwell equation ( 4.2) does not 

contain the term 
t

D

∂
∂
r

0µ  in the MHD approximation. 

MHD equation of motion is: 
 

gpBj
t

v rrr
r

ρρ +∇−×=
d

d
, ( 4.4) 

where ρ is plasma mass density, v
r

 is velocity, p is plasma pressure and g
r

 is 

gravitational acceleration. Plasma mass density, velocity and pressure are defined as: 
 ( )eieeii mmnmnmn +≈+=ρ  ( 4.5) 

 ( )eeeiii vmnvmnv
rrr

+=
ρ
1

 ( 4.6) 

 ei ppp += , ( 4.7) 

where ni, mi, iv
r

 and pi is ion concentration, mass, velocity and pressure respectively. 

ne, me, ev
r

 and pe is electron concentration, mass, velocity and pressure respectively.  

It is possible to assume that the equilibrium configuration in tokamak is axially 
symmetric. This assumption neglects toroidal ripple of the toroidal magnetic field, 
which is negligible in the COMPASS tokamak, because the TF coils have 
sufficiently high distance from the vacuum vessel. It means that the magnetic 
induction B

v
 is independent on the toroidal angle φ in the cylindrical coordinate 

system (R, φ, Z). Therefore, 
 ( ) ( )ϕBZRBB

rrr
≠= , . ( 4.8) 

It should be noted that the derivation of the Grad-Shafranov equation uses 
coordinate system (R, φ, Z) and not (R, Z, φ). That was one of the reasons to use the 
system (R, φ, Z) in the COMPASS Currents Convention - CCC, see Section  3.1.2. 

Then it is possible to define a poloidal flux function ( )ZR,Ψ : 

 ( ) ∫ ⋅=Ψ
D

SdBZR
rr

π2

1
, , ( 4.9) 

where D denotes the area of the disc at vertical position Z with radius R 
perpendicular to the Z-axis. ( )ZR,Ψ  is up to the factor 2π the flux of the total 

poloidal magnetic field through the area D.  
Poloidal components of the magnetic induction vector B

v
 are then: 
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 ( 4.10) 
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. ( 4.11) 

It should be specifically stated that the EFIT++ uses definition of the poloidal 
flux function from the Equation ( 4.9). Then the ( )ZR,Ψ  output from the EFIT++ is 

in Wb/rad and Equations ( 4.10) and ( 4.11) can be used to calculate local magnetic 
field at the position (R, Z). This statement is necessary, because alternative definition 
of the poloidal flux function is occasionally used - one without factor 2π. Then the 
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Equations ( 4.10) and ( 4.11) are changed accordingly, as well as Grad-Shafranov 
equation. 

The poloidal flux function ( )ZR,Ψ , given by Equation ( 4.9), satisfies the 

Maxwell equation ( 4.1) for the cylindrical coordinate system:  
 ( ) 0

11
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∂
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+
∂
∂

+
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B ZT

R ϕ
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where BT is the toroidal component of the magnetic induction vector  B
v

. Note that 
the poloidal flux function is directly proportional to the toroidal component of the 
magnetic vector potential in the axisymmetric formulation: ( ) ),(, ZRRAZR T=Ψ .  

Let us now define a function F as:  
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where Te
r

 is a unit vector in the direction of toroidal angle φ. 

The magnetic induction B
v

 can then be written as:  
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where pB
r

 denotes the poloidal vector component of magnetic induction B
v

. 

From the Maxwell equation ( 4.2) and the magnetic induction B
v

 defined by 
Equations ( 4.14), ( 4.15) and ( 4.16) it is possible to obtain expression for current 
density j

r
: 
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where pj
r

 and Tj
r

 are the poloidal and the toroidal components of the current density 

j
r

 and the operator L is defined as:  
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( 4.20) 

The Equations ( 4.14) to ( 4.20) for B
v

 and j
r

 are valid in the whole space of the 

tokamak (plasma, vacuum, vessel, coils) because they involve only the Maxwell 
equations and the assumption of axial symmetry. The Equation ( 4.19) is practically 
particularly useful, because the poloidal flux function is output from the EFIT code 
and therefore the Equation ( 4.19) is used to calculate toroidal current density of the 
reconstructed plasma. 

For tokamaks it is possible to neglect g
r

ρ  in the Equation ( 4.4) and for an 

equilibrium state 0
d

d
=

t

v
r

ρ . Equation ( 4.4) then becomes equilibrium equation which 

reflects that the force due to p∇  is compensated by the Bj
rr

×  force:  
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 Bjp
rr
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From the Equation ( 4.21) it is possible to see that:  
 0=×⋅=∇⋅ BjBpB

rrrr
 ( 4.22) 

 0=∇⋅ pj
r

, ( 4.23) 

which is caused by the fact that vector product is perpendicular to two vectors and 
scalar product of two perpendicular vectors is zero. Therefore the equilibrium 
magnetic field lines and current lines lie on isobaric surfaces (p = constant). These 
surfaces are called magnetic surfaces. The magnetic surfaces are defined by:  
 ( ) constant, =Ψ ZR . ( 4.24) 

Equations ( 4.15) and ( 4.22) indicate that p∇  is collinear with Ψ∇ , therefore 

plasma pressure is constant on the magnetic surface:  
 ( )Ψ= pp  ( 4.25) 
and Equations ( 4.18) and ( 4.23) indicate that p∇  is collinear with F∇ , therefore F is 

also constant on the magnetic surface:  
 ( )Ψ= FF . ( 4.26) 

The equilibrium equation ( 4.21) combined with Equations ( 4.14), ( 4.15), ( 4.16) 
and ( 4.17), ( 4.18), ( 4.19) for B

v
 and j

r
 becomes:  
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which can be rewritten as:  
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( 4.28) 

The Equation ( 4.28) is the Grad-Shafranov equation and L is the elliptic 
operator defined by the Equation ( 4.20). Right-hand side of the Grad-Shafranov 
equation represents toroidal component of the plasma current density plTj ,

r
. 

It is important to understand underlying physics behind the Grad-Shafranov 
equation. The Grad-Shafranov equation is derived from two Maxwell equations 
( 4.1), ( 4.2), from toroidal symmetry and from force equilibrium equation ( 4.21). The 

neglected terms are: a) 
t

D

∂
∂
r

0µ  in the Equation ( 4.2), b) 
t

v

d

d
r

ρ  and g
r

ρ  in the 

Equation ( 4.4) to obtain Equation ( 4.21) and c) an assumption of toroidal symmetry. 
The neglecting is fully valid for tokamak plasma, without loosing any physics 
important for description of the equilibrium state. A rough estimation of terms in the 
Equation ( 4.4) for COMPASS experimental data during plasma disruption yields 
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It should be noted that tokamaks in principle require resistive MHD model to 
fully describe time evolution (even though ideal MHD model is used whenever 
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possible), due to presence of strong skin effects in the plasma, together with 
appropriate time constants for magnetic field and current penetration times. The skin 
effect is in principle derived from Equation ( 4.3), which is not included in the Grad-
Shafranov equation derivation. Therefore, while the Grad-Shafranov equation is still 
valid for time evolving tokamak plasma, it does not describe it fully. For full 
description, skin effects of B

v
 and j

r
 would have to be solved together with Grad-

Shafranov equation. 

4.1.2 EFIT algorithm 

The EFIT code iteratively solves the Grad-Shafranov equation using many 
different constraints, e.g. [72], [73]. The Grad-Shafranov equation written with all 
terms representing toroidal current density is:  
 plTVTCTT jjjeL ,,,

rrrr
++=Ψ , ( 4.29) 

where CTj ,

r
 is current density in the poloidal field coils, VTj ,

r
 is toroidal component of 

current density in the vacuum vessel and other passive conductive structures and 

plTj ,

r
 is toroidal component of the plasma current density defined by right-hand side 

of the Equation ( 4.28). We can express CTj ,

r
 as:  
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where pf

iI  is the current in i-th poloidal field coil and ic  is a geometric factor 

transforming the current in the i-th coil into current density. 
In the first iterative step EFIT obtains new iteration of poloidal flux function Ψ  

by solving the Equation ( 4.29) with selected representation of the term 
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. The most common is representation in the form of 

polynomial functions:  
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where iα  and iγ  are coefficients in the polynomials and iΨ  is i-th power of poloidal 

flux function. 
The first iterative step is performed by Green’s function method:  
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where 1+Ψ t  is new iteration of poloidal flux function, pf

iG  is Green’s function for 

determination of poloidal flux function at position r
r

 from the current pf

iI  in the i-th 

poloidal field coil at the position ir
r

, V

iG  and G are Green’s functions for i-th vacuum 

vessel element current and plasma current density respectively.  
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In the second iterative step EFIT obtains new iteration of parameters iα , iγ , pf

iI  

and V

iI . In this step the physical measurements are involved. Any measured value 
k

Ma  (k = 1,…, number of measurements) which is dependent on any of the 

parameters iα , iγ , pf

iI  or V

iI  (and is therefore dependent on the Ψ , Tj
r

, B
v

 or any 

derivative) might be used as a constraint for EFIT. In order to do so, this dependence 
( )V

i
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k IIa ,,,γα  is linearized in the parameters  iα , iγ , pf

iI  and V
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( 4.34) 

where k

Pa  is the predicted (= computed by EFIT) value of k

Ma .  

These predicted values are compared with measured values, giving k-th 
constraint equation:  
 k

M

k

P aa = . ( 4.35) 

Equations ( 4.35) constitute a system of linear algebraic equations for iα , iγ , pf

iI  

and V

iI . This set of equations is in general either over-determined or under-

determined, i.e. the number of equations is different than the number of unknowns. 
Singular Value Decomposition method is used to find the least-square solution, while 
each equation is weighted by a factor kσ , corresponding generally to the 

measurement accuracy:  
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This second iterative step supplies new iteration of parameters iα , iγ , pf

iI  and 
V

iI  from known Ψ  into the first iterative step. When the EFIT starts the iteration 

process, the iteration of parameters iα , iγ , pf

iI  and V

iI  must be guessed based on 

measurement. One of the possibilities is to assume the plasma represented by thin 
wire in the centre of the vacuum vessel with given current. 

A practical example of k-th constraint equation according ( 4.35) can be a 
measurement of plasma pressure at given position (R, Z): k

Ma  is measured value of 

the pressure and k

Pa  can be obtained by linearization of integrated from of Equation 

( 4.31): ( ) ∫ ∑
Ψ

Ψ
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iZRp
1

0

,
α

α . The linearization is not necessary in this case because 

the equation is already linear in iα . 

4.2 Induced Currents Module for EFIT++ 

Cooperation with EFIT++ principal developer, Lynton Appel (Culham Centre 
for Fusion Energy), was established when EFIT++ was selected as an equilibrium 
reconstruction code for COMPASS. The first result of the cooperation was 
parallelization of the EFIT++ (reported in [66]) which allows faster processing of 
many time slices on inter-shot basis during tokamak operation. 
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More importantly, a computational model to represent the induced currents in the 
passive structures of the tokamaks was implemented into EFIT++. The passive 
structures can be PF coils cases and the vacuum vessel or other structural elements, 
where current is not measured. The model is restricted to axisymmetric currents and 
provides VTj ,

r
 into Grad-Shafranov equation ( 4.29). 

4.2.1 Theoretical background 

The induced currents model is based on the model described in the article of G.J. 
McArdle and D. Taylor: Adaptation of the MAST passive current simulation model 

for real-time plasma control [74] which uses standard linear control theory and 
model reduction techniques described in [75].  

