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Advancing LHC Superconducting Circuit Models through Closed-Loop
Multi-Objective Optimization

Abstract: The Large Hadron Collider (LHC) comprises eight individual main dipole circuits (RB),
each containing 154 superconducting magnets. Simulations of the electrothermal behavior of these cir-
cuits during transients are an essential tool to verify the circuit performance and for the analysis of
unexpected events occurring in these circuits. For example they are used, to analyze Fast Power Abort
(FPA) events, which are triggered in case a disturbance (such as a power-supply trip, equipment mal-
functioning, or a magnet quench) in the main dipole circuit is detected. Since the physical mechanisms
determining the behavior of superconducting magnet circuits span different scales, it is not practical to
exclusively simulate them using conventional approaches like finite element methods, as the simulation
would become computationally too expensive. However, these challenging simulations can be carried
out with the Simulation of Transient Effects in Accelerator Magnets (STEAM) framework, developed
at CERN. The accuracy of these simulations is highly influenced by the models of two different types
of circuit subcomponents: the energy extraction resistors and the magnets’ by-pass diodes. The elec-
trical behavior of these two components is temperature-dependent which was not taken into account in
their previous STEAM models. In some cases, this led to significant deviations between simulated and
measured circuit signals.

The aim of this thesis was therefore to model the electrothermal behavior of these components and to
implement and use a new method to automatically fit the models’ free parameters to measurement data.
For this purpose an already existing software interface between STEAM and the parameter optimization
toolkit Dakota (developed at Sandia Labs) was extended for conducting closed-loop multi-objective
optimizations. In this approach, simulation results are iteratively compared with measurement data in
a closed-loop fashion. Since several signals are optimized simultaneously, the method applied in this
thesis is referred to as closed-loop multi-objective optimization. The application of this method made it
possible to fit the free parameters of the component models, whose influence on simulation accuracy is
complex and non-linear.

By following this approach, an improvement in simulation accuracy of the energy extraction resis-
tance of up to 14 % could be achieved (errors are normalized to the maximum absolute value of the
measured quantity). Thus, the accuracy of the simulated circuit current, a crucial quantity of the su-
perconducting magnet circuit, improved by up to 2 %. The newly implemented diode model allowed to
qualitatively explain the occurrence of post-quench recooling-related peaks in the forward voltage of the
diodes which was not possible before. These were observed to be accompanied by a sharp drop in the
diodes’ temperature and a highly increased resistance of the diodes.

The models are based on a more complete set of physical effects, and are thus expected to be more
robust for simulating unexpected events for which experimental data are currently not available. The
good transferability of the applied method to other models ensures that closed-loop optimization will
be a promising option for further improving circuit simulation accuracy in future works. In the future,
the STEAM framework will thus be more accurate and reliable for research and development related
tasks like hardware commissioning, the analysis of FPA events and the further development of the LHC
superconducting magnet circuits.
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Introduction

1.1 Large Hadron Collider and High Luminosity LHC project

With a total length of about 27 km, the Large Hadron Collider (LHC) developed at the Eu-
ropean Organization for Nuclear Research (CERN) is the largest and most powerful particle
accelerator in the world. Through the collision of protons or heavy ions, the LHC generates
conditions that are similar to those just seconds after the big bang [1, 2]. These enormously
high energy densities achieved are ideal to study the generation, decay, and interaction processes
of different particles in order to gain a better understanding of the elementary building blocks
and mechanisms, shaping our universe. Inside the LHC’s circular tunnel, two particle beams are
accelerated in opposite directions and crossed at various points, where the beams then collide.
Each collision point is equipped with a different experiment, measuring the collision products
using particle detectors. The elementary particles produced in the collisions, especially the more
massive ones such as the Higgs boson, have a very short lifetime and are mostly not directly
measurable in the detectors of the individual experiments. As these particles decay, however,
they leave behind a characteristic trail of decay particles, most of which can be measured in the
particle detectors at CERN. By analyzing this "decay fingerprint", it is possible to determine a
probability that a particular particle was formed within a collision for each event in the LHC.
However, the probability of formation of heavy elementary particles is often directly linked to
the energy of the collisions. There are, for example, particles whose probability of formation at
very low energies is so vanishingly small that they could either not be observed at all or could
not be statistically significantly distinguished from the noise of the measurement uncertainties,
if the accelerator did not provide sufficient collision energy. This is why the research progress
in particle physics is closely linked to the energy reached during the collisions in the particle
accelerator [3]. Hence, as technological developments progressed and theoretical physics pre-
dicted the existence of new particles, accelerators enabling higher and higher collision energies
were built at CERN. During these upgrades, some accelerators were connected, serving as pre-
accelerators for the LHC as part of an acceleration chain, which is shown in figure 1.1a. The
circular accelerator collision energy achievable is influenced by the magnetic flux density within
the LHC’s main dipole circuits, which is a strong motivation for their ongoing development.
Another characteristic quantity of particle accelerators is their luminosity. In this context,
luminosity is a measure proportional to the number of collisions that occur in a certain time
interval in an accelerator [4]. The next bigger upgrade to the LHC is called High Luminosity
Large Hadron Collider (HL-LHC). As shown in the timeline in figure 1.1c, over the course
of this upgrade the luminosity is to be increased from currently twice the nominal luminosity
(nominal luminosity corresponds to the initial design goals) to five times the nominal luminosity.
Among other things, this will make it possible to investigate certain interactions such as e.g.,
rare decays of the Higgs boson even better in the future [5]. Further, these upgrades also
include changes to several superconducting magnets in the LHC. As part of this upgrade, the
quadrupole magnets of the inner triplet are upgraded, which is associated with design changes
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as exemplified in figure 1.1b. With the HL-LHC upgrade, higher magnetic flux densities will
ensure better focussing of the beam in the future [6] and thus lead to a higher luminosity of
the accelerator. These two examples, collision energy and luminosity, illustrate the strong link
between the flux densities achievable in accelerator magnets and the experimental feasibility
of certain high-energy physics experiments. With this motivation for stronger magnets now in
mind, the following section 1.2 will take a closer look at the special properties of the magnets
usually used for accelerators with very high collision energies.

1.2 Superconducting magnet circuits

In the course of this section, superconducting magnets and their circuitry will be discussed. As
already motivated in the previous section 1.1, sufficiently strong magnets are of great importance
for the construction of powerful particle accelerators. Superconductors exhibit zero resistance,
which makes them the predominant choice for this application, where otherwise large losses
would occur due to the high operating currents. In the following course, section 1.2.1 will first
briefly discuss the physical principles of superconductivity. This is followed by section 1.2.2,
which highlights the advantages of superconducting magnets and motivates the most common
design choices made for their technological utilization. Finally, in the sections 1.2.3 and 1.2.4,
the special challenges in the construction of superconducting magnets are discussed.

1.2.1 Foundations of superconductivity

As introduced in the book by Mangin and Kahn, the research on superconductivity has a long
history [9]. Superconductivity is a state in which a material loses its electrical resistance. This
was first discovered by Onnes, who found that the electrical resistance of distilled mercury drops
to exactly zero at very low temperatures [10, 11]. In this state, which is reached when the
temperature T falls below the so-called critical temperature T, electrons can move unhindered
through the material, evading the interaction with lattice vibrations (phonons), which is the
cause of electrical resistance in normal conducting materials. In the further course of research
on superconductivity, the Meissner-Ochsenfeld effect in 1933 was another significant discovery.
This effect described the behavior of superconductors in a magnetic field for the first time, as the
magnetic field is displaced from inside the conductor. What this effect signifies for the physical
properties of the material can be illustrated considering the flux density equation of an isotropic
material

B=pox(H+ M) (1.1)

with the magnetic flux density B and the magnetic field strength H, which are linked through
the magnetization M and the vacuum magnetic permeability . Since the magnetic flux van-
ishes inside the superconductor, the magnetization M must be of the same magnitude, but
opposite sign compared to the magnetic field strength H. As they are correlated with the
magnetic susceptibility x.,, by M = x,, * H, the magnetic susceptibility inside the conductor
is given by x,, = —1. The material therefore exhibits perfect diamagnetic properties [12, 10,
13]. Shortly after the discovery of superconductivity, the search was on for ways to utilize it
technically. Experiments with superconducting coils revealed that the temperature is not the
only decisive factor on whether a material is superconducting or not. During experiments, which
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Figure 1.1: Particle accelerators at CERN and their upgrades over time. a) Accelerator complex
at CERN (modified image - original from the CERN website |7]). b) Comparison of the inner
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c¢) Overview of the various upgrades at the LHC since its initial commissioning (modified image
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aimed for investigating the possibility for the construction of very strong, iron-free magnets, it
was discovered that the phase transition of superconductors also depends on the strength of
the external magnetic field applied to the superconductor |14, 15]. In this context Abrikosov
provided the decisive theoretical analysis |9, 16], showing that a distinction is to be made on how
conductors lose their superconducting state, when being exposed to a magnetic field. In type I
superconductors, the superconducting phase disappears abruptly after a critical field strength
H, is exceeded. However, this abrupt drop does not occur with superconductors of the second
type. Instead, a gradual phase transition can be observed, which begins when a low critical
field strength H.; is exceeded. The complete disappearance of the superconducting phase in
type II superconductors is only completed after a significantly higher critical field strength of
H.s is exceeded. This is illustrated in figure 1.2a, in which lead, exhibiting type I behavior, is
compared with lead-indium alloys, which exhibit type II behavior. Generally only superconduc-
tors made out of pure elements show type I behavior [9]. The critical field strength and the
critical temperature are closely linked. Their relationship can sometimes be approximated as
parabolic [15, 17, 13, 18]. However, this can only apply to special cases, as the phase transitions
usually require more complex descriptions. In 1916, Silsbee showed that the current density
influences the superconducting phase in a way that is analogous to the magnetic field strength’s
influence [15]. There is also a critical current density j. which, if exceeded, is accompanied by a
phase transition. For type I superconductors in particular, there is a close relationship between
the critical field and the critical current density. In type II superconductors, on the other hand,
the critical current density is determined more by the metallurgical material properties [9]. In
summary, these three physical quantities namely the current density, the external magnetic field
and the temperature influence the superconducting state and span the so-called critical surface
which is shown in figure 1.2b. The critical surface can be interpreted as a boundary in phase
space that separates the state vectors leading to a superconducting phase from those associ-
ated with a normal conducting phase. If the state vector is within this critical surface, the
material is superconducting. Outside the critical surface, superconductivity is lost. Accurately
describing the physics behind superconductivity posed an enormous challenge at the beginning
of the twentieth century, as the underlying quantum mechanical effects were not yet sufficiently
well understood. The brothers Fritz and Heinz London developed a phenomenological theory,
London theory, which was able to describe the Meissner-Ochsenfeld effect for the first time [9].
With this theory, for the first time a characteristic length was defined that could describe the
depth of penetration of the magnetic field into the conductor [9]. Several other theories were
developed after the London Theory. However, it was not until the 1950s that a quantum theory
of superconductivity was found with the BCS theory [9, 13]. Even before the development of
the BCS theory, there were indications that superconductivity was not solely determined by the
interactions between the electrons, but also by the properties of the lattice atoms, as suggested
by the isotope effect. The isotope effect states that the critical temperature of a material scales
linearly with the reciprocal of the square root of the material’s atomic mass [9]. This is exactly
where the BCS theory comes in, which explains superconductivity based on the interaction of
electrons with lattice movements. When an electron crosses the lattice, it attracts lattice atoms,
which then move from their initial position in the direction of the electron. This displacement of
the atoms from their initial position results in local accumulations of positive charge, which can
in turn have an attractive effect on a second electron. The two electrons involved, the first that
distorted the lattice and the second that was attracted to it, therefore interact with each other
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Figure 1.2: Properties of superconducting materials. a) Measurements of magnetization M as a
function of magnetic field strength H for type I and type II superconductors (modified image -
original from Gerthsen [17|, data from Livingston [19]). While lead in its elemental form (green
graph) exhibits type I behavior, its alloys with indium (black and yellow graphs) exhibit type
IT behavior. b) Critical surface of Nb-Ti, Nb3Sn and Nb3Ge superconductors (modified image -
original from Beasley [20]).

via lattice oscillations (phonons). This pairwise interaction of the electrons via the exchange of
virtual lattice vibrations (phonons) is called a Cooper pair [21]. The formation of Cooper pairs
is associated with a reduction in the total energy of the electrons, which opens up the so-called
superconducting gap. Put simplistically, this is comparable to the band gap in semiconductors:
since there are no electronic states feasible within the gap, it becomes impossible for the electrons
to change their energy through collisions with the lattice. Their energy is therefore preserved
when moving through the lattice, resulting in zero electrical resistance.

1.2.2 Superconducting cables and magnets

Superconducting cables and magnets have a long tradition in the construction of particle ac-
celerators [22, 23]. In order to achieve higher energies in the accelerators, their magnets must
provide higher magnetic flux densities for keeping the charged particles on their path, which
is most easily achieved with higher coil current densities. However, comparing the quadratic
increase of ohmic heat losses with the only linear increase of a magnets flux density, for an in-
creasing coil current, the great advantage of a disappearing ohmic resistance in superconducting
coils becomes apparent. Another problem with the simple upscaling of conventional magnets
for stronger fields is saturation effects of the magnet’s iron yoke. Normal conducting magnets
are often equipped with a ferromagnetic core or yoke, which (as can be seen from equation 1.1)
can amplify the magnetic field. However, as the ferromagnetic material enters a saturation at
high magnetic field strengths, this contribution is less effective when a magnetic field flux of
about 2 T or higher is to be obtained [24|. Thus, leveraging the disappearing resistance of
superconducting coils for the design of high field accelerator magnets offers decisive advantages.
However, in order to fully exploit this potential, a wide range of design objectives must be taken
into account, including the selection of a suitable material.

Thanks to intensive research, several superconducting materials are known today. Over the
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Figure 1.3: Types of superconducting cables. a) Rutherford cables in various designs: (1)
Conductor with about 3000 Nb-Ti filaments, in a copper matrix. (2) NbsSn Conductor with
192 filaments (modified image - original from Larbalestier et al. [26]). b) Cross-section of a wire
in channel conductor (modified image - original version from Guo et al. [27]).

course of time, new records have been set for higher critical temperatures, which soon even
exceeded the boiling point of liquid nitrogen [18]. In the proceeding of these advances, a distinc-
tion was made in the literature between Low-Temperature Superconductors (LTS) which have
a critical temperature T, below 20 K and High-Temperature Superconductors (HTS), featuring
a critical temperature T, above 20 K. However, a major drawback of HTS is their brittleness,
complicating the production of HT'S cables on an industrial scale [18, 15]. In the design phase of
the LHC, the alternatives of Nb-Ti at 1.9 K and NbsSn at 4.2 K were discussed, but it was ulti-
mately the uncertainty about the industrial maturity of Nb3Sn at this time that led to the choice
of Nb-Ti [23]. In order to ensure that the normal conducting zone spreads quickly and evenly,
the individual superconducting filaments are usually embedded in a thermally and electrically
conductive matrix material such as copper or aluminum [25]. In most superconducting cable
designs, two distinct regions of the cable are left without filament: one is located in the center
of the cable, the other one is ring-shaped at the edge of the cable as can be seen in figure 1.3a.
The space in the middle of the cable is intended to allow filament transposition, whereas the free
space at the edge of the cable is left out for manufacturing reasons [25]. However, the shapes
and designs of the cables are diverse, and offer various advantages and disadvantages. The so-
called wire-in-channel cable, for example, is embedded in an additional bulk of matrix material
as shown in figure 1.3b. This serves as an additional heat sink in case the superconducting
filaments turn back to the normal conducting state (this is called a quench and discussed in
more detail in section 1.2.4) [25] but it leads to a higher cross-section, which is a disadvantage
for the construction of very compact magnets. Depending on the arrangement of the strands
in a cable, a distinction can be made between different cable types. What most designs have
in common however, is that the individual strands are fully transposed along the length of the
cable. This ensures a more even current density distribution over the cross-section of the cable,
and thus reduces the AC losses of the cable [28]|. Finally, the most common cable designs are
briefly presented below:

e Rutherford cables: The Rutherford cable is the most common design in accelerator appli-
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cations. This is due to the high current densities and packing factors achievable as well as
its high mechanical stability [28, 22].

e Rope type cables: In this design, the strands are twisted with each other. The resulting
thicker conductor strands are then partially twisted again, resulting in a solid strand,
like a rope. This cable design leaves cavities inside the conductor which can be used
for cooling the cable [28]. Hence, one usual application of this design is cable-in-conduit
conductors [28, 29|, in which the cable is inside a conduit and in direct contact with its
coolant.

e Braid type cables: As the name suggests, the individual strands in this design are braided
with their respective nearest neighbor strand. It is therefore very similar to the design of
the rutherford cable, but in comparison with poorer mechanical stability [28].

e Nuclotron cables: The design of nuclotron cables is comparable to that of rutherford cables.
The nuclotron cable however, features a thin channel that runs through the center of the
cable, which is used for cooling |28, 30]:

e Roebel cables: The design of the Roebel cable is realized for flat tape cables, as usually
used with high-temperature superconductors. Additionally, just like in other cables, pairs
of flat layers of tape are transposed with each other |28, 31].

1.2.3 Losses in superconducting cables

In most technical applications, superconducting cables are exposed to changing magnetic fields.
This applies to the LHC as well, where the fields change during the machine ramp up and ramp
down, resulting in transient losses in the cables. As these losses influence the performance and
efficiency of each superconducting magnet, and can even influence the occurrence of a quench,
the most important losses occurring in superconducting cables are briefly presented here:

e Inter-filament coupling losses: When a current flows through the resistive matrix material
from one filament to the other (but within the same strand), the ohmic loss associated
with this is referred to as an inter-filament coupling loss [32, 33].

e Inter-strand coupling losses: If current flows from one strand of the cable to the other, this
is referred to as inter-strand coupling losses. Here, the current flows through a contact
resistance, which results in ohmic losses [32].

e Hysteresis losses: If the superconducting material undergoes a change in its internal mag-
netic field due to the movement of magnetic vortices, this is associated with so-called
hysteresis losses 32, 34].

e Eddy current losses: If an eddy current is induced in metallic elements close to the cable,
the corresponding energy loss is referred to as an eddy current loss [35].

e Ferromagnetic losses: Every ferromagnetic material is subject to hysteresis when the exter-
nal magnetic field changes. If the cable has ferromagnetic constituents, the corresponding
losses are referred to as ferromagnetic losses [36].

e Mechanical losses: If there is a movement of a cable due to Lorentz forces acting on it, this
transfer from energy stored in the field, to kinetic and finally thermal energy is associated
with losses [35].
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1.2.4 Quench

A superconductor quenches when the phase vector describing the conductors state is leaving
the region below the critical surface in the (j,B,T") phase space [31, 37]. Since the specific heat
capacity of most materials decreases with falling temperatures, very small energy dispositions
in the conductor, caused e.g. by transient losses, can heat the superconductor enough to cause
a quench. In this context, the amount of energy needed to quench a superconductor is referred
to as the Minimum Quenching Energy (MQE) [24]. The energy stored in the superconducting
magnets, on the other hand, can be very high, which, together with the fragility of the supercon-
ducting phase, bears considerable potential for damage [24]. When an initially small disturbance
causes a localized quench in a filament, the change in resistance of this filament causes a re-
distribution of the currents within the cable. This, drives a part of the current flow through
the matrix material, which in this context is referred to as the current sharing regime [31, 38|.
Due to the current flow in the resistive matrix material, further energy is dissipated into the
conductor, leading to a localized temperature increase, the so-called quench hot-spot [39]. The
temperature of this hot-spot is a relevant parameter in the design process of superconducting
magnets.

