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Abstract

The continuous growth of the worldwide demand for energy, combined with the depleting
supplies of fossil fuels and the threat to the climate, has led the research to focus on alterna-
tive energy sources, over the last decades. A significant branch of this research is represented
by controlled thermonuclear fusion and its leader experiment, the International Thermonu-
clear Experimental Reactor (ITER). ITER is based on the tokamak magnetic configuration,
the best performing one in terms of energy confinement, at present. However, alternative
configurations such Reversed Field Pinch (RFP) or Stellarator are actively studied, with a
view to developing second generation fusion reactors, in the long term, and fusion-fission
hybrid (FFH) reactors in the short to mid-term.

This thesis work aims at the development of a RFP machine able to reach the single-
helicity condition, as a basis for a RFP neutron source. The study is carried out considering
a modification of the largest reversed field pinch device presently in operation, the Reversed
Field eXperiment (RFX-mod), situated in Padova.
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Sommario

Il continuo aumentodella domandamondiale di energia, assieme alla riduzione della disponi-
bilità di combustibili fossili e la minaccia climatica, ha portato la ricerca a focalizzarsi su fonti
alternative di energia, negli ultimi decenni. Un importante ramodi questa ricerca è costituito
dalla fusione termonucleare controllata e l’esperimento di punta che la rappresenta, ITER,
basato sulla configurazione tokamak. Attualmente, la configurazione tokamak garantisce le
migliori prestazioni in termini di confinamento energetico. Tuttavia, configurazioni alterna-
tive comeRFPoStellarator vengono studiate attivamente, nell’ottica di sviluppare reattori da
fusione di seconda generazione, nel lungo termine, e reattori ibridi nel breve-medio termine.

Il lavoro svolto in questa tesi punta allo sviluppo di una macchina RFP capace di raggiun-
gere le condizioni di singola elicità, come base per una sorgente RFP di neutroni. Lo studio è
sviluppato considerando lamodifica del più grande esperimentoRFP attualmente operativo,
il Reversed Field eXperiment (RFX-mod), situato a Padova.
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1
Introduction

Fusion research has now been going on for over 50 years, leading to the development of sev-
eral configurations for magnetic confinement machines. Experiments carried out with the
different configurations ensured the achievement of a deep understanding of the plasma
physics necessary to obtain thermonuclear fusion conditions. The most investigated mag-
netic configurations for confinement of fusion-relevant plasmas are the Tokamak, the Stel-
larator and the Reversed-field Pinch (fig. 1.1).
Some of the experimental tokamaks currently in operation are:

• JointEuropeanTorus (JET), the largest operational tokamak and thebaseline for ITER

• JT-60, which reached the highest value of fusion triple product

• ASDEX, the first tokamak with a x-point configuration

• Tore Supra, the record holder for plasma discharge duration

• DIII-D,whichpioneered the active control for plasmaMHDinstabilities and theheat-
ing through neutral beam injection

The experimental results, combinedwith thedevelopment of theoretical aspects of plasma
physics, has resulted in an international collaboration that aims to realize a magnetic fusion
device that has been designed to prove the feasibility of fusion as a large-scale and carbon-free
source of energy, the International Thermonuclear Experimental Reactor (ITER).
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(a) Tokamak (b) Stellarator

(c)RFP

Figure 1.1:Magnetic configurations for confinement of fusion-relevant plasmas

As already said, other magnetic configurations are still actively researched, to achieve a
better understanding of plasma physics at various operating conditions, which can lead to
the development of alternative reactors with an improved plasma confinement state, with
respect to the tokamak configuration. Alternative researches are mainly based on Stellarator
configurations, as Wendelstein 7-X built in Greifswald, Germany, or Reversed-field Pinch
configurations, such as RFX-mod built in Padova, Italy.

In this thesis, theReversed-field Pinch configurationwill be considered to carry out a basic
design of RFP reactors, based on the theoretical prediction that the RFP could exist in the
chaos-free single-helicity condition (SHAx state), thus defining a possible baseline for future
FFHor fusion reactors. Themain feature of theRFP configuration is the potential capability

2



to achieve fusion conditions with ohmic heating only, hence reducing the size of the reactor,
if any; in past, this feature was overcome by the saturation of MHD instabilities, resulting
in poor confinement properties, with respect to the other configurations. This chaotic state,
namedmultiple-helicity state, can evolve to a self-organised helical equilibrium called Single-
helical axis state, characterised by a single (SHAx) or at least dominant (QSH) resonantmode.
This, as already said, leads to a significant increase in confinement properties by removing,
in fact, the mentioned drawbacks.
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Eadem mutata resurgo.
Jakob Bernoulli

2
Single Helical Axis state

2.1 Reversed Field Pinch configuration

The principle of magnetic confinement in toroidal devices, is based on the gyro motion of
charged particles around magnetic field lines (fig 2.1). Plasma magnetic confinement devel-

Figure 2.1: Gyromotion of charged particles

oped from the studies on the pinch effect, leading to the tokamak andRFP configurations in
the 1950s and 1960s. Both tokamak andRFP devices achieve the pinch effect due to a current
carrying plasma embedded in amagnetic field, but theRFP, unlike the tokamak, is character-
ized by axi-symmetric magnetic field toroidal and poloidal components of the same order of
magnitude (fig. 2.2), with the toroidal component almost entirely generated by the current
flowing in the plasma itself. The name Reversed Field Pinch derives from the fact that the
toroidal field is slightly reversed in the outermost plasma region.
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Figure 2.2: RFPmagnetic field configuration

RFPdevices performances havebeen limited so far, due to the saturationofMHDinstabil-
ities that were considered necessary for the dynamo process to develop; the dynamo process
is fundamental for the magnetic field reversal, thus the sustainment of the configuration in
time. Recently, the discovery of Single Helical Axis (SHAx) states in RFX-mod experiment,
has led to the theoretical prediction that the magnetic field reversal can be sustained also in a
chaos-free configuration, with the dynamo effect provided by a single MHDmode.

2.2 MH, QSH and SHAx states

2.2.1 Safety factor

It is common practice in plasma physics to speak of fluctuations in terms of their mode num-
ber content. Typically, m is used for the poloidal mode number (number of periods in one
poloidal circumference) and n for the toroidal mode number (number of periods in one
toroidal circumference).

The safety factor profile can be defined as:

q(r) =
m

n
(2.1)

The average poloidal angle∆θ defined by a field line crossing a poloidal section after one
toroidal transit, can be defined as rotational transform ι. The safety factor can also be defined

6



as:
q =

2π

ι
(2.2)

This means that q can also be meant as the number of turns of a magnetic field line in the
poloidal direction, after a complete turn in the toroidal one. Considering a cylindrical ap-
proximation, the safety factor becomes:

q(r) =
r

R0

Bθ(r)

Bz(r)
(2.3)

Figure 2.3: Safety factor profile in a cylindrical approximation

As can be seen from fig. 2.3, the safety factor assumes rational values for several flux sur-
faces; these flux surfaces are called rational, or resonant. Tearingmodes around these surfaces,
with the samem and n are unstable. Tearing modes are resistive modes responsible for the
creation of magnetic islands; a magnetic island is a closed magnetic flux tube, bounded by a
separatrix, isolating it from the rest of space. The primary significance of the islands is that
heat can flow rapidly across them by following the field lines. As a result, magnetic islands
represent a loss of confinement volume. Another observation from fig. 2.3 is that the small
value of q at the edges of the plasma region, means that the magnetic field lines are almost
poloidal, or completely poloidal on the reversal surface (q = 0); this results in the fact that
all them = 0modes on the reversal surface are resonant.
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2.2.2 MHDmodes

The exploration of awide range of plasma current levels inRFX-mod, thanks to an advanced
feedback control system,made possible the experimental evaluation of regimes which clearly
shows an evolution towards the SHAx state. At lowplasma current values, below800kA, the
configuration is characterized by a Multiple Helicity (MH) regime, where several resonant
tearing modes, mostly in the m = 0, m = 1 spectra and various n modes, give rise to a
chaotic plasma. The presence of several MHDmodes resonating on different plasma layers,
gives rise to overlapping magnetic islands, which results in a plasma with flat temperature
profile (fig. 2.4).

(a)MSH spectra (b) Temperaturemap on the poloidal plane

Figure 2.4: Multiple Helicity regime

By increasing the plasma current, transient states towards the SHAx state are observed.
These Quasi Single Helicity (QSH) states are characterized by a single dominant resonant
mode, defined by a couplem,n, and several secondary modes with a much lower amplitude
(fig. 2.5).

The chaotic structure reduces as the plasma current is increased, because the dominant
mode becomes purer and purer. In RFX-mod, experimental results showed that above a
threshold of 4% in the dominantmode normalized amplitude (with respect to the total mag-
netic field at the edge of the plasma), a topological change in the magnetic configuration is
observed: the O-point of the dominant magnetic island becomes the only magnetic axis and
a Single Helical Axis (SHAx) state is reached (fig. 2.6).
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(a)MSH spectra (b) Temperaturemap on the poloidal plane

Figure 2.5: Quasi Single Helical regime

With a sufficiently high plasma current, a SHAx stationary state could theoretically be
reached. As seen, a SHAx state is an improved confinement state where the magnetic flux
surfaces are nested and winded around a single helical axis. The single axis results from the
merging of the axi-symmetric configuration magnetic axis and the X-point of the magnetic
island correlated to the dominant mode. The SHAx equilibrium is characterized by strong
temperature gradients (fig. 2.7) in the edge plasma region, thus indicating the creation of
a strong internal transport barrier; this translates into improved plasma confinement and
stability properties.

The spontaneous occurrence of the SHAx equilibrium with reduced magnetic fluctua-
tions and strong transport barriers can lead to a newparadigm for theRFP.As the persistence
of the SHAx states has been experimentally shown to increase with plasma current, the prob-
ability of achieving steady SHAx states in larger devices should be considered. These new re-
sults can lead into a reassessment of the RFP configuration as a low-external-field, ohmically
heated approach to nuclear fusion; this configuration, exploiting both self-organization and
technological simplicity with respect to the tokamak and stellarator configurations, could
become a preferable solution for future FFH or fusion devices.
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(a) SHAx states reached in a non-stationary way, in a 1.5MA discharge

(b)QSH persistence and amplitudes of the dominant (black) and secondary (red) modes, versus the Lundquist number

(correlated to the plasma temperature)

Figure 2.6: QSH features in RFX-mod

2.3 Dynamo process and toroidal field reversal

FromMHDequations, combiningOhm’s law,Ampere’s law andFaraday’s law, the following
is obtained:

∂B

∂t
= ∇× (v ×B) +

η

µ0

∇2B (2.4)
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Figure 2.7: Temperature profile on a poloidal section for SHAx andQSH states

Two terms can be identified:

• Convection ∇× (v ×B)

• Diffusion η
µ0
∇2B

If v = 0 and the resistive term is non-null, the Reynoldsmagnetic number (defined as the
ratio between the convection and the diffusion term) becomes null, hence themagnetic field
follows a resistive diffusion equation.