The induced currents model is supposed to compute currents in passive 
structures, i.e. toroidal conductive structures, where current is not measured. Any 
passive structure, where toroidal current is measured, can be treated as standard PF 
coil in the configuration files of the EFIT++. Passive structures can be vacuum vessel 
or short-circuited loops or casings of PF coils. Vacuum vessel is usually described by 
dividing it to multiple passive structures. 

The principle of the model is to solve a system of equations for unknown 
currents in elements describing passive structures from known currents in the PF 
coils and in the plasma column. The plasma is described by currents in a grid. 

The model consists of solving the Kirchhoff's voltage law for induced voltage in 
the passive structures:  
 ( )

plgpspfpfpspspspspsps ILILILIRU &&& ⋅+⋅+⋅+⋅== 2220 , ( 4.37) 

where Rps is diagonal matrix of passive structure resistances, Ips is vector of passive 
structure currents, Lps2ps is matrix of self-inductances and mutual inductances of 
passive structures, psI&  is vector of time derivatives of currents in passive structures, 

Lps2pf is matrix of mutual inductances between passive structures and PF coils, pfI&  is 

time derivative of currents in the PF coils, Lps2g is three dimensional matrix of mutual 
inductances between passive structures and computational grid and plI&  is two 

dimensional matrix of derivatives of plasma currents in the computational grid. 
The physical meaning of the terms in the Equation ( 4.37) is: psps IR ⋅  describes 

voltage lost due to resistance of the passive structures, one row in pspsps IL &⋅2  is 

voltage induced by self-inductance of one passive structure appropriate to the row 
and voltage induced from all other passive structures, the term pfpfps IL &⋅2  describes 

voltage induced by all PF coils and finally the term plgps IL &⋅2  is voltage induced by 

plasma in the grid. Note that the movement of the passive structures or PF coils is 
neglected in the Equation ( 4.37) by equating the terms with variable matrices of 
inductances ( LI &⋅ ) to zero.  

The Equation ( 4.37) differs in notation from induction equation in the article 
[74]. The notation used in this text is more compatible with EFIT++ internal 
structure.  
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The Equation ( 4.37) has derivatives of the PF coils currents and of the plasma 
current on the right-hand side. The derivatives can be avoided by introducing the 
state variable x defined by equation:  
 ( )

plgpspfpfpspspsps ILILLxI ⋅+⋅⋅−= −
22

1
2 . ( 4.38) 

It is possible to rewrite Equation ( 4.37) by the means of substituting Ips with state 
vector x:  
 

vCuBxA
dt

dx
⋅+⋅+⋅=  ( 4.39) 

 vFuExDy ⋅+⋅+⋅= , ( 4.40) 
where individual matrices are: 
 

pspsps RLA ⋅−= −1
2 , ( 4.41) 

 pfpspspspspsps LLRLB 2
1

2
1

2 ⋅⋅⋅= −− , ( 4.42) 

 gpspspspspsps LLRLC 2
1

2
1

2 ⋅⋅⋅= −− , ( 4.43) 

 D is identity matrix, ( 4.44) 
 pfpspsps LLE 2

1
2 ⋅−= − , ( 4.45) 

 
gpspsps LLF 2

1
2 ⋅−= −  ( 4.46) 

and u = Ipf, v = Ipl. 
The advantage of the Equations ( 4.39), ( 4.40) over the Equation ( 4.37) is in 

possibility to solve the Equation ( 4.39) numerically with fine time step while 
avoiding numerical differentiation of PF coils currents and currents in the grid. 
Equation ( 4.40) can be enumerated only in times when plasma equilibrium is 
calculated. 

The eigendecomposition of the matrix A allows rewrite of the Equations ( 4.39), 
( 4.40) into:  
 

vCWuBWx
dt

dx
e

e ⋅⋅+⋅⋅+⋅Λ= −− 11  ( 4.47) 

 vFuExWDy e ⋅+⋅+⋅⋅= , ( 4.48) 

where Λ  is diagonal matrix of eigenvalues of matrix 1−⋅Λ⋅= WWA , W is full 
matrix whose columns are eigenvectors of A and xWxe ⋅= −1  is state vector of 

eigenmodes. 
The rewriting of the Equation ( 4.37) to the Equations ( 4.47) and ( 4.48) offers 

several advantages for computing of induced currents. The matrix Λ  is diagonal 
which allows solution of the set of equations ( 4.47) as a set of independent equations. 
This feature allows truncation of the induced currents model by setting terms of the 
vector xe with large negative corresponding terms of Λ  to zero. Physical reasoning 
behind this possibility is that matrix Λ  consists of τ1  time constants of eigenmodes 

and it is possible to neglect most rapidly decaying eigenmodes (details are explained 
in [74]). 

The equations ( 4.47) and ( 4.48) in discrete representation are:  
 ( ) ( ) ( ) ( )nvCnuBnxAnx ddede ⋅+⋅+⋅=+1  ( 4.49) 

 ( ) ( ) ( ) ( )1111 +⋅++⋅++⋅=+ nvFnuEnxWny dde
, ( 4.50) 
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where matrices Ad, Bd, Cd, Ed and Fd have form depending on chosen method of 
solving of differential equations, i.e. the matrices differ for forward Euler method 
and Runge-Kutta method. 

4.2.2 Implementation into EFIT++ 

The EFIT++ code is written in the C++ with computational core of the code in 
the Fortran 95. The Induced Currents Module (ICM) was implemented in the C++ 
part of the code. 

Figure  4.1 shows dependencies of classes important for the Induced Currents 
Module. All of the classes are fully encapsulated and not accessible for changing 
inside data from outside of the class. This C++ feature forces the developer to 
maintain the code structure clean and systematic. 

 
The principal part of the ICM - method computeInducedCurrents - is located in 

the instance passiveStructures of the class PassiveStructures. Data about the plasma 
current time trace, grid geometry, required plasma current representation (ellipse 
with user selected parameters) and ICM options must be passed into the 
passiveStructure instance through calling appropriate methods in the tokamakData 
and pfSystems objects.  

When the induced currents are computed, multiple variables containing the 
necessary data must be prepared. The most important methods and variables are 
summarized in the following list:   

1. Class InducedCurrentsModelOptions holds the options for the ICM, loaded 
from efitOptions.xml input file. The options allow to control whether the 

 
Figure  4.1: Part of the EFIT++ internal structure. Classes, which are used in the 
Induced Currents Module, are shown together with location of some variables used 
by the ICM. 
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module is used or not (useModel), whether to compute (or load) response 
matrices for the module (computeResponseMatrices) with selected 
integrationMethod (implicit and explicit Euler methods are implemented 
currently), time when the induced currents are computed and time step 
desired during computation (beginTime, timeStep, timesCount), spatial 
resolution which should be used to compute mutual and self-inductances of 
tokamak toroidal conductive structures (resolution, 
couplingsToGridResolution), smoothing over 2 x inputTimeWindow and 
parameters for description of the plasma current profile used for induced 
currents computation (peakingFactor in this class and relip, zelip, aelip, eelip 

from EfitCurrentSetup class). The plasma current is represented by a user-
defined elliptical profile scaled to the measured plasma current. The ICM has 
been implemented in a way to allow the future use of EFIT++ generated 
plasma current distributions. 

2. Class InductanceBaseClass: methods mutualInductance and selfInductance, 
which are used to compute inductance of thin wire(-s).  

3. Class PassiveStructure: method computeSelfInductance for computation of 
self-inductance of one passive structure. Variable resistance had to be 
changed from array to single value. This circumvents possible problems with 
computation of resistance for parallel or serial connection of passive structure 
elements. 

4. Class PassiveStructures: method for computation of matrix of mutual and 
self-inductances of passive structures computePS2PSMutualInductances and 
method for computation of mutual inductances between passive structures 
and computational grid computePS2GmutualInductances. The matrix 
mutualInductancePS2GArray has three indices (dimensions): index of 
passive structure, r index of computational grid and z index of computational 
grid. 

5. Class PfSystems: method for computation of matrix of mutual inductances 
between passive structures and PF coils computePS2PFMutualInductances. 

6. Class Profiles2D: method constructCurrentDistribution intended to create 
artificial plasma current distribution in the ellipse shape at defined location 
and with defined current profile. 

7. Files gsl.h and gsl.cpp store GNU Scientific Library functions wrapped into 
C++ interface suitable for EFIT++. The functions compute inverse matrices 
and eigendecomposition of matrices. 

8. Class PassiveStructures: variables lambdaMatrix, wMatrix, adMatrix, 
bdMatrix, cdMatrix, edMatrix and fdMatrix used to store data necessary to 
perform computation of induced currents according equations ( 4.49) and 
( 4.50). The lambdaMatrix will be necessary for truncation of the model, 
which is not implemented yet. Methods fillAd_fdMatricesWithForwardEuler 
and fillAd_fdMatricesWithBackwardEuler fills the variables (including 
wMatrix and lambdaMatrix). Variable timeStepInAdToFd is used when 
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matrices are read from response functions file to cross-check loaded and 
requested time step. 

9. Class PassiveStructures: method computeInducedCurrents which wraps all 
previously prepared structures into one working model usable within the 
EFIT++ to compute currents in the passive structures. The EFIT++ input files 
can provide measured currents for either PF coils circuits or individual PF 
coils. In the first case, PF coils objects (see Figure  4.1) do not have current 
time traces populated. Then the method computeInducedCurrents creates a 
temporal copy of PF coil objects and populates their current time traces. The 
reason for this cumbersome solution is a desire to avoid any influence on the 
EFIT++ data flow outside of the Induced Currents Module. 

The Induced Currents Module implementation imposes restrictions on the 
EFIT++ input files: 

1. Both pfCoils and passiveStructures instances in tokamakData.xml file must 
be described by a set of rectangles, because ICM methods used to calculate 
mutual and self-inductances do not work with tilted shapes. The inductances 
are calculated by dividing the structures into series of infinitely thin toroidal 
wires with distance of the wires set by resolution parameter in 
inducedCurrentsModelOptions in efitOptions.xml for calculation of Lps2ps and 
Lps2pf and by couplingsToGridResolution parameter for calculation of Lps2g. 

2. It is not possible to use parallel connection of PF coils into PF circuits in the 
EFIT++ input files. Such connection would require the ICM to solve 
distribution of total current into individual parallel circuits. 

3. All structures, where current is measured and provided to the EFIT++, must 
be listed as a pfCoils instance in the tokamakData.xml, regardless of whether 
they are active (Power Supply controlled) or passive (only induced current). 
Conversely, all structures listed as passiveStructures instance must be passive 
and without measured current. An active PF coil without current 
measurement must be listed as pfCoil with efitOptions.xml weight set to 0. 

4. All passiveStructure instances in the tokamakData.xml must have only one 
resistance defined even when they are geometrically described by multiple 
rectangles. The current density distribution among the rectangles is assumed 
to be uniform. 

The workflow of the Induced Currents Module consists of calculating (or 
loading) response matrices used in equations ( 4.49) and ( 4.49) with selected 
integration method. Then an artificial plasma current distribution is created in the 
ellipse shape at defined location. Plasma and PF coils currents provided to EFIT++ 
from database are interpolated to the desired time step and then smoothed. The time 
step should be sufficiently small to avoid numerical errors (< 10-5 s for the MAST 
tokamak) and smoothing should avoid power supplies characteristic frequency 
(600 Hz for MAST, 720-1020 Hz for COMPASS), otherwise unphysical phase shifts 
in smoothed currents will occur. Finally, induced currents are calculated for the 
entire discharge using the artificial plasma current distribution and measured plasma 
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current. Eigenvalue decomposition explained in the previous text is performed, but 
truncation of the matrices is not implemented. The EFIT++ then uses calculated 
induced currents during running equilibrium reconstruction part of the code. 