After the initial energy perturbation, the further temperature characteristic of a supercon-
ducting cable can develop in two fundamentally different ways: thermal runaway or recovery [31].

In the case of thermal runaway, there is a further propagation of the normal conducting
zone. Due to the continuous propagation of the normal conducting zone (which is primarily
advancing in the transport current flow direction [25]) and thus the further increasing energy
disposition in the magnet, the magnet is increasingly heated [31]. This uneven propagation of
the normal conducting zone can lead to damages, as the formation of large temperature gradients
can cause high mechanical stresses in the magnet. The speed at which the normal conducting
zone propagates is therefore an important factor in the design of magnets, as high propagation
speeds reduce these gradients. In the literature, this velocity is called normal-zone propagation
velocity, which can be in the range of 5 - 20 ms™! [24].

If the thermal runaway described above does not occur, the superconductor may recover
instead. In this case, the local cooling of the superconductor is strong enough to compensate
the energy disposition of the initial energy perturbation and can thus restore the conductor to
the superconducting state [31].

1.3 Quench protections systems

General Motivation

As explained in the previous section 1.2.4, quenching is associated with the transfer of magnetic
energy into heat. In superconducting magnet circuits, which are often characterized by high
inductances and operating currents, this energy can be very high. For instance, the potential
magnetic energy stored in the 154 bending magnets of the main dipole circuit, operating at
approximately 11.8 kA can be approximated as follows [24, 38]:

_ 154-0.1 H- (11.8 kA)?

Ey, 5

~1.1GlJ. (1.2)
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If this amount of energy were to be dissipated locally in the magnet coils, this could lead to
damage, as already explained in section 1.2.4. The aim of quench protection systems is hence
to quickly dissipate the magnet energy while preventing the development of localized zones of
largely increased temperature. With the objective of a successful quench protection strategy
now introduced, the next section will take a closer look at their technological implementation.

Types of quench protection systems

As introduced in the work of Ravailoi [25], quench protection systems can be divided by two
different criteria. A distinction is made between systems with internal and external energy
dissipation and, depending on the type of mechanism, between active and passive systems.
This is exemplified in figure 1.4. In this context, active refers to the existence of electronic

internal discharge external discharge external discharge internal discharge

passive system passive system active system active system

i

(a) (b) () (d)

Figure 1.4: Different categories of quench protection systems. a) Passive systems with internal

QH/CLIQ

B

discharge. b) Passive systems with external discharge, ¢) Active systems with external dis-
charge, d) Active systems with internal discharge (modified image - original from the work of
Ravaioli [25])

components that initiate active measures (like activating a switch) in order to protect the circuit
after detecting a quench event with a Quench Detection System (QDS) [25]. In passive systems,
on the other hand, such active components are not implemented. Furthermore, internal energy
dissipation refers to the main part of the magnetic energy being dissipated in the magnet coil
itself, whereas external energy dissipation refers to the main part of the magnetic energy being
dissipated in a component outside the magnet.

Self-Protected magnets

As it does not feature any additional components as shown in figure 1.4a, the simplest case of
a quench protection is the internal passive system, which is called self-protected in the litera-
ture [40, 25, 39]. This variant is a very cost-effective and, due to its passivity, reliable protection
for superconducting magnets [25]. In this system, a large part of the energy disposition takes
place directly inside the magnet. However, this approach can only be applied, if the quick for-
mation of a uniformly distributed normal conducting zone can be ensured in case of a quench.
Otherwise, localized hot-spots could lead to damage of the magnet. However, even though this
type of quench protection has the aforementioned advantages of reliability and ease of implemen-
tation, it is unsuitable for high energy-density magnets with high field strengths as the possible
current densities with this design are comparatively limited [25].
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Systems with by-pass elements

Another variant are passive safety systems with by-pass elements as shown in figure 1.4b. The
idea behind this is to offer the transport current an alternative branch in case of a quench in
order to by-pass the actual conductor and thus reduce ohmic loss in the magnet coil where the
quench started. In most cases, these components are diodes or resistors [25, 41]. However, a
design compromise must always be found when using resistors as by-pass elements. On the one
hand, the resistor must be small enough to provide an effective alternative path to the current in
case of a quench, so that a large proportion of the current flows through the by-pass resistor |25,
41]. On the other hand, low by-pass resistances are associated with current heat losses during
normal operation of the magnet. This is due to leakage currents which may occur during current
changes in the magnet as described by the following formula [41]:

Ileak _ M . Lmagnet )
dt Rparallel

As shown by this equation, the leakage current [je,y, is dependant on the current through the
magnet (), the inductance of the magnet Liagnet and the resistance Rparanel of the parallel
resistor. Hence, to reduce the leakage current, either the magnet inductance should be decreased
or the parallel resistance should be increased. Another strategy for reducing the leakage current
is the use of diodes as by-pass elements. This has the advantage of low leakage currents, because
the voltage across the magnet is usually lower than the forward voltage of the diode, which is
comparatively high at low temperatures [42, 25].

Energy extraction system

If the magnetic energy is dissipated in an external series resistance, this is referred to as a system
with Energy Extraction (EE), which falls under the category of active external systems [43].
The basic electrical scheme of such a system is shown in figure 1.4c. In normal operation, a
switch is closed in parallel with the energy extraction resistor, so that the transport current
flows only to a small extent through the energy extraction resistance. However, if the QDS is
triggered, the (electrically controlled) switch is opened in order to force the current through the
energy extraction resistor. This accelerates the discharge of the magnets. Additionally, most of
the energy dissipation no longer takes place inside the magnet coil but predominantly outside.
This reduces the risk of excessive heat input into the magnet and relieves the thermal load on
the cryogenic system. Ideally, the EE-resistance could be set to very high values in order to drive
the energy dissipation forward as quickly as possible. However, concerning the design value of
the EE-resistance a compromise must be made, as the associated voltages across the EE system
could possibly become unacceptably high for safe laboratory operation [25].

Quench Heaters and CLIQ

Active systems with internal energy dissipation are another option for the protection of super-
conducting magnets. In this context, the Quench Heater (QH) system [44] and the Coupling
Loss Induced Quench (CLIQ)system [25, 45| are particularly worth mentioning. Both systems
actively return the part of the superconductor to its normal conducting state in a controlled
manner after a quench has been detected.
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The QH systems installed in the LHC are approximately 0.025 mm thick strips of stainless
steel embedded in a polyamide insulation [46]. They are densely pressed in between the cable
guides and the coil windings as depicted in figure 1.5a, in order to transfer the forces acting on
the cables as directly as possible to the magnet collar and to ensure a high thermal coupling
to the coil windings. Most sections of the quench heater are copper coated so that the strips
predominantly emit heat in the vicinity of the bare steel, high-resistance areas, the so-called

heating stations.
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Figure 1.5: Active internal quench protection systems as they are installed in the LHC. a)
quench heater in the inner layer of a magnet: (1) uncoated part of the stainless steel quench
heater strip, acting as a heating station, (2) coil winding, (3) copper coating (modified image -
original from a presentation of Todesco [47]. b) Magnet current over time after trigger for CLIQ
and Quenchheater systems (modified image - original from the work of Ravaioli et al. [48]).

The relatively novel CLIQ system, on the other hand, is an alternative to quench heaters that
offers a few advantages. With the CLIQ system, inter-filament and inter-strand coupling losses
are used to heat the cables. This has the advantage of a more uniform, faster and more direct
heat transfer compared to quench heaters, whose heat transfer is based on relatively slow thermal
diffusion. These losses are introduced by discharging a bank of capacitors through dedicated
current leads directly connected to the magnet coils. This leads to rapidly oscillating currents,
as shown in figure 1.5b. In many cases, a faster discharge of the magnet can be achieved using
this novel operating principle [49, 48, 50].

1.4 LHC main dipole circuit and FPA events

The LHC consists of more than 2000 individual circuits, which can be subdivided into different
circuit families [1]. Since this thesis focusses on the improvement of circuit models of the main
dipole circuit, this type of circuit will be introduced in more detail below, based on figure 1.6.
The LHC comprises eight individual main dipole circuits (RB), one for each octant of the LHC.
Each of these circuits comprises 154 magnets with a magnetic length of approximately 14.3 m [51,
52|, which are needed to keep the particle beams within the accelerator on their circular paths.
Each dipole magnet is protected by quench protection heaters and a by-pass diode, in order to
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provide a low resistance path for the current, once a magnet turns back to normal conducting
state due to a quench. The dipole circuits are powered by a high-precision Power Converter
(PC) (i.e. a power supply) with a maximum output current of 13 kA [51]|. In addition, there are
two so-called EE units, one that is attached at the end of the magnet chain (called EE even) and
one that is installed in the middle of the magnet chain (called EE odd) [52, 38|. If disturbances
within the circuit, such as e.g. a quench in one of the magnets are detected, a Fast Power
Abort (FPA) is triggered. This FPA can be subdivided into two stages [52]. First, the power
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Figure 1.6: Simplified schematic of the main dipole circuit (modified image - original taken from
the work of Rowan [51]). Top: Current flow before the FPA is triggered. Bottom: Current flow
after the FPA is triggered, assuming a quench in magnet 78 occurred.

converters are switched off, in order to initiate the discharge of the circuit. However, even after
switching off the power supply there is still a current flow which is forced by the high inductance
of the magnets. The power converters are hence by-passed by a crowbar, providing a branch for
the current flow once the power converters are switched off. Subsequently, the energy extraction
is triggered in order to rapidly reduce the circuit current, and thus ensure that the operation
of the circuit can quickly be resumed. In this step, the switches of the two energy extraction
systems are opened one after the other, causing an increased energy dissipation within the EE
resistor modules.
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Hereinafter, the most important components of the RB dipole magnets shall briefly be pre-
sented, based on figure 1.7. The main dipole magnets have two apertures within the same cold
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Figure 1.7: Cross-section of a main dipole magnet (modified image - original taken from the
CERN document server [53]).

mass, through which two particle beams travel in opposite directions. Inside the beam pipe is
what is known as the beam screen. This beam screen is essentially a tube of metal inside the
beam pipe. It is used to shield the magnet from the synchrotron radiation and is cooled with
liquid helium to increase its lifetime. The coils themselves are located inside the magnet collar,
which is made out of a paramagnetic material that absorbs the forces acting on the coils and
holds them in place. The coil windings are partially interrupted in the circular cross-section by
copper wedges to achieve field homogeneity in the middle of the magnet [51]. The magnet collar
is housed in an iron yoke, which plays a key role in shaping and guiding the magnetic field [51].
The iron yoke not only contains the magnet collar, but also a heat exchanger tube, which is used
to cool the entire cold mass of the yoke with liquid helium. Since dipole magnets alternate with
quadrupole magnets in transverse direction of the LHC, there are two different types of busbars
providing different current levels in the magnet cross-section - the main quadrupole busbars and
the main dipole busbars. Both types of busbars are located in individual grooves within the
iron yoke. In order to prevent the cold mass from heating up due to thermal exchange with the
environment, the inner part is covered with so-called superinsulation. To improve the thermal
insulation, there are additional shells around the inner structure, the spaces between which are
evacuated. Finally, the entire structure is surrounded by the so-called vacuum vessel, which also
acts as a hard outer shell for the safe transport of the magnets.

1.5 Simulation of superconducting magnet circuits

Simulations are a cost and time-efficient complement to experiments for researching the tech-
nology of superconducting magnet circuits. In contrast to measurements however, simulations
enable studying physical processes independently of any measurement related disturbance, which
is another reason why they have become an essential analysis tool for this application. The level
of detail and accuracy of these simulations is strongly linked to the technological feasibility of
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new generations of compact and powerful accelerator magnets. However, systems already in
operation also benefit from the advantages of simulations. After a magnet quench, for example,
informative analyses of associated currents, voltages and temperatures can be can be conducted.
These physical quantities are not only crucial for the safe operation of the magnet, but also have
a significant influence on the magnetic field, which is subject to specific requirements. In dipole
magnets for example, a strong magnetic field that is as homogeneous as possible is required, as
otherwise, even the smallest differences in position of the particles passing through the magnet
could lead to an undesirable broadening of the beam. With regard to temperatures, the hot-spot
temperature is of particular interest, as high hot-spot temperatures can potentially damage the
magnet as already explained in chapter 1.

Since the physical processes in superconducting magnet circuits are complex multiphysics
problems, simulations must take into account a wide range of interdependencies between physical
quantities.

For small to medium-scale simulation problems, such intricate codependencies are often
solved by using multiphysics software packages such as COMSOL, which rely on Finite Element
Method (FEM) approaches.

However, since the physical mechanisms determining the behavior of superconducting mag-
net circuits span different scales, it is not possible to exclusively simulate them using these
conventional approaches described above, as the simulations would become computationally too
expensive.

Conclusively, the electrothermal simulation of superconducting magnet circuits requires the
development of new tools and methods, which are not yet commercially available. Hence, the
Simulation of Transient Effects in Accelerator Magnets (STEAM) framework was developed,
which is further described in the following chapter 2.



Methods and tools for optimizing
superconducting magnet circuit models

2.1 STEAM

2.1.1 Objective of STEAM

To efficiently solve the challenges discussed in section 1.5, CERN developed a simulation frame-
work, the so-called STEAM framework. By linking different, partly in-house developed software
packages and tools within a modular approach, STEAM can be used to split complex multi-
scale problems into individual domains, solving each domain with a specialized tool. Among
other tools, the framework includes tools like SIGMA [54], which can be used for the automatic
generation of COMSOL models, FiQuS a FEM tool for superconducting magnet quench simula-
tions |55, 56|, and ProteCCT, a tool for the simulation of canted cosine-theta magnets [57]. Ad-
ditionally, STEAM offers the possibility to use several tools simultaneously within a cooperative
simulation (co-simulation) in order to solve the overall problem computational efficiently on
different scales [58, 59]. In this way, for example, netlist simulation tools (such as PSPICE or
XYCE) can be used for macroscopic simulations of entire circuits, while individual magnets,
which are largely determined by microscopic effects, are analyzed using FEM-based tools such
as STEAM-Lumped Element Dynamic Electro Thermal (STEAM-LEDET) [60, 25]. Further-
more, the framework automates large parts of the traditionally time-consuming process of setting
up a simulation analysis, through relying only on a minimalistic input file in .yaml format [38,
61, 62].

2.1.2 Structure of the STEAM-SDK

The STEAM-Software Development Kit (STEAM-SDK) [63, 64| defines the structure of the
analyses and provides classes with auxiliary functions. The STEAM-SDK consists of multiple
modules, each providing different functionality as presented below:

e Analyses: This subfolder contains the main class AnalysisSTEAM, in which the structure
of the analyses is defined. The AnalysisSTEAM class can also be initialized by a .yaml file
in order to set up the analysis defined in it fully automatically.

e Builders: The builders are used to decompose model data into the data required for the
respective simulation tool used (e.g. COMSOL, XYCE, STEAM-LEDET...). In a later
step this tool specific model data is often exported in order to create the input file for the
simulation tool used.

e Data: This module contains data classes that define attributes of other modules. It relies
heavily on the use of the pydantic library, which ensures automatic data validation, type
checking and documentation of all data objects defined within the data class.
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e Drivers: In STEAM, python classes for launching the individual tools are referred to as
drivers. In the simplest case, such a class can start a sub-process that calls the tool
executable together with the tool’s input file.

e Parsers: Within a STEAM analysis, several software tools can be used, which come with a
variety of different file formats to handle. For this, so-called parsers are used to translate
and export the model data into different formats. For instance, STEAM can employ the
ParserPSPICE class for writing a netlist solver input file (.cir), based on information
stored in the respective data object.

e Parsims: Software modules that are intended for setting up multiple analyses with vary-
ing simulation parameters are called parsims (parametric simulations) in STEAM. These
modules are used for parameter studies and optimizations, such as the STEAM-Dakota
Interface (STEAM-DI), whose development was continued within this thesis.

e Postprocs: This module contains methods for postprocessing the analysis data, enabling
the comparison of measurement and simulation data by determining error metrics.

e Viewers: This visualization module can be used to display measurement data and sim-
ulation data for comparison, relying on a configuration file, as further discussed in sec-
tion 2.1.3.

e Other utilities: In addition to the modules essential for this thesis, the STEAM-SDK
additionally contains several other modules and utility classes that contain further func-
tionalities for setting up analyses.