The resistive diffusive time is defined as:

τR =
µ0 · a2

η
(2.5)

With a the plasma radius. Without a mechanism such the dynamo process sustaining the
toroidal magnetic flux, the toroidal magnetic field would rapidly become constant and equal
to the edge value, following the diffusive equation 2.4 (fig. 2.9).
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(a) SHAx 3D shape

(b) Intersection of a helical flux surface with the poloidal

plane

Figure 2.8: Single Helical Axis state representation

The dynamo process is a fundamental component for the RFP stability, as it opposes the
resistive diffusion.

Considering now the cylindrical approximation and stationary conditions, we can derive
the current density profile using Ampere’s law:

Jθ = − 1

µ0

∂Bφ

∂r
(2.6)

Jφ = − 1

µ0r

∂(rBθ)

∂r
(2.7)

On the reversal surface, the magnetic field is only poloidal; as a consequence, the current
densitymust have only the toroidal component. The left-hand side of the 2.6 is equal to zero,
hence, the toroidal field should reach itsminimumat the reversal surface; but this contradicts
the toroidal field reversal, meaning that a poloidal component of the current density is nec-
essary, and it can’t obviously be driven by the toroidal e.m.f. Vloop, as well as a v × B term
(eq. 2.9) in the poloidal direction, since the magnetic field is only poloidal on the reversal
surface. For this reason, the dynamo process is understood as a v × B term in the poloidal
direction, generated by the interaction between the velocity and the perturbation fields; this
is why the perturbation modes were considered necessary for the field reversal, theoretically
limiting the RFP quality of confinement.

The standard explanation of the field reversal in RFP configurations comes fromTaylor’s
relaxation theory, which considers a plasma as an isolated system, inside a cylindrical flux con-
servator, in a force-free equilibria with null velocity. The solution is described by the Bessel
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Figure 2.9: Toroidal flux as a function of time

FunctionModel (BFM), assuming J = σB with a uniform conductivity profile.


Br(r) = 0

Bθ(r) = B0J1(θr)

Bφ(r) = B0J0(θr)

2.3.1 The wire model

The Taylor’s relaxation theory doesn’t really fit with experimental results because of several
false assumptions; the twomain hypothesis that disagreewith the reality are the constant pro-
file of σ and the achievement of the equilibrium with an axi-symmetric configuration. The
conductivity is not constant over the plasma, but it strongly varies outside the reversal radius
and the Cowling’s theorem states that a reversed axi-symmetric equilibrium can not exist.
Therefore, we must consider the dynamo process acting against the magnetic field diffusion,
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thus breaking the axi-symmetry of the equilibrium system, in agreement with Cowling’s the-
orem.

This can be done considering a new approach, described by the wire model. We consider
a current carrying wire inside a cylinder, with coils wrapped on it that produce an axial mag-
netic field and act as a flux conserver (fig. 2.10a). If a current instability develops, i.e. a
poloidal component is present in the wire current density, and if it has the same orienta-
tion of the external coils current, a mutual attractive force develops. The instability also
brings an increase in the internal wire field, with a consequent reduction on the current in
the cylinder; this process continues since the current in the cylinder reverses, leading to an
equilibrium with a field reversal and a loss of axi-symmetry (fig. 2.10b), in accordance with
experimental results and the Cowling’s theorem.

(a)Wirewith an axial current component in a flux conserver

(b)Wire current instability and new equilibriumwith

reversed field

Figure 2.10: Thewiremodel
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Quello che noi ci immaginiamo, bisogna che sia o una delle
cose già vedute, o un composto di cose o di parti delle cose
altra volta vedute.

Galileo Galilei

3
RFX-mod

The Reverse Field eXperiment modified (RFX-mod), is a toroidal device designed and built
in Padova for experiments on magnetically confined and ohmically heated plasma in the re-
versed field pinch configuration. RFX-mod is an evolution of the previous RFX machine,
operational since 1991, and it is located in Padova, at the Istituto Gas Ionizzati inside the
research area of CNR. RFX-mod is operational since 2004, under the management of Con-
sorzio RFX, a research organization promoted by CNR, ENEA, Università di Padova, Ac-
ciaierie Venete S.p.A. and INFN,within the framework of the Euratom - ENEAAssociation.

Figure 3.1: RFX-modmachine
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The RFX-mod system consists of a load assembly, the power supply system, the control
system, the diagnostics, a power substation and the auxiliary facilities. Since the objective of
this thesis is to modify the load assembly in order to obtain the conditions for a stationary
SHAx state, and the only way to do it is to scale the plasma major and minor radii and the
magnet system, this last one and the circuital schemes will be analysed below.

3.1 RFX-mod magnet system

The RFP configuration requires the presence of both poloidal (BP ) and toroidal (BT ) mag-
netic field components. The toroidal component is produced by a toroidal field winding,
whereas the poloidal component is produced by a poloidal field winding and the plasma it-
self. The BP and BT components are comparable in RFP devices, hence, given the same
aspect ratio ξ and plasma current, the toroidal component is about one order of magnitude
smaller than that of a tokamak device.

The RFX-mod magnet system consists of four windings (fig. 3.2):

• Ohmic heating coils

• Toroidal field coils

• Field shaping coils

• Saddle coils

3.1.1 Toroidal field winding

The toroidal field winding is responsible for the creation of an initial bias field at discharge
break-down, and a reference negative field during the flat top phase, which establish the re-
versal conditions at plasma edge. The bias field reaches the maximum value at the beginning
of the discharge, then decreases to zero as the plasma current rises. After the zero-crossing,
the TF-winding current is reversed and sustained by the TF power supplies, establishing the
reversed field value at the plasma boundary (fig. 3.3); it should be noted that, even without
TF-windings, the dynamo would still ensure the magnetic field reversal, but theBT value is
controlled by the TF-coils in order to achieve better plasma discharges. The dynamo process
also maintains an average positive value of the toroidal field in the inner plasma region.
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(a)Ohmic heating coils (b) Toroidal field coils

(c) Field shaping coils (d) Saddle coils

Figure 3.2: RFX-modmagnet system

In RFX-mod, the TF-winding consists of 48 coils, subdivided into 12 parallel sectors of
4 series coils, to achieve arrangement flexibility. The maximum bias field produced isB0 =

0.7T at plasma start-up, whereas the maximum reversed field at flat-top isBw = 0.44T .

Table 3.1: TF-winding parameters

Number of coils 48
Number of turns per coil 8
Coil mean diameter 1.24 m
Maximum toroidal field 0.7 T
Maximum current 18.3 kA
Voltage to earth 3.5 kV
Voltage per turn 219 V
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(a)Current and voltage profile during a discharge (starting at time t=0)

(b) Toroidal field coil

Figure 3.3: TF-winding features

3.1.2 Ohmic heatingwinding

The ohmic heating winding is part of the Poloidal Field (PF) coils. The OH-winding acts as
the primary circuit of a transformer, where the secondary circuit is represented by the plasma;
a rapid and large flux swing is required to induce a large e.m.f. in the plasma, leading to the
break-down conditions. The plasma e.m.f. is commonly referred as loop voltage (Vloop).
The plasma start-up in RFX-mod is carried out inducing a flux variation of 15Wb, hence
a maximum loop voltage of about 730V ; the OH-winding is first charged with the desired
current value then, when the required flux is produced, the coils are short-circuited. At the
beginning of the plasmapulse, theOH-winding is discharged on a transfer resistor (RT )with
a value that guarantees the voltage to earth to be within ±17.5kV . After a first flux swing
with a time constant determined by theRL circuit, a power supply is connected to the OH-
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winding to vary the current gradient; the flux variation is carried out continuously, with
the longest plasma discharges achieved through a bipolar flux swing, hence with a current
reversal. During the flat top, the flux is varied to compensate the plasma Vloop.

Figure 3.4: OH-winding current profile

The OH-winding consists of 200 turns, forming a total of 40 coils placed symmetrically
above and below the equatorial plane. An optimization was carried out, considering the
minimization of the stray field in the plasma region and themaximization of the flux linkage
as objective functions. This led to the geometry displayed in fig. 3.5.

19



(a)RFX geometry, with OH-windingM1÷M20

(b) Stray field in the plasma region

Figure 3.5: OH-winding features
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Table 3.2: OH-winding parameters

Number of coils 40
Coils group Number of turns per coil
M1÷M3 8
M4÷M12 6
M13÷M15 4
M16 2
M17&M19 1
M18&M20 3
Voltage to ground 17.5 kV
Voltage between coil groups 35 kV

3.1.3 Field shapingwinding

The field shaping winding is responsible for the control of the plasma equilibrium, through
the application of a vertical field to counteract the outwards displacement of the plasma in
themajor radius direction. The field shaping winding acts together with a copper stabilizing
shell, which was introduced in RFX-mod substituting the old aluminium shell; the copper
shell has a magnetic field penetration time constant of 50ms, which guarantee a fast control
action from the FS-winding. More precisely, the FS-winding exploits three functions:

1. Compensation of the error field on the shell surface in the early stages of the discharge

2. Production of an equilibrium field to counteract the plasma displacement

3. Compensation of the plasma magnetomotive force

The FS-winding consists of 16 coils, with 24 turns each, placed symmetrically with respect
to the equatorial plane. Each symmetric couple of coils (above and below the symmetry
plane) is connected in series, to form 8 FS sectors independently controlled.
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Table 3.3: FS-winding parameters

Number of coils 16
Number of turns per coil 24
Average current per turn 5.2 kA
Voltage per turn 730 V
Voltage between terminals 17.5 kV
Voltage to ground 17.5 kV

3.1.4 Saddle coils

RFX-mod is equipped with an advanced system for the local feedback control of MHD
modes. The saddle coils system consists of 192 coils, arranged in groups of 4 in 48 toroidal
positions. Each coil is independent and can produce a magnetic field up to 50mT DC or
3.5mT@100Hz.

Figure 3.6: RFX-mod saddle coils

The algorithms for real-time control of the tearing modes that resulted in enhanced ma-
chine performances are the Virtual Shell scheme and the Clear Mode Control scheme; the
introduction of the copper shell and the saddle coils, again with the improvement on the
control algorithms and the power supply system, led to the enhancement of the peak plasma
current and the quality of discharges (fig. 3.7), which permitted to experiment QSH and
SHAx states.
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Figure 3.7: RFX-mod improvements on discharge quality
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3.2 RFX-mod circuit

The RFX-mod circuit is composed of a poloidal field circuit and a toroidal field circuit. The
poloidal field circuit is responsible for the plasma ignition and control, whereas the toroidal
field circuit control the field reversal at the plasma edge.

3.2.1 Circuit operations

(a) PF circuit

(b) TF circuit of one section

Figure 3.8: RFX-mod circuit
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Referring to the circuital scheme in fig. 3.8, one can think of an operational sequence (fig.
3.9) divided in three parts:

1. Before the starting of the discharge, the OH-winding is brought to the operation flux
by the power supply PMAT, then the PMAT is short-circuited. The 12 sectors of the
TF-winding are connected in series and fed by the TFATAC/DC converters, to reach
the maximum value of the bias toroidal field.