 The induced currents module was checked for speed optimization and the 
achieved runtime is in the order of seconds while compiled with -O2 flag of the C++ 
GCC compiler. When -02 flag is not used (which is occasionally useful because 
debuggers can not work with optimized code) the runtime is roughly 80 seconds for 
1 second discharge with dt = 10-5 s. 

4.2.3 Benchmarking and results for MAST 

The Induced Currents Module implemented into the EFIT++ code was 
extensively tested and benchmarked against existing code INDUCTION. The MAST 
tokamak discharge #20790 was used for benchmarking. 

The INDUCTION code was internally developed in CCFE for the MAST 
tokamak and was used as a standalone program for the identical purpose as the ICM. 
The authors of the INDUCTION code were Panos Gonos, Lynton Appel and Dave 
Taylor. The version of the INDUCTION code used for the benchmarking is written 
in the Fortran language. 

The Induced Currents Module offers several advantages in comparison with the 
INDUCTION code. Firstly, it is incorporated into the EFIT++ code and therefore 
uses the identical input files with geometry and currents in the active and passive 
conductive structures. The INDUCTION code uses different input files than EFIT++, 
allowing inconsistencies between input files. Secondly, providing the calculated 
currents in the passive structures to the EFIT++ do not require writing results into a 
file on the hard drive. Thirdly, the ICM uses eigendecomposition of the problem, 
allowing truncation of the matrices and subsequent faster solution. 

The validation of the new model against the INDUCTION showed that there 
were multiple differences between the results from these codes which had to be 
explained. The results of the validation are: 

1) It was shown that the mutual and self couplings in INDUCTION code are 
computed incorrectly. This may result in non-negligible errors of mutual couplings 
for closely located coils with finite area. The self-inductances of passive structures 
with dimensions non-negligible with respect to radius of the passive structure are 
also incorrectly computed in the INDUCTION (up to 25 % self inductance error for 
inconel part on the central column in the MAST tokamak).  

The INDUCTION module computes mutual inductance of two passive structures 
(or passive structure and PF coil) by dividing one of the passive structures into fine 
mesh and computing mutual inductance from the mesh points to the centre of second 
passive structure. The correct scheme used in the ICM divides both passive structures 
into the mesh. The self-inductance of the passive structures is computed as mutual 
inductance between the centre of the structure and the mesh points in the 
INDUCTION. This is also incorrect. 
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The incorrect computation of the inductances in the INDUCTION module has 
influence on the computed induced currents mainly during transient events like 
plasma current ramp-up. During the plasma flat-top phase the induced currents are 
computed with negligible error.  

2) It was found that there is a significant difference between the ICM and 
INDUCTION in the level of the induced currents noise. The MAST induced currents 
computed by INDUCTION module showed much smaller noise than the new 
induced currents model (~10 % noise). The reason was a smoothing scheme applied 
in INDUCTION, while ICM did not use any smoothing at the time of benchmarking. 
The averaging scheme used by INDUCTION for MAST poloidal field coils was: 
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For the PF coils currents the τ was 5 ms and for the plasma current the τ was 
12 ms. Considering the fact that some of the passive structures of the MAST have 
time constant L/R as small as 0.4 ms, using τ  = 5 ms for smoothing has significant 
effect on computed induced currents.  

Investigation showed that the noise observed in both codes (after temporary 
removal of smoothing from INDUCTION) was due to the bit noise created during 
the ADC sampling of the PF coils power supplies currents. The noise in the induced 
current elements was amplified and was much larger than one would expect - around 
10 % of the (peak) induced current.  

In simple terms 1 bit noise on the central solenoid current measurement was 
equivalent to a change of 16 A in 0.2 ms (sampling rate) which would generate a 
spike of 0.7 V on the loop voltage. The average loop voltage is in the range of volts 
therefore this bit noise creates significant noise in the induced currents, mainly in 
passive structures with time constant L/R comparable with sampling rate 0.2ms. 

The noise is coherent between passive structures, so could be potentially 
problematic for equilibrium interpretation. The best option is to increase the AD 
converters bit resolution to remove the noise source. 

The final benchmarked version of the ICM has smoothing of the input values 
implemented, but the averaging scheme is simple moving average with user 
controlled width. 

3) Small (<1 %) spikes were observed in computed induced currents in the ICM, 
see Figure  4.2. Induced currents are computed with finer time step (usually dt = 
1.10-5 s) than input PF coils currents (sampling rate 2.10-4 s for MAST tokamak, 
#20790) and the spikes were observed only during ~ 2-4.10-5 s after the new sample 
of the PF coils current was supplied. The similar spikes were found in the results 
from the INDUCTION code which uses completely different numerical scheme 
(implicit Euler method in the ICM vs. 4th order Runge-Kutta method in 
INDUCTION). The working hypothesis is that these spikes are mathematically 
meaningful response of the system of equations to the unphysical "jump" in 
boundary conditions (new PF coils current value supplied resulting into jump of its 
time derivative). The reasoning behind this hypothesis is that Λ matrix (see Section 
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 4.2.1) has terms τ1  with time constants as low as 3.10-6 s, which is significantly 

lower time than time constant of the entire MAST vessel. 
These spikes are unphysical, because PF coils self-inductance does not allow 

such sharp change of the current derivative. The spikes should be removed from the 
data provided to the EFIT++ code by sufficient smoothing of the input PF coils 
currents. 

 
4) There was a huge difference (~10 %) in the computed induced currents 

between the two codes during plasma breakdown and during plasma collapse at the 
end of the plasma ramp-down phase. The explanation was found in INDUCTION 
code: plasma current supplied to the INDUCTION code was artificially set to 0 A 
when measured value was lower than 50 kA. The huge voltage jump calculated from 
dIpl/dt resulted into INDUCTION code calculating wrong passive structures currents 
at  the time of breakdown and during plasma end with decay time constant ~ 25 ms.  

 
Figure  4.2: Example of spikes on the calculated current in the passive structure 
#34 located on the HFS of the MAST tokamak. Grey vertical lines mark new 
value of derivative of input PF and plasma currents. The input currents are without 
any smoothing for this benchmarking test. 
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An example of computed induced currents for the MAST tokamak, discharge 

#20790, is in the Figure  4.3. The used number of passive structures was 78. It can be 
seen that HFS passive structures have low time constant L/R (0.4 ms for passive 
structure #36), while LFS passive structures have higher time constant (10.2 ms for 
passive structure #4). The different time constants have consequences for induced 
current. The induced current in the HFS passive structure has higher fluctuations than 
induced current in the LFS passive structure. Furthermore the negative current 
induced before plasma current breakdown (t = 0 s) has different shape. It should be 
clarified that the "effective" time constant of the induced current is not L/R of one 
individual passive structure, but result of induced current changes in all passive and 
active structures, together with plasma current changes (position and shape changes 
are not taken into account in the model). Therefore the negative current induced 
before t = 0 s has high "effective" time constant, while L/R of the passive structure 
#4 is only 10.2 ms. 

 
Figure  4.3: Left panel: MAST passive and active structures, reprinted from [74], 
added numbers of passive structures. Right panel: calculated induced currents for 
passive structure on the HFS (top panel) and LFS (bottom panel).  
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4.3 Induced currents in the COMPASS tokamak 

The Induced Currents Module implemented into the EFIT++ was used for the 
calculation of induced currents in the vacuum vessel of the COMPASS tokamak.  

This task was complicated by the placing of the magnetic diagnostic coils in the 
COMPASS vacuum vessel. The vacuum vessel is welded together from eight 
toroidal octants made from 3 mm thick Inconel 625. There is a strengthening belt 
welded between each of the octants. The belt has toroidal length ~ 40 mm and its 
radial dimension is 7.5 mm larger than radial dimension of the octants, creating a 
local alcove. Some of the diagnostic coils are mounted in this alcove. The 
consequence is that bulk of the vessel (octants between the alcove belts) has almost 
identical R and Z coordinates as centres of the diagnostic coils. The geometrical 
information about bulk vessel, alcove and 16 Internal Partial Rogowski coils is 
shown in the Figure  4.4. 

 
The influence of induced currents flowing in the vessel on the signal of the 

diagnostic IPR coil is not straightforward. The Induced Currents Module assumes 
full toroidal symmetry, which is not the case for COMPASS. The vessel current 

 
Figure  4.4: Vacuum vessel of the COMPASS tokamak. Blue: limiter, red: bulk 
vacuum vessel is 3 mm thick, green: belt alcove - centre of 3 mm thick alcove wall 
depicted, black crosses: centres of 16 IPR coils. Left panel: entire vessel, right 
panel: detail around IPR_01. The IPR coil and its holder have dimensions 
~ 14 x 60 mm. 
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flows in the toroidal direction in the bulk vessel and ~20 mm (half of 40 mm alcove 
outer dimension + thickness of the weld, alcove material is 3 mm thick) before the 
centre of the diagnostic coil moves 7.5 mm radially outwards, flows around the coil 
and returns to the position of the bulk vessel. The situation is further complicated by 
the fact that there is 1 mm thick metal cover mounted radially inwards from the 
diagnostic coils. This metal cover protects the diagnostic coils from the plasma and 
may carry part of the toroidal vessel current. The cover plates are spot welded in four 
points, providing unknown effective resistance. This radially inward current path was 
neglected for the purpose of the induced currents calculation in the EFIT++. 

The placing of diagnostic coils in the alcove belt complicates use of the ICM. 
The simplest possible solution is to use positions of the bulk vessel to calculate the 
induced currents and then switch to positions of the alcove belt to calculate the 
influence of the vessel currents to the diagnostic coils. Before this solution is used, a 
more realistic magnetic field in the alcove should be calculated and compared with 
magnetic field generated by vessel on the position of the bulk vessel or the alcove 
belt.  

 
The code for numerical integration of the Biot-Savart law for toroidally 

symmetrical coil was altered to integrate the magnetic field from two positions of the 
toroidal coil. The second position is used for toroidal length 40 mm around the 
position where magnetic field is calculated. The results from this code are 
summarized in the Table  3-7. It is possible to see that a variant when current is 
flowing at position of the alcove is closer to the combined positions variant. The 
conclusion is that we can use alcove position in the Induced Currents Module to 
calculate influence of the vessel currents to the diagnostic coils placed inside of the 

BR BZ

[mT/-kA] [mT/-kA]

IPR_01 (LFS, midplane)

vessel 22.74 -16.9

alcove -1.54 -78.55

combined -1.56 -70.01

IPR_09 (HFS, midplane)

vessel -9.85 16.94

alcove 1.06 67.36

combined 1.07 85.53

IPR_05 (top)

vessel 71.46 -1.84

alcove 60.95 -4.11

combined 53.85 -4.47  
Table  4-1: Magnetic field at position of representative diagnostic coils IPR_01, 

IPR_05 and IPR_09 from 6x1 kA current in negative direction. The current is 
distributed in six wires close to the diagnostic coil in three position variants: bulk 
vessel, alcove and combination of both. The combination means current flowing in 
the vessel position for entire toroidal circle with exception of 40 mm around the 
diagnostic coil, where it flows in the alcove position. 
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vacuum vessel. Similar analysis is necessary for the flux loops located outside of the 
vessel.  

4.3.1 Used discharge 

Discharge #7313 will be used to describe induced currents in the COMPASS 
vacuum vessel. This is a typical ohmic L-mode discharge in SNT divertor 
configuration with plasma density 5.1019 m-3 during the plasma current flat-top 
(1060-1250 ms), requested plasma current -200  kA and with position feedback set to 
request R = 0.55 m, Z = 0.03 m during the flat-top. The toroidal field is -1.15 T. The 
shape of the plasma during the flat-top is shown in the Figure  4.13 and plasma shape 
evolution is in the Figure  4.20 in the Section  4.5.  