2.1.3 File conventions

In the following, the most important files used within the STEAM framework will be briefly
presented, as their functionalities are essential for the methods described in the further course
of this chapter.

e Analysis file (.yaml): The analysis file serves as an input for simulations with STEAM,
containing all user defined input necessary for setting up an AnalysisSTEAM object. The
minimalist encoding (e.g., no brackets like in JSON) as well as the hierarchical structure
of this file format not only ease file manipulation but also enable the stored data to be
directly parsed into the data classes of the framework.

e Stimulus file (.stl): As already explained in section 1.2.1, the behavior of superconduct-
ing magnets during a quench is determined by nonlinear dynamic interactions of currents,
temperatures and fields, which makes them extremely complex systems. Since the com-
plexity involved in modelling them can not be easily captured within netlist simulation
tools, the behavior of the magnets is determined by other tools and only the pertinent as-
pect, essential for circuit simulation - a time-dependent resistance response of the magnet
- is later on imported to the netlist solver tool. This time-dependent resistance response
is defined in tabular form within a so-called stimulus file. To generate the stimulus file,
co-simulations are carried out that can describe the behavior of the quenching magnet
within the complete circuit very precisely [38]|. As the discharge of the magnet is strongly
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dependent on the current level, at which the magnet quenched, co-simulations were re-
peated at several current levels. For quenches at current levels that have not already been
taken into account in a previous co-simulation however, the magnet’s response is obtained
by performing an interpolation between available solutions. Hence, the import of presimu-
lated magnet responses within stimulus files enables to perform very accurate simulations
of large circuits, almost as accurately as with co-simulations - but much faster.

e Configuration file (.yaml): The configuration file contains metadata on measurement and
simulation data, necessary for postprocessing. This includes the names of various simula-
tion signals required for plots, as well as information about which types of measurement
and simulation data represent the same physical quantity. Furthermore, the metadata
contained in the config file is queried by various steps, such as the RunViewer step or the
CalculateMetrics step, as described in section 2.2.

e Event file (.csv): In case a quench event occurs, a FPA is triggered and measurement
signals of the circuits are stored within two databases - Post Mortem and NeXt CERN
Accelerator Logging Service (NXCALS). Before the LHC can then be put back into op-
eration, the quench cause must be identified from these signals, in order to ensure safe
operation. This is done using analysis scripts implemented in jupyter notebooks, which
were developed as part of the SIGMON project [65, 66]. In this process, essential charac-
teristics, such as the current level at which the magnet quenched, are exported and saved
in .csv files. These files, which are called event files in the context of this thesis, contain
all the information about the quench event needed for a circuit simulation. Hence event
files can serve as an input for the so-called ParsimEvent step implemented in STEAM,
which will be discussed in section 2.2

2.2 Automated simulation and validation of magnet circuits

2.2.1 Netlist simulations

Within this thesis, simulations are mainly modeled with so-called netlist solvers. In netlist for-
mat, circuits are defined by linking individual nodes through the definition of circuit components
connected to them. This is done in a list in which the type of component, the connected nodes
and the physical characteristics of the component are stored line by line. This clear structure
of the circuit, which does not rely on a graphic representation of the circuit’s schematic, makes
it easy to programmatically read, edit, and run the circuit models, which is why netlist files
are a widely used input format for circuits simulations. The system of differential equations
defined by the entries of the netlist is solved by a so-called netlist solver. Within this thesis,
the PSPICE netlist solver was used for this purpose, as it provides direct options for plotting
individual signals and debugging the circuit via a graphical user interface.

2.2.2 Analog behavior modelling

Within this thesis, several circuit models of components have been implemented, whose real-
world electrical characteristics are strongly temperature-dependent. Therefore, their tempera-
ture must be considered within the simulation by evaluating their thermodynamic equilibrium
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Table 2.1: Analogies between thermal and electrical systems used in ABMs.

Thermal domain Electrical equivalent
Temperature T (K) Voltage V (V)

Heat P (W) Current I (A)

Heat Capacitance Cv (JK™1) Electrical capacitance C (F)

(T —To) = g - J Pucar - dt (V—Vo)=4 [1-dt
Thermal conductance h (W K~1) Electrical conductance G (271)
P(:oolzh'(T_TO) I:G(V_‘/O)u G:%

(according to first law of thermodynamics). However, since the netlist simulation tools used did
not provide functionalities for direct calculation of thermodynamic quantities, thermal modelling
had to be carried out using a so-called Analog Behavior Model (ABM). Within these models,
analogies between electrical and thermal systems are used to describe the thermodynamic bal-
ance of the modelled circuit component [67]. The analogy used in the thesis is based entirely on
the following two principles:

e Temperatures are represented by electrical voltages.
e Power (heating/cooling) is represented by electrical currents.

These principles directly lead to further analogies: thermal heat capacities behave like electrical
capacitors, and thermal heat conductors behave like electrical conductivities, as illustrated in
table 2.1. In practice however, the aforementioned concepts cannot always be implemented.
Particularly in the case of temperature-dependent heat capacities and thermal conductivities, the
component behavior cannot be modeled using passive components, as these can only be defined
statically in the PSPICE netlist solver. In such cases, voltage-controlled current or voltage
sources are implemented that allow the component parameters to be defined dynamically.

2.2.3 Structure and sequence of the analysis

As already explained in section 2.1, each STEAM analysis is divided into individual steps. Dur-
ing this thesis, the STEAM framework was expanded in order to include functionalities that
enable both simulation and quantitative validation of the results within the same analysis. Sub-
sequently, the individual steps of such an analysis are presented, following the corresponding
analysis file’s structure as shown in 2.1b. At first, the MakeModel step is executed. In this step,
the input file (.cir) for the simulation is written to the simulation folder, based on the model
data stored in the steam_models package. In principle, this file would already be sufficient to
simulate the circuit. For validation and optimization however, the simulation’s input file must
be modified so that the output includes all relevant signals. This is done in two consecutive
ModifyModelMultipleVariables steps. As part of these steps, individual or multiple features
of the original input file can be modified. The initial ModifyModelMultipleVariables step en-
sures the simulation results are saved in the common simulation data format (.csd), by changing
the input file’s probetype key from its default PROBE to CSDF. Subsequently, the second of the
two ModifyModelMultipleVariables steps defines which signals should be included in the out-
put file of the simulation. In this step, the list of signals to be considered within the validation
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is derived from the entries specified in a configuration file (see section 2.1.3 for details about
the configuration file). At this stage of the analysis, the simulation’s folder structure has been
generated, and it has been ensured that all necessary signals will be included in the output file.
However, another ModifyModelMultipleVariables step has to be invoked in order to align the
simulation parameters with the current parameter vector chosen by the optimization algorithm.
Once all parameters have been adjusted, the actual simulation study can be arranged using the
ParsimEvenet step. In the ParsimEvenet step, one or more simulations are prepared based on
the information stored in the event file. Initially, a list of quench events to be simulated is gen-
erated (parsim sweep file), detailing the parameter configurations needed for their simulation.
Based on this list, a comprehensive parameter study, covering all magnet quenches included in
the eventfile, is set up. Additionally, other files required for the simulation (such as the stimulus
files introduced in section 2.1.3) are written to the simulation folder during this step. Upon
completion, an initialization file for the viewer is written, containing all information needed for
initializing a viewer object. Only now, within the RunSimulation step, the actual simulation
is carried out. This involves the call to a tool-specific driver, which launches the respective
simulation tool. Once the simulations are completed, the analysis proceeds with the postpro-
cessing of the simulation results, invoking the RunViewer step and the CalculateMetrics step.
In the RunViewer step executed first, a .pdf report is generated showing comparative plots of
measurements and simulation data as specified in the config file. Subsequently to any analysis or
optimization, these plots serve as an initial sanity check, helping to identify unexpected behavior
or potential flaws in the models. In the concluding CalculateMetrics step, a quantitative vali-
dation of the simulation results is carried out. As part of this step, error metrics are calculated,
quantitatively describing the agreement between simulation data and measurements. Finally,
these metrics are saved within an attribute of the AnalysisSTEAM object for later processing.

2.2.4 Acquisition of measurement data

Whenever a model is to be validated, experimental data is needed. Since the magnet circuits of
the LHC are subject to constant monitoring, a large amount of measurement data is available -
stored within CERN’s internal databases: Post Mortem (PM) [69] and the NXCALS [70]. These
two databases differ primarily in terms of the time spans and resolutions of the measurement
data they provide. Even though PM does not provide continuous logging data like NXCALS,
it profits from a higher resolution in the time domain with respect to NXCALS, leaving both
databases with distinct advantages. Consequently, using measurement data from both databases
is beneficial, especially because the reliability of the validation profits from a larger and more
comprehensive reference dataset. Hence, a python script was developed to facilitate the signal
acquisition by automatically querying and saving all signals needed for the validation as speci-
fied in the configuration file. The script is largely based on the LHC-Signal-Monitoring-API
(LHC-SM-API) |71] developed at CERN, a python library that provides methods for accessing
the API interfaces of the databases. Instead of acquiring the data during the analyses, the mea-
surements were acquired before the analysis and saved in an offline folder in order to mitigate
latencies associated with server queries and thus further speed up the validation process. The
measurement data were saved in .feather file format, which benefits from high read and write
speeds for tabular time series data [72]. To avoid accidentally comparing the wrong measure-
ment data to a simulation, all data series were saved with an unique identifier containing the
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Figure 2.1: Structure of the STEAM-DI with detailed visualization of the processes executed by
the AnalysisSTEAM object (image is based on a figure on the steam-sdk github website [68]). a)
General structure of the STEAM-DI. For optimization with the STEAM-DI, additional files are
required, which are obtained from multiple peripheral folders, like the measurement data folder,
or packages such as the steam_models package. b) Steps of an analysis for circuit simulation
and validation with the STEAM framework. The graphic features a closeup of the green analysis
block shown in figure a.
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time stamp of the corresponding quench event as well as the name of the circuit.

2.3 Closed-loop multi-objective optimization

The optimization of models relying on multiple parameters can be highly time-consuming, espe-
cially if the sensitivity of the model to individual parameters is unknown and the effort for model
validation is high [73]|. The optimization of superconducting magnet circuits is also affected by
this, as the influence of individual components is usually non-linear, and the simulations, which
can still take several minutes on a powerful computer, are too resource-intensive to simulate the
entire parameter space. For this reason, it is desirable to reduce the number of simulations until
finding an optimum parameter configuration. With this objective in mind, this thesis employs
Closed-Loop Optimization (CLO) techniques for parameter fitting. In these methods, the choice
of the next parameter vector to be tested is informed by feedback from the last optimization
step [73]. In the context of this thesis, this means that the physical parameters of the next
simulation are selected based on the error metrics obtained in the preceding optimization steps.
For this purpose, an interface between the parameter optimization toolkit Dakota and STEAM
was further developed.

2.3.1 STEAM-Dakota interface

Today, numerous algorithms are available for optimizing model parameters, each of them having
their unique advantages and drawbacks. However, manually implementing such algorithms di-
rectly within the simulation framework can be time-consuming and error-prone, especially with
more complicated algorithms. In order to alleviate these drawbacks, third party libraries con-
taining optimization algorithms hold a promising solution. These optimization toolkits not only
profit from a wide variety of algorithms available, but also from a wider user base and hence bet-
ter validation. For the optimizations during this thesis, the Dakota optimization toolkit [74, 75|
developed by Sandia National Laboratories was employed, as it is widely used and easily avail-
able, being open source. In order to enable the use of Dakota with the netlist solver PSPICE,
an already existing interface [76] was further developed within this thesis, which in the following
is referred to as the STEAM-DI.

Hereinafter, the processes within an optimization using the STEAM-DI will be introduced
by following its process diagram shown in figure 2.1a. When performing an optimization with
Dakota, the system to be optimized is treated as a black box, meaning that the optimization does
not consider details within the system but solely its input and output parameters. Hence, the
user needs to define interfaces inside an input file (. in file), which are used for both changing the
black-box parameters as well as for retrieving feedback from it (value of an objective function).
The STEAM-DI follows a principle of minimal user input for being set up, solely relying on a
Dakota input yaml file containing only the most essential information for the optimization. This
also includes which of the analysis steps defined in the analysis file must actually be repeated
during the optimization iterations. In this way, e.g. the MakeModel step described in the example
analysis in figure 2.1b, which would otherwise repeatedly generate a similar folder structure, can
be excluded from the iteratively repeated analysis steps, thus saving computational effort. This
distinction between steps that only need to be executed once at the start of the optimization
and those that need to be repeated and possibly modified in each iteration is made by defining
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two lists initial_steps_list and iterable_steps_list within the ParserDakota inputfile
(.yaml). The script that is started initially is the ParsimDakota script. Since the STEAM-DI
iteratively changes the parameters of STEAM analyses, it is located in the parsims subfolder of
the STEAM-SDK. In the very beginning of the optimization’s set up phase, the ParserDakota in-
putfile (.yaml) is translated into a Dakota infile (. 1in - the input file format required by Dakota),
using the ParserDakota class. Later on, the DriverDakota is called for starting the optimiza-
tion. Moving forward, the driver consecutively launches three distinct functions. First, the steps
from the initial_steps_list are run by calling the run_pre_dakota_non_iterable_steps()
method. Second, the write_driver_link() function writes a python script driver_link.py
into the Dakota input folder, which acts as the actual interface between the system to be op-
timized and Dakota. Finally, the driver invokes the function run_dakota_iterable_steps(),
calling Dakota.exe with the Dakota infile (.in), whereupon Dakota starts the optimization
process. The optimization process, can be subdivided into three iteratively executed phases:

e First Phase - Definition of a parameter configuration: Based on the metrics from the
preceding iteration steps, the parameter configuration to be tested in the subsequent step
is determined and passed to the black-box model. In the first iteration, where no feedback
is yet available, Dakota passes initial values which are defined by the user.

e Second Phase - Execution of the blackbox code: In the second phase, a python script
driver_link.py is executed with the parameters designated in the first phase. This
script is a wrapper utilized to enhance the structure of the code. Its essential function is
to launch the DriverAnalysis passing along some parameters previously specified in the
Dakota infile. Within the analysis driver, a new analysis file is prepared in order to align the
simulation to the parameters specified by Dakota. For this, the parameters are retrieved
from Dakota and incorporated into a ModifyModelMultipleVariables step within the
newly generated analysis file. In addition, the novel analysis file’s simulation number key is
set to the current optimization iteration number, so that instead of overwriting simulation
results, a new simulation folder is made for each iteration. Finally, all steps defined within
the analysis file are executed by initializing an AnalysisSTEAM object based on the modified
analysis file. The metrics calculated in the last part of the CalculateMetrics step are
saved in an attribute (AnalysisSteam.summary) of the analysis steam object and then
transferred to Dakota by the analysis driver.

e Third Phase - Retrieving the objective function: In the final phase, the value of the
objective function (error metric) is retrieved and evaluated. If a termination criterion
defined by the user is met, the optimization ends. If not, the three phases are executed
again.

During the optimization, Dakota writes tabular data of the tested parameter configurations and
their corresponding objective functions to a file, enhancing the processes’ traceability.
2.3.2 Algorithms

The algorithms implemented in Dakota capable of being employed into a closed-loop multi-
objective optimization can essentially be divided into three subgroups, which are briefly pre-
sented below [74]:
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2.3.2.1 Gradient-descent methods

In gradient descent methods, gradients of the objective function within parameter space are
used to determine the impact and sensitivity of individual parameters. For this, Dakota can
retrieve gradient information either analytically or numerically. In case of analytical gradients,
the gradient information directly stems from the system optimized, being passed along with its
other outputs to Dakota. However, if such information is not available, because the system does
not provide it, Dakota can obtain the gradients numerically. In such cases, Dakota evaluates the
objective function at different parameter vectors, and subsequently applies finite differencing to
obtain the gradient information. Even though an additional simulation step per parameter is
needed to calculate a gradient in such cases, employing a gradient descent method can strongly
reduce the amount of iterations needed until an optimum is reached compared to traditional
parameter studies. However, this approach requires reliable gradients and thus a smooth ob-
jective function, as otherwise the optimization may not converge to an optimum. Furthermore,
gradient-based methods search for the optimum closest to the starting point, leaving large parts
of the parameter space untested. Even though this usually is a computational advantage, they
are thus unreliable for searching global optima.

2.3.2.2 Derivative-free local methods

In derivative-free approaches, the parameter space is explored based on designated sampling
patterns. As implied by the name, the parameter vector’s shift is not determined by evaluating
a gradient, but rather by considering the objective function at different parameter vectors,
making it more robust in case of unreliable or non-smooth gradients. Since the positions of the
parameter vectors within the same pattern do not rely on each other, this type of algorithm
can be easily parallelized by testing several parameter vectors within a pattern congruently.
However, this comparatively uninformed selection of parameter vectors often comes at the cost
of a slower convergence rate [74].

2.3.2.3 Derivative-free global methods

The search for global optima is always associated with an extensive exploration of the parameter
space. Even though global optimization algorithms such as evolutionary algorithms aim to
reduce the extent of sampling needed, they still are computationally more expensive than local
optimization methods.

2.3.2.4 Algorithm used

For the optimizations within this thesis, a derivative-free local method (coliny pattern search)
was chosen for the following reasons:

e Global method versus local method: The use of global methods in this application is of
little interest, as the approximate position of the optimum parameter vector is already
known in advance. A global optimum far from the assumed position would rather be
an unphysical artifact of overfitting than the result of a valid deviation from the circuit
parameters’ expected designvalues, which are subject to regular monitoring.
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e Derivative-free method versus gradient descent method: Due to the unstable gradient
information (some simulations might freeze and have to be aborted due to unfavorable
parameter configurations), a derivative-free method has to be used. This method benefits
from increased robustness compared to local gradient-based methods.

e Unconstrained versus constrained method: There are no physical boundary conditions for
the optimization that are not already implemented in the simulation code itself. Hence,
the selected optimization algorithm does not necessarily have to allow the definition of
further constraints.



Model of the LHC main dipole circuit’s
energy extraction resistors

As part of this thesis, a thermoelectric model of the main dipole circuit’s (RB) energy extraction
resistors was implemented. This model considers the resistors’ increase in resistance due to
heating effects associated with the current flows through them. Section 3.1 first provides a
general motivation and discusses the modelling details. Subsequently, the optimization process
and its preparation are discussed in more detail in section 3.2. The results of the simulations
and model optimizations are then presented in section 3.3. Finally, the results are summarized
and discussed in section 3.4.

3.1 Model

3.1.1 Thermodynamic equivalence model

Each of the eight LHC main dipole circuits comprises two energy extraction units. The units
mainly consist of three EE resistor modules, which are connected in parallel to a switch branch
as illustrated in figure 3.1. If the switch branch is opened, shortly after a FPA is triggered, the
magnet current is forced to flow through the resistors, each having a design resistance of 225 mf2.
Before the Long Shutdown 1 (LS1) (2013 - 2015), two modules connected in series were installed
with another module in parallel, resulting in an overall resistance of (ﬁ + ﬁ)fl mf) =
150 m€). However, as the LHC was upgraded and its magnets were powered to higher current, a
smaller extraction resistance was needed in order to keep the voltages across the EE at the design

level. Hence, after 2015 the modules were connected in parallel, resulting in a total resistance
225
3
stainless steel (Type 304L) plates as shown in the middle of figure 3.1, which are connected in
series. Furthermore, one of the three modules is connected to the LHC’s earthing system after 42

plates, as illustrated in the left of figure 3.1. Since the current flow through the resistive plates

of approximately m$2 = 75 mf). The resistance of the modules is mainly determined by 84

during a discharge is associated with ohmic heat losses, the resistance of the modules increases
significantly over the course of a discharge. In order to prevent the modules from overheating,
the resistive plates, being placed with a distance of 4 mm to each other, are cooled by a forced
air flow generated by four fans placed in the front and back of the module as shown in the
right-hand side of figure 3.1. The hot air is then lead through two heat exchangers, transferring
the heat to a water reservoir, with a water exchange rate of about 30 Lmin~! [43].

