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Abstract

The Large Hadron Collider (LHC) utilizes high-field superconducting
that bend the trajectory of the beam. The LHC ring is electrically divided into
eight octants, each allocating a 7 km chain of 154 [Main Dipole Magnetk. Dedicated de-
tection and protection systems prevent irreversible magnet damage caused by quenches.
Quench is a local transition from the superconducting to the normal conducting state.
Triggering of such systems, along with other failure scenarios, result in fast transient
phenomena. In order to analyze the consequence of such electrical transients and failures
in the dipole chain, one needs a circuit model that is validated against measurements.

Currently, there exists an equivalent circuit of the [Main Dipole Magnet| resolved at
an aperture level. Each aperture model takes into account the dynamic effects occurring
in the magnets, trough a lossy-inductance model and parasitic capacitances to ground.
At low frequencies the [Main Dipole Magnet] behaves as a linear inductor. Cable eddy
current losses are demonstrated by a flattening of the transfer function impedance in
the 30 — 50 Hz range. The time constant of such losses is dictated by the parallel re-
sistance, and the relative size of the loss is given by a scaling parameter. Capacitive
effects become dominant around 10 kHz. Across the dipole magnet there is a resistor
connected in parallel to dampen voltage waves.

Simulations of an[Main Dipole Magnet|in OrCAD Cadence PSpice, using the present
parameters, and measurements from the LHC give a clear discrepancy. This necessi-
tated an updated fit and three methods tailored to obtain each parameter were devel-
oped. Firstly, the inductance value was obtained estimated from the initial slope of the
impedance plot. Secondly, the numerical method chosen for the parameter fit is
[Swarm Optimization] The algorithm iteratively minimizes the error between measure-
ments and the analytical impedance transfer function, making it possible to estimate
the value of the parallel resistor and the scaling factor. Finally, parasitic capacitance to
ground was determined with [Finite Element Method] in COMSOL, as it is challenging
to extract parameters from high frequency measurements. Values from measurements
verify this method of estimating capacitance.

The measurements of the [Main Dipole Magnets were performed while connected to
the rest of the dipole magnet chain, which influenced frequency response measurements.
Hence a proposal on how to reduce the sensitivity to this influence is outlined. More-
over, the method of fitting was found to be modular, meaning each [Main Dipole Magnet|
can be fitted individually. This is significant as it is not necessarily possible to perform
measurements on a stand-alone magnet. To cross-check the validity of the method,
[ticle Swarm Optimization| fits from stand-alone measurements and measurements from
the dipole magnet chain were compared. Both values of the parallel aperture resistance
and scaling factor were different for the two cases.

Compared to the operating point of the [Main Dipole Magnet] measurements were
performed at low current, resulting in 20 % lower inductance than nominal value.
Through COMSOL simulations persistent magnetization was found to be the dominat-
ing cause. Furthermore, at 1 A the magnet is in the Meissner phase, which introduces
non-linearities in the superconducting cable due to persistent magnetization. Simula-
tions indicate that this distorts the mid-range frequency AC characteristics represented
by the parallel aperture resistance and scaling factor. However, measurements outside
the Meissner phase are expected to provide similar parameter values to that of the work-
ing point of the LHC. The approach presented has shown promising results and can be
translated to a general method for fitting electrical parameters for accelerator magnets.




Sammendrag

Partikkelakseleratoren Large Hadron Collidor (LHC) bruker superledende hoveddipol-
magneter til & bgye banen til to straler med partikler. LHC-ringen er delt elektrisk
i atte oktanter, hver bestaende av en 7 km lang kjede med 154 hoveddipolmagneter.
Deteksjons- og beskyttelsessystemer forhindrer irreversibel skade pa magnetene forar-
saket av quencher, som er en lokal overgang fra superledende til normal ledende tilstand.
Utlgsning av slike systemer, sammen med diverse feilscenarioer, resulterer i transienter.
For & kunne analysere konsekvensene av slike utlgsninger og feillscenarioer i dipolkjeden,
trengs det en ekvivalentkrets som er validert mot malinger.