2. At t=0, when the TF-winding field is maximum, the circuit breaker IT is opened
and the OH current starts to decrease rapidly by flowing through the transfer resis-
torRT , inducing a flux variation, hence a Vloop high enough to ignite the plasma dis-
charge. The current on each sector of the TF-winding is redirected to the capacitor
bank (TCCB) through the free-wheeling diodes of the TCAT; the current decreases,
and the derivative depends on the capacitors voltage, regulated by a chopper (TTCH).
The TF-winding total current rises with the same profile of the plasma one, since it
compensate the m.m.f.

3. When the plasma current reaches the flat top value, the PCATpower supply is turned
on, to sustain the plasma current, by compensating the Vloop. PVAT power supply
controls the FS current, to provide the proper equilibrium field.
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Figure 3.9: RFX-mod operation waveforms

If the TF-winding acts as a flux conserver, the plasma relaxation process that leads to the
typical RFP field profile is spontaneously reached at sufficient high plasma currents; hence,
the TF circuit acts to keep the total flux constant, as the plasma current generates an addi-
tional toroidal field component.

The OH-winding acts instead as the primary of a transformer, which induces an e.m.f.
in the plasma (Vloop) through the variation of the concatenated flux (flux swing). From the
circuital point of view, the plasma current dynamic can be described considering only the
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coupling of the PF-circuit and the plasma circuit.

3.2.2 Poloidal field circuit

In RFX-mod, the PF circuit is defined by an octagonal circuit topology. The OH-coils and
the FS-coils are connected to form four sectors, alternated with other four sectors consist-
ing of the transfer resistors (PTRB) and the PCAT power supplies (fig. 3.10). Each node
delimiting the edges of the sectors are grounded through an high impedance.

Figure 3.10: Scheme of the PF circuit

The scheme considers a subdivision of the PF-winding in four sectors, in order to limit
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the voltage to ground; in fact, the total e.m.f. of the circuit is 140kV , but being split into 4
sectors and with a proper redistribution of the windings, as in fig. 3.10, the voltages between
the central point in an OH sector and earth are equal and kept within±17.5kV .
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Plurality ought never be posited without necessity.
William of Occam

4
Equivalent circuits

In this thesis, the circuit analysis is limited to the PF circuit, since the objective is to evaluate
the maximum transferable energy from the ohmic heating winding to the plasma, for a set
of different geometries.

As mentioned before, the PF circuit topology of RFX-mod is octagonal (fig. 4.1). The
OH winding and the FS winding are subdivided in four sectors and connected in parallel;
this configuration was studied to limit the voltage to ground and to ensure a homogeneous
redistribution of the load. In fact, the winding redistribution has been designed tominimise
the difference between the mutual coupling and the impedance of the four sectors. This de-
sign constraint permits to make a very useful assumption for the definition of an equivalent
circuit.
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Figure 4.1: RFX-mod PF circuit

Since the RFX-mod PF circuit represents a great complexity for the analysis of current
evolution and an excessive precision is not necessary at this stage, a simplified equivalent cir-
cuit is fundamental for an easy and rapid evaluation of a large set of configurations, especially
when carrying out an optimization. Two equivalent circuits have therefore been developed,
the second as a simplification of the first, to facilitate the evaluation of the time dependant
OHwinding and Plasma current profiles.

The first equivalent circuit represents a simplified version of the PF circuit of RFX-mod,
and has been developed to compare the numerical solution with experimental results ob-
tained from discharge campaigns. This comparison has made it possible to assess the accu-
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racy and the stability of the numerical model with respect to the actual machine behaviour,
thus defining a model to evaluate and predict the current profile of the plasma and in each
of the four sectors, considering the parameters which define each experimental discharge.

Once the model has been validated, another equivalent circuit was developed by further
simplifying the first scheme under certain hypothesis and design constraints, effectively re-
ducing the circuit complexity at minimum. This second scheme has been used to readily
evaluate the OHwinding and plasma current profiles for a set of scaled configurations, to al-
low the tuning of sensitive parameters and the exploration of a number of geometries, thus
identifying a list of feasible machines.

4.1 RFX-mod equivalent PF circuit

The RFX-mod PF circuit and the plasma can be represented as three inductively coupled
circuits, as pictured in fig. 4.2.

Figure 4.2: Equivalent electric network of RFX-mod

This description leads to the following system of equations:
VM = LM

diM
dt

+MMF
diF
dt

+MMP
diP
dt

+RM iM

VF = MFM
diM
dt

+ LF
diF
dt

+MFP
diP
dt

+RF iF

VP = MPM
diM
dt

+MPF
diF
dt

+ LP
diP
dt

+RP iP

(4.1)
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4.1.1 Simplification of RFX-mod circuit

Now, considering the RFX-mod PF circuit design and characteristics, some simplifications
can be made. To align the loads and to avoid excessive stress on the power supplies, the
four sectors has been subdivided in order to guarantee a uniform impedance and mutual
coupling; this translates into a minimum effort from the power supplies to compensate the
unbalanced currents, and it also guarantee a quasi-uniform voltage to ground of the four
sectors. Furthermore, the transfer resistances RT , characterized by the same value, are con-
sistent with the resistance values of the sectors. Hence, referring to the transfer resistance
potential VT and to the four sectors potentials V1, ..., V4, a first simplification can be carried
out:

−VT = V1 = V2 = V3 = V4 (4.2)

If each one of the octants is considered to be subject to the same voltage, the four sectors
inductances and the four transfer resistances can all be represented in parallel (fig.4.3). We
can thus think about theRFX-mod circuit as a transformer, by considering the plasma acting
as the secondary winding, and the PF-winding acting as the primary, with the FS winding
providing the counter EMF, and the OHwinding providing the magnetizing flux.
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(a)RFX-mod equivalent plasma and PFwinding circuit

(b)RFX-mod PFwinding simplified circuit

Figure 4.3: RFX-mod coupling circuits
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As said, the voltage in each octant of the PF circuit can be considered the same and it can
be written as:

Voct =
RT

4
(−

4∑
m=1

IMm −
8∑

n=1

IFn) (4.3)

Which leads to:

VM = [−Voct,−Voct,−Voct,−Voct]
T (4.4)

Furthermore, the RFX-mod field shaping winding is designed to compensate the plasma
magneto-motive force; hence, the total ampere-turns of the FS winding shall be equal and
opposite to the plasma current at any given moment. Considering that, in RFX-mod, the
number of coils of the field shaping winding is 48, this constraint shall be respected:

IP = 48
8∑

n=1

IFn (4.5)

Hence, 4.3 becomes:

Voct =
RT

4
(−

4∑
m=1

IMm +
1

48
IP ) (4.6)

4.1.2 Simplifications introduced by the control scheme

The current in each of the 48 FS coils is directly linked to the plasma current by means of
a coefficients vector K, in order to provide a control on plasma displacement by applying a
vertical magnetic field. More specifically, in RFX-mod the currents of the field shaping coils
have to satisfy two requirements:

• Generation of a vertical uniformmagnetic field inside the plasma volume, in order to
control the position of the plasma centroid

• Compensation of the plasma magnetomotive force

Two current distributions on the field shaping coils must coexist, in order to satisfy the
former requirements. There is a simple and practical way to obtain this current distribution,
which can be carried out by dividing the problem into two parts:
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1. Current distribution which produces a vertical field inside the plasma region, with
sum of the coils and plasma currents equal to zero

2. Current distribution which produces a null field inside the plasma region, with non-
zero sum of the coils and plasma currents

We assume to have an axisymmetric field geometry, with a cylindrical coordinate system,
and thedomainD corresponding to theplasma regionpoloidal cross section; since thepoloidal
field is generated by external currents, the current density J is zero inD. This means that,
inside the domainD:

▽×B = 0 (4.7)

By means of the field index n(r, z), two linearly independent solutions for 4.7 can be
derived. Assuming that n ∗ (r, z) can be approximated with a linear function along a radial
segment (4.8), and that a uniform vertical field is required (4.9)

n ∗ (r, z0) = a · r + b (4.8)

Bz(r, z) = B0 (4.9)

The solutions, in terms of vector potential, can be written as:

A′
Φ(r, z0) =

1

r
(4.10)

A′′
Φ(r, z0) =

B0

2
r (4.11)

4.10 corresponds to a null magnetic field in theD domain, while 4.11 corresponds to a uni-
form vertical magnetic field inD. The general solution is a linear combination of 4.10 and
4.11:

AΦ(r, z0) = c1A
′
Φ(r, z0) + c2A

′′
Φ(r, z0) (4.12)

The initial problemof finding the optimal current distributionon the coils, in order to have a
vertical homogeneous field inside theD domain, can thusbe rethought so theunknown term
is the vector potential value on a line which defines a region with constant vertical magnetic
field. If the vector potential has the same the value 4.11 along a line which defines a certain
region, then the magnetic field inside that region will be vertical and homogeneous; on the
other hand, if the vector potential has the same the value 4.10 along a line which defines a
certain region, then the magnetic field inside of that region will be zero.
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We thus have to find the set of currents related to a defined magnetic vector potential in a
number of points. This problem translates into an algebraic system:

k11 k12 . . . k18

k21 k22 . . . k28
...

... . . . ...
kn1 kn2 . . . kn8




IF1

IF2

...
IF8

 =


AΦ1

AΦ2

...
AΦn

 (4.13)

To have a regular solution inside the domainD, the number of points n of evaluation of the
magnetic vector potential must bemuch higher than the number of the field shaping coils (8
in this case); n ≫ 8means that the solution will be evaluated with the least squares method.

The total magnetic vector potential is a linear combination ofA′ andA′′, so the solution
for 4.11 is one of the infinite solutions for the problem. In addition, this solution is typically
not valid for magnetomotive force compensation. Hence, we need to find a solution consid-
ering 4.10, which results in a null field inside the domainD. Since this current distribution
doesn’t interfere with the vertical field, it can be scaled with a coefficient to have a total cur-
rent (plasma + FF coils) equal to zero:

IP = 48
∑

I ′F + k · 48
∑

I ′′F (4.14)

Hence, the scaling coefficient for the magnetomotive force compensation will be:

k =
IP − 48

∑
I ′F

48
∑

I ′′F
(4.15)

We can thus write the vector of FS currents as:

IF = I ′F + k · I ′′F (4.16)

The vector of coefficients which correlates the plasma current and the field shaping cur-
rents can thus be defined as the ratio between the FS currents defined in 4.16 and the flat-top
plasma current:

K =
IF
IP

(4.17)

Given this, we can rewrite the system of equations defined in 4.1 by substituting the field
shaping current with IF = KIP . The unknown terms now reduce to 2 (IP and IM ), since
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IF can be obtained using the coefficient in 4.17.{
VM = LM

diM
dt

+ (MMFK +MMP )
diP
dt

+RM iM

VLOOP = −RP iP = MPM
diM
dt

+ (MPFK + LP )
diP
dt

(4.18)

in 4.18, plasma is considered as short-circuited, and the resistive voltage drop is referred as
VLOOP .