The currents in the PF coils circuits will be described in more detail because they 
are used here as well as in the Section  4.5 - Global power balance.  

Figure  4.5 shows that the plasma breakdown is at 959 ms, followed by quick 
rise of Ipl to -70 kA at 964 ms. The fast rise of the plasma current corresponds to high 
loop voltage created by fast change of the current in the MFPS circuit. Then the 
plasma current rises to -185 kA at 1005 ms with slower pace. This corresponds to 
slower change of the current in the MFPS. As was already explained in the Section 
 3.1.5 - Characterization of PF coils circuits magnetic fields, the negative MFPS 
current is controlled by prescribed waveform and settings of the Shaper.  

The plasma current is dropping between 1005 - 1020 ms. This drop is caused by 
the necessity to maintain MFPS current at zero for at least 5 ms when the polarity of 
the MFPS current is changed. During this time the anti-parallel thyristor Power 
Supplies are switching their duty. The process is colloquially called "MFPS passing 
zero". It should be noted that 15 ms duration of the MFPS passing zero is longer than 
minimal possible 5 ms. The actual duration is influenced by currents in the other 
circuits which can prevent MFPS maintaining zero current by either direct electrical 
connection or by mutual inductance. Furthermore the duration of the MFPS passing 
zero is influenced by time of switching on plasma current feedback. The feedback 
was activated at 1015 ms and the Power Supply spent 5 ms changing voltage before 
the MFPS current started to rise and provide loop voltage for the plasma. The plasma 
current feedback activation at 1015 or 1020 ms is generally used time for many 
different types of plasma current ramp-up. In this particular discharge, the available 
V.s of the loop voltage could have been saved and total duration of the discharge 
prolonged if the plasma current feedback had been activated sooner. 

The plasma current rises after 1020 ms, overshoots requested -200 kA and 
reaches flat-top at 1066 ms. The plasma flat-top lasts until 1222 ms, when shape of 
the plasma starts to change again. The plasma current is maintained until 1240 ms 
when feedback controlled plasma current ramp-down starts. 
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The MFPS current request is -14 kA between 800 - 950 ms. The realized MFPS 

current reaches requested value at ~900 ms, providing time to settle all induced 
currents to zero before the plasma breakdown is initiated. The request to initiate the 
breakdown (by discharging capacitor into Shaper thyristors TV1 and TV2 and 
opening them) is at 950 ms and the actual breakdown starts at 959 ms. The MFPS 
current behaviour from the breakdown to the MFPS passing zero was described in 
the previous paragraphs. The MFPS current is controlled by plasma current feedback 
from time 1015 ms until the end of the discharge. It can be seen that its derivative is 

 
Figure  4.5: Plasma current and PF coils circuits currents of the discharge #7313. 
The currents are as used by EFIT++, i.e. smoothed with 2 ms moving window 
average. 
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changing between 1020 - 1066 ms to achieve plasma current flat-top. The plasma 
current flat-top is maintained by slightly changing slope of MFPS current until 1240 
ms. The plasma current ramp-down is controlled by feedback, but MFPS current 
derivative is kept  at zero or positive by the feedback. This feedback limitation was 
introduced to prevent quick changes of plasma current towards zero. The MFPS 
current decreases down to zero amps between 1325 - 1437 ms, after the end of the 
plasma. 

The EFPS current is controlled by feedback described in the Section  3.1.5. The 
most significant part of the feedback requested current is directly proportional to the 
plasma current. It should be noted that the EFPS current dynamics shortly after the 
breakdown (~ 10 - 20 ms) is greatly influenced by MFPS current, preventing good 
feedback control. This behaviour was discussed in the Section  3.4. 

The SFPS current in the Figure  4.5 shows that the SF Power Supply cannot 
maintain zero current when MFPS current is changing between 800 - 900 ms, 
creating ~200 A in the SFPS. The SFPS requested current is either directly 
prescribed or proportional to the smoothed plasma current. The proportional constant 
(parameter) is changing during the discharge and is prescribed by the operator of the 
tokamak, depending on the requested shape and shape evolution. The SFPS current 
request had linear ramp from 0 A to 3 kA between 970 - 1005 ms, was constant 3 kA 
between 1005 - 1020 ms and was controlled by feedback afterwards in the discharge 
#7313. The plasma current used for feedback was smoothed by 13 ms wide moving 
average. The SFPS current request was proportional to the plasma current by 
constant (parameter) 0.019 - 0.028 between 1020 - 1060 ms (linear change), 0.028 
between 1060 - 1220 ms and 0.028 - 0.0 between 1220 - 1300 ms. The ratio between 
the SFPS current and the plasma current during the flat-top controls mainly poloidal 
area of the plasma. The value 0.028 corresponds to larger plasma than 0.031. These 
two values are commonly used. The SFPS circuit configuration in the discharge 
#7313 was SNT. 

It should be noted that the SFPS current reaches flat-top later than plasma current 
flat-top is achieved and leaves flat-top sooner. This setting allows easier work for the 
feedback system. The simultaneous control of the shape and plasma current is 
difficult because the changes of the SFPS current produce significant loop voltage 
and change the plasma current. 

Both BR and BV circuits currents are controlled by the plasma position 
feedback. The BV circuit has additional waveform superimposed on the radial 
position feedback request: there is 600 A between 950 - 960 ms, followed by ramp 
down to 0 A at 1000 ms. 

4.3.2 Description of the vessel currents 

The COMPASS vacuum vessel has total toroidal resistance 0.5 mΩ and time 
constant ~ 0.5 ms [40]. This relatively fast time constant has several consequences:  

� the vacuum vessel does not filter thyristor Power Supplies caused noise (720 - 
2040 Hz, see Chapter  3, Section  3.3) 
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� the vertical plasma position is passively stabilized with this time constant by 
the vessel 

� the magnetic field passing either to or from the vessel is dampened by induced 
vessel currents which have this effective time constant 

Furthermore, the vacuum vessel toroidal resistance determines the amplitude of 
the induced currents. 

The current waveforms showed in the Figure  4.5 are input into the Induced 
Currents Module in the EFIT++. The vacuum vessel was represented by 205 
individual R, Z coordinates taken from the vacuum vessel drawing for both "bulk" 
and "alcove" vessel position. The coordinates were grouped into 10 passive 
structures for the purpose of the calculation of induced currents. The EFIT response 
functions (signals in magnetic detectors) were calculated for alcove vessel positions. 
The induced currents were calculated for bulk vessel positions. The resistances of the 
individual passive structures were calculated from the geometry of the vessel and 
from the 3 mm thickness of Inconel 625. The influence of the diagnostic ports on the 
top, LFS and bottom of the vessel to the resistances was neglected. 

The decision to divide the vacuum vessel into 10 passive structures is based on 
the fact that ICM calculates mutual and self-inductances from passive structures sub-
elements, taking into account all 205 R, Z coordinates. Ten passive structures mean 
that there will be ten different currents calculated and distributed into them. Higher 
number of passive structures was used with negligible difference in the results. 

 
Figure  4.6 shows calculated induced currents for the discharge #7313 in two 

passive structures on the HFS and on the LFS of the tokamak. Passive structure #8 is 

 
Figure  4.6: Calculated current in the passive structure on the HFS (#8, black line) 
and on the LFS (#3, red line). Vacuum vessel is represented by 10 passive 
structures. Input currents into the ICM are smoothed by 100 µs moving average 
window, then the induced currents are smoothed by 2 ms moving average before 
being saved and passed into the equilibrium calculation. 
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located on the HFS, on the midplane. It is represented by 21 thin wires where ten 
wires above the midplane are symmetrical with ten below the midplane. There is one 
additional wire below the midplane, therefore the passive structure #8 is not up-down 
symmetrical against the midplane. The vertical dimension of this passive structure is 
<-0.103234, 0.093402> m. The resistance of the passive structure is 4.24 mΩ.  

Passive structure #3 is located on the LFS, is represented by 21 wires. It has 15 
wires symmetrical with respect to the midplane, remaining 6 are above the midplane. 
The vertical dimension is <-0.67494, 0.122788> m. The resistance is 10.03 mΩ.  

The Figure  4.6 shows that the current induced to the HFS part of the vacuum 
vessel is higher than the current induced to the LFS. The reason is that the resistance 
on the HFS is lower than on the LFS. Furthermore it can be seen that the LFS current 
is smoother, which is caused by higher effective time constant L/R. It should be 
noted that the oscillations visible on the current of the HFS passive structure #8 in 
the Figure  4.6 are caused by aliasing to the 12-pulse thyristor frequency of the 
Power Supplies. The flywheel was slowing down from 1500 rpm to 1350 rpm, 
yielding frequencies 900 - 810 Hz. 

A comparison of the induced currents waveforms with respect to HFS and LFS 
passive structure is in the Figure  4.7. The figure is identical to the Figure  4.6, but 
induced current in the LFS passive structure #3 is normalized to passive structure #8. 
The shape of the current waveforms is almost similar, which can be expected. The 
effective time constant of the vacuum vessel is 0.5 ms, which is smaller than the time 
resolution visible in the Figure  4.7. Therefore the induced currents are governed by 
the applied voltage and by resistance of the passive structures on this time scale, with 
passive structures self-inductance playing minor role.  

 
Figure  4.8 shows comparison between measured and calculated total vacuum 

vessel current. The measured vacuum vessel current is obtained from difference 

 
Figure  4.7: Normalized calculated current in the passive structure on the LFS (#3, 
red line) against passive structure on the HFS (#8, black line, not normalized). 
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between Rogowski coils placed inside and outside of the vacuum vessel. The 
calculated induced currents agree with the measured signal.  

It can be seen that the total current in the vessel is between -1.5 and -3 kA during 
the plasma current flat-top (see Figure  4.5). This value is small compared to the 
plasma current -200 kA and corresponds to the loop voltage -1.2 V and resistance of 
the vessel 0.5 mΩ. The ratio between the vessel current and the plasma current is 
much higher during the breakdown of the plasma. The vessel current goes up to -
25 kA while plasma current is around -20 kA at that moment. The total vessel current 
is also significant during the MFPS current change from 0 A to -14 kA (800 -
 900 ms) and from 14 kA to 0 A (1325 - 1437 ms). 

 
Furthermore the Figure  4.8 shows that the measured total vessel current has 

noise ~2 kA, while the calculated current has lower noise. This is caused by the 
smoothing of the calculated current.  

The structure of the noise is shown in the Figure  4.9 which compares measured 
and calculated total vessel current with less severe smoothing in the calculated data. 
The measured vessel current shows oscillations with frequency 840 Hz, which is 12-
pulse thyristor Power Supply noise from flywheel with frequency 1400 rpm. The 
behaviour of the calculated vessel current is different. The amplitude of the 
fluctuations matches the measured signal, but frequency of the oscillations is halved. 

Explaining the difference between the structure of measured and calculated total 
vessel current requires detailed analysis of the situation. The data necessary for the 
analysis are in the Figure  4.10. The first signal is the MFPS current which is 
responsible for the loop voltage during the plasma current flat-top (1100 - 1130 ms is 
in flat-top). It is possible to see that the derivative of the MFPS current is changing 
with frequency 420 Hz (2.38 ms). This behaviour is better demonstrated by second 

 
Figure  4.8: Comparison between measured and calculated total vacuum vessel 
current. The input currents into the ICM are smoothed by 100 µs moving average 
window, shown induced current is smoothed by 2 ms moving average. 
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signal in the Figure  4.10: derivative of the MFPS current multiplied by the mutual 
inductance to the plasma (22 µH). This signal is part of the effective loop voltage 
acting on the plasma column. The oscillation period 2.38 ms is better visible than in 
the direct MFPS current signal. Both EFPS and SFPS currents depicted in the Figure 
 4.10 show oscillations with frequency 840 Hz, same as plasma current (not depicted). 