Den gjeldende kretsekvivalenten til hoveddipolmagneten i LHC er representert ned
til aperturniva. Hver apertur av hoveddipolmagneten bestar av induktanser, en par-
allell motstand som beskriver AC tap, og jordede kondensatorer. Ved lave frekvenser
oppferer hoveddipolen seg som en linezr induktans, mens AC tap blir merkbare gjen-
nom en flatning av transfer funksjonen til impedansen ved 30 — 50 Hz. Tidskonstantene
av slike tap er gitt av parallellmotstanden til aperturen, og den relative stgrrelsen pa
tapene som er gitt av et skaleringsparameter. Kapasitive effekter blir dominerende over
10 kHz. I tillegg, er det koblet en motstand parallelt med dipolmagneten for & dempe
spenningstransienter.

Simuleringer av en hoveddipolmagnet i ORCAD Cadence PSpice, med bruk av de
naveerende parametrene, og malinger fra LHC gir en klar uoverensstemmelse. Dette
ngdvendiggjorde en oppdatert parametertilpassing og dermed ble tre metoder skred-
dersydd for & estimere hvert parameter. Gjennom analytiske formuleringer ble induk-
tansverdien funnet basert pd kryssfrekvensen fra malinger. Den numeriske metoden
som ble valgt for parametertilpasningen var Particle Swarm Optimization. Algoritmen
minimerer iterativt forskjellen mellom malinger og den analytiske transferfunksjonen til
hoveddipolmagneten. Slik var det mulig & estimere verdien av parallellmotstanden og
skaleringsfaktoren. Til slutt ble parasitt kapasitans til jord beregnet med Finite Element
Method i COMSOL, da det er utfordrende & estimere parametere ut ifra hgyfrekvente
malinger. Verdier fra méalinger verifiserer denne metoden for estimering av kapasitans.

Grunnet praktiske begrensninger ble malingene av hoveddipolmagnetene utfgrt mens
de var tilkoblet resten av dipolkjeden, noe som pavirket frekvensresponsmaélinger av hov-
eddipolene. Derfor er det skissert et forslag om hvordan redusere fglsomheten for denne
innflytelsen. Videre ble metoden for parametertilpasning fastslatt & vaere moduleer,
hvilket betyr at hver hoveddipolmagnet kan tilpasses individuelt i dipolmagnetkjeden.
Dette er et betydelig funn, da det ikke ngdvendigvis er mulig & utfgre malinger pa en
frittstaende magnet. For a kryssjekke validiteten av metoden, ble Particle Swarm Opti-
mization tilpasset frittstdende og kjedetilkoblede méalinger sammenlignet. Bade verdien
av parallellmotstanden til aperturen og skaleringsfaktoren var forskjellig for de to tilfel-
lene.

Sammenlignet med arbeidspunktet til hoveddipolmagneten ble frekvensresponsmalin-
gene utfort ved lav strom. Dette resulterte i 20 % lavere induktans enn nominell
verdi. Gjennom COMSOL-simuleringer ble vedvarende magnetisering funnet & vaere den
dominerende arsaken. Nar hoveddipolmagneten opereres ved lav strgm, kalt Meissner-
fasen, er dette en sterk effekt. Videre indikerer simuleringer at vedvarende magnetiser-
ing i denne fasen forvrenger AC-karakteristikken ved midtre frekvenser, representert ved
parallellmotstanden til aperturen og skaleringsfaktoren. Samtidig forventes disse egen-
skapene a veere likere de ved arbeidspunktet nar méalinger er utfort utenfor Meissner-
fasen. Tilnsermingen presentert har vist lovende resultater og kan brukes som en generell
metode for fastsetting av elektriske parametere for akseleratormagneter.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

|[European Organisation for Nuclear Research (CERN)| founded in 19

54 in Geneva, is one of

the largest particle physics laboratories in the world with the aim of probing the fundamental
structures of the universe. In order to do so, particles are accelerated and made to collide
at close to the speed of light. The main particle accelerator at [CERN] the [Carge Hadron]

Collider (LHC)| accelerates protons or heavy led ions and is designed to collide two beams
projected from opposite directions. The beam is guided around the[LTIC|ring by means of

superconducting magnets. Among these are the [Main Dipole Magnets (MBs)| which through

strong magnetic fields create the necessary curvature for proton beams up to 6.5 TeV, as

they are accelerated through the 27 km circular tunnel. In the:

there are 8 main

dipole circuits, each composed of 154 magnets. A schematic of the[LHC|is given in[Figure 1.1}