[
LM MMFK +MMP

MPM LP +MPFK

][
diM
dt
diP
dt

]
+

[
RM 0

0 0

][
iM

iP

]
=

[
VM

VLOOP

]
(4.19)

The inductance matrix is subdivided as follows: LM MMF MMP

MFM LF MFP

MPM MPF LP

 (4.20)

Where:

• LM is a 4× 4matrix

• MMF is a 4× 8matrix

• MMP is a 4× 1 vector

• MMF is a 8× 4matrix

• LF is a 8× 8matrix

• MFP is a 8× 1 vector

• MPM is a 1× 4 vector

• MPF is a 1× 8 vector

• LP is a scalar

Considering the reduced matrix in 4.19:

• LM is a 4× 4matrix

• MMFK +MMP is a 4× 1 vector
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• MPM is a 1× 4 vector

• LP +MPFK is a scalar

Since VM is defined as in 4.4, the voltage vector in 4.19 becomes the following:

[
VM

VLOOP

]
=


−Voct

−Voct

−Voct

−Voct

VLOOP

 (4.21)

Referring to eq. 4.6, the−Voct terms can bemoved to the left-hand side and incorporated
in the resistance matrix as following:

[
R

]
=

[
RM 0

0 0

]
+

RT

4


1 1 1 1 − 1

48

1 1 1 1 − 1
48

1 1 1 1 − 1
48

1 1 1 1 − 1
48

0 0 0 0 0

 (4.22)

Hence, the system of differential equations now becomes:

Lİ +RI = V (4.23)

With the matrix R described as in 4.22, V = [0, 0, 0, 0, VLOOP ]
T and the initial condi-

tions defined as a vector I0 = [IM0, IM0, IM0, IM0, 0]
T .

4.2 Equivalent circuit for RFX-mod scaling

Once the validity of the RFX-mod equivalent circuit is established, another equivalent cir-
cuit for the analysis of multi-mega ampere machines needs to be defined, under the design
constraints defined by possible operating scenarios. One of themost important points is that
themachine shouldmaintain the typicalRFP configuration advantages, such as the compact-
ness and themechanical and electrical simplicity, with respect to theTokamak and Stellarator
configurations.
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4.2.1 Simplifications due to design constraints

One of the characteristics of the new machine must be the possibility to work with a high
duty cycle, hence a short dwell time. For steady-state or nearly steady-state operations, the
choice for the ohmic heating coils needs to be based on superconductive materials; thus, a
cryostat is required to maintain the superconductive OHwinding below the critical temper-
ature. The field shaping winding shall be maintained as close as possible to the vessel, in
order to reduce the volume to be magnetised and to guarantee compactness; to fulfil these
requirements, the choice needs to shift towards a copper winding, to avoid the cryostat load-
ing gauge. This means that the FS winding cannot achieve both the MMF compensation
and the control of the plasma position as in RFX-mod, but will be designed only for the
application of a vertical field to control the plasma stability.

As said in theprevious section, theFSwinding inRFX-modbasically produces the counter
EMF, other than the equilibrium field; this translates in the fact that the OH winding acts
as the magnetizing winding of a transformer, being not directly influenced by the back EMF
produced by the plasma. So, the ampere-turns compensation essentially reduces the flux (rel-
ative to the OH winding) needed to bring the plasma current to the desired value. So, not
having aMMF compensation is quite a drawback, but also a necessary trade-off to guarantee
the machine compactness when operating in quasi steady state conditions.

WithoutMMFcompensation, the equivalent circuit to study the scaling ofRFX-mod can
be drastically simplified. In fact, if we consider the scheme without the FS winding and the
transfer resistances, the four sectors S1, S2, S3 and S4 can be considered as a single winding
coupled with the plasma. Thus, if the resistance of the OH winding is considered to be
negligible, the system (fig. 4.4) can be described by a simple set of differential equations (eq.
4.24).

Figure 4.4: Simplified equivalent circuit for the scaling of RFX-mod
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{
VM = LM

diM
dt

+MMP
diP
dt

VLOOP = MPM
diM
dt

+ LP
diP
dt

(4.24)

In matrix format: [
LM MMP

MPM LP

][
diM
dt
diP
dt

]
=

[
VM

VLOOP

]
(4.25)

Of course this is not a very precise method to evaluate the current profile in a real config-
uration, but the objective is to define a simple model which can give informations about the
achievable performances in terms of flux swing, electric field, flat-top duration and flat-top
plasma current; these are the key parameters which will help to define the best configuration
between several possible geometries. When a geometry will be defined, more accurate stud-
ies can be carried out to precisely define the electrical network and the power supply system,
but since that point, a very simple model represent a good trade-off to obtain the desired
informations.
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The physicist’s [and Engineer’s, I must add] greatest tool
is his waste basket.

Albert Einstein

5
Tools for the numerical simulations

Theobjective of this thesis is to link the geometric and electric parameters given as an input to
the output functions that we want to evaluate and optimize, such the magnetic field and the
current transients. To calculate the needed parameters, to obtain the output and to analyse
the results, four tools are required:

• A tool to calculate the self and mutual inductances, given the windings geometric pa-
rameters

• A tool to compute the magnetic field, given the windings geometric and electric pa-
rameters

• A tool to solve the system of differential equations

• A tool to minimize the functions subject to constraints

The first two toolswill be extensively described, as they have been fully developed inMAT-
LAB starting from the reference articles, whereas the last two are MATLAB built-in func-
tions, so they will be briefly outlined.

5.1 Tool for the inductance calculation

The system which describes the coupling between the poloidal circuits and the plasma, con-
tains resistive and inductive parameters grouped in a resistance matrix R and an inductance

41



matrix L. The resistive terms are defined and part of the input, such as the transfer resistance
RT , or can be easily calculated, as thewindings resistance. This second term can be neglected,
if the considered conductors are superconductive. The inductive terms, instead, strongly in-
fluence the dynamic of the plasma current and the poloidal windings current, thus a precise
tool is needed to evaluate the self and the mutual inductance for the set of poloidal coils.
Since the position and the number of turns will be changed for each step of the optimization
to minimize the constrained parameters, also the computational time is a crucial factor.

5.1.1 Inductance calculation of coaxial circular coils with rectangular
cross section

For the calculation of the inductances of circular coils with rectangular cross section and uni-
form current density in air, integral formulations are preferred with respect to FEM analysis,
because of their efficiency and accuracy.

Several integral formulations for the computation of auto and mutual inductances have
been described throughout the years, using different approaches such as Bessel functions or
elliptic integrals. The presented formulation has been compared with all the other methods
developed until now, showing the best performances in terms of computational speed and
stability (fig. 5.1), especially for geometries typical of superconductive coils.

Figure 5.1: Comparison of accuracy and computational time
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The mutual inductance is calculated by means of the expression:

M =
µ0N1N2

(R2 −R1)(Z2 − Z1)(R4 −R3)(Z4 − Z3)
Q (5.1)

Where:

Q =

∫ π

φ=0

∫ Z2

Z1

∫ Z4

Z3

∫ R2

R1

∫ R4

R3

rR cos(φ)dRdrdZdzdφ√
r2 +R2 − 2Rr cos(φ) + (z − Z)2

(5.2)

With the coordinates defined as in fig. 5.2 andN1, N2 the number of turn of the two coils.

Figure 5.2: Reference system for coaxial coils

In the reference article, the expressionof 5.2 is analytically integratedwith respect to r,R,z,Z
obtaining:

Q =

∫ π

φ=0

G[R1, R2, R3, R4, Z1, Z2, Z3, Z4, φ] cosφdφ (5.3)
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The expression forQ is quite complicated andwill be described in the appendix, although,
despite the complexity of the formula, thismethod allows theQ functionusing aone-dimensional
integration; this results in high performances for the computational speed, as seen in fig. 5.1.

However, singularities are present in theQ function; this leads to the necessity of an anal-
ysis of the function, to make possible the calculation of auto-inductances and to evaluateQ
stability.

5.1.2 Analysis of theQ function singularities

Q is a monotonically decreasing function with singularities in φ = 0 and φ = π; these
singularities can be easily avoided by using a Gaussian quadrature method. However, the
function becomes very unstable as it approaches the integration boundaries. A further pa-
per describes amethod to correct these instabilities but, since this solution considerably jeop-
ardise the computation speed, a different approach is used to establish whether there is the
necessity to perform this correction.

TheQ function was evaluated for several test cases, and analysed in proximity of the sin-
gularities. As mentioned before, the function becomes highly unstable (fig.5.3).
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(a) Instability as approaching 0

(b) Instability as approachingπ

Figure 5.3: Q instabilities in proximity of the singularity points

The procedure to correct the instabilities is based on an iterative process, which is exten-
sively described in the analysis reference article. The method basically consists of two pro-
cesses:

• Evaluation of the exact value of the functionQ at the integration boundariesQ0 and
Qπ

• Iterative process to find φ0 and φπ

φ0 is defined as the value forwhich the functionQ reaches the valueQ0 and falls belowQ0

forφ > φ0, whereasφπ is defined as the value forwhich the functionQ reaches the valueQπ
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and exceedsQπ forφ < φπ. Then, the function is interpolatedbydefining a set of evaluation
points, multiples of φ0 and φπ. This process, represented in fig. 5.4 essentially reconstructs
the functionQ to preserve the decreasing trend compromised by numerical instabilities.

(a) Interpolation of the function in proximity of 0 (b) Interpolation of the function in proximity ofπ

(c)Corrected functionQ

Figure 5.4: Correction ofQ instabilities

5.1.3 Method comparison

The validation of the algorithm has been carried out considering the benchmark values de-
scribed in the reference article. The results were also compared with reference values from
other methods of inductance calculation. A set of coils with different geometries was consid-
ered for the mutual inductance (5.1) and auto inductance (5.1) calculation.
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With reference to the fig. 5.2, the parameters of the test coils are resumed in the following
tables:

Table 5.1: Mutual inductance test

Case R1 R2 R3 R4 Z1 Z2 Z3 Z4 N1 N2
1 100 200 300 400 100 200 300 400 100 100
2 500 1500 500 1500 0 1000 1001 2001 1 1
3 87.5 112.5 87.5 112.5 -42.5 -17.5 17.5 42.5 200 200
4 200 400 600 800 -100 100 -100 100 500 500
5 28.7 50.7 28.7 50.7 0 30.2 30.21 60.41 10 10
6 28.7 50.7 28.7 50.7 0 30.2 40 70.2 10 10
7 28.7 50.7 28.7 50.7 0 30.2 65 95.2 10 10
8 100 200 100 200 0 100 200 300 100 100
9 1200 1250 1000 1050 0 250 525 725 100 10

Table 5.2: Auto inductance test

Case R1 R2 Z1 Z2 N1
1 1 1.5 0.25 -0.25 1
2 1 3 1 -1 1
3 1 4 3 -3 1
4 1 7 6 -6 1
5 1 9 4 -4 1

For the mutual inductances, the result of the comparison is represented in fig 5.5:
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(a)Graphical comparison of themutual inductances calculation results with the benchmark

(b) Instability as approachingπ

Figure 5.5: Relative percentage error of themutual inductances calculation with respect to the benchmark

The result of the comparison for self inductances is represented in fig 5.6:
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(a)Graphical comparison of the self inductances calculation results with the benchmark

(b) Instability as approachingπ

Figure 5.6: Relative percentage error of the self inductances calculation with respect to the benchmark

As one can see, the results are very accurate for a wide range of geometries. Hence, the
precision and the computational speed of this method led to the choice of this algorithm for
the inductance calculation in this thesis.
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5.2 Tool for the magnetic field computation

RFX-mod is the largest operative RFP device, thus some of the components represent the
current technological state of the art. Since this thesis is not intended to provide an advanced
sizing of the machine, but aims to assess the feasibility of a multi-mega ampere RFP device,
too detailed calculations would be pointless as this stage. Nevertheless, a bigger machine
implies stronger error fields that need to be compensated via the field-shaping winding; a
precise calculation of the error field can thus provide some design constraints for the power
supplies and a baseline model for the control scheme.