 
The Induced Currents Module calculates the induced currents from the PF coils 

circuits currents and from the plasma current with assumption of user defined 
elliptical plasma current profile at fixed position. The last signal in the Figure  4.10 
shows the movement of the plasma column radial position. It can be seen that the 
radial position is changing by 1 mm with frequency 420 Hz.  

This movement can possibly explain the difference between the measured and 
ICM calculated total vessel current in the Figure  4.9. The radial plasma position has 
oscillations locked to the half of the actual loop voltage oscillations frequency 
840 Hz. When the plasma column is moving towards HFS, the magnetic field on the 
major axis (central solenoid) is increasing its amplitude while having direction 
downwards. This change of the magnetic flux induces positive voltage in the vacuum 
vessel, creating positive induced current. These positive induced current spikes are 
visible in the Figure  4.9 on the measured signal and are missing on the ICM 
calculated signal. 

It would be necessary to include the radial plasma movement into the ICM in 
order to validate the explanation. This is in principle possible because the structure of 
the module was prepared to take the plasma column representation from the EFIT 
reconstructed equilibria. This possibility would require running the ICM, calculating 

 
Figure  4.9: Detail of comparison between measured and calculated total vacuum 
vessel current during the plasma current flat-top. In this case the input currents into 
the ICM are smoothed by 100 µs moving average window as well as shown 
induced current. 
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the equilibria for multiple times and then running ICM again. This solution was not 
further pursued. 

 
Another possible explanation of the inconsistency in the Figure  4.9 can be in the 

reliability of either measured total vacuum vessel current or input currents into ICM. 
The measured total vacuum vessel current was validated from two sources: 
difference between internal and external full Rogowski coil and from numerically 

 
Figure  4.10: Signals for explanation of the Figure  4.9. 
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integrated and summed 16 External Partial Rogowski coils. Both results show that 
this measurement is correct.  

The measurement of the input currents into the ICM is less reliable. While the 
low frequencies and absolute values of the MFPS, EFPS, SFPS BR and BV are 
believed to, the MFPS current oscillations with 420 Hz in the Figure  4.10 are 
suspicious. The oscillations are responsible for very significant loop voltage change 
(3 V after smoothing, Figure  4.10, second panel), but the voltage measured on the 
AD converter has oscillations with amplitude ~5 mV. This is only ~2 x more than the 
noise of the data acquisition system. The MFPS current signal is going through an 
analogue integrator before being sampled. It is possible that the signal is influenced 
by overhearing from the nearby channels. This possibility is supported by the fact 
that the shape of the ICM calculated current does not agree with measured vessel 
current during vacuum phase of the discharge (e.g. t = 700 ms, see Figure  4.11).  

 
On the other hand, the fluctuations in the Figure  4.11 have similar frequency for 

both measured and calculated total vessel induced current. Therefore we can 
conclude that the presence of the plasma is the reason for the 420 Hz ICM currents 
fluctuations in the Figure  4.9 regardless of whether the origin of the behaviour is 
radial movement of the plasma column or quality of the MFPS current signal. 

4.3.3 Influence on the COMPASS equilibrium 

The Induced Currents Module influence on the calculated equilibrium of the 
COMPASS tokamak was assessed.  

The Figure  4.8 shows that the total vessel current during the typical discharge 
(#7313) is between -1.5 kA to -3 kA during the flat-top and -25 kA during and after 

 
Figure  4.11: Detail of comparison between measured and calculated total vacuum 
vessel current during the vacuum phase of the discharge (before breakdown). The 
input currents into the ICM are smoothed by 100 µs moving average window as 
well as shown induced current. 
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the plasma breakdown. The total vessel current can be up to 40 kA when higher loop 
voltage is used during the plasma breakdown, depending on the MFPS and Shaper 
settings.  

The influence of the ICM on the reconstructed equilibria is shown in the Figure 
 4.12 and in the Figure  4.13. 

 
Figure  4.12 shows ICM influence on the reconstructed equilibrium during the 

start of the plasma. The plasma breakdown occurred at 956.5 ms and the plasma 
current rose to ~ -20 kA at 961 ms in the discharge #7744. The total vessel current 
was comparable with plasma current at that moment. The equilibrium with the vessel 
current accounted is significantly different compared to the equilibrium reconstructed 
without the vessel current. The Last Closed Flux Surface (LCFS) is 22 mm smaller 
when vessel current is accounted and profile of the safety factor is different (q0 and 
q95 in the Figure  4.12). 

Figure  4.13 shows that the inclusion of the calculated induced currents has 
negligible influence on the reconstructed equilibria during the flat-top of the typical 
COMPASS discharge. The plasma current in the Figure  4.13 is -200 kA, which is a 
lower value between typically used -180 kA to -350 kA plasma currents for diverted 
plasma. This negligible influence was observed for both circular and diverted 
plasmas for wide variety of plasma positions and plasma currents, both during the 
flat-top and during the ramp-up and ramp-down, when total vessel current is 
significantly smaller than plasma current.  

 
Figure  4.12: Comparison of reconstructed equilibrium just after the plasma 
breakdown. The plasma current is ~ -20 kA, comparable with the total vessel 
current (~ -20 kA). Black data (red LCFS) are without ICM, green data (green 
LCFS) are with ICM activated. 
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The negligible influence of the induced currents on the reconstructed equilibria 
can be understood with the help of the Table  3-7, the Figure  4.6 and the knowledge 
that the Internal Partial Rogowski coil 09 (HFS) has signal -0.34 T during the flat-top 
in the discharge #7313.  

The Table  3-7 shows that the IPR_09 signal from six thin wires, each with -1 kA 
current, is 85.53 mT. The Figure  4.6 shows that the current in the passive structure 
#8 (HFS) is -300 A. The passive structure #8 has ~20 cm height, compared to ~3 cm 
height of six wires used in Table  3-7. Therefore the induced currents signal in the 

IPR_09 can be roughly estimated as mT 64.0
cm 20

cm 3

A 6000

A 300
mT 53.85 ≅⋅⋅ . The 

signal in the IPR_09 properly calculated by the ICM from -300 A in the passive 
structure #8 is 0.75 mT. Consequently, the magnetic signal from the current induced 
in the vacuum vessel is negligible against measured signal -0.34 T. 

 
The conclusion is that the COMPASS tokamak vacuum vessel with its toroidal 

resistance 0.5 mΩ and time constant ~0.5 ms has insignificant influence on the 
plasma MHD equilibrium with the exception of time period several ms after the 
plasma breakdown. The influence of the vacuum vessel on the plasma vertical 
position passive stabilization is out of the scope of this thesis and is not discussed 
here. 

 
Figure  4.13: Comparison of reconstructed equilibrium during the flat-top. The 
plasma current is -200 kA, while the total vessel current is between -1.5 kA and -
3 kA. Black data (red LCFS) are without ICM, green data (green LCFS) are with 
ICM activated. The plasma shapes of both reconstructions are identical. 
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4.4 Utilization of EFIT 

This section is focused on the utilization of the EFIT++ for COMPASS 
operation. The EFIT equilibrium reconstruction performed on the inter-shot basis is 
described. Then the various possible shapes of the plasma column are shown and 
described from the point of view of tokamak operation. 

4.4.1 EFIT automatic run 

The EFIT++ is run automatically after each discharge and a movie with 
reconstructed equilibria is produced and shown on the screen in the COMPASS 
control room. The process is described in the following text. 

The script running the EFIT waits for the end of the data collection of the 
"ATCA1" computer, loads measured data, resamples them from 2 MS/s to 20 kS/s, 
numerically removes drift of the analogue integrators and saves data into a CDF 
(Computable Document Format) file.  

The removal of the drift is performed by subtracting linear function fitted in time 
between 500 ms and 800 ms. This time period is specifically reserved for constant 
magnetic fields in the discharge sequence: Toroidal Field reaches flat-top shortly 
after 500 ms and first poloidal magnetic field (MFPS circuit) starts at 800 ms. 

The EFIT is run after the CDF file with input data is created. This "standard" 
EFIT run uses limited set of the input signals and constrained degrees of freedom in 
the EFIT algorithm. The used inputs are: 16 Internal Partial Rogowski coils, 5 
currents in the PF coils circuits, plasma current and toroidal magnetic field in the 
form of RBT ⋅  product. All of the input data are linearized and smoothed with 2 ms 

moving average window defined in the EFIT configuration file "efitOptions.xml". 
Some of the measured input data can be disabled in particular discharges if the 
diagnostic coil did not work properly. 

The equilibrium is reconstructed in the 33x33 grid with R = <0.3, 0.8> m and 
Z = <-0.4, 0.4> m. The ψ∂∂p  and ( ) ψ∂∂ 2F  (see Equations ( 4.31) and ( 4.32)) are 

represented as 1st order polynomials. This fact limits the degrees of freedom of the 
EFIT reconstructed equilibria. Second order polynomials can be used, but only with 
manual check of the results, not in automatic run. Further constraints may be 
required: specification of the safety factor value in the plasma centre (q0) or 
information about plasma pressure.  

The EFIT is run from 970 ms with equilibrium calculated each 1 ms until the end 
of the discharge. The decision to not compute equilibria during the beginning of the 
plasma (breakdown is between 956-962 ms, depending on MFPS and Shaper 
settings) was caused by unreliable behaviour of the plasma in this time - particularly 
radial position is sometimes strongly oscillating. The equilibria reconstructed in this 
time period do not provide information useful to operators running the tokamak. The 
script running the EFIT has to deal with a known bug: EFIT++ occasionally crashes 
when it fails to trace the LCFS geometry in one particular time slice. In this case the 
script removes the problematic time slice from the run and attempts to perform the 



 

110 

run again. The result is that time axis of the EFIT produced data in the COMPASS 
DataBase (CDB) is not equidistant. 

The result of the EFIT++ run is saved in a NetCDF file and then instances of 
EFIT signals are created in the CDB. EFIT calculates ψ  function and a number of 

derived parameters for each requested time. 

 
Figure  4.14 shows caption from the movie produced by the EFIT script. The 

separatrix of the plasma is shown on the left and some important parameters 
calculated by EFIT++ are on the right. The parameters include safety factor in the 
plasma centre and on the edge (q0, q95), normalized beta Nβ , EFIT reconstructed 

plasma energy, elongation of the plasma, clearances between separatrix and limiter 
on the midplane on the HFS (InClear) and on the LFS (OutClear) and upper and 
lower triangularity of the plasma. 

The upper triangularity is defined as:  
 ( ) aRR uppergeoupper −=δ , ( 4.52) 

where ( ) 2minmax RRa −=  is minor plasma radius, ( ) 2minmax RRRgeo +=  is 

geometric major radius and upperR  is major radius of the highest vertical point of the 

LCFS. A similar definition exists for lower triangularity. 
The definition of the normalized beta is: 

 
Figure  4.14: Caption from the movie prepared on inter-shot basis for discharge 
#7313. 
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pl

T
N

I

aB
ββ = , ( 4.53) 

where BT is toroidal magnetic field in T, a is the minor radius in m and Ipl is plasma 

current in MA. The beta is defined as 
0

2 2µ
β

B

p
= , where B is mean total (poloidal 

+ toroidal) magnetic field and p is plasma pressure. The normalized beta is limited by 
either Troyon limit 2.8 % or by empirical scaling 3.5 %.  

The movie, as well as data stored in the CDB, is used by tokamak operators to 
determine the action necessary to achieve the physical program of the campaign. 
Particularly the shape of the plasma and clearances to the limiter are in the centre of 
interest of physicists. The clearances on the HFS, on the LFS, on the top LFS (to the 
LFS limiter at Z = 0.25 m) and height of the X-point are important parameters of the 
Scrape-Off Layer (SOL) and are therefore important for plasma edge diagnostics.  