In the further course, a PSPICE model of the EE resistance is described which is taking
into account changes in the resistance due to aforementioned heating and cooling effects. The
model previously implemented at CERN, on which the model implemented in this thesis is
based, neglected the effects of heating and cooling, which was associated with increased errors
in both the voltage across the energy extraction Vgg and the current through the circuit Iygas,
especially at high FPA current levels Iy. In order to model the heating and cooling behavior,
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Figure 3.1: Structure of the RB EE System (images based on technical drawings from CERN).
Left: Simplified electrical schematic showing the three energy extraction modules and the way
they are connected with respect to the circuit and its earthing system. Middle: Detailed view
showing the stainless steel plates which are connected to the two power input pins and the
earthing system. Right: Structure of a single EE module and its cooling system.

a thermodynamic state equation of the system is derived by considering an EE module’s ther-
modynamic equilibrium, after a FPA is triggered. This is done starting from the first law of

thermodynamics:
mo e k ’U2 d n
ST+ W+ i <h+ 5 +gz> = Domi @t ea); | (3
=1 r=1 i=1 i j=1

In this equation, @; are the heat flows transferred across the system boundaries, W, are the
powers introduced or extracted from the system and r; are the mass flows across the system’s
border having an enthalpy h;, a velocity v; and a potential energy gz;. This equals to the
system’s rate of change in energy, which is given by the right-hand side of the equation. This
rate of change on the right-hand side considers 1, as the mass of the 4t particle or body of
the system which has mass specific internal energy u, kinetic energy €y, and potential energy
€pot- In the model derived, the resistive plates are considered as a homogeneous, coherent body
with a uniform resistance, heat capacity and heat transfer across the system boundaries. The
thermodynamic control volume is hence defined as shown in figure 3.2. As the control volume is
closed and the heated mass is not subject to changes in kinetic or potential energy, equation 3.1
can be simplified as follows:

0_ X0
Cxot . (32)
J

m e k
=1 r=1 —

Furthermore, the heat transfer is considered to be limited exclusively to the cooling water, which
is in the following denoted with Qexchange = Pexchange- This is justified by design constraints
during the construction phase of the EE resistor modules, not allowing increased heat dissipation
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Figure 3.2: Modeling of a EE module (left image based on a technical drawing from CERN and
an image from Dahlerup-Petersen et al. [43]). a) Cross section of a single 225 mQ EE resistor
module. b) Sketch illustrating the thermodynamic model derivation of the resistor module.

to the surrounding air as the modules are installed in underground areas [43|. Additionally, the
work introduced to the system is dominated by the ohmic heat inputs into the resistor plates,
subsequently denoted with Wohmic = Pohmic. Hence, the thermodynamic equilibrium of the EE
resistor control volume is given by:

. . d B
Qexchange + Wohmic = Mplates * U, (33)
Jexchange + Wohmic = 5
- ~——_——
=TIexchange =X ohmic :PCV

with Pcy being the power absorbed or released by the resistor’s heat capacity. With this equation
in mind, it becomes apparent that the system’s energy equilibrium further results in a power
equilibrium, relating the power absorbed or released by the resistor’s heat capacity Pcy to its
heating and cooling powers:

Pohmic + Pexchange - PCv = 0. (34)
~—~— —— ~~
:[TGSQ'R(TYGS) :_hth_EE'(Tres_ amb) :%CV(Tres)‘Tres

@ (I1) (I11)

In this formula, the ohmic heating power equates to the module’s temperature-dependent resis-
tance R(Ties) multiplied by its current I.es squared. Furthermore, the cooling power Pexchange iS
modeled with Fourier’s law, describing the heat transfer to be proportional to the difference be-
tween the ambient temperature T, and the resistor’s temperature T;es with the respective pro-
portionality constant being a thermal conductance hy, gg. The environment is considered as an
infinite heat sink with a constant temperature of Tony = 203.15 K. This is represented by a volt-
age source Fonyp, which keeps the voltage node Ty, at a constant voltage of V/(Tamp) = 293.15 V.
The neglect of radiative cooling is motivated by the fact that the maximum temperature of the
resistive plates (usually smaller than 500 K) is comparatively low. Additionally, the calcula-
tion of higher order polynomial functions can lead to numerical instability of the circuit solver,
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which is another reason why the Stefan Boltzmann law is not applied in the simplified model
introduced here. Furthermore, convective cooling is neglected for complexity reasons, as the
plates are cooled with a turbulent, time-dependent air flow which is cooled by a heat exchanger,
causing the complexity of the convective cooling mechanisms involved to exceed the limits of
what can reasonably be modelled with a 0-dimensional lumped-element model. Hence, there
are three terms that contribute to the thermodynamic equilibrium: one term that describes the
ohmic heating (I), one that describes the cooling (II) and one term describing the influence of
the system’s thermal capacity (III). Since each of the contributions corresponds to a power, they
can be modelled by a current source using the analogies introduced in section 2.2.2. Hence, an
equivalent electrical circuit diagram as shown in figure 3.3 can be derived, as the control volume’s
thermodynamic state equation now corresponds to a Kirchhoff node rule. In this circuit analogy

Tamb
TEamb I(I) = Pohmic = res2 : R(Tres)
QDL i I(II) = Pexchange = _hthiEE . (Tres - Tamb)
) Iy Viam) 1
V(HI) = —(Tres(t) = Tamp) = —m : /Pcv(t)dt

Tres

Figure 3.3: ABM for simulating an EE resistors’s thermal equilibrium. The voltage source F
has a constant voltage of 293.15 V, corresponding to ambient temperature.

model, the heating and cooling powers are modelled using two PSPICE current sources. Since
having multiple PSPICE current sources in parallel can cause numerical instability, the third
power contribution Pgy is modelled with a voltage source instead of a current source. Hence,
contribution (III) is solved for (Tyes - Tampb) in order to derive a formulation for the respective
PSPICE voltage source V1), which defines a voltage proportional to difference between the
voltage nodes Thmp and Tres shown in the electric equivalent circuit:

d

Poy(t) = gCV(TreS(t)) - Tres(t) (3.5)

1 t A
_. Poy(t)dt =~ Tres(t) — Tres(t =0
G| Poe(®di A T(t) - Tt = 0)

=4amb

For this transformation, the change in C, over time was considered to be small, which as an
approximation was justified by a small rate of change of Cy(T) at ambient temperatures (see
figure 3.4). With this assumption, C can be excluded from the integration, which fixed previous
convergence problems of the simulation. In a future model version, this simplification could be
avoided by simulating Pcy, with a current source, which would make the transformation shown
in equation 3.5 obsolete. However, it should be noted that the heat capacity Cy(Tyes) as well
as the resistance R(7ies) are temperature-dependent variables. Accordingly, there is a mutual
dependency between the temperature and these two quantities, so that the equations introduced
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in this section and those described in the next section for calculating the material behavior are
both needed to fully describe the module’s thermo-electric behavior. In the next section, the still
missing part of defining temperature-dependent material properties in PSPICE is introduced.

3.1.2 Temperature-dependent material properties

As introduced in the previous section, the resistivity and heat capacity of the modules’ stainless
steel plates are temperature-dependent. In the following it is explained how these temperature
dependencies were considered in PSPICE, using figure 3.4. For each temperature-dependent
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Figure 3.4: Implementation of temperature-dependent material behavior in PSPICE: Left) Plot
of the look-up table data used to describe the temperature dependence of the resistivity p of
stainless steel. The table’s values stem from the STEAM material library [77]. Middle) Plot
of the look-up table data used to describe the temperature dependence of the volumetric heat
capacity per volume ¢, of stainless steel. The values of this table were taken from the work of
Bentz and Prasad [78| rather from the STEAM material library, for their increased accuracy
in the high temperature range (7' > 300 K). Right) Schematic corresponding to the PSPICE
netlists that were implemented to model temperature-dependent material properties in PSPICE.

parameter, a separate node (Ties1 and Tres2) is defined with a voltage corresponding to Ties.
This is realized by the two voltage sources Emnput v and Erput ,- These nodes now act as
inputs for two distinct subcircuits, cv_table and ;_table. Within these subcircuits, another
voltage source is defined which assigns a voltage across the subcomponent to the voltage at the
first pin (having a value of Ties as previously defined) based on a look-up table. The actual
material properties are stored in these look-up tables, whose values are shown in the graphs to
the left of figure 3.4. To improve the readability of the model, and ease the access to p and c,,
the voltage across each subcomponent is mirrored with two distinct nodes (¢, and p), using the
voltage-controlled voltage sources (PSPICE E-components) E, and Ee,:
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The voltage of the nodes (¢, and p) now corresponds to the temperature-dependent material
properties as defined in the look-up tables and can be used just like any node voltage to define
temperature-dependent material behavior.
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3.1.3 Full equivalence model of an energy extraction unit

In the following, it is described how the formerly introduced subsystems are integrated into
a complete model of an energy extraction unit. All the equations discussed in this section
correspond to the definition of a PSPICE component or parameter, which can be found in the
full system’s equivalent schematic shown in figure 3.5. The overall system is made up of three
EE modules connected in parallel. As PSPICE resistors (R components) do not allow dynamic
changes in their resistance value, this is realized via voltage-controlled current sources (PSPICE
G-components), whose internal resistance is defined by a variable voltage. However, since the
parallel connection of three voltage-controlled current sources, one for each of the modules,
would lead to numerical instabilities, another implementation has to be followed.

Modelling simultaneously the first two energy extraction modules that are not connected
to the earthing system within a single subcircuit, showed to improve numerical stability and
simulation time significantly. This implementation is discussed in the following.

In the schematic shown in figure 3.5, the nodes 1 _pln and 1 _pOut are connected in parallel
to the switch branch. Furthermore, two so-called "virtual" voltages sources (Emonitor in and
Emonitor_out) are implemented, which can be used to measure the current in and out of the
circuit for debugging purposes. The term "virtual" in this context means that the sources do
not have any effect instead of a current measurement on the circuit, as the voltage across them
is zero. Going from left-hand side to right-hand side, the monitoring sources are followed by
parasitic capacitances and inductances Lparasitic and Chparasitic, which have been inherited from
the previous model and furthermore help the model’s numerical stability. In the next branch,
which contains the subcircuit, the actual calculation of the temperature-dependent resistance
of the first two parallel modules takes place. Within the subcircuit, there is a single voltage-
controlled current source whose internal resistance corresponds to that of two parallel modules
(Rmod1||mod2); i-e. half a module resistance:

V(GaBwmi)

1(G ="
( ABMl) V(Rmodl||mod2)

(3.6)

In order to ensure that the initial resistance at T' = T,,,1, is equal to an initial measured resistance
Rineas (across the entire EE unit), the module’s resistance is scaled with a factor fres, which can
be obtained from measurement data and is defined as:

3- Rmeas : Ares

fres - lres ' p(Tamb) .

Hence, the internal resistance of Gagni is defined as:

Rmod1|\mod2 = % * fres - jf:s * V(p),
with les = 84-3.12 m and A,es = 0.22 m-0.004 m = 88¢° m? being the resistor equivalent length
and cross-section and V' (p) being the temperature-dependent resistivity obtained as described
in section 3.1.2.
Since two modules in parallel are modeled, and the current through them is hence twice
as high as for a single module, the system equations of the thermodynamic submodel have to
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be adapted accordingly to match the mass and cooling power of two parallel energy extraction
modules:

I(Gonmic) = I(Gasm1)? - V(Ruodi|jmod2)
I(Gexchange) =-2- hthiEE : (Tres - Tamb)

V(ECV) = _z‘f(ccvw\_,)EE ’ /I(ECV)dt

with fc, g being a scaling factor of the thermal capacitance, accounting for imperfections in
the heat (_:apacitance’s look-up data and V' (Cy) = V (¢y)- Ares-lres being the voltage corresponding
to a single module’s heat capacity at constant volume. It can be noted that despite modelling
two parallel EE modules within the subcircuit, the freely selectable fitting parameters h¢, g
and foy gg still correspond to the thermal conductance and heat capacity scaling factor of a
single mgdule, which eases their interpretation. Additionally, the way in which the temperature-
dependent properties p and ¢, are retrieved remains unchanged as introduced in section 3.1.2.
Since the subcircuit models only two out of three energy extraction modules, the third one
remains to be considered. The third module can not be modelled within the subcircuit as
well, as it is connected to the LHC’s earthing system. Hence, the third module is modelled by
two voltage-controlled voltage sources (PSPICE E-components) which are connected in series
(Emods 1st half and Epods ond haif). The voltage sources each have an internal resistance of
Rm0d1||;0d2_, corresponding_to the resistance of two parallel modules which is equivalent to the
resistance of half a module:

V(EmodS_lst_half) = Rmod1||mod2 . I(EmodS_lst_half)
V(Emod3 2nd_half) = Rmodi|jmod2 * I (Emod3 2nd_half)

Hence, their total series resistance corresponds to that of a single module. However, as parent
circuits cannot access the nodes of their sub-circuits in PSPICE, the value of Ry0q1|jmod2 18
retrieved the following way:
V(1_pOut,1 pln)

I(E1 modi|mod2)

Ryoa1 |[mod2 —

with V(1_pOut,1_pln) being the voltage across the subcircuit and I(E] mod1mod2) being the
current through the virtual voltage source Ep 10d1|jmod2 Which is inline with the subcircuit.
The model’s optional connection to the earthing system, which is only implemented in case of
one of the two energy extraction units, is considered by a node in between the two PSPICE E-
components (Emod3 1st_ half ad Fmod3 2nd_half) that either floats or is connected to the earthing
system.

3.2 Setup of the optimization

3.2.1 Selection of suitable events

In order to fit the new EE resistance model to measurement data, suitable FPA events had to be
selected. Hence, three different FPA events, occurring at different current levels were selected,
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which had to fulfill the following criteria:

e No quench of the magnets: By excluding events with a quench, the influence of incor-
rect modelling of the resistance of a quenching magnet as the cause of deviations in the
simulated circuit current can be excluded.

e Timestamp of the event must be after 2015: As explained at the beginning of the chapter,
the energy extraction featured a modified module configuration before 2015, which does
not match that of the model implemented. Accordingly, the FPA events selected for the
optimization must have occurred after 2015.

e Consistency of the eventfile: Over the course of the project, it became clear that some
eventfiles had incomplete or inconsistent headers. However, as this header specifies the
boundary conditions of the simulation, it had to be ensured that all the necessary keys
were assigned and that they were within a valid value range.

e Current level: The current level at the start of the discharge should be distributed as evenly
as possible across the selected event files so that the validity of the model parameters for
different FPA current levels is ensured.

e Availability of measurement data: Since the optimization process is based on iteratively
comparing simulation data to measurement data, the measurement data of the selected
events had to be available in PM and NXCALS.

Since checking the aforementioned criteria by hand would be impractical, a python script filtering
the eventfiles was implemented. This script was used to search thousands of events, provided by
the signal monitoring team (SIGMON) at CERN [65]. In the end three different events without
a magnet quench were found which occurred at FPA currents ranging from Iy = 3499 A to
Iy = 11500 A.

3.2.2 Selection of a suitable optimization algorithm

Initially, gradient descent methods were considered to be the fasted way to reach convergence
to the optimum point. However, the process of prototyping physical models posed an additional
challenge of handling parameter configurations which prevent convergence of the simulation.
Hence, the simulation driver was complemented with a timeout parameter which would abort
any simulation process not converging within 900 s. In order to mitigate these cases of failed or
frozen simulations, and to provide the optimization algorithm with feedback about the failure
of the analysis, the analysis driver was further supplemented to return a high penalty value for
the objective function in such cases. Since this strategy nevertheless causes wrong numerical
gradients, which would prevent a gradient descent method from its correct function, the ultimate
choice was a derivative free pattern search algorithm, which has already been briefly introduced in
section 2.3.2.2. Prior to optimization, the variables were automatically normalized with respect
to their maximum and minimum permitted values in order to compensate for differences in
sensitivity. In the STEAM-DI this can be done by setting the keyword scale type = "auto". In
addition, the initial step size is an important parameter, significantly influencing the convergence
of the optimization. Here, an initial step size of £10% of the start value (keyword: initial delta
= 0.1), proved to be effective.
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3.3 Results

In the following two sections 3.3.1 and 3.3.2, the Old energy extraction Model (OM) is compared
to the model developed within this thesis, which is in the following referred to as the New energy
extraction Model (NM). As introduced in the previous sections, the NM takes into account the
heating and cooling of the resistor. Later on within the following sections 3.3.3 and 3.3.4,
two different fits for the free parameters introduced in section 3.1.3 are presented. These two
parameter configurations fitted, one fitted with constant magnet inductance Lyagnet = const.
and one with current-dependent magnet inductance Liyagnet = f(I) are presented in order to
highlight the significance of the improved inductance description implemented. The models after
fitting are in the following referred to as New energy extraction Model after Fit (NMF) and
New energy extraction Model after Fit considering variable Inductance (NMFI). In order to
draw a comparison between the different models and optimizations performed, a set of signals
derived with different models was compared to measurement data. These signals include the
voltage across the energy extraction Vgg, the current through the circuit Iygag, as well as
the resistance of the EE. Since the resistance of the EE units is not directly measured, it was

calculated from PM signals as follows: Rgp = Ilzl/EEAS' Furthermore, the increase in temperature
of the EE modules was compared to measurement data. To do so, measurement data from both
databases had to be considered in order to profit from both the high resolution in the time
domain provided by PM and the increased time span of the logging data provided by NXCALS.
Within both databases, the temperatures of the individual modules are saved individually. In
order to make these signals comparable to the simulated temperature within the NM, in which
all EE modules are assumed to have the same resistance and temperature, the data had to be
preprocessed. Within this preprocessing step, the mean value of the three individual energy
extraction module temperatures was calculated and saved within a single dataframe enabling
a more direct comparison. Furthermore, only the increase in temperature AT, but not the
absolute temperature of the EE modules was compared, as the initial module temperatures
may vary due to prior FPA events, which is not yet considered within starting values of the
simulation. Another characteristic temperature which was considered as part of the comparison
is the hereinafter so-called experimentally-derived temperature ATg,.. This quantity is the
temperature increase which would be necessary to explain the measured increase in resistance,
under the assumption of uniform temperature distribution in the EE resistor. It is derived by
mapping the increase in resistance to an increase in resistivity, which can then be translated
into an increase in temperature through the model’s material look-up data. For each different
model, three different FPA currents Ip: 11500 A, 5923 A and 3499 A were tested.