Also, the use of superconductive windings is essential to sustainminutes-based discharges.
A correct evaluation of the magnetic field at the most severely stressed coil surface and inter-
nal volume, which is often challenging due to the numerical instabilities in proximity of the
source, is essential to ensure the magnetic field to stay within the critic value.

5.2.1 Benchmark for the magnetic field computational tool

When building a new computational tool, the necessity of a reference to evaluate the preci-
sion, highlights the need of a benchmark. This can be done by cross-referencing with exper-
imental tests, solid analytic formulations, or already benchmarked numerical codes.

In this case, a benchmarked code has first been confronted with an analytical formulation,
to ensure that no syntax errors are present. Then, the definitive algorithmhas been compared
with the references listed in the article, as well as with the benchmarked code, to evaluate the
speed and precision in close proximity to the source.

The analytic formulation is based on the calculation of the magnetic field produced by a
current-carrying filamentary circular loop using Biot-Savart law, with respect to the elliptic
integrals of first and second order.

The solution with respect to elliptic integrals of the magnetic field, considering an axi-
symmetric geometry of the source, is:

Br(r, z) =
µ0I

2πr

z − zc√
(r + rc)2 + (z + zc)2

[−K(k) +
r2c + r2 + (z − zc)

2

(rc − r)2 + (z − zc)2
E(k)] (5.4)

Bz(r, z) =
µ0I

2π

1√
(r + rc)2 + (z + zc)2

[K(k) +
r2c − r2 − (z − zc)

2

(rc − r)2 + (z − zc)2
E(k)] (5.5)
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Where:

• k =
√

4α
Q

• Q = (1 + α)2 + β2

• α = r
a

K(k) andE(k) are the complete elliptic integrals of the first and second kind, whereas
I, rc, zc, a are the current in the wire, the coordinates of its centre and its radius; r, z are the
coordinates of a generic point in space, where the field is to be computed.

Thebenchmarked code is basedon this formulation, but it considers a discretizationof the
rectangular cross-section coil in a number of elements, thus allowing the precise calculation
of the field produced by a solid winding, even in the proximity of the surface.

A first test considering a coil with a width of 1m, a height of 1m and a m.m.f. of 10MA

has been performed. The test was carried out by starting from an evaluation distance of
1m from the source, and progressively reducing it. In fig. 5.7, the maximum percentage
error on themagnetic field is plotted against the axial distance from the evaluation point and
the surface of the coil; one can see that, by approaching the source surface, the wire model
becomes more and more imprecise, with respect to the benchmarked one.

Figure 5.7: Comparison between the filamentary coil formulation and the discretized area formulation - percentage error
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This can also be seen by comparing the magnetic field values at a distance from the source
of 1m and 0.1m (fig. 5.8)

(a) axial distance from the source of 1m

(b) axial distance from the source of 0.1m

Figure 5.8: Comparison between the filamentary coil formulation and the discretized area formulation - magnetic field

values
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5.2.2 Algorithmforthecomputationofmagneticfieldproducedbyanarc
segment of a conductorwith rectangular cross section

This algorithm is based on an analytical exact formulation described by L.K. Urankar, re-
arranged to obtain a 1-D integrand along the φ coordinate (fig. 5.9).

Figure 5.9: Local cylindrical coordinate system

Considering a local cylindrical coordinate system, analytical integrations canbe carried out
along the R and Z direction, obtaining analytic formulations for the magnetic field compo-
nents along the three Cartesian directions:

Bx =
Jµ0

4π

∫ φ2

φ1

Lxy · cos(φ)dφ (5.6)

By = −Jµ0

4π

∫ φ2

φ1

Lxy · sin(φ)dφ (5.7)

Bz = −Jµ0

4π

∫ φ2

φ1

(Lz +
1

2
T1 · ln(M) + f ·RA)dφ (5.8)

The terms in 5.6, 5.7, 5.8 will be described in the appendix but, essentially, by knowing the
geometric parameters of the conductor and the current density, the magnetic field along the
three directions can be calculated. The method present singularities for field points lying on
the z-axis, but this can be simply corrected by switching to well-known formulations of the
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magnetic field along the z-axis, for axi-symmetric configurations. Other singularities occur
when the field is evaluated on the surface, along the φ coordinate; these singularities don’t
occur in our case, because the magnetic field will be evaluated on a poloidal plane, in fact
by exploiting the axi-symmetry, but they can be eliminated by using an adaptive integration,
such as the Gauss-Kronrod quadrature. This approach could be used in a second phase, if
3-D computation of fields will be required.

The algorithm presents several advantages:

• Possibility to compute themagnetic fieldproducedbothby solenoidswith rectangular
cross section, and arc-segments of conductors with rectangular cross section

• 3-D calculation of the magnetic field

• Fast and precise computation of the magnetic field, particularly on the surface of the
source

• Precise computation of the magnetic field with unfavourable aspect ratios

The first two features allow the study of the magnetic field in a large number of applica-
tions, even when limiting to the fusion devices; for example, this tool can be used for the
study of the magnetic field produced by poloidal coils, toroidal coils of various shapes and
also the complex coils used in Stellarator devices.

The last two features become necessary when the magnetic study is performed on su-
perconductive coils; in fact, a precise evaluation of the field is required in proximity of the
sources, to ensure the values to keep within the critical field, and superconductive coils often
have very unfavourable aspect ratios.

Since the new conceptual machine will be necessarily based on superconductive windings,
due to the duration of the operations, this tool represent an optimal choice for the study of
magnetic fields.
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5.2.3 Confrontation with test case and with the discretized area formu-
lation tool

A first comparison was made with a test case described in the reference article: an arc of
solenoid with an high aspect ratio of 500 is considered. Geometric parameters of the coil are
resumed in tab. 5.3.

Table 5.3: Test case

External radius [m] 1
Internal radius [m] 0.5
Height [m] 0.001
Total current [kA] 700
Arc section π

2

Evaluation path radial
ρ [m] 0÷ 1

θ 0

z [m] −0.0005

The magnetic field, evaluated along a radial path at the bottom face of the coil, for the
reference case and the implemented code (fig. 5.10), shows a great accordance of results.
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(a)Magnetic fieldBz in reference case

(b)Magnetic fieldBz in implemented code

Figure 5.10: Comparison for the reference test case

A second test was carried out, comparing the new implemented code and the code refer-
ring to thediscretizationof themagnetic field source. For this test, a path along the zdirection
on the internal surface of the coil was taken into consideration. The same coil as the one in
the first test is considered, but in this case being a complete solenoid (tab. 5.4)
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Table 5.4: Test case 2

External radius [m] 1
Internal radius [m] 0.5
Height [m] 0.001
Total current [kA] 700
Arc section 2π

Evaluation path vertical
ρ [m] 0.5

θ 0

z [m] −0.0005÷ 0.0005

Moving away from the surface of the coil of2cm andprogressively approaching the source
(considering an evaluation over a vertical path of the same height), shows how imprecise the
solution with the discretized area formulation becomes, with respect to the new algorithm.
The maximum percentage error on the modulus of the magnetic field, as the evaluation line
approaches the coil surface, is represented in fig. 5.11.

Figure 5.11: Percentage error between the algorithms, as approaching the field source

The difference between the results given by the two methods, can be better visualized in
fig. 5.12 and 5.12.
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(a)Br andBz components comparison at 2cm from the surface of the coil

(b)B comparison at 2cm from the surface of the coil

Figure 5.12: Comparison between the algorithms at 2cm from themagnetic field source
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(a)Br andBz components comparison on the surface of the coil

(b)B comparison on the surface of the coil

Figure 5.13: Comparison between the algorithms on themagnetic field source

A third test was made to point out a problem of the tool based on the area discretization,
when dealingwith coils with large cross-sections. For this test, the computational time is part
of the reasoning, hence, also a performance evaluation of the new code was carried out, by
establishing the number of points for the Gauss quadrature that guarantee a good stability
of the solution. The geometric parameters for the considered coil are resumed in tab. 5.5.
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Table 5.5: Test case 3

External radius [m] 5.5
Internal radius [m] 4.5
Height [m] 1
Total current [MA] 10
Arc section 2π

Evaluation path radial
ρ [m] 4÷ 6

θ 0

z [m] 0

By looking at figure 5.14, one can say that the solution surely starts to stabilize after 100
integration points, when the field evaluation points lay on the source surface.

Figure 5.14: Percentage error between the initial solution and the solution with n quadrature points

By taking a closer look (fig. 5.15), we can see that the function is still growing, but the
increase of the integration points from 100 to 200, brings a relative percentage variation of
just 0.01%. Since the computational time significantly increase from 100 to 200 points, and
since this change would bring a negligible effect, the number of quadrature points will be
fixed to 100 for the following considerations.
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Figure 5.15: Detail of figure 5.14

The algorithm based on Urankar’s formulation with 100 integration points, and the algo-
rithm based on the discretized source by a 10× 10 grid, led to the following average compu-
tational times:

• Urankar approach: tAV G = 0.055s

• Discretized area approach: tAV G = 0.025s

The second approach is faster, but it lacks on accuracy and stability. In fact, fig. 5.16 shows
ten peaks of the solutionwith the discretized area approach, relative to the boundaries of the
discretization grid.
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Figure 5.16: Comparison between Urankar and discretized area approaches

To make a correct comparison, the discretization grid for the second approach must be
denser; by using a 50× 50 grid, the following results are obtained:

• Urankar approach: tAV G = 0.04s

• Discretized area approach: tAV G = 0.55s
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Figure 5.17: Comparison between Urankar and discretized area approaches with a denser grid

As one can see from fig. 5.17, the oscillations are still compromising the precision of the
second approach, and the computational time has increased by more than 2000%; this leads
to an unacceptable solution in terms of precision and time, with respect to the Urankar ap-
proach.

With these tests, we have proven the reliability and efficiency of the new algorithm, hence
justifying its choice.

5.3 Tools to solve the differential algebraic equation

The differential algebraic equations defined in 4 have different characteristics, thus they can
be solved with different methods.