4.4.2 Examples of plasma shapes  

The shape of the plasma is controlled by three parameters: ratio between the 
current in the SFPS circuit and in the plasma column, R position of the plasma centre 
and Z position of the plasma (see Section  3.1.5). 

 
Figure  4.15 shows equilibrium reconstruction of two COMPASS discharges 

with identical flat-top plasma current -240 kA, radial position R = 0.55 m and 
vertical position Z = 0.02 m (feedback settings, not actual position of the magnetic 

 
Figure  4.15: Comparison of reconstructed equilibrium for two plasmas with 
different ratio of ISFPS/Ipl. Black data (red LCFS, #5984) are with ISFPS/Ipl = 0.032, 
green data (green LCFS, #5985) are with ISFPS/Ipl = 0.028. 
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axis). The difference between the discharges is ratio between the SFPS circuit current 
and plasma current. Larger ratio (ISFPS/Ipl = 0.032) leads to the smaller plasma with 
identical elongation (1.8), identical upper triangularity (0.24) and slightly higher 
lower triangularity (0.50 vs. 0.47) and lower q95. The smaller plasma is vertically less 
stable and the discharge ended because of insufficiently controlled vertical position. 
The vertical stability can be enhanced by moving plasma radially towards the LFS, 
thus increasing mutual inductance between the plasma and vacuum vessel.  

It is not straightforward to understand why the elongation is kept and plasma 
poloidal area is changed when ISFPS/Ipl is changed. The physical intuition would 
advise that higher ISFPS/Ipl would lead to higher elongation and increased plasma 
poloidal area. It is necessary to understand the X-point area to explain the decreased 
poloidal area. The X-point has a zero poloidal magnetic field and it is actually a 
saddle point in the ψ  function profile. The increase of the ISFPS with constant Ipl 
moves ψ  function saddle point towards the plasma column, reducing the area 

enclosed by the separatrix. This mechanism is accompanied by change of the 
separatrix shape caused by changed current in the SFPS windings around the entire 
plasma column. 

Typically used values of the ISFPS/Ipl ratio are 0.028 and 0.031 for "large" and 
"small" plasma. 

Figure  4.16 shows influence of the vertical position on the plasma shape. The 
vertical position is set by tokamak operator in the feedback system configuration 
files. The used discharge is #8171, where plasma vertical position was continually 
changed during the plasma current flat-top. The purpose was to investigate the 
influence of the X-point height on the L-H transition. The plasma current was kept 
constant (-210 kA), as well as radial plasma position (R = 0.555 m) and ratio 
ISFPS/Ipl (0.031). All four panels in the Figure  4.16 show separatrix at the time 
t = 1132 ms, when feedback set plasma vertical position was Z = 0.02 m. The 
separatrix is depicted by red line and blue lines are appropriate magnetic surfaces. 
The green line depicts separatrix shape at different plasma vertical positions: 
1. All panels (red):   t = 1132 ms, Z = 0.02 m, 25.0=upperδ , 50.0=lowerδ  

2. Top left panel:  t = 1100 ms, Z = 0.03 m, 27.0=upperδ , 46.0=lowerδ  

3. Top right panel:  t = 1144 ms, Z = 0.01 m, 23.0=upperδ , 53.0=lowerδ  

4. bottom left panel:  t = 1161 ms, Z = 0.00 m, 21.0=upperδ , 55.0=lowerδ  

5. Bottom right panel:  t = 1180 ms, Z = -0.01 m, 18.0=upperδ , 55.0=lowerδ  

The vertical position used in this example is a position used in the feedback 
system, determined by the algorithm described in [Attached publication A2], 
[Attached publication A3]. This position is an artificial signal close to the current 
centre of the plasma, not to the position of the magnetic axis. The vertical position of 
the magnetic axis is 0.038 m when Z = 0.03 m and 0.0 m when Z = -0.01 m.   

The overall triangularity of the plasma column does not change significantly 
(0.365-0.38), but upper and lower triangularities change significantly, as well as 
overall shape of the plasma.  
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The typically used value of plasma vertical position is from Z = 0.01 m to 
Z = 0.03 m. 

 

 

 
Figure  4.16: Influence of different vertical positions on otherwise similar plasma. 
Discharge #8171, Ipl = -210 kA, ISFPS/Ipl = 0.031, R = 0.555 m. Red separatrix on 
all panels: Z = 0.02 m. Green separatrix on top left panel: Z = 0.03, top right: Z = 
0.01 m, bottom left: Z = 0.0 m, bottom right: Z = -0.01 m. Note that the values are 
feedback settings (~current centre) and actual position of the magnetic axis is 
slightly different. 
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Figure  4.17 and Figure  4.18 show influence of the radial position on the plasma 
shape. The used discharge is #9690, where plasma radial position was continually 
changed to sweep strike points over the divertor probes.  

 
The plasma current was kept constant (-170 kA), as well as the vertical plasma 

position (Z = 0.0 m) and ratio ISFPS/Ipl (0.031). The plasma positions shown in the 
Figure  4.17 and Figure  4.18 are: 
1. Both figures (red):  t = 1145 ms, R = 0.5675 m, 21.0=upperδ , 56.0=lowerδ   

2. Figure  4.17 (green): t = 1180 ms, R = 0.555 m,   24.0=upperδ , 58.0=lowerδ   

3. Figure  4.18 (green): t = 1110 ms, R = 0.58 m,     19.0=upperδ , 55.0=lowerδ   

The upper triangularity changes in similar magnitude as in vertical plasma 
movement described previously, the lower triangularity changes less than in the 
vertical movement example. The poloidal area of the plasma is 0.149 m2 for 
R = 0.58 m, 0.1445 m2 for R = 0.5675 m and 0.141 m2 for R = 0.58 m in this example 
discharge. The change of the poloidal area is ~6 %. 

 
Figure  4.17: Influence of radial position on otherwise similar plasma. Discharge 
#9690, Ipl = -170 kA, ISFPS/Ipl = 0.031, Z = 0.0 m. Red separatrix, black data: R = 
0.5675 m, t = 1145 ms. Green separatrix, green data: R = 0.555 m, t = 1180 ms. 
Note that the values are feedback settings (~current centre) and actual position of 
the magnetic axis is slightly different. 
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The importance of the EFIT reconstruction for the tokamak operation is crucial. 

This section described the automatic EFIT run settings on the COMPASS tokamak 
and discussed some of the possible plasma shapes and which of the operator 
controlled parameters can achieve them in current situation of the COMPASS plasma 
shape control. An upgrade of number of individual Power Supplies dedicated to the 
plasma shape control would be necessary for increase of the flexibility. Regardless, 
the currently available shapes of the plasma are sufficient for the COMPASS 
scientific programme.  

4.5 Global power balance 

This section is extended form of the article Havlicek et al., Global Power 

Balance in Non-Stationary Discharge Phases in the COMPASS Tokamak [58]. More 
detailed discussion of results and more examples were added in comparison with the 
original article. 

The global power balance between different input power and sink/loss channels 
is important for understanding of tokamak physics. It has been studied to estimate 
minimum auxiliary heating necessary to fulfil Lawson criterion in future self-
sustained tokamak-based fusion reactors, see e.g. [76]. After the discovery of the H-
mode in tokamaks, terms of the power balance entered many scaling laws describing 
the plasma state at the transition (L-H threshold) or directly in H-mode [77]. Later, it 

 
Figure  4.18: Influence of radial position on otherwise similar plasma. Discharge 
#9690, Ipl = -170 kA, ISFPS/Ipl = 0.031, Z = 0.0 m. Red separatrix, black data: R = 
0.5675 m, t = 1145 ms. Green separatrix, green data: R = 0.58 m, t = 1110 ms. 
Note that the values are feedback settings (~current centre) and actual position of 
the magnetic axis is slightly different. 
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was found that the edge plasma instability called Edge Localized Mode (ELM) often 
occurs in H-mode, and depends strongly on the power balance.  

ELM frequency changes with the power through Last Closed Flux Surface 
(LCFS) and the basic ELM classification is based on the slope of the dependence 
[78]. Type III ELMs repetition frequency decreases with the power through the 
separatrix (separatrix is LCFS in diverted plasma), while type I ELMs have 
increasing ELM repetition frequency with increased power through the separatrix. 
Furthermore, type III ELMs occur when the power through the separatrix is just 
above the L-H transition threshold power, followed by ELM-free H-mode when the 
power through the separatrix is higher and by type I ELMs for even higher power. 

It is a common practice to scale ELM frequency with the input power, e.g. [79]. 
This approach is based on the assumption that a change of the thermal energy stored 
in the plasma, radiation losses from the inside of the LCFS, plasma shape and plasma 
current are constant at the time of interest. These conditions are usually fulfilled in 
large tokamaks, where the transition to the H-mode occurs during the stationary 
phase of the discharge and after an auxiliary heating is switched on, see [80], [81]. 

 This is not the case of smaller tokamaks such as COMPASS. There, the ohmic 
heating power is often large enough to trigger L-H transition immediately after the 
creation of the divertor configuration. Therefore it is not possible to use input power 
as a proxy for power through LCFS and the global power balance must be fully 
evaluated. 

This section describes, quantifies and discusses the individual terms of the global 
power balance, including time dependent parts, and exemplifies them on several 
discharges of the COMPASS tokamak. 

4.5.1 Global power balance - theory 

The global power balance in a tokamak can be described by the equation:  
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where Uext is voltage induced to the plasma by external sources - PF coils circuits 
currents and passive structures currents, Ipl is plasma current, Paux is auxiliary heating 
power, L is plasma column self-inductance, W is thermal energy stored in the plasma, 
Prad are radiation losses from the inside of the LCFS (bulk plasma) and Psep is power 
(energy flux) through separatrix (or LCFS in limiter plasma) carried by plasma 
particles. 

The term Uext·Ipl is power from external inductive sources, usually poloidal field 
coils circuits or vacuum vessel current. The term plpl ItIL )dd( ⋅  is power used to 

build up the magnetic field energy by changes of plasma current. The term 

plpl IdtdLI )( ⋅  covers a contribution of the plasma shape and current profile changes 

to the magnetic field energy content. The two terms for magnetic field energy 
changes are on the right-hand side of the Equation ( 4.54) because they are viewed as 
a sink of the energy in our notation. It is also possible to move these two terms to the 
left-hand side and use ohmic heating power Pohmic defined as:  
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where Upl is plasma voltage used for ohmic heating.  
It is necessary to note that neither Upl nor Uext can be directly measured when 

plasma current or plasma shape is changing. This will be discussed in the next sub-
section. 

Both terms for magnetic field energy changes are derived from Faraday's law of 
induction and from inductance definition, see Equation ( 4.55) and Equation ( 3.25) in 
the Section  3.1.4 - Theory for calculation of poloidal magnetic field. The terms 
cannot be obtained as a time derivative of 221 plLIE = , because this formula is valid 

only for time-constant inductances LC:  
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The difference between correctly (E2) and incorrectly (E1) calculated plasma 
column magnetic field energy is shown in the Figure  4.19. The difference in energy 
is relatively small (~5 %), but difference in required power is not negligible in the 
global power balance equation, see discussion in following sections and in the 
Figure  4.23. Note that the E2 does not end at zero, implying that the plasma self-
inductance, calculated from EFIT reconstructed equilibria, is not fully self-
consistent. 