In most cases only the results corresponding to 11500 A are presented in this chapter, as
the conclusions and characteristics across the various current levels are very similar for all I,
but most often only differ in how much they are pronounced. To simplify the comparison of the
models, the normalized error € between the measured values and the simulation is presented.
This error is calculated as follows:

£ = Qsim - Qmeas (37)

max(abs(Qmeas))

with Qgim being the simulated quantity, Qmeas being the measured quantity and maxabs(Qmeas)
being the maximum absolute value of the measured quantity. In order to provide a clearer
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picture across all models, different fits, current levels and signals, the mean value of this error is
summarized within table 3.1 of the summary. At last, a meta analysis of the fitting processes,
showing the strengths and weaknesses of the applied algorithm and parameters is presented in
section 3.3.5.

3.3.1 Old energy extraction model (OM)
3.3.1.1 Characteristic electrical signals

In the following, the OM’s characteristic signals and their respective errors are presented, based
on figure 3.6. Both the simulated and the measured signal of Vgg, shown in figure 3.6a, exhibit
a sharp drop immediately after the FPA, which is observed for both EE units. This voltage drop
is associated with the opening of the switch, forcing the circuit current Iygas to flow through
the energy extraction. Despite the qualitatively similar course of both simulated and measured
voltage signals, a considerable deviation between the signals can be noticed. This deviation,
which is illustrated by the normalized error ¢, steadily decreases after the FPA, until reaching
its minimum after at approximately 45 s. The maximum absolute value of this error is above the
5% mark. Later on, however, the simulated and measured voltage curves equalize again, which is
also reflected in the decreasing absolute of the error €. This deviation is significantly influenced
by the model’s underlying assumption of a constant EE resistance. Since the resistor heats up
over the course of a discharge, its resistance increases, which is not considered within the model.
Hence, the model underestimates the voltage drop across the EE resistance, which is the cause of
the negative errors observed. The observed positive error after approximately 150 s however can
not be attributed to an underestimated resistance, but may be caused by deviations between the
modelled and real magnet inductance. A similar conclusion can be drawn for the course of the
current in the circuit Iyjgas, which is shown in figure 3.6b. Both the simulated and the measured
current follow the expected semi-exponential drop. While they are still in good agreement
immediately after the FPA, an increasing deviation at later stages of the discharge is observed.
Considering the errors, this deviation increases steadily until approximately 140 second after
the FPA, and subsequently stagnates. The maximum value of the error is at approximately 4%.
The overestimated current can be attributed to an underestimated EE resistance. Finally, the
course of the simulated and measured resistance is shown in the figure 3.6¢c. A clear increase in
the measured electrical resistance can be observed. Furthermore, after approximately 150 s the
odd energy extraction’s resistance exhibits a small decrease, whereas the resistance of the even
energy extraction further increases. This decrease in the measured resistance, observed for the
odd EE in later stages of the discharge (after approximately 200 s), may be attributed to the
module’s cooling. The simulated resistance however is treated as constant within the OM and
hence significantly deviates from the measured value.

3.3.2 New energy extraction model (NM)

In the following section, the simulation results of the characteristic signals and temperatures
as calculated with the NM are presented. In order to ease interpretation and validation, the
simulations presented within this section were conducted considering the module to be adiabatic
hin e = 0 and unchanged with respect to its heat capacity fcy gg = 1.
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Figure 3.6: Characteristic electrical signals obtained with the OM for a discharge (without
quench) at Iy = 11500 A. a) Voltage across the energy extraction Vgg, b) Current through the
circuit Iygas, ¢) electrical resistance of the energy extraction Rgg. The OM does not feature a
thermodynamic description, hence it does not employ the free parameters hyy, gg and fcoy EE

n_n

which is denoted by a within the table above the respective plots.
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3.3.2.1 Characteristic electrical signals

In the following, the NM’s characteristic signals shown in figure 3.7 are presented. For the
voltage across the energy extraction Vgg, shown in figure 3.7a, only a slight deviation between
the measured and simulated signal can be noticed. This deviation steadily decreases over the
course of the discharge, until reaching a minimum after approximately 50 s. The maximum
absolute error in Vgg is below 2%. Just like for the OM, the simulated and measured voltage
curves equalize in the further course, which is also reflected in a decreasing error, which almost
drops to zero towards the end. This improvement in the match between measured and simulated
signals of Vgg can be attributed to the model considering the temperature related increase in
resistance of the EE. For the NM, the simulated and measured current almost coincide as shown
in figure 3.7b. With the NM only a slight error in Iyigas below 0.2% can be observed, having
its maximum at approximately 25 s after the FPA. However, after this maximum is reached, the
curves steadily equalize. Conclusively, also Iyigas exhibits an improved accuracy in comparison
to the OM. Finally, the course of the resistance as simulated with the NM is shown in figure 3.7c.
Both the modelled resistance, as well as the measured resistance, increase steadily over the course
of the discharge, proving a qualitatively consistent implementation of the model. Furthermore,
the characteristic feature of the even energy extraction exhibiting a lower resistance than the
odd energy extraction is correctly represented within the NM. However, there is still a clear
deviation between the two resistances, as the measured resistance is larger than the simulated
resistance over the entire course of the discharge. At last, the courses of measurement and
simulation equalize again towards later stages of the discharge.

3.3.2.2 Simulated and measured temperatures

In the following section, the module temperature as calculated through the NM is compared to
measurement data for all current levels tested. Figure 3.8 shows the simulated and the measured
increase in temperature. At first, the temperature increase for the lowest tested FPA current
Iy = 3499 A, which is illustrated in figure 3.8a will be discussed. Considering the course of
AT, it is noticeable that for both EE units the simulated rise in temperature is significantly
faster than the measured temperature increase. Both curves however reach a similar steady state
temperature increase of about 17 K. The experimentally-derived temperature increase ATc,ic
however does not exhibit a steady state. On the contrary, it exhibits a steeper rise in the first
100 s than both the simulation and the measurement. In the course of the rise, both curves
approach a local maximum of about AT, = 25 K, which is reached after approximately 50 s.
Subsequently, a temporary decline in the curve can be observed for both energy extraction units,
lasting until about 130 s. Afterwards, both curves of AT, exhibit a second, much steeper rise
in temperature, which increases up to values several times higher than what is observed in the
measurements. This strong rise in AT, at late stages of the transient is an artifact, the cause
of which will be discussed further at the end of this section.

Comparable observations can be made for the temperature increase analyzed at Iy = 5923 A,
which is illustrated in figure 3.8b. Here too, the initial rise in the simulated temperature increase
is larger than that of the measurement. In addition, just as in the previous case, an overshoot
of the experimentally-derived temperature AT, increase can be observed, which, in contrast
to the previous current level discussed, seems to be approaching a steady state. Remarkably,
the final temperature increases of measurement, simulation and AT, seem to approach each
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Figure 3.7: Characteristic electrical signals obtained with the NM for a discharge (without
quench) at Iy = 11500 A. a) Voltage across the energy extraction Vgg, b) Current through the
circuit Ivgas, ¢) Electrical resistance of the energy extraction Rgg. In order to ease the com-
parison, cooling was turned of by setting hy, gg = 0. Further characteristic model parameters
are given in the tables above the respective piots.
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Figure 3.8: Increase in resistor temperature as simulated with the NM in comparison to mea-
surement data and the temperature increase which would be necessary to explain the measured
increase in resistance AT, (assuming homogeneous resistivity, heat capacity and temperature
across the resistor). The plots correspond to different FPA events, which occurred at different
current levels Ij.
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other at approximately 45 + 5 K. This steady state temperature increase is higher than that
observed for Iy = 3499 A.

Finally, the temperature increase at Iy = 11500 A as shown in figure 3.8c will be discussed.
Considering the course of AT, it is noticeable that just like for the other two current levels, the
simulated rise in temperature is faster than the measured rise in temperature. Furthermore,
the simulated maximum of AT, is about 20 K above the measured maximum of AT. While
the simulated temperature increase reaches a steady state of approximately 165 K, the mea-
sured temperature increases no higher than about 150 K. Again, the experimentally-derived
temperature increase exhibits a steeper rise than both simulation and measurement. In the
course of its rise, the ATt curves of both systems approach a local maximum of approximately
AT, = 220 K, which is reached after about 150 s. Subsequently, a temporary decline in the
AT, curve of both systems can be observed, which for the even energy extraction, however is
followed by a second rise after approximately 200 s.

In contrast to lower current levels, the final increase in temperature is not matched for Iy =
11500 A. The cause of this observation could be rooted in the modules’ cooling control system.
The cooling fans of the EE modules are only triggered, once a certain threshold temperature
(approximately 50 degree celsius [43]) is surpassed. For all temperatures below this threshold,
the simulation’s underlying assumption of hyy, gg = 0 has more validity since also in reality,
the cooling is not triggered, but turned off, ;esulting in a better match of the steady state
temperature increases of measurement and simulation. For higher temperatures however (caused
by higher Ij), the cooling system is triggered which may be the cause for which the simulated
steady state temperature increase of the adiabatic system exceeds the measured increase in
temperature for this case. The fact that the simulated and measured temperatures approach
each other for lower currents however signifies that the thermodynamic equilibrium considered
within the NM enables an accurate approximation of the module temperatures. Furthermore,
an overshooting of AT, could be observed for all tested current levels. This phenomenon
of overshooting may be caused by non-uniform heating within the resistor (for example at the
welding points of the stainless steel plates). As areas of increased temperature would primarily
occur at points with a high current density, they could act like additional serial resistances
having a non-negligible influence on the overall resistance of the module. After enough time
however, thermal diffusion would cause the temperature gradients within the steel plates to
reduce, causing a reduction of the module resistance. This condition where all temperature
gradients are evened out by thermal diffusion would be reached when AT, realigns with the
simulated increase in temperature, as observed in figure 3.8b. Since such effects are not covered
within the model, which assumes the resistor to be a homogeneous mass of uniform resistivity,
temperature and heat capacity, the simulated increase in temperature deviates from ATy,
especially within early stages of the simulation. The strong rise of the increase of AT, at late
stages of the transient is assumed to be an artifact of measurement noise. AT, is approximately
proportional to the measured resistance, which is proportional to the inverse of Iyigas. Hence,
a vanishing circuit current, together with noise in the measurement within late stages of the
discharge could be a possible cause for the unrealistically large values of AT,,c.

This explanation is further supported by the fact that the large increase in AT, is most
pronounced for the event with the lowest considered FPA current of 3499 A. However, since
a similar behavior is also observed for Iy = 11500 A, the cause of the second rise observed in
AT, can not conclusively be explained.
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Another open question is why the measured increase in temperature seems to lag behind
the simulated increase in temperature. Since the steady state temperature increase for lower
current levels is matched, an underestimated influence of cooling can be excluded as a cause
of the observed delay between both signals. One possible reason could be the position of the
temperature sensor, as it is not in direct contact with the plates, but located inside a capsule
attached to a plate in the middle of the module. Hence, an increased shell thickness of the
capsule, and the associated slower thermal diffusion, could explain the delayed reaction of the
Sensor.

3.3.3 New energy extraction model after fit (NMF)

In the following section, the simulation results of the characteristic signals and temperatures as
calculated with the NMF are presented!.

3.3.3.1 Characteristic electrical signals

In the following, the same set of signals already presented in the previous sections but calculated
with the NMF is presented. After fitting the model with Dakota, a clear improvement in the
simulation accuracy of Vgg is observable, as can be seen from figure 3.9a. In contrast to the NM,
the optimized model’s error in Vgg is less than one percent. However, considering the course
of Iygeas in figure 3.9b, it can be seen that the maximum absolute error in current is increased
in comparison to the NM before the fit. While the NM without fitting exhibited errors below
0.2% magnitude in Iyjgas, the NMF’s error in Iyigas almost approaches 1% in magnitude. This
maximum absolute error is reached about 100 - 150 s after the FPA. Considering the simulated
and measured resistances in figure 3.9¢, it is noticeable that the simulated signals almost coincide
with the measured values, especially in the first 70 s. On the contrary, after approximately 70 s,
the simulated increase in resistance is slightly higher than the measured increase in resistance,
resulting in a slight deviation between the two curves. Towards the end of the simulation,
the simulated resistance remains at a constant level, while the measured resistance appears to
slightly reduce. To conclude, it shall be highlighted that the fit has resulted in an improved
match for voltage and resistance signals, but also in a slight deterioration of the current signal
in comparison to the NM before fitting. Compared to the OM however, all simulated signals
(also the current) still exhibit a higher accuracy when being simulated with the NMF.

Considering the optimum values of the fitting parameters, it is noticeable that the simulated
influence of cooling is negligibly small, as signified by a very low thermal conductance hy, gg =
1.0113 W K~!. Furthermore, it is worth noting that the calculated heat capacity must be scaled
down to approximately 76%, in order to reproduce the measured signals.

3.3.4 New energy extraction model after fit considering variable inductance
(NMFI)

As stated in the previous section, fitting the model’s free parameters fcy gg and hyn gy im-
proved the accuracy of the simulation in terms of voltage and resistance. On the contrary, the

'In terms of the conclusions that can be drawn, the simulated temperature increase of the NMF is similar to
the NMFT’s progression of AT which is presented in the following section. Hence, the NMF’s temperature signals
are only presented in figure A.1 of the appendix, but are not discussed in more detail.
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Figure 3.9: Characteristic electrical signals obtained with the NMF for a discharge (without
quench) at Iy = 11500 A. a) Voltage across the energy extraction Vgg, b) Current through
the circuit Iyigas, ¢) Electrical resistance of the energy extraction Rgg. Further characteristic
model parameters are given in the tables above the respective plots.
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simulation’s accuracy in predicting the circuit current Iyigas reduced in the fitting process.

The circuit current during the discharge is largely determined by the total inductance and the
total resistance of the circuit. The latter is mainly dominated by the EE resistance. Ultimately,
an improved accuracy of the resistance should result in an improved accuracy of the EE current.
However, since the error in Iyigas increased due to the improvement of Vgg and Rgg, a major
deviation between the simulated and the actual inductance of the circuit was the most likely
cause. Hence, an improved magnet model was implemented, which is introduced within the next
section.

3.3.4.1 Improvements to the MB magnet model

In the previous model of the main dipole circuit’s magnets (MB), the inductance was assumed
to have a constant value of 0.098 H, which is a good approximation. However, the inductance
actually changes slightly depending on the current, which caused a deviation in simulated and
measured inductance, as shown in figure 3.10a. This can be attributed to the saturation of the
iron yoke surrounding the magnet coils. In order to consider this change in inductance during
the discharge, the MB magnet model was supplemented with a current-dependent inductance
formulation. This was done in the same way as described in section 3.1.2 by defining a current-
dependent inductance look-up table. As the magnet differential inductance during a FPA is
not directly measured, it had to be calculated through the voltage across the magnet Upiopg
(corresponding to the diode voltage signal saved in the PM database) and the current through
the magnet (which is equal to Iyjpas as long as the magnet does not quench) like exemplified
in the following equation:

Umagnet _ UDIODE

Lmagnet = (38)

%Imagnet %IMEAS .
Based on this data, a look-up table of the magnet differential inductance was defined that
increases with decreasing current?. Within the new magnet model, each magnet inductance
component was replaced by a current-dependent look-up table based voltage-controlled voltage
source (PSPICE E-component). This resulted in a more accurate match of the measured and
the simulated inductance across a widespread range of different current levels, as shown in
figure 3.10b.

3.3.4.2 Characteristic electrical signals

After the simulation accuracy of the circuit current during the discharge was improved by sup-
plementing the magnet model as described above, the model of the energy extraction was fitted
once more. As this model is the finally implemented and deployed version of the EE, the charac-
teristic signals for all tested FPA current levels are presented to illustrate the improved accuracy
across a wide range of different events.

Voltage across the energy extraction Vgg
In the following, the voltages across the energy extraction as obtained with the final version of
the model (NMFI) are discussed, based on figure 3.11. Just like for the previous fit of the model

2In order to obtain improved numerical stability, the look-up table was defined to be monotonically increasing
with decreasing current.
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Figure 3.10: Comparison of the simulated and the measured inductance before and after current-
dependent inductance was considered in the MB magnet model. The magenta markers illustrate
the measured inductance as obtained by equation 3.8. The blue plot corresponds to the simulated
inductance. The green triangles connected by the dashed line mark the monotonic subset of
values saved within the model’s inductance look-up table. The yellow stars correspond to the
mean value of the measured inductance. a) Mismatch between measured inductance and the
constant inductance assumed in the old MB magnet model. b) Improved accuracy achieved by
implementing current-dependent inductance within the MB magnet model.
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Figure 3.11: Voltage across the energy extraction Vgg obtained with the NMFI for FPA current
levels of: a) In = 3499 A b) Iy = 5923 A ¢) Iy = 11500 A. Further characteristic model
parameters are given in the tables above the respective plots.
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with constant inductance, it is noticeable that the curves of the measured and simulated voltages
of Vgg almost coincide. Furthermore, the magnitude of the maximum errors is further reduced
across all current levels, in comparison to the previous fit of the model with constant inductance.
For all current levels, an initially small error is observed, which however increases over the course
of the discharge until reaching a local maximum in magnitude. Hence, the simulation in Vgg
is most accurate in the early stages after the FPA, where the influence of resistor heating is
still small but also towards the end of the discharge, where the currents within the circuits (and
hence also the signals and their errors) become smaller.

Circuit current Iygas

In the following, the currents through the energy extraction as obtained with the final version of
the model (NMFTI) are discussed, based on figure 3.12. Comparing the figures 3.12c and 3.9b, it
can be seen that the error in Iyigag is further reduced in comparison to the NMF. This qualitative
observation holds true across all current levels. Furthermore, an almost constantly negative error
in Iyigas can be observed, indicating that for most of the decay, the simulated current is slightly
underestimated. In all three cases however, there is no consistently rising or falling trend in
the absolute error, but rather only a temporary increase in magnitude. The maximum absolute
error occurs for all tested FPA current levels between approximately 100-150 s.

Resistance of the energy extraction Rgg

In subsequent, the resistance of the energy extraction as obtained with the final version of the
model (NMFI) is discussed, based on figure 3.13. Considering the simulated Rgg, conclusions
similar to those for the NMF can be drawn. Especially at high current levels, the fit has adapted
very well to the measured resistance curve, as can be seen from figure 3.13c. Furthermore, by
comparing figures 3.13c and figure 3.9¢c, it is observed that the simulated resistance derived for
the NMFT shows better agreement with the measurement data than the resistance simulated
with the NMF. Across all current levels, there is a strong agreement between simulated and
measured resistance within the first few seconds. However, at later stages of the simulation,
the curves of simulated resistance and measured resistance stop to coincide after a certain time
point. This time point of separation happens to be increasingly earlier as the FPA current
Iy decreases, which might be attributed to the insufficient physical representativeness of the
measured resistances at low currents.