The four points in the tunnel at which the beams collide are call

ed experiments. These

are [A Toroidal LHC AparatuS (ATLAS)| [A Large Ion Collider Experiment (ALICE)| [Large|

[Hadron Collider beauty (LHCb)|and [Compact Muon Solenoid (CMS)

| [ATLAS|and [CMS| are

general purpose detectors, while [LHCH]| specializes in the study of the asymmetry between
matter and antimatter. |JALICE|is a detector for lead ion collisions.

BEAM
CLEANING

BEAM

Figure 1.1: Schematic of LHC with experiments \
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1.1 STEAM project

All research for this report has been done within the scope of the [Simulations of Transient Ef
[fects in Accelerator Magnets (STEAM)|project at During operation, superconducting
accelerator magnets, like the ones in the [LHC] experience various nonlinear transient effects
such as inter-filament and inter-strand coupling currents, heat propagation between cable
and coolant, mechanical response to temperature gradients and Lorentz forces, and possibly
a local transition from the superconducting to the normal conducting state, to mention a
few. These multi-physics transient phenomena occur at a wide range of spatial and temporal
scales. Thus, the aim of the [STEAM] project is to establish competence for the coupling of
codes using commercial, open source or academic tools. All the while creating work flows
based on the recurrent needs of [CERN| and ensuring that the simulations are conducted in a
well-maintained and flexible framework of coupling interfaces and work flows.

1.2 Problem description

For the purpose of studying frequency dependent behaviour, including fault scenarios and
[Fast Power Aborfth, the [Main Dipole Magnef] of the [LHC|is modelled as an equivalent circuit
based on lumped elements. The principal AC characteristics of the below 10 kHz, are
captured by the lumped parameters [[] and [C] [f] and [R,] These account for inductive and
capacitive effects as well as AC losses respectively. The comparison between measurements
from November 2016 and simulations incorporating the present parameter fit show a clear
deviation, necessitating an updated fit. For reliable fault analysis and simulations, the thesis
provides an approach to the fitting of each parameter.

The following research questions have been formulated in relation to parameter fitting:

1. Is it possible to accurately calculate parasitic capacitance to ground with a Finite
Element Method approach and thus obtain the parameter C?

2. Is the Particle Swarm Optimization algorithm an adequate method to fit Main Dipole
Magnet parameters from analytic transfer functions of impedance to |[Frequency Re-
[sponse Measurementk?

e In particular, is the method suitable for fitting Main Dipole Magnet parameters
to [Frequency Response Measurements performed while connected to the dipole
magnet chain?

3. What requirements should be specified of measurements designed for parameter fitting?

These questions has been answered by the following studies:

1. e Finite Element Analysis to determine parasitic capacitance to ground in COMSOL
(see [chapter 3))
2. e Investigating the influence of chain impedance on dipole and aperture impedance

(see Fection 5.1)

e Comparing [Particle Swarm Optimization] fits from chained and stand-alone mea-

surements (see [section 6.2))
e Data analysis to seek strategies for magnet groups for fitting (see
e Performing [Particle Swarm Optimization| algorithm based on data analysis and
analyzing results (see [section 6.4))
3. e Evaluating measurement configurations (see
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e Investigating low inductance values from [Frequency Response Measurementp (see

subsection 5.5.3|)

e Discussing the implications of low inductance values from [Frequency Response]
[Measurementf (see [section 7.2])

In addressing these three overarching questions, the underlying approach will be to combine
measurements and simulations, always ensuring that simulation results are validated by
measurements. With this approach, methods and work flows outlined can be utilized for any
superconducting accelerator magnet.

1.3 Scope, aim and content

The aim of this report is twofold. First of all, one wishes to outline a method to fit
[Response Measurementl to an analytical transfer function of the [MB] impedance, even for
measurements performed in the dipole magnet chain. The specification of a method suitable
for chained magnet measurement is related to the feasibility of the measurements, as unsol-
dering and resoldering magnets from the dipole magnet chain is out of the question. Secondly,
this thesis seeks to evaluate the method of parameter fitting by focusing on limitations and
pinpoint possible solutions to such limitations. Especially considering the non-linearity of
the impedance of superconducting magnets.