 
The term Paux in the Equation ( 4.54) denotes auxiliary heating power deposited 

inside the LCFS. In case that a non-inductive current drive is used, the term Paux 
should include both heating and current driving power of the auxiliary heating 
system. Alternatively, it is possible to include non-inductive current drive into Uext, 
but this approach is not used in this thesis. Auxiliary heating can typically be neutral 

 
Figure  4.19: Comparison of plasma magnetic field energy calculated by two 

methods: 2211 plC ILE =  and 
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2  for COMPASS discharge #7313.  
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beam injection (NBI), as is the case of COMPASS [15], [16], ion cyclotron 
resonance heating (ICRH), electron cyclotron resonance heating (ECRH) or lower 
hybrid current drive (LHCD). The determination of the power deposited in the 
plasma can be difficult for some of these auxiliary heating systems and can require 
numerical models. 

The term tW dd  is the change of the thermal energy of the particles stored 

inside of the LCFS. The thermal energy content can be measured by diamagnetic 
loop, see e.g. [82].  

The term Prad for radiation losses from inside of the LCFS can be assessed from 
bolometric measurements [22] using tomographic reconstruction [23]. It is important 
to take into account only power radiated from the inside of the LCFS and not to 
include power radiated from the Scrape-Off Layer (SOL). 

The term Psep, power carried by particles crossing the separatrix (or LCFS in 
limiter plasma), cannot be measured and must be calculated. Its calculation is 
desired, because it is the term used in the scaling laws. 

Occasionally, the terms Prad and Psep are combined into one common term called 
loss power:  
 sepradloss PPP += . ( 4.57) 

The enumeration of the terms in the global power balance equation allows 

determination of sepE PW=τ  (energy confinement time) and 
seprad

E
PP

W

+
=*τ  

(global energy confinement time), see [83] for reference. 

4.5.2 Determination of external and plasma voltage 

As was already mentioned in the previous section, both external inductive 
voltage Uext and plasma voltage Upl cannot be directly measured during non-
stationary phases of the tokamak discharge. The external voltage Uext is voltage 
induced to the plasma from external inductive sources:  
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where LPFC-pl are mutual inductances between the poloidal field coils circuits and 
plasma column, IPFC are currents in the poloidal field coils circuits, Lps-pl are mutual 
inductances between passive structures (e.g. elements describing vacuum vessel)  
and plasma column and Ips are currents in the passive structures. The terms with time 
derivative of the mutual inductance are important during plasma shape and current 
profile changes. 

By combining the Equations ( 4.55) and ( 4.58) we obtain an expression for the 
plasma voltage:  
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Tokamaks are equipped with so called flux loops: toroidally wound coils located 
at different positions outside of the plasma, usually nearby the vacuum vessel. These 
diagnostic coils directly measure loop voltage UFL:  
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where LPFC-FL are mutual inductances between the poloidal field coils circuits and the 
flux loop, Lpl-FL is mutual inductance between the plasma column and the flux loop, 
Lps-FL are mutual inductances between passive structures and the flux loop and Ips are 
currents in the passive structures. 

In the Equation ( 4.60) the second and fourth terms on the right-hand side can be 
neglected if constant positions of the PF coils and passive structures are assumed. 
This is not necessarily correct approach because the forces acting on the PF coils can 
be large enough to change their geometry during the discharge significantly (up to ~ 
1 % change of the length of the central solenoid). 

It is clearly visible that Upl ≠ UFL in general case because the inductances 
between the PF coils circuits or passive structures and plasma column or flux loop 
are not equal. Similarly, the self-inductance of the plasma column L is not equal to 
the mutual inductance between plasma column and the flux loop Lpl-FL. Only in the 
flat-top phase of the discharge it is possible to equate Upl and UFL because the plasma 
current, plasma shape and current profile are constant, same as currents in some of 
the poloidal field coils circuits. The only changing current would be the plasma 
current drive circuit and it is possible to find a location for the diagnostic flux loop 
fulfilling LPFC(current drive)-pl = LPFC(current drive)-FL. 

Time-varying inductances in the tokamak 

The evaluation of the tokamak global power balance from Equations ( 4.54) and 
( 4.58) requires knowledge of plasma self-inductance and mutual inductances 
between the poloidal field coils circuits (or passive structures) and plasma column. 
These inductances can be calculated if a time development of the plasma current 
density profile is known. The current density profile can be obtained from the 
equilibrium reconstruction performed by EFIT on the selected space grid for multiple 
time slices. 
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The equation used to calculate the mutual inductance between the plasma 
column (described by the current density jgrid in the predefined grid points with area 
∆S) and a PF coils circuit (described by a set of elements created by infinitely thin 
wires with a given number of toroidal turns NPFe and orientation represented by a 
sign of NPFe) is:  
 ∑∑ −− ⋅∆⋅=

PFe
PFePFegrid

grid

/1 NLSjIL gridplplPFC , ( 4.61) 

where Lgrid-PFe is mutual inductance of two one-turn thin wires. The theory was 
described in greater detail in the Section  3.1.4 - Theory for calculation of poloidal 
magnetic field. 

Similar equation can be used to calculate the plasma self-inductance. The plasma 
column is represented by grid points and their mutual inductance Lm-n (m and n are 
indices of grid points) can be used similarly as mutual inductance between grid 
points and PF circuits elements:  
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where ( )75.1)8ln(0m −=− arrL m µ  is the self-inductance of the grid point at the 

major radius r with characteristic minor radius of the grid point a (0.575x distance 
between two grid was used). The contribution of the second term on the right-hand 
side of the Equation ( 4.62) is decreasing with the number of grid points. The 
Equation ( 4.62) is application of the Equation ( 3.33) from Section  3.1.4. 

4.5.3 Detailed analysis for L-mode discharge #7313 

The COMPASS discharge #7313 is used as an example of the global power 
balance calculation from Equations ( 4.54) and ( 4.58). It is an ohmic L-mode 
discharge with flat-top plasma current -200 kA, line-averaged density 319 m5.10 − , 
performed in deuterium with the shaping field configuration SNT and toroidal field 
-1.15 T. The PF coils circuits currents were already discussed in the detail in the 
Section  4.3.1. The beginning of the discharge is ignored and the calculation is 
performed for t > 970 ms, therefore the passive structures currents in the Equation 
( 4.58) are negligible as discussed in the Section  4.3.2 and  4.3.3. 

The time evolution of the plasma column shape during the discharge is in the 
Figure  4.20. The discharge begins in the circular limiter configuration (see Figure 
 4.20a), then the shaping starts (Figure  4.20b), reaches maximal area of the plasma 
cross-section just before the divertor configuration is created (Figure  4.20c) and then 
the flat-top plasma shape (stationary phase) is achieved (Figure  4.20d). 
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Figure  4.21 shows the time evolution of the plasma current, plasma self-

inductance and mutual inductances between plasma and COMPASS PF coils circuits. 
These are used to calculate the individual terms in the global power balance equation 
( 4.54). Furthermore, the mutual inductance between the plasma and Flux Loop #4  
located at R = 0.325 m, Z = 0 m is shown in the Figure  4.21c, which is used to 
estimate the error of the method by calculating UFL4,calc according the Equation ( 4.60) 
and comparing it with UFL4,meas. 

a) b)  

c) d)  
Figure  4.20: Plasma shape changes during current ramp-up and divertor creation 
for #7313. a) t = 980 ms, b) t = 1010 ms, c) t = 1050 ms, d) t = 1100 ms. 
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The vertical lines in the Figure  4.21 show important times: t = 1005-1021 ms is 
a time when current in the MFPS circuit has zero derivative during switching 
between positive and negative current. At this time Uext is around zero and plasma 
current reacts by a decrease. The vertical lines at t = 1066 ms and t = 1222 ms 
enclose the time when both plasma shape and current are constant (see Figure 
 4.21b). The shape of the plasma column and its self-inductance is changing 
significantly in time between 1021 ms and 1066 ms. The transition between limiter 
and divertor configuration occurs during this time. 

Figure  4.21 also shows that:  
1. Plasma self-inductance is around 1 µH. 
2. The mutual inductance between the plasma column and the MFPS circuit is 

constant regardless of the plasma shape and is 22 µH. This feature of the 
MFPS circuit was already shown in the Table  3-3 in the Section  3.1.6 - 
Mutual inductances of poloidal field coils circuits. 

3. The mutual inductances between the plasma column of the discharge #7313 
and EFPS, SFPS-SNT, BR and BV are changing within values specified in 
the Table  3-3. 

4. The mutual inductance between the plasma column and Flux Loop #4 is 
~40 % of the plasma self-inductance, which is important when comparing Upl 
and UFL according the Equations ( 4.59) and ( 4.60). 
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Figure  4.21: Plasma current and inductances calculated from EFIT. 
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Error estimation 

Upl should be calculated according the Equation ( 4.55) in order to enumerate the 
global power balance. It is difficult to determine the precision of such calculation. In 
order to estimate the error of the Upl calculation a comparison of measured and 
calculated loop voltage UFL4 (R = 0.325 m, Z = 0 m) was performed. UFL4 is 
calculated according the Equation ( 4.60), compared to measured value and obtained 
relative difference is assumed to be similar to the error of Upl.  

 
The results are shown in the Figure  4.22a, b. The agreement between measured 

and calculated loop voltage UFL4 is good, even though during the transitions of the 
MF current passing zero (t = 1005-1021 ms) the error is largest. The reason for this 
behaviour is probably in the quality of the equilibrium reconstruction from EFIT. 
The inputs into the EFIT, as used on COMPASS (see Section  4.4.1), are not 
sufficient to reliably reconstruct plasma current density profile and therefore its 
changes associated with short-term zero external loop voltage Uext applied. 

The individual contributing terms according the Equation ( 4.60) are shown in the 
Figure  4.22c. The Lpl-FL4 was used as in the Figure  4.21c, the terms tL FLPFC dd −  

Figure  4.22: Comparison of measured and calculated loop voltage on flux loop 
FL4. FL4_art is calculated (artificial) loop voltage, ind. means contribution from 
plasma current and mutual inductance changes - last two terms in the Eq. ( 4.60). 
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were neglected, as well as passive structures contribution. The used mutual 
inductances between PF coils circuits and Flux Loop #4 were taken from the Table 
 3-4: LMF-FL4 = 22 µH, LEF-FL4 = -6.62 µH, LSNT-FL4 = 17.01 µH, LBR-FL4 = 0 µH and 
LBV-FL4 = 0.4 µH. 

The Figure  4.22c shows that: 
1. The MFPS circuit induced voltage (green) is the only contributing term to the 

loop voltage on the Flux Loop #4 during the flat-top phase of the discharge 
(1066 - 1222 ms). See Figure  4.5 for time-traces of the PF coils circuits 
currents. 

2. The loop voltage UFL4 is ~0.5 V during MFPS passing zero. The MFPS and 
EFPS contributions are zero, but plasma current and self-inductance change 
and SFPS current change generate small loop voltage at the position of the 
HFS Flux Loop. 

3. The MFPS circuit induced loop voltage (green) is the largest but not 
dominant during the plasma current ramp-up. The MFPS current is constant 
during the ramp-down and its contribution to the loop voltage is small. 

4. The EFPS circuit (blue) contributes opposite voltage than MFPS (green) and 
SFPS-SNT (red). That is caused by opposite sign in the mutual inductance 
between the EFPS and plasma. It should be highlighted that this is a 
contribution to the loop voltage measured by Flux Loop #4. The plasma 
column voltage Upl does not have the same behaviour (LEF-FL4 = -6.62 µH 
while LEF-pl = <-0.1, -0.4> µH, see Figure  4.21e).  

5. The SFPS-SNT circuit induced loop voltage (red) has significant contribution 
during both ramp-up and ramp-down phase of the discharge. 

6. The changes of plasma current and mutual inductance to Flux Loop #4 have 
significant influence on the loop voltage UFL4. 