3.3.4.3 Simulated and measured temperatures

In the following section, the module temperature as calculated within the NMFI is compared to
measurement data for all current levels tested. At first, the temperature increase for the lowest
tested FPA current Iy = 3499 A, as illustrated in figure 3.14a will be discussed. Considering
the course of the temperatures, it is noticeable that for both EE units, the simulated rise in
temperature happens much faster than the measured temperature increase. Furthermore, the
steady state temperature increase of the simulation deviates by more than a factor of two from
the measured temperature increase. Additionally, even after fitting, a strong deviation between
AT, and the simulated module temperature can be observed. However, within the first 10 s
after the FPA, the curves align.
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Figure 3.12: Current through the circuit Iygag obtained with the NMFT for FPA current levels
of: a) In = 3499 A b) Iy = 5923 A ¢) Ip = 11500 A. Further characteristic model parameters
are given in the tables above the respective plots.
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Figure 3.13: Simulated resistance of the energy extraction Rgp obtained with the NMFTI for

FPA current levels of: a) Ip = 3499 A b) Ip = 5923 A ¢) Iy = 11500 A. Further characteristic
model parameters are given in the tables above the respective plots.
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Similar conclusions can be drawn for the temperature increase analyzed at Iy = 5923 A,
which is illustrated in figure 3.14b. Also in this case, the initial rise in the simulated temperature
increase is greater than that of the measurement. Furthermore, just like observed for lower I,
the experimentally-derived temperature AT, and the simulated temperature align within the
first 100 s. The steady state of the simulated increase in temperature of about 60 K however
does not align with the measured increase in temperature, which remains at about 40 K.

Lastly, the temperature increase at Iy = 11500 A as shown in figure 3.14c¢ will be discussed.
The curves of the simulated temperature increase and AT, coincide at the beginning of the
transient. Compared to the lower current levels however, this overlap is significantly longer and
lasts for almost 180 s. Here too, the final temperature increase obtained through simulation
does not coincide with the final temperature increase of the NXCALS measurement signal.

The observations made for the simulated temperature can be interpreted as follows. During
the fitting process, the objective function, evaluating the alignment between the measured and
simulated signal Vgg is minimized. Hence, the simulated temperature is more and more aligning
with the experimentally-derived temperature AT, in order to match the measured resistance.
However, as already discussed in section 3.3.2.2, the measured resistance (and hence also AT )
is subject to perturbations, most likely due to elevated influences of signal noise when measuring
small current signals. Therefore, the models free parameters are fitted to erroneous resistances,
resulting in comparatively big errors within the simulation signals. The reason for which the
steady state temperature increase is not matched anymore after fitting can be explained by
the changes in fcy gg. The fitting algorithm can only match the initial overshoot of AT,
if foy EE IS reduce_d, as this causes a rise of temperature and resistance. However, changing
fov ETE further causes the full ohmic heating energy to be deposited within a downscaled resistor
heat capacity, causing the simulated steady state temperature increase to rise, and hence deviate
from the measured steady state temperature increase. In a future work, the EE resistor model
could therefore be further refined in order to model temperature gradients in the resistor, by
subdividing the resistor module’s volume into multiple parts. This would allow a better match
of simulated and measured temperatures than it is possible with the model derived in this thesis,
which primarily focussed on the accurate simulation of electrical signals.

3.3.5 Meta analysis of the parameter fits

Since the further development of the STEAM-DI was an essential part of this thesis, the following
section will take a closer look at the fitting process. The optimization aims to minimize a so-
called objective function, which is defined as:

€V_EE_ODD +€V_EE_EVEN
2

objective function = (3.9)
with &y gg opp and &y gg gveN being the mean simulation errors (definition given in equa-
tion 3.7)_ for VEE of the two e_nergy extraction units. The courses of the optimization processes
leading to the optimum parameter configurations finally selected for deployment of the model
are now discussed in more detail, based on figure 3.15. In these optimizations, the initial point
in parameter space was selected to be (fcy g = 1.0; Ay, gr = 100 WK*I). This point, whose
actual value is far from the point at which the optimum_was expected was chosen in order to
better investigate the optimization capabilities of the algorithm.
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Figure 3.15: Parameter optimization of the newly developed EE model using a pattern search

algorithm. a), c), e) Objective function landscape showing the initial point and the best point

of the optimization as well as the movement of the tested points within parameter space for the
different FPA current levels tested. b), d), f) Value of the objective function over the course of
the optimization for the different FPA current levels tested. Each row of the figure corresponds

to a different FPA event, which occurred at a different current level Ij.
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In all three optimizations, the algorithm first reduces the heat capacity by scaling down
focv EE in order to increase the simulated temperature and hence the simulated resistance.
The final values corresponding to the events at 5923 A and 11500 A are va_EE = 0.72 and
fov EE = 0.77.

Considering the parameter landscape of the the optimization corresponding to the FPA
event that occrred Iy = 3499 A (shown in the figures 3.15a), it is noticeable that with this
optimization, the optimum point of fc, gg is much lower. As explained in section 3.3.4.3, the
measured resistance for this event appea_rs to increase to unrealistically high values towards the
end of the discharge, which may be attributed to noise within the signals. The optimization
algorithm is however aiming to mimic this behavior with the simulation and thus reduces the
heat capacity in order to increase the simulated resistance. The optimum values found for this
optimization could therefore deviate from the actual physically representative values.

Furthermore, the final optimum points found at all current levels feature a thermal conduc-
tance close to hyn, gp=100 W K~!. However, comparing these with the values for hin gg found
in a previous optimization study (in which the magnet differential inductance was constant,
see A.2), it is noticeable that the optimum values are widely scattered, and are in some cases
very close to the starting point of the optimization.

Hence, the sensitivity of the objective function to hy, gg is assumed to be small. On the
contrary, as the value fo, gg = 0.77 found at Iy = 11500 A is consistent across different starting
points of the optimizatioﬂ (see figures 3.15e and A.2c¢ for comparison), it can be assumed to be
physically representative. However, it should be noted that the optimizations carried out within
this thesis are local optimizations, which provide "good" optima, but not necessarily "the best".

In the early stages of all optimizations, the objective function can steadily be reduced. For
all FPA currents tested, convergence of the optimization is achieved after about 400 iterations
at the latest, which is noticeable through the sudden flattening of the objective function’s curves
shown in figures 3.15b, 3.15d and 3.15f. This sudden flattening indicates convergence of the
optimization. After the objective function reaches a plateau due to the convergence of the
optimization algorithm, any further iteration causes only minimal improvements in the objective
function’s magnitude.

For the optimization corresponding to the event that occured at Iy = 11500 A (shown in fig-
ure 3.15¢), a lot of unsuccessful simulations can be noticed. However, the algorithm nevertheless
converges to a minimum, as can be seen from the course of the objective function’s magnitude
shown in figure 3.15f. This indicates the robustness of the method developed, especially in the
process of model prototyping, where stable initial starting values of the model parameters are
unknown before the optimization3.

3.4 Summary

This chapter described the implementation and optimization of a new model of the LHC main
dipole circuit’s energy extraction resistors. This new model considers heating and cooling effects

3The multitude of failing optimizations observed in figure 3.15e is not a cause of a poorly chosen initial
starting point, as other simulations with parameter vectors close to those that caused a failure in some cases ran
successfully. The observed behavior may rather be attributed to a too short process timeout chosen (900 s), after
which frozen simulations are aborted.
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Table 3.1: Summary of the mean simulation errors in predicting current, voltage, and resistance
of the EE for all model configurations and current levels tested. The parameters found for the
optimizations of FPA events with Ip= 3499 A are set in braces, as they might be physically less
representative than the values found for other current levels, as explained in section 3.3.5.

model  fitted? Limagnet Iy fev EE hin EE - Z1_MEAS &V _EE odd &V _EE even ER_EE odd ER_EE_even
, (constant/ _1 o o o o o
(ves/no) variable) (A) ©) (WK™ (%) (%) (%) (%) (%)
OM n ¢ 3499 - - 0.92 1.71 1.32 3.97 1.55
oM n [¢ 5923 - - 0.53 0.83 0.8 3.27 3.32
oM n ¢ 11500 - - 2.54 2.53 2.47 13.66 14.27
NM n C 3499 1 0 1.16 1.63 1.25 2.87 1.34
NM n ¢ 5923 1 0 0.17 0.33 0.31 0.8 0.71
NM n [¢ 11500 1 0 0.1 0.67 0.8 1.93 2.81
(NMF)  (¥) (c) (3499) (0.32)  (1.09)  (1.68)  (1.48) (1.11) (2.64) (2.72)
NMF y ¢ 5923 0.6 1728.96 0.39 0.29 0.28 0.87 0.83
NMF y [¢ 11500 0.77 1.01 0.53 0.49 0.64 1.44 0.5
(NMFD)  (y) ) (3499) (0.39) (9L71)  (12)  (L15) (0.76) (2.56) (2.2)
NMFI y v 5923 0.72 100.81 0.09 0.18 0.19 1.58 1.54
NMFI y v 11500 0.77 91.47 0.31 0.23 0.39 1.26 0.38

by assuming homogeneous temperature, heat capacity and resistance across the resistor mod-
ules. For the resistors’ thermodynamic modelling, two distinct free parameters were introduced:
hth EE, which is proportional to the resistors’ cooling and fcy gg, used to scale the resistors’
init?ally assumed heat capacity up or down. In the further coursg, different model configurations
were compared across different FPA current levels, based on characteristic electrical signals.
These included the voltage across the energy extraction Vgg, the resistance of the energy ex-
traction Rgpg and the circuit current Iyigas. In the following, the mean errors of these electrical
signals are summarized, based on table 3.1.

As can be seen, the implementation of the new model (NM) caused a significant improve-
ment in simulation accuracy across all tested FPA current levels. By fitting the model’s free
parameters (NMF) with Dakota, the simulation accuracy could be improved even further, espe-
cially at high FPA currents. In order to better match the simulated circuit current Iyigag, the
model of the main dipole circuit’s magnets was supplemented by considering current-dependent
magnet differential inductance. The current dependence of the magnet differential inductance is
attributed to the saturation of the iron-yoke around the magnet coils and was determined based
on PM measurement data. After this implementation, the model was fitted once more (NMFT)
which caused the desired improvement in accuracy of the simulated circuit current. Comparing
the OM and the NMFT for the highest FPA current tested, the mean error in the simulation of
Ivieas could be reduced from 2.54% to 0.31%. Furthermore, the errors of the simulated signal
of Vgg and Rgg could be reduced by about 2% and 14% respectively.

In all optimizations, the scaling factor fc, gg was reduced by the algorithm, which is at-
tributed to the effect of uneven heating of the resistor. The optimum thermal conductance
htn g notably scattered for different optimizations, but often converged to values correspond-
ing_to virtually zero cooling. On the contrary, the optimum value of fo, gg = 0.77, determined
at Iy = 11500 A is consistent across different starting points of the optiI_nization.
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Table 3.2: Comparison of the mean simulation errors in predicting current, voltage, and resis-
tance of the energy extraction. The table compares the finally deployed model (DM) to the Old
Model (OM).

model Iy Jov BE Mh EE &1 MEAS &V _EE odd EV EE even ER_EE odd ER_EE even
A (WK™ (%) (%) (%) (%) (%)

OM 3499 - - 0.92 1.71 1.32 3.97 1.55

oM 5923 - - 0.53 0.83 0.8 3.27 3.32

OM 11500 - - 2.54 2.53 2.47 13.66 14.27

DM 3499  0.77 91.47 1.87 2.15 1.82 2.7 1.41

DM 5923  0.77 91.47 0.68 0.53 0.52 1.27 1.21

DM 11500 0.77 91.47 0.31 0.23 0.39 1.26 0.38

With respect to the simulated temperatures, it could be seen that the fitted models allowed
to reproduce the experimentally-derived temperature increase ATc,i., which is the temperature
increase needed to account for the measured resistance increase of the energy extraction resistors
(assuming homogeneous resistivity, heat capacity and temperature across the resistor). It was
furthermore shown that the NM (in the adiabatic case hth EE = 0) could reproduce the measured
maximum temperature increases for low current FPA events to a good approximation (see section
3.3.2.2). The measured resistor temperature can not be reproduced which is due to the model’s
underlying assumption of a homogeneous temperature distribution across the resistor. This is
however beyond the scope of this thesis, since the resistor temperature does not directly affect
the transients in the superconducting magnets.

Since the effects of resistor heating were observed to be most pronounced at high FPA
currents, the model was deployed with the optimum parameters found for the fit with the
highest Iy, which had values of hy, gr = 91.47 WK~ and fo, gg = 0.77. To ensure that these
parameters also bring the desirediimprovement for other FPA current levels, all three events
were simulated once more with the final parameters hy, gg = 91.47 WK~! and fc, g = 0.77.
The mean errors of these simulations using the final model parameters are given in table 3.2.
It can be seen that in comparison to the OM the finally deployed model (DM) reproduces the
measured resistances more accurately. This is the case across all FPA current levels tested.
Furthermore, the simulated voltage across the energy extraction as simulated with the DM
shows a clear improvement in accuracy in comparison to the OM, as an improvement in mean
errors is observed for two out of the three current levels analyzed.

For lower FPA currents it is observed that the improvements in simulation accuracy of Rgg
do not lead to an improvement in simulation accuracy of Iygas. The reason for this could lie
in inaccuracies in other circuit components, causing the circuit current to be underestimated by
the simulation, even before the new energy extraction model was implemented. In such a case, a
further reduction in the circuit current which comes with the implementation of the new model
causes a reduction in the accuracy of Iygas despite the EE model being more accurate.

Overall, the newly developed model of the LHC main dipole circuit’s energy extraction
resistors provides an advanced prediction of various characteristic circuit signals. It will therefore
contribute to more precise analyses of FPA events, especially in the case of FPA events that
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occurred at high circuit currents.






Model of the LHC main dipole
magnet’s by-pass diodes

In addition to the model of the main dipole circuit’s energy extraction resistors, a thermoelectric
model of the main dipole circuit’s by-pass diodes was implemented in this thesis. This model is
presented in the following chapter. The model considers the diodes’ heating and cooling effects,
as temperature has a decisive influence on the diodes’ I-V characteristic. First, section 4.1
provides a general introduction to the LHC main dipole magnet’s by-pass diodes and their
modelling in this thesis. In section 4.2, the results of the simulations are presented and compared
to measurement data. Finally, the results are summarized and discussed in section 4.3.

4.1 Model

If a quench in one of the LHC’s main dipole circuits is detected, its quench protection heaters are
triggered in order to safely transfer parts of the magnet coil back to normal conducting state.
In order to provide a low resistance path for the current in such a case, each magnet of the
main dipole circuits is protected by a parallel-connected by-pass diode [42, 79, 80]. As the diode
is installed in the magnet cold mass, it must operate at cryogenic temperatures. As shown in
figure 4.1, the diodes are enclosed within an insulating capsule, the so-called press-pack, which
serves as a protection against contamination and mechanical forces. Inside the capsule, the
silicon wafer, which acts as the actual diode, is attached to two molybdenum plates, which are
in contact to two copper pole pieces. Furthermore, a silver foil is placed between the top of
the wafer and the upper molybdenum plate, which further improves the thermal and electrical
coupling of the wafer to the plates. The diode capsule itself is installed within the so-called
diode stack, which is placed in a helium container inside of the cryostat of the magnet as shown
in figure 4.2 [80]. Within the diode stack, the press-pack is clamped between two nickel-coated
copper heat sinks, pressed together with a force of 40 kN [42]. These high pressure forces, which
are applied to the stack by a Cu-Be plate spring [83], are necessary in order to ensure a strong
electrical and thermal coupling of the heat sinks to the press-pack. After a magnet’s quench
protection heaters are triggered and parts of the magnet coil become resistive, the circuit’s
current primarily flows through the diode. This current flow causes the wafer to heat up, which
has a strong influence on the I-V characteristics of the diode. The following section presents
how this temperature dependence of the I-V characteristic was modelled in this thesis.



58 Model of the LHC main dipole magnet’s by-pass diodes

Upper contact

Copper pole pieces -«

Shell of the capsule

Lower contact

Molybdenum plates

" Silver foil

Figure 4.1: Cold by-pass diode of the main dipole circuit. Left) Diode press-pack of the by-pass
diode (image taken from the work of Will [80]). Right) Cross-section of the diode press-pack
(image taken from a datasheet [82] and modified.)

Half moon connector / f

Cu-Be plate spring ——____ ||

First heat sink ———

Second heat sin D
Diode ]
5

Diode helium container

Figure 4.2: Structure of the diode stack, showing how the diode stack is placed and how it is
connected to the cryostat. Left) Diode stack (image taken from [83] and modified). Middle)
Technical drawing of the diode stack with the heat sinks being colorized in blue and the diode
being colorized in yellow (image based on a modified technical drawing from CERN). Right)
image of an open main dipole magnet showing the position of its helium container in which the
diode stack is installed (image taken from [84] and modified).
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4.1.1 Modelling of the diodes’ temperature-dependent I-V characteristic

The current-voltage characteristic of diodes can be modelled with the Shockley equation [85]:

Ip=1Ig- (exp (nVI‘D/T> - 1) (4.1)

with the reverse-bias saturation current Ig, the ideality factor n and the thermal voltage V1 of

the diode. The I-V characteristic of diodes is strongly temperature-dependent. This tempera-

ture dependency is reflected in the equation’s parameters Vi, Ig and n, which depend on the

temperature of the diode’s wafer. The thermal voltage is linearly dependent on the temperature:
kg -1p

Ve — 7 4.9
T . (4.2)

with Tp being the wafer’s temperature, kg being the Boltzmann constant and ¢ being the
elementary charge of an electron. Another temperature dependence is found in the reverse-
bias saturation current Ig. Its temperature dependence is in general non-linear and relates to
characteristic parameters of the p-n junction which also have a temperature dependency. The
reverse-bias saturation current can be approximated by considering the following equation [86]:

Dy, n D,
Np-Ly Np-Le

Iszni2-Aj-q-< (4.3)

weakly temperature dependent

with A;j being the junction area, n; being the intrinsic carrier concentration, Dy, and D, being
the charge carrier diffusion constants of the holes and electrons, Ly and L, being the charge
carrier diffusion lengths of the holes and electrons and Ny and Np being the acceptor and donor
concentrations on the p and n side of the junction. Within this equation, the most dominant
temperature dependency is given with the intrinsic carrier concentration n; [86], which can be
approximated with the following formula:

_(90

niQ:K*TB*ekaB-T’

(4.4)

with K being a constant and 6y being the semiconductor’s band gap extrapolated to 0 K [86].
Considering equation 4.4 at temperatures close to 0 K, it becomes apparent that the carrier
concentration and hence also the reverse-bias saturation current become vanishingly small. This
phenomenon is often referred to as carrier freeze-out [80].