The system 4.25 contains other two time-dependent variables, VLOOP and VM ; if we con-
sider VLOOP as a constant term and VM to have constant but different values over three
intervals, we can simply solve the system of differential equations by splitting it into three
time-intervals. In this case, the derivatives of the currents iM and iP can be considered lin-
ear or constant functions, depending on the relevant interval. The solution will be further
described in the next chapter.

Regarding theRFX-mod equivalent circuit 4.3, a set ofMATLABbuilt in functions were
used to solve the system of first order differential equations described in 4.18.
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5.3.1 ODE solver for RFX-mod equivalent circuit

The tool used to solve the differential algebraic equations describing the RFX-mod equiva-
lent circuit is the MATLAB ODE suit, which contains a number of different solvers useful
for both stiff and non-stiff systems. The formulas implemented in these algorithms are the
so called ”Numerical Integration Formulas”, a modification of the backward differentiation
formulas. The NDF’s are more efficient than the BDF’s, considering the achievement of the
same A-stability. During the differentiation, the step-size is changed to achieve both effi-
ciency and the required tolerance.

5.4 Tool for the optimization

For the scaling ofRFX-mod, twoobjective functions to beminimized have been defined: the
stray field in the plasma area and themaximum field in the central solenoid. These functions
have to be minimized, following the criteria described in the next chapter. The tool utilised
for this purpose was patternsearch, a built-inMATLAB function; this algorithm is based on
direct search, amethod for solving optimization problems that does not require any informa-
tion about the gradient of the objective function. A direct search algorithm searches a set of
points around the current point, looking for one where the value of the objective function
is lower than the value at the current point.

The patternsearch algorithm begins at the externally defined initial point. At the first iter-
ation, the direct search algorithm builds a mesh around the initial point, and polls the mesh
points by evaluating their objective function. The poll stops as soon as the direct search algo-
rithm finds amesh point whose fitness value is smaller than that of the current point. After a
successful poll, the algorithm expands the current mesh size and polls the mesh points again.
When none of the mesh points has a smaller objective function value than the previous one,
the algorithm does not change the current point at the next iteration. Instead, it contracts
the mesh size and polls again the mesh points in a smaller mesh. The patternsearch performs
60 iterations before stopping. In our case, a boundary was defined to avoid overlapping of
the coils: for bounds, patternsearchmodifies poll points to be feasible, meaning to satisfy all
bounds.
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(a) Successful poll

(b)Unsuccessful poll

Figure 5.18: Example of successful and unsuccessful polls
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The poll algorithm used for this optimization was a Mesh Adaptive Search (MADS). A
MADSpoll uses newly generated pseudorandommesh vectors at each iteration. The vectors
are randomly shuffled components from the columns of a random lower-triangular matrix.
Unsuccessful polls contract the mesh by a factor of 4, whereas successful polls expand the
mesh by a factor of 4. When there is a successful poll, patternsearch starts at the successful
point and polls again. This extra poll uses the same mesh vectors, expanded by a factor of 4.
The extra poll looks again along the same directions that were just successful.
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A truly good book teaches me better than to read it. I must
soon lay it down, and commence living on its hint. What
I began by reading, I must finish by acting.

Henry David Thoreau

6
Conceptual Design

Once described the problem, some other assumptions and considerations have to be made
to define the initial conditions and the sources in equations 4.18 and 4.24.
As seen in 4, the RFX-mod problem and the scaling problem can be treated in two sub-

stantially different ways.

6.1 RFX-mod numerical simulations

As previously described, the RFX-mod discharge operations, concerning the PF circuit, can
be subdivided into four phases:

1. Charge of the magnetizing winding in order to achieve the desired flux swing

2. Discharge of themagnetizing winding through a transfer resistance (Ramp-up phase)

3. Compensation of the plasma voltage drop through a flux variation imposed by exter-
nal power supplies (Flat-top phase)

4. Extinction of the plasma discharge through the controlled reduction of the magnetiz-
ing winding current (Ramp-down phase)

Since the control of the Flat-top phase is not a subject of this thesis, only the second and
the fourth phases will be taken into consideration; in fact, the experimental data considered
refers to a free evolution of the system PF winding-Plasma: a flux swing is provided by dis-
charging theOHwinding through a transfer resistance, then the system is left to freely evolve.
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6.1.1 Initial conditions

We can recall the system of DAEs which describe the RFX-mod equivalent circuit:

[
LM MMFK +MMP

MPM LP +MPFK

]


diM1

dt
diM2

dt
diM3

dt
diM4

dt
diP
dt

+
[
R

]


iM1

iM2

iM3

iM4

iP

 =


0

0

0

0

VLOOP

 (6.1)

Where the matrix R is defined as:

[
R

]
=


RM1 0 0 0 0

0 RM2 0 0 0

0 0 RM3 0 0

0 0 0 RM4 0

0 0 0 0 0

+
RT

4


1 1 1 1 − 1

48

1 1 1 1 − 1
48

1 1 1 1 − 1
48

1 1 1 1 − 1
48

0 0 0 0 0

 (6.2)

The initial conditions to be defined are thus relative to the OHwinding currents and the
plasma current. For the experimental discharge considered, the initial current in the four
sectors of the magnetizing winding is 40 kA. On the other hand, the initial plasma current
is obviously 0. Hence, the initial conditions to be considered are:

iM1

iM2

iM3

iM4

iP

 =


40000

40000

40000

40000

0

 (6.3)
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6.1.2 Sources

As it can be seen in eq. 4.22 and eq. 6.2 , the sources referring to the OH winding have
been moved to the left-hand side and incorporated in the R matrix. Hence, the OH wind-
ing voltage sources are not required to be defined, thanks to the structure of this particular
problem.

The only source that has to be defined is the plasma voltage drop VLOOP , which is not
exactly a source, but it represent the plasma resistive voltage drop, defined by the product
RP (iP ) · iP . RP is time dependent, because it is function of the plasma temperature, hence
the plasma current. Experimental results in RFX-mod have shown that the trend of VLOOP

during the Ramp-up phase is very difficult to predict, since it depends onmany environmen-
tal factors and also on themachine conditioning. Also during the Flat-top phase, theVLOOP

can be subject to consistent variations from one discharge to the other. A common assump-
tion in the current transient analysis for RFX-mod discharges, is the one that considers the
plasma voltage drop to be constant throughout the whole duration of the discharge, apart
from the final part of the Ramp-down phase. Since the part of the discharge that we will
be evaluating is the Ramp-up phase and part of the Ramp-down, and since the Ramp-up
duration is extremely brief with respect to the whole current evolution, the constant VLOOP

assumption is a solid one, as it will be seen in the next chapter.
The VLOOP value has been extrapolated from experimental results, considering the mode

of a large set of discharge data. The voltage drop considered is VLOOP = −20V, hence, the
right-hand side of 6.1 can be rewritten as:

0

0

0

0

VLOOP

 =


0

0

0

0

−20

 (6.4)
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6.1.3 Modelling of RFX-mod

RFX-mod has been modelled by taking advantage of the axisymmetry of the configuration,
thus by considering a poloidal cross section of the machine. Another consideration that
lighten the computational cost is that the PF-winding configuration is symmetric with re-
spect to the radial axis, and that the symmetric coils are connected in series. Given this, the
computational costs that derive from the calculation of the inductances and the magnetic
field can be consistently reduced.

(a)Representation of RFX-mod

(b)Detail of theOH and FSwindings representation

Figure 6.1: RFX-mod geometry representation
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As it can be seen in fig. 6.1, each coil of the OH and FS winding has been represented to
improve the precision of the inductances and the magnetic field calculations.

Hence, for the calculation of the self and mutual inductances, each single coil has been
considered. Then, the terms relative to each section have been summed, leading to the in-
ductance matrix described in 6.1. For the calculation of the plasma mutual inductances, a
single conductor in the position of the plasma centroid has been considered.

The same has been done for the calculation of the magnetic field, so the contribution of
each coil has been summed to obtain the total magnetic field in a set of points. These calcula-
tions have been used to determine the flux map of the OHwinding and the FS winding. As
it can be seen in fig. 6.2, theOHwinding is well-coupledwith the plasma, since themagnetic
flux is practically null inside the plasma area. In the other figure, the magnetic flux relative
to the FS winding is represented; it can be noted that this field is vertical, since a radial force
to re-establish an equilibrium position for the plasma is needed.
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(a)OHwinding fluxmap

(b) FSwinding fluxmap

Figure 6.2: RFX-mod fluxmap
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6.1.4 Comparisonwith experimental results

The following experimental discharge has been considered for this evaluation:

• iM0 = 40kA

• iP F−T = 1.45MA

With the initial conditions and the sources defined as in the previous sections, we obtained
the following results for the Plasma current IP and the OHwinding current IM :

(a) Plasma current

(b)OHwinding current

Figure 6.3: Comparison of IP and IF with an experimental RFX-mod discharge

Whereas, by considering the numeration described in fig. 6.4 for the FS winding coils.
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Figure 6.4: Numeration of the RFX-mod FS coils

We obtained the following IF currents:

Figure 6.5: Comparison of IF with an experimental RFX-mod discharge
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6.2 Conceptual reactor numerical simulations

The basic operations of a RFP machine can be subdivided into three phases:

1. Ramp-up

2. Flat-top

3. Ramp-down

Unlike RFX-mod, the OH winding is not designed to be discharged through a transfer
resistance during the Ramp-up phase; instead, after bringing the magnetizing current to the
maximumvalue, a power supplywith a reverse voltagewill be connected to theOHwinding,
thus directly controlling the flux swing during theRamp-up. Thiswill result in high solicited
power supplies and extreme performances requested from the solid state converters. This
will be one of the main technological issues for this conceptual machine, but since it will
probably be constructed not earlier than ten years fromnow, the current technological issues
are not considered as excessive limitations or design constraints.

6.2.1 Initial conditions

As in the previous problem, the initial conditions to be defined are the plasma current and
the magnetizing current at the beginning of the discharge. The initial conditions for each
scaling have been established through iterations to guarantee both an effective exploitation
of the machine and the achievement of a limited stray field. The results for each case will be
described in the next chapter in terms of total Magneto-Motive Force (MMF).

The level of utilisation of the machine can be expressed in terms of the maximum field
in the superconductive magnets. In fact, once the current density and the temperature are
defined, the performances of the machine are limited by the critical magnetic field of the
superconductor. In a superconductor, the magnetic field (B), the temperature (K) and the
current density (J) must be maintained below the critical surface in order to retain supercon-
ductivity (fig. 6.6).
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Figure 6.6: Superconductor critical surface

For preliminary considerations on this RFPmachine, the superconductors considered are
those constituting the ITER central solenoid. The operating conditions and the characteris-
tics of these superconductive coils are resumed in tab. 6.1.