The conclusion from the analysis of the structure of the loop voltage measured 
by the HFS Flux Loop #4 is that there are many different significant contributors to 
the UFL4 when the plasma is not in the flat-top phase.  

Global power balance during discharge 

The results from the calculation of all terms of the global power balance equation 
for the discharge #7313 are shown in the Figure  4.23. 

The externally induced power (Figure  4.23a) is ~ 200-300 kW during the flat-
top, up to 1 MW during ramp-up and negative during plasma current ramp-down 
phase. The plasma current change power (Figure  4.23b) consumes a majority of the 
available power during the ramp-up, provides power during the MFPS current zero-
derivative phase and during the Ipl ramp-down (negative sign vs. Pext). The term for 
the change of plasma shape (Figure  4.23c) is non-negligible and contributes up to 
+/- 150 kW. This term is the least reliable due to reliability of the EFIT 
reconstruction. The term for the plasma thermal energy (Figure  4.23d) change has 
also surprisingly significant contribution to the global power balance. During H-
mode and particularly at L-H transition it can be even more important. The radiation 
losses (Figure  4.23e) are relatively stable in L-modes, on the other hand, they rise 
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strongly during ELM-free H-modes in COMPASS due to rise of the plasma density. 
There is also a significant uncertainty in their absolute calibration: correction factor 
1.4-2 against off-situ calibration is generally used (factor 2 is used in this thesis). 
Figure  4.23f shows the desired Psep graph. Obtained values are reasonable during the 
flat-top, believable during the slow current changes and questionable during the fast 
shape changes. The results calculated for these discharge phases are possible but 
probably strongly influenced by the reliability of the EFIT equilibrium 
reconstruction. 

Particularly interesting is the Psep rise during the time period 1222-1235 ms. The 
reason of the rise is the term for the change of plasma shape (Figure  4.23c). The 
plasma column is expanding its poloidal area during return to the limiter 
configuration by decrease of the ISFPS/Ipl. The increase of the diverted plasma 
poloidal area and subsequent increase of the Psep can be potentially interesting for 
easier L-H transitions. 

The smoothing used to create the Figure  4.23 should be discussed in detail. The 
majority of the terms used in the global power balance equation is calculated by 
means of numerical differentiation of measured signals. The numerical 
differentiation creates large noise. The noise is removed by application of simple 6 
ms moving average window on the individual terms shown in the Figure  4.23. The 
noise of the plasma thermal energy content measured by diamagnetic loop (used 
CDB signal: "diamagnet_PP_EnergyBT") is so high that the moving average 
window is applied twice, effectively creating 2nd order filter. Furthermore, the EFIT 
reconstruction is used to calculate the inductances. The EFIT automatic run inputs 
are smoothed by 2 ms moving average window. 

The filtering complicates interpretation of Psep for transient phenomena like L-H 
transition. It should be kept in the mind that the Psep at the moment of the L-H 
transition is influenced by Psep 6−+  ms around. 
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Figure  4.23: Individual terms of the global power balance equation (#7313). The 
signals are smoothed with moving average over 6 ms, with exception of d) thermal 
energy change which is smoothed with a 2nd order moving average filter. Signs 
conform to the COMPASS Currents Convention. 
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4.5.4 Examples for various discharges 

This section contains examples of the global power balance analysis for several 
interesting discharges, all of them with BT = -1.15 T. These are:  

� #6317: -300 kA ohmic discharge with H-mode, frequency of the ELMs is 
changing and the ELMs are possibly type I ELMs; the density is 
changing between 6-9.1019 m-3 during the flat-top 

� #9757: -300 kA ohmic discharge with large ELMs and RMP experiment; the 
density is 5-7.1019 m-3  

� #9253: -240 kA ohmic discharge with long ELM free H-mode followed by 
three large ELMs; the density is rising from 5.1019 m-3 to 12.1019 m-3  

The discharge #6317 (Figure  4.24, Figure  4.25) has X-point formed at 
t = 1080 ms, the L-H transition occurs together with the X-point formation. The flat-
top with stable plasma current and stable plasma shape is reached at t = 1100 ms. The 
delay between the X-point formation and flat-top is visible from the fact that Shape 
change power in the Figure  4.24 reaches ~ 0 kW at t = 1100 ms. The SFPS circuit 
contribution to the UFL4 (Figure  4.25) also reaches 0 V at t = 1100 ms. The power 
through separatrix rises slowly between t = 1100 ms and t = 1160 ms, together with 
ELM frequency. The density, radiation losses and thermal energy start to decrease at 
t = 1160 ms, while the power through separatrix increases, together with frequency 
of ELMs. It should be noted, that radiation losses are higher in this discharge (#6317) 
compared to the two others (#9757, #9253) - 300 kW at the density 8.1019 m-3. The 
higher impurity content is probable the reason. The behaviour of the ELM frequency 
with Psep suggests that there are type I ELMs in this discharge. 

Figure  4.26 and Figure  4.27 describe discharge #9757. The H-mode starts at 
t = 1053 ms, while the plasma is in limiter configuration with contact point on the 
lower limiter. The clear X-point is formed at t = 1063 ms, 10 ms after L-H transition. 
The flat-top is achieved at t = 1075 ms. The Psep is around 350 kW between t = 1075 
ms and t = 1090 ms, when large ELMs with stable frequency are present. The Psep is 
higher than in #6317, while ELM frequency is lower. This would indicate type III 
ELMs, but it is necessary to understand that the density, shape and impurity content 
of the plasma is different, which means that the plasmas are not directly comparable. 
The frequency of ELMs decreases together with Psep after t = 1090 ms in the 
discharge #9757, again indicating type I ELMs. 

Figure  4.28 and Figure  4.29 describe discharge #9253 with ELM-free H-mode. 
This discharge has lower plasma current and therefore lower external power against 
the other two discharges. The H-mode starts only after the X-point is formed and 
flat-top achieved. The ELM-free H-mode increases density and therefore stored 
thermal energy and radiation losses until t = 1040 ms when radiation losses rise 
sharply, the thermal energy starts to decrease and a disruption follows. The Psep is 
low for the duration of the ELM-free H-mode. 
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Figure  4.25: Discharge #6317 - UFL4 contributing terms, D-alpha signal and 
plasma density. FL4_art is calculated (artificial) loop voltage, ind. means 
contribution from plasma current and mutual inductance changes. The density 
signal had fringe jump at t = 1155 ms, the real density was decreasing from 8.1019 
m-3 to 4,5.1019 m-3 until the end of the discharge. 

 
Figure  4.24: Discharge #6317. Individual terms of the global power balance 
equation for discharge with changing frequency of the ELMs. Vertical lines 
denote: a) t = 1080 ms - formation of the X-point and L-H transition, b) t = 1160 - 
density decrease and change of the ELM frequency.  
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Figure  4.27: Discharge #9757 - UFL4 contributing terms, D-alpha signal and 
plasma density. FL4_art is calculated (artificial) loop voltage, ind. means 
contribution from plasma current and mutual inductance changes. 

 
Figure  4.26: Discharge #9757. Individual terms of the global power balance 
equation for discharge with large ELMs. Vertical lines denote: a) t = 1053 ms - 
transition to the H-mode, b) t = 1100 ms - start of density rise, c) t = 1120 ms - 
start of 4 ms long RMP current. The X-point is formed at t = 1063 ms and flat-top 
is achieved at t = 1080 ms. 
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Figure  4.29: Discharge #9253 - UFL4 contributing terms, D-alpha signal and 
plasma density. FL4_art is calculated (artificial) loop voltage, ind. means 
contribution from plasma current and mutual inductance changes. 

 
Figure  4.28: Discharge #9253. Individual terms of the global power balance 
equation for discharge with long ELM-free H-mode followed by three ELMs. 
Vertical lines denote: a) t = 1046 ms - the X-point formation, b) t = 1072 ms - 
transition to the H-mode.  
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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 Psep. 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 
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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. 



 

135 

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 
ATCA1 -  name of the data acquisition and control system based on the 

 Advanced Telecommunications Computing Architecture 

CCC -  COMPASS Currents Convention - convention of the orientations  

 and signs of the currents and mag. fields in COMPASS 

CCFE -  Culham Centre for Fusion Energy - research centre in United  

 Kingdom 

CDB -  COMPASS DataBase - name of the database 

CDF -  Computable Document Format - file format for storing scientific 

 data 

CODAC -  Control, Data Access and Communication - a term for system  

 dedicated to control tokamak, acquire and store measured data 

COMPASS -  Compact Assembly - name of the tokamak 

CS -  Central Solenoid - coil closest to the major axis; responsible for  

 induced current in the plasma 

ECRH -  Electron Cyclotron Resonance Heating - type of auxiliary heating  

 system 

EF -  Equilibrium Field - main vertical magnetic field, used for  

 maintaining plasma radial position  

EFIT -  Equilibrium FITting code - code for numerical reconstruction of the  

 MHD equilibrium 

EFPS -  Equilibrium Field Power Supply - name of the power supply 

ELMs -  Edge Localized Modes - type of plasma instability during H-mode 

EPR -  External Partial Rogowski coil - name of the group of diagnostic 

 coils; located outside of the vacuum vessel 

FA -  Fast Amplifier - name of the power supply with fast switching  

 frequency (~40 kHz) 

FABR -  Fast Amplifier, Bradial - name of the power supply in the BR circuit,  

 used for plasma vertical position stabilization 

FABV -  Fast Amplifier, Bvertical - name of the power supply in the BV circuit,  

 used for plasma radial position stabilization 

FPGA -  Field-Programmable Gate Array - configurable integrated circuit 

HFBR -  family of fiber optic link components 

HFS -  High Field Side - inner side of tokamak, with higher toroidal field 

H-mode -  plasma mode with higher energy confinement 

ICM -  Induced Currents Module - a module in EFIT++ code; used for  

 calculation of induced currents 

ICRH -  Ion Cyclotron Resonance Heating - type of auxiliary heating system 

IDL -  Interactive Data Language - programming language 

IPP Prague -  Institute of Plasma Physics of the Czech Academy of Sciences 

IPR -  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 -  International Thermonuclear Experimental Reactor - tokamak  

 under construction 

LCFS -  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 

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

 field 

L-mode -  plasma mode with lower energy confinement 

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

MARTe -  Multithreaded Application Real-Time executor - software used for  

 the COMPASS tokamak control system 

MAST -  Mega Amp Spherical Tokamak - name of the tokamak in UK 

MF -  Magnetizing Field - magnetic field used to generate voltage for the  

 plasma in COMPASS 

MFPS -  Magnetizing Field Power Supply - name of the power supply 

MHD -  Magnetohydrodynamics 

NBI -  Neutral Beam Injection - type of auxiliary heating system 

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

PF -  Poloidal Field 

PID -  Proportional-Integral-Derivative controller 

PS -  Power Supply 

RFPS -  Radial Field Power Supply - obsolete name for FABR 

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

 for RMP coils 

SF -  Shaping Field -magnetic field used for plasma shaping in COMPASS 

SFPS -  Shaping Field Power Supply - name of the power supply 

Shaper -  a part of the MFPS circuit; used for fast current change which  

 produces voltage necessary for plasma breakdown 

SND -  Single Null Divertor - configuration of the SFPS circuit 

SNT -  Single Null divertor, higher Triangularity - configuration of the  

 SFPS circuit 

SOL -  Scrape-Off Layer - plasma region characterized by open field lines 

TF -  Toroidal Field - magnetic field used to confine the plasma 

TFPS -  Toroidal Field Power Supply 

UKAEA -  UK Atomic Energy Authority - UK government research  

 organization 

VFPS -  Vertical Field Power Supply - obsolete name for FABV 

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

 position 

X-point -  saddle point on the ψ  function; creates boundary between closed and  

 opened field lines 
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