The ideality factor n, which is intended to represent non-ideal diode behavior such as carrier
recombination, can also be temperature-dependent. Hence, there is no standardized physical
law that describes how n is affected by temperature. In order to analyze the trend of n and Ig,
the Shockley equation was fitted to measurement data recorded at different temperatures, using
a least-square approach. This survey included the following data sources [80, 81, 79, 87|:

e Measurement data from the CERN diode testing facility (building 272), which was con-
ducted at 298 K and 77 K (denoted with B272-298K and B272-77K).

e Reference data measured at 4.2 K (denoted with D8 Vto_Ref).
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Figure 4.3: Measurement data of the diode’s I-V characteristic. The measurement data exhibits
clear deviations from ideal diode behavior. Therefore, the limits indicated by the dashed lines
were applied to the data, in order to fit the Shockley equation only to ranges in which it can
describe the diode’s behavior sufficiently well.

e Measurements that were conducted at CERN to have a comparison to the manufacturer’s
(DYNEX) specifications at 298 K and 77 K (denoted with CERN DYNEX-298K and
CERN_ DYNEX-77K).

e Forward voltage characteristics from a similar diode’s datasheet [82]. Since no other high
temperature data was available, the datasheet of a diode comparable to the ones installed
at LHC was considered. Within this datasheet, the diode’s forward characteristic at 398 K
is specified in the form of an equation. This equation was used to synthesize measurement
data at 398 K.

However, the Shockley equation as formulated in equation 4.1 could not represent the measure-
ment data very well, as strong deviations between the fit and the measured data were observed.
The reason for this could be traced back to the measurement data not following an exact expo-
nential course (like predicted by the Shockley equation), as shown in figure 4.3. This observation
is particularly pronounced with the 4.2 K measurement, where against expectations, the forward
voltage seems to decrease with increasing diode currents after 400 A. The reason for the ob-
served deviation from ideal diode behavior lies in the measuring process and can be attributed
to two effects which are not considered in equation 4.1:

e Increase in temperature of the diode during the measurement: If a diode is measured
at very low temperatures, its initial heat capacity is very low. Therefore, the diode can
be significantly heated during the measuring process, leading to distorted measurements.
This effect appears as a shift of the measurement data towards lower forward voltages as
seen for currents higher than 400 A in the 4.2 K measurement shown in figure 4.3.

e Additional series resistances: The measurements were carried out with currents reaching
up to several kA. Since voltage and current scale linearly according to ohm’s law, the
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Figure 4.4: Fits of the Shockley equation (without series resistance) applied to the cropped
measurement data.

effects of parasitic series resistances of the diode can cause a pronounced shift of the I-V
characteristic towards higher voltages, especially at high currents.

In a further step, a series resistance Rg was added to the Shockley equation as follows:

o = 1 (exp () ). (45)

TL'VT

This equation was fitted to the measurement data, leading to a much better representation of the
measurements. The fitting parameters found with this approach however did not expose a clear
trend over temperature, but seemed to change arbitrarily with temperature (see figure A.3a
and figure A.3b in the appendix). This made reliable and physically justifiable modelling of
the parameters impossible. Hence, another approach was chosen. In a first step, the series
resistance was neglected by fitting equation 4.1 only to low current measurement data, where
the influence of the diode’s series resistance is less pronounced. For temperatures from 77 K on,
only datapoints of currents below 5000 A were considered, in order to cut out regions where the
data does not follow an exponential law anymore. For the data taken at 4.2 K, only datapoints
below 400 A were considered in order to cut out the influence of heating effects during the
measurement. Furthermore, the data points below 3.8 V were cut off in the 4.2 K measurements,
as they do not follow an exponential trend but can rather be attributed to leakage currents of
the closed diode. The measurement data trimmed in this way, as well as the corresponding fits
to the Shockley equation (without series resistance as given with equation 4.1) are shown in
figure 4.4. As can be seen, the Shockley equation without series resistance as a fitting parameter
provides a good representation of the trimmed measurement data.

In order to extend this equation to include the influence of temperature, the temperature
dependency of n and Ig had to be modelled. The respective values of the Shockley equation’s
fitting parameters n and Ig, found at different temperatures, are shown in figure 4.5. It is
noticeable that the values found for Ig are not monotonic, which makes it impossible to model
them using equation 4.4. Hence, a more practical approach had to be chosen, which describes
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Figure 4.5: Mathematical modelling of the temperature dependence of the parameters n and Ig.
The clip(+,11,12) operator limits the functions to the lower and upper boundaries /1 and [2, in
order to prevent numerical instabilities caused by negative or excessive values.

the course of Ig using an exponential polynomial function. This type of function was chosen to
ensure both good adaptability to the data points (polynomial) and consistently positive values
(exponential function). The selected fitting function is hence given by:

Is(Tp) = 1A -exp (0 +cl - Tp +c2- Tp? + ¢3 - Tp?), Is(Th) € (le”'3,0.1) A, (4.6)

with c0, c1 ,c2 and ¢3 being fitting parameters, whose values are given in the legend of figure 4.5.
In order to prevent numerical instabilities, the reverse-bias saturation current was limited to a
range of values between le™'3 A and 0.1 A. For the ideality factor n, a strong increase with
decreasing temperatures is observed. For Schottky diodes this effect of strongly increasing
ideality factors for low temperatures is sometimes referred to as the "TO anomaly" [88, 89|,
which may be described with the following fit:

b
n(Tp) =a+ —, (4.7)
Tp
with a and b being fitting parameters [89]. Despite the LHC diodes not being Schottky diodes,
a similar higher order formulation showed a good representation of the observed temperature
dependence of the ideality factor, which is given by:

b c

n(TD)ZCL-FTfD‘f'@,

n(T) € (1.9,1000), (4.8)
with a, b and ¢ being fitting parameters, whose values are given in the legend of figure 4.5.
In order to prevent numerical instabilities, the ideality factor was limited to a range of values
between 1.9, the lowest value of n found in the fits, and 1000 which was set as an upper limit.
These fits found for the temperature dependence of n and Ig were inserted into the Shockley
equation in order to compare the modelled I-V characteristic to measurement data.

During the construction of the LHC, the I-V characteristics of all diodes were measured at
298 and 77 K at the ENEA Research Center (Frascati, Italy). Based on these measurements,
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Gharib et al. [42] published an interval in which the I-V curves of the LHC diodes may vary.
These measurements were overlaid with the modelled temperature dependency of the Shockley
equation found within this thesis, as shown in figure 4.6a. The modelled temperature dependency
of the I-V characteristic proves to be a good approximation of the diode behavior at 298 K, but
not of the measurement data recorded at 77 K, as the modelled curve lies outside the intervals
specified by Gharib et al. [42]. This is due to the fact that no series resistance has been considered
so far.

In order to remain within the intervals of possible diode characteristics, a constant series
resistance of Rg = 9.677e~% Q was added to the model. With this series resistance, and the
correlations found for Ig(T) and n(T), the modelled I-V characteristic lies within the measure-
ment intervals across all temperatures, as can be seen in figure 4.6b. Figure 4.6¢ shows the
finally modelled temperature dependence of the I-V characteristic over a temperature range of
1 to 400 K. The modelled correlations found provide a good approximation of the diode’s I-V
characteristic, across its entire temperature range of operation.

To model the diodes’ I-V characteristics in PSPICE, an approach analogous to that described
in chapter 3 was used. The diode was implemented accordingly by a voltage-controlled current
source (GDiode Main) With the system equation:

V(G iode ain —I(Vinput)-R
I(G ) _ V(IS) ’ (exp( (Cpioa \_/IE/;)‘)/(VFI(«) put) S) - 1) >V(GDiode_Main) >0
Diode Main) = % >V(GDiode7Main) <0
Ipv

(4.9)

In this equation V(Gpiode Main) 1s the voltage across the voltage-controlled current source
GDiode Main- The factors U_BV = 2000 V and Igy = 0.01 A were inherited from the old diode
model. These values were chosen, in order to model the diode as a resistor with a value of
Rp = % = 200 k€2 in case a negative voltage is applied. The virtual voltage source viyput is
connected in series with Gpjode Main and used for its current measurement. The temperature-
dependent variables n, Is and T/T were implemented as voltage nodes. Similar to the imple-
mentations introduced in chapter 3, the values of these voltage nodes are defined using voltage-
controlled voltage sources (E-components in PSPICE), whose output voltage is given by the
equations 4.8, 4.6 and 4.2, respectively.

In this section, the modelling of the diodes’ temperature-dependent I-V characteristic was
presented. In order to determine the diodes’ wafer temperatures during the transient, the diodes
must additionally be modelled thermodynamically. This is presented in the next section.
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Figure 4.6: a) Comparison of the modelled I-V characteristic derived in this thesis and the mea-
surements of the LHC diodes conducted at ENEA (figures a and b are overlaid with plots from
Gharib et al. [42]). a) Comparison to the modelled I-V characteristic without a series resistance.
b) Comparison to the modelled I-V characteristic with a series resistance of Rg = 9.677¢~6 Q.
c¢) Predictions of the final model of the LHC diode’s I-V characteristic for a temperature range
of 1 to 400 K.
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4.1.2 Thermodynamic modelling of the diodes

The thermal equilibrium of the wafer is highly complex, as it is not only significantly influenced
by the heat transfer from the wafer to the diode heat sinks, but also by the cooling effects of
the superfluid helium in the cryostat. Furthermore, the temperature and state of the helium in
the cryostat are influenced by the energy disposition in the quenching magnets, posing another
challenge for accurately modelling the diode’s temperature. All models for the thermoelectric
simulation of the diodes described in this chapter can therefore only be regarded as highly
simplified approximations of the real diode behavior. In this thesis, two different thermodynamic
models of the diode body were tested for their suitability to accurately describe the heating and
cooling behavior of the silicon wafer during a transient. They are presented in the following
sections.

4.1.2.1 Model 1 - constant heat sink temperature

In a first step, an attempt was made to model the thermodynamic equilibrium of the wafer by
considering only a single body which is subject to ohmic heating and heat exchange through a
thermal coupling to a heat sink of constant temperature. This very simplified model was tested
to show whether such trivial modelling, which neglects the effect of the heat sink’s increase in
temperature, is enough to match the diode’s temperature. The thermodynamic equilibrium of
the diode’s control volume (yellow area in figure 4.7) is given by:

Pohmic + Pexchange D-HS — Pcy =0. (410)
N—— —_—— ~~~
=IpVD  =—hy, pas(Tp-Tus) =Cv_D(Tp)Tp

(I (I1) (I11)

with Pexchange D-Hs being the power associated with the heat exchange between the diode and
the heat sink, }ohmic being the power associated with ohmic heating, and Pcy p being the power
absorbed or released by the diode’s heat capacity. These terms are depend?ant on the current
through the diode Ip, the voltage across the diode Vp, the temperature of the diode Tp, the
temperature of the heat sinks Ty, the diode’s heat capacity at constant volume Cv_ D and the
thermal conductance between the diode and its heat sinks Aty p-Hs-

Furthermore, a scaling factor of the diode’s thermal capacitance fcy p is introduced, ac-
counting for imperfections in the assumed heat capacity of the diode. As introduced in sec-
tion 2.2.2, thermal powers are modelled by currents, while temperatures are modelled with
voltages. This leads to the thermodynamic system’s equivalent schematic, and its system equa-
tions! presented in figure 4.7. Within this model, the temperature-dependent heat capacity
of the wafer was modelled with a look-up table for silicon, similar to the implementation pre-
sented in section 3.1.2. The volume of the wafer was mapped according to its dimensions with
Viwafer = 0.2 mm - 7 - (37.5 mm)? ~ 0.884 cm?.

4.1.2.2 Model 2 - considering heating of the heat sink

In a further step, a second, more refined model was developed to simulate the temperature of
two components: the wafer and the heat sink. For this purpose, the heat sink’s control volume

'The term (III) is solved for (Tp - Tus) as presented in section 3.5, in order to model the heat capacity using
a voltage-controlled voltage source (PSPICE E-component).
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Figure 4.7: Derivation of the diodes’ thermodynamic model, considering constant temperature
of the heat sink. The direction of the power flow arrows corresponds to the sign convention of
equation 4.10. The resistors shown, which were introduced to improve the numerical stability,
have a resistance of 1 Gf). The voltage source Ey has a constant voltage of 1.9 V, a voltage
corresponding to the temperature of superfluid helium. The voltage-controlled current source
(PSPICE G-component) Gpiode Main cOrresponds to the main component of the diode model,
which defines the current througﬂ the diode (see equation 4.9). The parameter fcy p is a scaling
factor, accounting for imperfections in the assumed heat capacity of the diode. -

as shown in figure 4.8 was evaluated based on the first law of thermodynamics. This equilibrium
can be written as:

Pexchange_D-HS + Pexchange_HS-He - PCV_HS = 07 (411)
—_——— —_—— ———
=—hin_p-us(Tus—Tp)  =—hin_ns-He (Tus—The) =4 Cv_HS(Ths) Tus
(1) (IV) (V)

with Pexchange Hs-He being the power associated with the heat exchange between the heat sink
and the environment, and Pcy gs being the power absorbed or released by the heat sink’s
heat capacity. These terms are dependent on the temperature of the heat sink’s environment
Tie = 1.9 K, the thermal conductance between the heat sink and its environment hi, HS-He,
and the heat capacity at constant volume of the heat sink Cv_HS. It is important to note
that in this equation the power Peychange D-Hs has the same magnitude as in equation 4.10, but
is of opposite sign. Furthermore a scaliﬁg factor of the diode heat sink’s thermal capacitance
fov ms is introduced, accounting for imperfections in the assumed heat capacity of the heat
sink. The thermodynamic system equations of the diode control volume remain similar to the
ones introduced for model 1, with the only difference that the heat sink temperature is no
longer constant, but dependent on heating and cooling effects, as described in equation 4.11.
Here again, the analogies defined in section 2.2.2 are used to translate the five terms into an
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Figure 4.8: Derivation of the diodes’ thermodynamic model, considering heating and cooling
of the heat sink. The direction of the power flow arrows corresponds to the sign convention of
equation 4.11. The resistors shown, which were introduced to improve the numerical stability,
have a resistance of 1 Gf). The voltage source Ey has a constant voltage of 1.9 V, a voltage
corresponding to the temperature of superfluid helium. The voltage-controlled current source
(PSPICE G-component) Gpiode Main cOrresponds to the main component of the diode model,
which defines the current throu:gh the diode (see equation 4.9). The parameters fc, p and
fov us are scaling factors of the heat capacities of the diode and the heat sink, which are later
to be fitted using Dakota.

equivalent electrical circuit diagram?, which is given in figure 4.8.  For model 1, numerical
instabilities were observed, which were attributed to the low thermal capacity considered for
the wafer. For this reason, the effective mass of the wafer was increased in model 2 by not only
taking into account the mass of the wafer, but also the masses of the molybdenum plates and
copper polepieces within the press-pack attached to it. This leads to an effective diode volume
of approximately Vpiode = 144 cm®. As copper makes up by far the largest fraction of the
materials used in the press-pack, the heat capacity of the diode volume was calculated using the
temperature-dependent material properties of copper. For this purpose, a subcomponent with
a look-up table was defined as described in section 3.1.2. According to its dimensions, the heat
capacity of the copper heat sinks was approximated with a volume of 1500 cm?. This value was
also chosen to align with the approximated heat sink volume used in prior FEM simulations of
the diodes conducted at CERN [90].

2The term (V) is solved for (Tirs - The) as presented in section 3.5, in order to model the heat capacity using
a voltage-controlled voltage source (PSPICE E-component).
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Table 4.1: Parameters of the FPA event simulated. In the event under consideration, six indi-
vidual magnets of the circuit quenched at different current levels.

Circuit current at .

beginning of quench Iy (A) Time after FPA t (s)
11493 -0.009

6509 55.911

6469 56.503

6444 56.854

4447 90.413

2251 150.101

4.2 Results

After the modelling was complete, the models free parameters were fitted®. In a first step,
the diode model has been optimized with Dakota, using a very simplified thermal modelling of
the diode (model 1). For this purpose, a FPA event with six individual magnet quenches was
considered, whose characteristic parameters are given in table 4.1. Within the optimization using
the thermal description of model 1, five distinct parameters were to be fitted. These included
scaling factors of n, Rg and fis (fa, frs, f1s) as well as a scaling factor for the diode’s heat
capacity foy b, and the thermal conductance between diode and heat sink hy, p.ps. However,
as the optim_ization of this model did not lead to a significant improvement in the objective
function after 1000 iterations, the attempt to simulate the diode’s temperature with the one-
body model was rejected. Accordingly, model 2, which considers the heating and cooling of
the heat sink, was favoured for modelling the diode’s temperature. For the optimization of
model 2, two additional parameters were added, including a scaling factor of the heat sink’s
heat capacitance foy ns, as well as the thermal conductance hg, s e between the heat sinks
and the helium reservoir. However, the increased amount of free model parameters made it
infeasible to fit the model with Dakota in a practical amount of time. For this reason, the
model was adjusted manually so that the modelled maximum temperatures are consistent with
the temperature measurements carried out at ENEA [42]. In a first step, the parameters of the
thermal coupling were manually adjusted to values that represented a realistic approximation
of the possible diode behavior. After that, it was possible to determine a trendline relating the
diodes’ simulated maximal temperatures as a function of their maximum currents, as shown
in figure 4.9. Based on this trendline, the diode’s thermal capacitance, which in the model
influences the maximum temperature the most, was adjusted. By reducing fcy p to 0.7, the
trendline obtained is coinciding with the 280 K maximum diode temperature measured at 13 kA
at ENEA [42]. As presented below, the model parameters found (which can be used as a possible
starting point for a deeper optimization in a future work) already allow promising qualitative

3To improve the results of the optimization, a filter for the measurement data was programmed. This is
necessary, since the diode forward voltage measurement data obtained from PM always represents a mixture of
the voltage across the diode with and without its current leads. Since the implemented diode model does not
take the current leads into account, the measurement data must be filtered before the optimization, so that only
the voltage directly at the diode is considered as a reference. This filtering is illustrated in figure A.4 of the
appendix.
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Figure 4.9: Maximum diode temperature as a function of the maximum diode current. The
trendline of the simulated maximum temperature is extrapolated and coincides with the maxi-
mum diode temperature of 280 K, measured at 13 kA at ENEA [42].

matches between the measurements and simulation results.