Table 6.1: Operating parameters of ITER central solenoid coils

Superconductor material Nb3Sn

Maximum field [T] 13
Temperature [K] 5
Maximum current density [ A

mm2 ] 15
Nominal current [kA] 45
Turns per module 535
Number of modules 6
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Figure 6.7: ITER central solenoid

So, the reference values for the current density, the temperature and the magnetic field
for the RFP machine (tab. 6.2) have been chosen to be within the limits defined by ITER
operating conditions.

Table 6.2: Operating limits of the RFPmulti-mega Amperemachine

Superconductor material Nb3Sn

Maximum field [T] 13
Temperature [K] 5
Maximum current density [ A

mm2 ] 15
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6.2.2 Sources

Asmentioned before, the sources in thisRFPmachine are considered able to instantly follow
the circuit dynamic byproviding the desired voltage at any instant of the discharge. Of course
this is an idealization, but as wementioned, this technological issue will not be considered as
a constraint at this stage of the machine analysis.

In this case, if we consider the eq. 6.5, we can see that both the VM and the VLOOP shall
be defined.

[
LM MMP

MPM LP

][
diM
dt
diP
dt

]
=

[
VM

VLOOP

]
(6.5)

For the plasma resistive voltage drop, the same considerations of section 6.1.2 apply to this
case. Thus, the VLOOP can be considered constant during the whole discharge, but its value
must be scaled considering the geometry of the configuration and the flat-top plasma current.
In fig. 6.8, the experimental results obtained from the analysis of RFX-mod discharges are
displayed.
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(a)VLOOP scaling with current
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(b)VLOOP scaling with temperature

Figure 6.8: Scaling of theVLOOP

The results pictured in fig. 6.8, led to the following scaling of the resistive voltage drop of
the plasma, with respect to the current:

VLOOP−SCAL = VLOOP

(
IP

IP−SCAL

)α

(6.6)
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This scaling has not been experimentally proven for a wide range of currents, since the
maximumplasma current values explored forRFPmachines are in fact the ones inRFX-mod.
For this reason, two values of the exponent α have been extrapolated from the experimental
results, in order to establish an optimistic and a pessimistic scaling:

• α = 0.2 pessimistic case

• α = 0.3 optimistic case

Similarly, we can also define a geometric scaling coefficient. For a toroidal configuration,
the VLOOP has been proved to change with a coefficientKGEOM :

KGEOM =

(
R0−SCAL

R0

)(
a

aSCAL

)1.5

(6.7)

With these coefficients, we can evaluate the VLOOP for a set of different geometries and
flat-top currents.

For the voltage VM applied to the magnetizing winding through power supplies, the fol-
lowing considerations can be made: if the discharge can be subdivided into the Ramp-up,
the Flat-top and theRamp-down, also the analysis of the current transient can be subdivided
into three parts, by considering different initial conditions and sources:

1. Ramp-up: Application of a constant reverse VM , with initial conditions defined in
6.2.1

2. Flat-top: Compensation of the plasma resistive voltage drop, with initial conditions
definedwhen thedesired flat-topplasma current is reachedduring theRamp-upphase

3. Ramp-down: Dependingon thedesireddurationof the ramp-down, during this phase
the OHwinding power supply may be removed, or a constant VM may be applied to
reduce the dwell-time. The initial conditions are established when the available mag-
netic flux reaches the lower limit.

Hence, the DAEs defined in 6.8 can be easily solved by splitting the problem into the
aforementioned three parts.

1. Ramp-up [
diM
dt R−U
diP
dt R−U

]
=

[
M

]−1
[
VM R−U

VLOOP

]
(6.8)
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With the derivatives we can define the Ramp-up time:

tR−U =
iP F−T

diP
dt R−U

(6.9)

And the final iM :
iM F−T = iM0 +

diM
dt R−U

· tR−U (6.10)

2. Flat-top
During the flat-top, since diP

dt
= 0, eq. 6.5 can be rewritten as:{

VM = LM
diM
dt

VLOOP = MPM
diM
dt

(6.11)

Hence:
diM
dt F−T

=
VLOOP

MPM

(6.12)

If we consider to have a lower limit for the magnetizing current equal to the opposite
of the iM0, we can get the flat-top duration:

tF−T =
−iM0 − iM F−T

diM
dt F−T

(6.13)

3. Ramp-down [
diM
dt R−D
diP
dt R−D

]
=

[
M

]−1
[
VM R−D

VLOOP

]
(6.14)

tR−D =
−iP F−T

diP
dt R−D

(6.15)

With these parameters we can thus define the whole discharge evolution.

6.2.3 Plasma inductance

The plasma inductance can be divided into two terms:

• Li: Plasma internal inductance

• Le: Plasma external inductance
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The internal inductance refers to the one correlated to the total magnetic field inside the
plasma area, since the external toroidal magnetic field is extremely weak with respect to the
one generated by the plasma itself. The plasma external inductance can be considered as the
inductance of a thin wall cylindrical conductor with a superficial distribution of the current.

The Plasma external inductance can thus be calculated with the well known analytical
formula:

Le = µ0R0

[
log

(
8
R0

a

)
− 2

]
(6.16)

For the internal inductance, the Plasma current distribution must be defined.
Considering:

µ = µ0J · B

B2
(6.17)

And the pinch parameter:

θ =
Bθ(a)

⟨Bϕ⟩
(6.18)

Experimental distributions are well described by µ radial profiles of the form:

µ(r) =
2θ0
a

[
1−

(r
a

)α]
(6.19)

The local parameter θ0 is correlated to the on-axis current value:

θ0 = µ0a
J(0)

B(0)
(6.20)

Through these equations, the internal current profile can be defined by establishing the
θ0 and α parameters. For the SHAx states, these parameters are in the range:

• α = 5÷ 5.5

• θ0 = 1.45÷ 1.52

Then, fromMHD equations, the toroidal and poloidal magnetic field profiles can be ob-
tained. Through these fields, we can calculate the total internal magnetic energy:

WTOT =
1

2
µ0

∫ a

0

(
B2

θ +B2
ϕ

)
r dr (6.21)

With the total internal magnetic energy, the internal inductance can be evaluated. Once
defined the internal inductance for a certain geometry, it can be simply scaled to another one
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by considering that:

Li−SCAL = Li
R0−SCAL

R0

(6.22)

6.2.4 Geometric constraints

To provide an adequate space for a breeding blanket around the plasma region, the central
solenoid of the OHwinding must be kept at a certain distance, as in the example in fig. 6.9.

Figure 6.9: Possible configuration of a hybrid RFP reactor

Therefore, in order to satisfy this geometric constraint, the distance between the central
solenoid and the external plasma boundary has been maintained at least at 0.5m for all the
explored configurations.

6.2.5 Limitations for the stray field

The stray field, i.e. the vertical error field inside the plasma area, must be kept below a certain
percentage of the equilibrium vertical field that the field shaping coil have to apply. This
percentage is in a range of 10 ÷ 15% of the equilibrium field BV . Hence, to minimize the
percentage of the stray field with respect to the vertical equilibrium field, it is necessary to
calculateBV for each configuration. The vertical equilibrium field can be written as:
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BV =
µ0iP F−T

4πR0

[
log

(
8R0

a

)
+ Λ− 0.5

]
(6.23)

Where the a-dimensional parameterΛ is:

Λ =
li
2
+ βθ − 1 (6.24)

βθ is the ratiobetween themeanvalueof the kinetic pressure in theplasma and thepoloidal
term of the magnetic pressure:

βθ =
⟨p⟩
B2

θ

2µ0

(6.25)

and li the a-dimensional parameter:

li =

∫
B2

θ (r)rdθdr

B2
θ (a)πa

2
(6.26)

For the RFP configuration, the values of βθ and li can be maintained constant for he dif-
ferent geometries:

• βθ = 0.1

• li = 1.5

Butwe can see from6.23 that the equilibrium vertical field depends also on the plasma flat-
top current iP F−T and on the geometric parameters of the configurationR0 and a. Hence,
the confrontation ismade for every single configuration, depending on the geometry and the
plasma flat-top current.

6.2.6 Optimization of the geometries

To determine the feasibility of a RFP reactor, a set of different geometries with variousmajor
radiiR0 and aspect ratios ξ have been explored. R0 and a for the different geometries have
been established from a scaling of RFX-mod. The range of R0 varies from a minimum of
4m to a maximum of 6m, whereas the aspect ratio ξ has been kept within the range 4÷ 9.

Given these limits, the set of geometries that have been considered are:

• R0 = 4m, a = 0.5m
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• R0 = 4m, a = 1m

• R0 = 6m, a = 1m

• R0 = 6m, a = 1.5m

• R0 = 9m, a = 1m

• R0 = 9m, a = 1.5m

• R0 = 9m, a = 2.25m

For each case, the geometry and the MMF of each coil have been optimised to meet the
geometrical constraints and the magnetic field constraints described in the previous sections.
In the next figures, each optimised geometry is represented with the flux map and the peak
values of both the stray field and the central solenoid field.
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Figure 6.10:R0 = 4m, a = 0.5m
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Figure 6.11:R0 = 4m, a = 1m
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Figure 6.12:R0 = 4m, a = 1m
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Figure 6.13:R0 = 6m, a = 1.5m
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Figure 6.14:R0 = 9m, a = 1m

90



Figure 6.15:R0 = 9m, a = 1.5m
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Figure 6.16:R0 = 9m, a = 2.25m
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The overall maximum field, an important parameter to define the superconductors oper-
ating conditions, didn’t reach the established value of approximately 12T for each configu-
ration, since a trade-off between the optimal use of the machine and the stray field has to be
made. The values are resumed in the following figure:

Figure 6.17: Overall maximum values of themagnetic field for each optimised configuration

To obtain information on the feasible configurations, also a set of flat-top currents has
been considered for each geometry, to evaluate if the percentage of the stray field, with respect
to the equilibrium vertical field, could be kept within the established range. The results for
each geometry and for a set of iP F−T = 5MA − 10MA − 20MA are represented in fig.
6.18.
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Figure 6.18: Overall maximum values of themagnetic field for each optimised configuration

As it can be seen, the value is not below the limit for certain configurations of geometry
and current. This is due to the fact that, by considering a lower flat-top current in the same
geometric configuration, the vertical equilibrium field decreases, whereas the stray field is
maintained constant. So, of course, if the FSwinding is in general able to correct the absolute
value of the stray field for a certain geometry, it will be able to correct it for every flat-top
current value. The limitation on the percentage value of the stray field with respect to the
vertical equilibrium field, ismore of a design criterion; in fact, if the FSwinding and its power
supply are designed for relatively low flat-top plasma currents, they won’t be able to correct
a strong stray field if it becomes relevant if compared with the vertical equilibrium field they
need to provide. So, the graph in fig. 6.18, shows us the flat-top current reference for which
it would be reasonable to design a machine with a given geometry. For example, machines
withR0 = 6m, a = 1.5m and withR0 = 9m, a = 2.25mwould not be designed with
good criteria, if the maximum operating flat-top current is 5MA.