The obtained forward voltages over time for this parameter configuration are shown in fig-
ure 4.10. It can be noted that the simulated opening voltage of all diodes lies in a range between
5 and 6 V, which is in good agreement with the measurements at 4.2 K, shown in figure 4.3. It
can further be observed that despite experiencing similar maximum currents, the diodes’ mea-
sured forward voltages over time may vary, as diode 29 exhibits a second increase in forward
voltage after around 400 s, whereas no such increase can be observed for diode 126. The simu-
lated forward voltages of the diodes 29, 31, 124 and 125 exhibit increased deviations from the
measurement data of in some cases more than 20 %. For diode 30, which experienced an initial
current of approximately 11493 A, and diode 124, which opened at approximately 2251 A, a
better agreement between measurement and simulation is observed. A temporary drop below
the measured forward voltages can be observed for all diodes shortly after the initial peak. This
temporary undershoot could be due to an overestimation of the simulated diode wafer temper-
ature. However, the rough trend of the simulated voltage appears to be correct. Just like in
the measured data, the diodes’ initial voltage peak is followed by a period of smaller changes
in forward voltage. Depending on how much the diode and its heat sink have heated up during
the discharge, which depends on the current at which the respective magnet quenches, the diode
may cool down enough for the forward voltage to rise again. Such a second peak in forward
voltage can be observed in both the measured and simulated forward voltage of diode 124. The
simulated second peak in forward voltage at = 385 s is delayed by about 10 s, and of slightly
smaller magnitude in comparison to the measurements. Towards the end of the simulation, at
around 420 s, an abrupt drop in the simulated forward voltage can be observed for all diodes,
which differs greatly from the decay observed in the measurement. This could be traced back to
errors in the circuit current, possibly caused by a bug in the programming of the circuit’s power
converters. It is possible that a more detailed model of the powerconverter’s thyristors at very
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Figure 4.10: Forward voltages of diodes that are connected to quenching magnets. The model
parameters were fitted manually, so that the maximum diode temperature simulated would
extrapolate to measurement data conducted at ENEA. [42].
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Figure 4.11: Simulated temperatures over time after the FPA corresponding to diodes that
were connected to quenching magnets. The model parameters were fitted manually, so that the
maximum diode temperature simulated would extrapolate to measurement data from ENEA [42].

low currents could improve the simulation at late stages of this transient. However, reproducing
this feature is outside the scope of this thesis, as the protection and performance of the circuit
is not critical at such low currents.

The simulated temperatures of each diode and its respective heat sink are given in figure 4.11.
For all simulated temperatures, an initial sharp rise up to a maximum temperature, followed by
a steady decline can be observed. For low temperatures, the simulated decrease in temperature
exhibits an approximately linear course over time. The heat sink temperature follows a course
similar to the diode temperature, but with much lower rates of change due to the higher thermal
capacity of the heat sinks.

Towards the end of each diode’s recooling process, an abrupt drop in the diode and heat sink
temperature can be observed. Considering the temperature curves of diode 124, it is noticeable
that the time of this abrupt drop (f = 385 s) coincides with the simulated second peak of the
diode’s forward voltage.

In the following, the simulated currents through the diodes and the magnets are presented,
based on figure 4.12. The currents through the magnets before their quench, as well as the
currents through the diodes after the magnet attached to them quenched, follow the course of
the measured circuit current (obtained from PM) as expected. This match of the currents is a
result of the improved energy extraction resistor model, introduced in chapter 3.

As can be observed for diode 124 in the period between 150 and 160 s, a redistribution of the
current from the magnet to the diode takes place after the quench. Furthermore, a reversal of
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Figure 4.12: Simulated currents through the diodes and the quenching magnets connected to
them as a function of time after the FPA. The measured circuit current Iygas, obtained from
the PM database is also plotted for comparison. The currents of the diodes are marked with the
index D and the currents through the magnets with an index MB.
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Figure 4.13: Simulated resistances of the diodes and the quenching magnets connected to them
as a function of time after the FPA. The resistances of the diodes are marked with the index D
and the resistance of the magnets with an index MB.

this process can be observed for this diode, in which the diode gradually closes and the current
is transferred back to the magnet.

The current redistribution from the diode back to the magnet is completed exactly at ¢ =
385 s, i.e. the point in time at which the second peak in the diode’s forward voltage was observed
(see figure 4.10).

In the following, the redistribution processes between diode and magnet are further be ex-
plained with the course of the resistance of these components, which is given in figure 4.13. The
time and current-dependent magnet resistances were determined by cooperative simulations as
part of an earlier work by Janitschke [38]. A reduction of the diode effective resistance (i.e.
‘I/—g) can be observed immediately after the diodes heat up. As the diodes cool however, their
resistance is continuously increasing until it finally surpasses the resistance of the magnet?. The
resulting reduction in diode current causes an even faster cooling of the diode, until its resistance
finally increases very rapidly causing the diode to close completely (except for leakage currents).
This point in time (f = 385 s) coincides with the time of the simulated second peak of the diode
forward voltage.

“It shall be noted that the diode effective resistance (i.e. ‘I/—g), would also increase, if 7p would be constant.

This is due to the fact that the circuit current Imras decreases semi-exponentially over time, while the forward
voltage Vp remains almost constant over a wide current interval, once the respective magnet has quenched and
the diode has heated up to a certain amount.
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4.3 Summary

In this chapter, an electrothermal model for the LHC main dipole circuit’s by-pass diodes was
derived. To model the LHC diode’s temperature-dependent I-V characteristic, the Shockley
equation was fitted to measurement data recorded at different temperatures. As it was not
possible to model the temperature dependency of the diode’s series resistance due to its high
scattering and the sparse measurement data available for temperatures below 77 K, the series
resistance was initially neglected. Hence, the Shockley equation was first fitted to measurement
data at lower currents in order to minimize the distortions associated with this simplification.
Afterwards, fitting functions were established, based on the ideality factors n and reverse-bias
saturation currents Ig determined at different temperatures in order to model their temperature
dependence. As physical laws could not represent the temperature dependence of the data points
found for n and Ig well enough, other suitable functions were used for fitting which however do
not have a physical foundation. In the last step of the temperature-dependent I-V modelling,
the diode’s series resistance, was taken into account with a constant value. The modelled diode
series resistance was manually adjusted so that the obtained I-V characteristic would always
align with I-V measurement data. Although the correlations found might not be applicable
outside the range of operating conditions considered in this thesis, they allowed the diode’s
modelling to a good approximation.

In order to model how the diodes are heating up due to the current flow through them, two
different thermodynamic equivalent models of the diodes were considered: a one-body model,
considering only temperature changes in the diode body itself and a two-body model which in
addition also considers heating and cooling effects of the diode heat sinks.

The thermal behavior of the main dipole circuit’s by-pass diodes after the respective parallel-
connected magnet quenched, is characterized by initially rapid heating which is followed by
comparatively slow cooling. While the diode’s initial rapid heating can be easily modelled by a
single body, its cooling is too complex to be modelled by the one-body model (model 1). Hence,
the increase in temperature of the heat sinks must be modelled, in order to better match the
cooling of the diode, which is more powerful at the beginning of the transient (when the heat sink
is still cold) and less powerful in later stages of the transient (when the heat sink’s temperature
is increased). For this reason, the two-body model (model 2) was preferred.

As the increased amount of free model parameters could not be fit with Dakota in a practical
amount of time, the model was was adapted manually to measured data, based on the simulated
maximum temperatures of the diodes.

In this way a diode model was derived that allows a qualitative and semi quantitative esti-
mation of the LHC diodes’ post-quench voltage, resistance, current, and temperature behavior.
Additionally, the occurrence of post-quench recooling related peaks in the forward voltage of the
diodes could be simulated and explained. It was observed that the occurrence of the peaks is
accompanied by a sharp drop in temperature and a greatly increased resistance of the diodes.

In some cases the measured forward voltage profiles of diodes attached to magnets that
quenched at similar times, were observed to vary significantly. This could indicate differences in
the cooling of the diodes, which could be manufacturing-related or caused by flows of gaseous
helium coming from adjacent cryostats.

For example, previously quenching magnets that are in an adjacent cryostat part of the same
cryo cell as the diode influence the diode’s temperature.
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Overall, the existing STEAM model of the LHC main dipole magnets’ by-pass diodes has
been significantly improved. It will therefore contribute to an enhanced accuracy of magnet
simulations and a more precise analysis of quench-related FPA events.






Conclusion and outlook

The Large Hadron Collider (LHC) comprises eight individual main dipole circuits (RB), each
containing 154 superconducting dipole magnets. These magnets are used to keep the particle
beams on their circular paths and make up the largest part of the LHC in terms of length.
Simulations of the main dipole circuits are an essential tool for the safe operation of the LHC.
For example they are used, to analyze Fast Power Abort (FPA) events, which are triggered
in case a disturbance (such as a power-supply trip, equipment malfunctioning, or a magnet
quench) in the main dipole circuit is detected. During an FPA event, the circuit’s power supply
is switched off and the circuit discharges, causing transient effects in the main dipole circuit to
occur. Understanding these transient effects is important to verify the circuit performance and
for the analysis of unexpected events occurring in these circuits. Since the physical mechanisms
determining the behavior of superconducting magnet circuits span different scales, it is not
practical to exclusively simulate them using conventional approaches like FEM, as the simulation
would become computationally too expensive.

However, these challenging simulations can be carried out with the Simulation of Transient
Effects in Accelerator Magnets (STEAM) framework, developed at CERN. This simulation
framework includes (in-house developed) software packages, APIs to automatically generate
models and run simulations, and libraries of superconducting magnets and circuits.

The accuracy of simulations of the main dipole circuits is heavily dependent on the models of
the circuits’ individual subcomponents. For example, highly accurate simulations of individual
magnets require accurate modelling of the current through and the voltage across the magnet.
These two quantities are significantly influenced by two different types of circuit components:
the energy extraction resistors and the magnets’ by-pass diodes. The electrical behavior of
these two components is temperature-dependent. However, the effect of their temperature was
previously not taken into account in the component models, which led to significant deviations
between simulated and measured circuit signals, particularly for FPA events that were triggered
at high currents.

The aim of this thesis was therefore to model the electrothermal behavior of these components
and to implement and use a new method to automatically fit the models’ free parameters to
measurement data.

To model the heating and cooling effects of these components, analog behavioral models were
implemented in PSPICE netlists. In this approach, analogies between the thermal domain and
the electrical domain are used to simulate thermodynamic systems using equivalent electrical
circuits. Furthermore, an already existing software interface between STEAM and the parameter
optimization toolkit Dakota (developed at Sandia National Laboratories) was further developed
in order to fit the models to measurement data. To this end, the interface was extended to
perform so-called closed-loop optimizations of the netlist models. In this approach, simulation
results are iteratively compared with measurement data in a closed-loop fashion. The choice
of parameters used in the next iteration’s simulation is informed by the results of previous
iterations, causing closed-loop optimization to be quick and efficient. Since several signals (e.g.,
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voltages across different energy extraction units) are optimized simultaneously, i.e., minimizing
several error metrics at once, the method applied in this thesis is referred to as closed-loop
multi-objective optimization.

The new energy extraction resistor model was implemented with two distinct free parameters:
htn EE, which is proportional to the resistor’s cooling and fo, g, used to scale the resistors
init?ally assumed heat capacity up or down. The model was tested by simulating three different
FPA events, occurring at three different circuit currents: 11500 A, 5923 A and 3499 A.

By fitting the model’s free parameters with Dakota, a significant improvement in simulation
accuracy could be achieved, especially at high FPA currents. In the course of model refinement
it was observed that the consideration of current-dependent magnet differential inductance due
to saturation of the iron-yoke around the magnet coils (previously modelled as constant) causes
a further improvement in simulation accuracy.

In all optimizations, the scaling factor fc, gg was reduced by the algorithm, which is at-
tributed to the effect of uneven heating of the resistor. The optimum thermal conductance
htn g notably scattered for different optimizations, but often converged to values correspond-
ing_to virtually zero cooling.

On the contrary, the optimum value fo, gg = 0.77, determined at Iy = 11500 A is consistent
across different starting points of the optin;ization.

Since the effects of resistor heating were observed to be most pronounced at high FPA cur-
rents, the model was deployed with the optimum parameters found for the event that occurred at
the highest circuit current. The optimum parameters of these events were hy, gp = 91.47 W K-t
and va_EE = 0.77.

With these model parameters, an improvement in the simulated resistance across all tested
FPA current levels of up to 14 % could be achieved (errors are normalized to the maximum
absolute value of the measured quantity). This also improved the accuracy of the simulated
circuit current, which showed an improvement in simulation accuracy of up to 2 %.

Furthermore, the fitted model allows to reproduce the experimentally-derived temperature
increase AT¢,1, which is the temperature increase needed to account for the measured resistance
increase of the energy extraction resistors (assuming homogeneous resistivity, heat capacity and
temperature across the resistor). The measured resistor temperature can not be reproduced
which is due to the model’s underlying assumption of a homogeneous temperature distribution
across the resistor. This is however beyond the scope of this thesis, since the resistor temperature
does not directly affect the transients in the superconducting magnets.

In a future work, the model could be further refined in order to model temperature gradients
in the resistor. This would allow a better match of simulated and measured temperatures than
it is possible with the model derived in this thesis, which primarily focussed on the accurate
simulation of electrical signals.

Furthermore, following the implementation of the improved energy extraction model, a new
model of the RB by-pass diodes was derived. To model the diodes’ temperature-dependent
I-V characteristic, the Shockley equation was fitted to measurement data recorded at different
temperatures. Afterwards, fitting functions were established based on the ideality factors n and
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reverse-bias saturation currents Ig determined at different temperatures in order to model their
temperature dependence. As physical laws could not represent the temperature dependence of
the data points found for n and Ig well enough, other suitable functions were used for fitting
which however do not have a physical foundation. The final model obtained was adapted to align
with [-V measurement data. Although the correlations found might not be applicable outside
the range of operating conditions considered in this thesis, they allowed the diode’s modelling
to a good approximation.

Two different thermodynamic equivalent models of the diodes were considered in order to
model its heating: a one-body model, considering only temperature changes in the diode body
itself, and a two-body model which in addition also considers heating and cooling effects of the
diode’s heat sinks. The thermal behavior of the main dipole circuit’s by-pass diodes after the
respective parallel-connected magnet quenched is characterized by initially rapid heating which
is followed by comparatively slow cooling. While the diode’s initial rapid heating can be easily
modelled by a single body, its cooling is too complex to be modelled by the one-body model.
Hence, the increase in temperature of the heat sinks must be modelled in order to better match
the cooling of the diode, which is more powerful at the beginning of the transient (when the
heat sink is still cold) and less powerful in later stages of the transient (when the heat sink’s
temperature is increased). For this reason, the two-body model was preferred. As the increased
amount of free model parameters associated with the two-body model could not be fit with
Dakota in a practical amount of time, the model was adapted manually to measurement data,
based on a comparison of simulated and measured maximum temperatures of the diodes.

In this way a diode model was derived that allows a qualitative and semi-quantitative esti-
mation of the LHC diodes’ post-quench voltage, resistance, current, and temperature behavior.

The newly implemented diode model allowed to qualitatively explain the occurrence of post-
quench recooling-related peaks in the forward voltage of the diodes. These were observed to be
accompanied by a sharp drop in the diodes’ temperature and a highly increased resistance of
the diodes.

In some cases the measured forward voltage profiles of diodes attached to magnets that
quenched at similar times, were observed to vary significantly. This could indicate differences in
the cooling of the diodes, which could be manufacturing-related or caused by flows of gaseous
helium coming from adjacent cryostats. For example, previously quenching magnets that are in
an adjacent cryostat part of the same cryo cell as the diode influence the diode’s temperature. In
a future work, the thermal modelling of the diode could therefore be supplemented by considering
such preheating effects. Furthermore, each diode could be characterized individually in a future
work, by determining a diode specific set of simulation parameters, using the STEAM-Dakota
interface.

As part of this thesis, the STEAM-Dakota interface was supplemented with regard to the
possibility to optimize the models of circuit components. The interface was prepared for con-
ducting closed-loop optimizations, where model parameters are iteratively improved to better
align simulation results to measurement data. Furthermore, a strategy was developed for man-
aging the risks of faulty or frozen simulations which could occur during the optimization process.
This strategy consisted of introducing a timeout after which frozen simulations are aborted, and
assigning a penalty value to parameter vectors that do not lead to convergence. Following this
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approach, the interface’s capabilities for closed-loop optimizations were showcased in several
applications. The coliny pattern search algorithm was identified as particularly robust for the
applications presented in this thesis, as it does not rely on numerical gradients, which are lost
in case of frozen simulations.

In a future work, the STEAM-Dakota interface could be used for the characterization of indi-
vidual circuit components, by fitting the same model to measurements from physically different
components (e.g., diodes that are connected to different magnets). In this way, each component
physically present in the circuit could be provided with its own set of model parameters. This
would not only further improve the simulation accuracy, but also enable the identification of
outliers, indicating potentially faulty behavior of the components.

The circuit component models developed as part of this thesis significantly improved the
simulation accuracy of the LHC main dipole circuits. The models are based on a more complete
set of physical effects, and are thus expected to be more robust for simulating unexpected
events for which experimental data are currently not available. Furthermore, the new models
provide approximations of unmeasured quantities of the circuit components, such as the diode’s
temperature during an FPA, and can thereby contribute to a better understanding.

The application of the STEAM-Dakota interface for optimizing STEAM circuit component
models was showcased for the first time. The good transferability of the applied method to
other models ensures that this approach will be a promising option for further improving circuit
simulation accuracy in future works.

In the future, the STEAM framework will thus be more accurate and reliable for research
and development related tasks like hardware commissioning, the analysis of FPA events and the
further development of the LHC superconducting magnet circuits.
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Figure A.2: Parameter optimization of the newly developed EE system model using a pattern
search algorithm. The plots correspond to different FPA events, which occurred at different
current levels Iy. a - ¢) Objective function landscapes showing the initial points and the best
points of the optimizations as well as the movement of the tested points within parameter space.
d - f) Value of the objective function over the course of the optimizations. The magnet differential

inductance was considered as constant in these optimizations.
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Figure A.3: Fit of equation 4.5 to measurement data of the LHC diode’s forward characteristic.
a) The fits to the meausrement data exhibit a well representation. b) The fitting parameters
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