6.2.7 Discharge simulations for the optimised geometries

With the optimised geometries, we were finally able to perform the discharge simulations
in a wide range of VLOOP , to evaluate which machines are the most viable choices for the
development ofRFP reactors. Basing on the pessimistic and optimistic scaling of theVLOOP ,
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the following values have been chosen to investigate the different configurations:

• VLOOP = 1V

• VLOOP = 5V

• VLOOP = 10V

With the following results:

Figure 6.19: Flat-top duration for the optimised configurations withVLOOP = 1V
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Figure 6.20: Flat-top duration for the optimised configurations withVLOOP = 5V

Figure 6.21: Flat-top duration for the optimised configurations withVLOOP = 10V

The best results are obviously achievedwith the biggermachines, withmajor radiusR0 =

9 m. However,with the RFX-mod research team and director, it was concluded that the
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bigger machines would be too expensive and technologically challenging in a short-to-mid
range period of time. Then, sinceRFX-mod is awell studiedmachine and the considerations
made for the aspect ratio ξ = 4 are experimentally supported, it has beendecided tomaintain
this value of ξ also for the scaled machines. Therefore, the final choice was:

• R0 = 4m, a = 1m

• R0 = 6m, a = 1.5m

6.2.8 Follow-up on the chosen configurations

In this analysis, only the configurationsR0 = 4m, a = 1m andR0 = 6m, a = 1.5m

are considered, since they have been determined to be the most viable ones.
Given the scaling formulas defined in 6.6 and 6.7, more likely and targeted values of the

VLOOP can be defined, according to the following considerations:
Given the best case scenario for RFX-mod, with

• VLOOP = 15 V

• iP F−T = 1.5MA

We can consider to scale the machine, in terms of flat-top plasma current, of a factor 10.
Consequently, we can define:

V ∗
LOOP = VLOOPKSCAL = VLOOP

(
iP F−T

i∗P F−T

)α

= 15

(
1

10

)α

(6.27)

Considering the pessimistic and the optimistic scaling:

• α = 0.2 pessimistic case

• α = 0.3 optimistic case

We obtain two values for the current scaling coefficient:

• KCURR−P = 0.631 pessimistic case

• KCURR−O = 0.5012 optimistic case
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Taking into account also the geometry scaling coefficient defined in 6.7

KGEOM =

(
R0−SCAL

R0

)(
a

aSCAL

)1.5

(6.28)

The final values of the VLOOP can be determined for the two configurations as:

VLOOP−SCAL = KCURRKGEOM (6.29)

Obtaining:

Table 6.3: Scaling of theVLOOP for the optimised geometries

Geometry VLOOP−SCAL optimistic VLOOP−SCAL pessimistic

R0 = 4m, a = 1m 5.3V 6.7V

R0 = 6m, a = 1.5m 4.3V 5.5V

Since some studies on the VLOOP experimental trend led to a result of α = 0.5, we con-
sidered also a third scenario, the ”very-optimistic” case. The value α = 0.5 has however
been considered to be an excessive positive forecast, so an intermediate value ofα = 0.4was
considered for the very-optimistic scenario. Besides, this scaling presents major uncertain-
ties, so it would be an unnecessary introduction of details to consider the precise values we
calculated. Hence, we centred in the following values, with a tolerance of±1 V :

Table 6.4: VLOOP values assumed for the conceptual design

Geometry VLOOP−SCAL

R0 = 4m, a = 1m 5± 1 V

R0 = 6m, a = 1.5m 4± 1 V

With these values, wewere finally able to performmore simulations, gatheringmore plau-
sible and detailed results for the chosen geometries.

For each configuration, three different values for the flat-top plasma current were consid-
ered:

• 10MA

• 15MA
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• 20MA

6.2.9 Analysis of the configurationR0 = 4m, a = 1m

Tomeet the required operating conditions for the overall maximum field and the stray field,
the total MMF has been further modified. Also, we tried to achieve an electric field of about
10 V

m
in the plasma region, an optimal value for the initiation of the discharge. This led to

the following results, resumed in fig. 6.22 and tab. 6.5.

Abbreviations

• R0 : major radius

• a : minor radius

• Φ : magnetic flux referred to the plasma cross section

• MMFOH : ohmic heating winding total ampere-turns

• BMAX : overall maximummagnetic field

• BSTRAY : maximum stray field in the plasma region

• VLOOP : plasma electric potential

• IP : flat-top plasma current

• tF−T : flat-top duration

• EPLASMA : electric field applied to the plasma

Table 6.5: OHwinding parameters forR0 = 4m,a = 1m

MMFOH [MAt] Φ(peak to peak) [Wb] BMAX [T ] BSTRAY [mT ]

71.5 350 12 58
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Figure 6.22: Fluxmap andmaximum values of the constrained parameters forR0 = 4m,a = 1m

Asaforementioned, discharge simulationswith threedifferent values of the flat-topplasma
current were performed, with the results resumed in tab. 6.6 and thoroughly analysed in the
following sections.
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Table 6.6: Plasma parameters forR0 = 4m,a = 1m

VLOOP [V ] IP [MA] tF−T [s] EPLASMA [ V
m
]

6 10 32.9 10.2
5 10 39.6 10.2
4 10 49.8 10.2

6 15 20.2 10.2
5 15 24.5 10.2
4 15 30.9 10.2

6 20 7.4 10.2
5 20 9.3 10.2
4 20 12.1 10.2

Trends of the constrained magnetic field

Figure 6.23: Trend of the stray field along a radial path, forR0 = 4m,a = 1m

The stray field is always maintained below the 10% of BV , inside the plasma area, but the
fig. 6.23 also shows that it decreases towards the centre of the configuration; hence, since
the greater interactions between the plasma and the stray field happen in the centre of the
configuration, the error force that needs to be compensated is much more limited than the
value which corresponds to the maximum stray field.
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Figure 6.24: Trend of the overall maximum field along a radial path in the central solenoid, forR0 = 4m,a = 1m

Case: IP = 10MA

Figure 6.25: Plasma currents forR0 = 4m,a = 1m
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Figure 6.26: Flux swing forR0 = 4m,a = 1m

Figure 6.27: Characteristic time intervals forR0 = 4m,a = 1m
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Case: IP = 15MA

Figure 6.28: Plasma currents forR0 = 4m,a = 1m

Figure 6.29: Flux swing forR0 = 4m,a = 1m
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Figure 6.30: Characteristic time intervals forR0 = 4m,a = 1m

Case: IP = 20MA

Figure 6.31: Plasma currents forR0 = 4m,a = 1m
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Figure 6.32: Flux swing forR0 = 4m,a = 1m

Figure 6.33: Characteristic time intervals forR0 = 4m,a = 1m

For all the described cases, the magnetizing winding has been kept un-powered during the
ramp-down.

6.2.10 Analysis of the configurationR0 = 6m, a = 1.5m

The same was done for the caseR0 = 6m, a = 1.5m, with these results:
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Table 6.7: OHwinding parameters forR0 = 6m,a = 1.5m

MMF [MAt] Φ(peak to peak) [Wb] BMAX [T ] BSTRAY [mT ]

107.2 832 12.5 44.8

Figure 6.34: Fluxmap andmaximum values of the constrained parameters forR0 = 6m,a = 1.5m
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Table 6.8: Plasma parameters forR0 = 6m,a = 1.5m

VLOOP [V ] IP [MA] tF−T [s] EPLASMA [ V
m
]

5 10 117.5 10.6
4 10 147.1 10.6
3 10 196.5 10.6

5 15 95 10.6
4 15 119.1 10.6
3 15 159.2 10.6

5 20 72.5 10.6
4 20 91.1 10.6
3 20 122 10.6

Trends of the constrained magnetic field

Figure 6.35: Trend of the stray field along a radial path, forR0 = 6m,a = 1.5m

The same considerations made for the other geometry can be applied here.
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Figure 6.36: Trend of the overall maximum field along a radial path in the central solenoid, forR0 = 6m,a = 1.5m

Case: IP = 10MA

Figure 6.37: Plasma currents forR0 = 6m,a = 1.5m

109



Figure 6.38: Flux swing forR0 = 6m,a = 1.5m

Figure 6.39: Characteristic time intervals forR0 = 6m,a = 1.5m
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Case: IP = 15MA

Figure 6.40: Plasma currents forR0 = 6m,a = 1.5m

Figure 6.41: Flux swing forR0 = 6m,a = 1.5m
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Figure 6.42: Characteristic time intervals forR0 = 6m,a = 1.5m

Case: IP = 20MA

Figure 6.43: Plasma currents forR0 = 6m,a = 1.5m
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Figure 6.44: Flux swing forR0 = 6m,a = 1.5m

Figure 6.45: Characteristic time intervals forR0 = 6m,a = 1.5m

For all the described cases, the magnetizing winding has been kept un-powered during the
ramp-down.
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7
Conclusion

This early-stage design of a RFP multi-mega Ampere machine has led to the choice of two
potential solutions, which define a baseline for the development of RFP reactors.

As seen, the selection criteria has been:

• Compactness of the machine

• Limitation of the stray field in the plasma region within a value of 10%BV

• Limitation of the maximum field inside the OHwinding at a value of 12÷ 13T

• Achievement of an electric field of 10 V
m
during the ramp-up flux swing

• Sustained duration of the flat-top phase

The chosen geometries are:

• R0 = 4m, a = 1m

• R0 = 6m, a = 1.5m

Explored in a range of different flat-top currents and VLOOP , as it can be seen in fig. 7.1.
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Figure 7.1: Flat top duration for all the studied cases

The flat-top duration is highly sensitive to the VLOOP ; hence, a crucial point in the feasi-
bility study of RFP reactors, remains the plasma resistive voltage drop. Thus, a fundamental
part in future researches should be entirely dedicated to the deepening of this parameter, as
its precise knowledge is extremely important, even in early-stage designs.

Another consideration can be made on the duration of the operations. The duty cycle of
such amachine should be high, hence the dwell time needs to be reduced asmuch as possible
to guarantee a quasi-steady state operation with multiple swings. In fig. 7.2, an example of a
double-swing operation is represented.
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Figure 7.2: Double swing operation

In the discharged evaluated in the previous section, we can see that the available flux is
consistently reduced during the ramp-down phase, even with a non-powered OH winding.
To reduce the dwell time we can apply a voltage to the OHwinding during the ramp-down
phase. For example, with:

1. VOH R−D = 50 kV forR0 = 4m, a = 1m

2. VOH R−D = 100 kV forR0 = 6m, a = 1.5m

In fig. 7.3 and 7.4 can immediately see a consistent reduction of the dwell time, but also
of the available flux.

117



(a)Characteristic time intervals withVOH R−D = 50 kV

(b) Flux swing withVOH R−D = 50 kV

Figure 7.3: Reduction of the dwell time in the configuration withR0 = 4m, a = 1m
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(a)Characteristic time intervals withVOH R−D = 100 kV

(b) Flux swing withVOH R−D = 100 kV

Figure 7.4: Reduction of the dwell time in the configuration withR0 = 6m, a = 1.5m

As a consequence, a trade-off has to be made between the ramp-down duration and the
available flux for the following discharge, if we want to achieve good performances in terms
of duty cycle and number of consecutive discharges.
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