This thesis relies heavily on measurements to make conclusions about the parameters
of the equivalent circuit of the frequency transfer function of the [MB] These measurements
include 8 [Frequency Response Measurementl from sector 1-2 of the [LHC| from November
2016, 41 [Frequency Response Measurementp from the same sector from April 2017, current
and voltage measurements of Magnet A12R1 in sector 1-2 from [LHC|operation in May taken
from the database Timber and [Frequency Response Measurement]| from a stand-alone [MB]
from June 2017.

Writing this thesis in collaboration with CERN puts me in the privileged position that
much work has presided mine on the topic of the and thus this thesis bases itself upon
such research. Most importantly, the COMSOL and Pspice models utilized for simulations
and presented in this thesis have all been created through the [STEAM] project, mainly by
Lorenzo Bortot, Michal Maciejewski and Marco Prioli.

1.3.1 Content

To sufficiently answer the research questions and reach the two aims of the thesis, the sub-
sequent structure was created,

Chapter [2] introduces the theory of superconducting accelerator magnets necessary for the
unfamiliar reader to get acquainted with the topic and understand the research conducted
in this report.

Chapter [3] stands as an independent study, and utilizes a Finite Element Method approach
through COMSOL to determine parasitic capacitance to ground. This result is compared to
analytic and experimental results.
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Chapter [ presents a method for fitting Main Dipole parameters to [Frequency Response|
to impedance.

Chapter [5] provides the necessary preliminary investigation for the fittings of [MB| parameters
to be complete.

Chapter [6] demonstrate the final results from [Particle Swarm Optimization| analysis.

Chapter [7] and Chapter [§] discusses the main sources of error and limitations to the result
presented, concludes the research questions posed in and recommends research
for future work.



CHAPTER 2

THEORY OF SUPERCONDUCTING
ACCELERATOR MAGNETS

To grapple with the challenges of modelling an [MB| in the [LHC, the theory of super-
conductivity is covered. In terms of theoretical concepts within superconductivity, the
emphasis will be on the Meissner effect and the existence of a critical surface. A clear
distinction is made between Type I and Type II superconductors.

After having discussed the physical properties of superconductivity, the cable and
magnet design of the [MB is justified. Next, it is argued that such magnets can be
modelled as an equivalent circuit composed of lumped elements. Lastly, the concept of a
quench and protection systems give insight into operational challenges.

2.1 Superconductivity

Superconductivity is a phenomenon where certain materials under specific conditions become
perfect conductors of electricity.|5, p. 1] Below the critical values of temperature, current
density and magnetic field the conductor in question abruptly changes from the normal to
the superconducting state. The cable construction dictates the critical current density and
critical magnetic field depends on material. Furthermore, the superconducting state is char-
acterized by two behaviors; zero resistance and the Meissner effect. [6]

As the name indicates superconductivity allows for current to flow without any Ohmic
losses. In order to evaluate zero resistance, a standard resistance measurement would be too
crude. Thus a method of determining the decay rate of the produced magnetic field has been

developed. The decay of the induced current is according to
I(t) = I(0)e ™, A (21)

Jas] [ R

where the time constant 7 [s] is given by the ratio between inductance and resistance, 7 =
|7, p. 8] Through this method time constants up to 10° years have been observed. [8]

Considering zero Ohmic losses: "[t|he only power required by a superconducting magnet
is the refrigeration power needed to cool it to low temperatures and a small current supply

7
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needed to initiate the flow of current round the superconducting circuit." [5, p. 4] How-
ever, the refrigeration power is significant when the superconducting magnets of the [LHC|
demand cryogenic temperatures of 1.9 K with a length of 27 km. On the other hand, for
high energy accelerators such as the [LHC| superconducting magnets are an energy efficient
technology, allowing the magnets to reach high magnetic fields, where conventional magnets
would saturate. For further comparison between superconducting and conventional magnets,

see |Figure 2.1

104 |

J

103 L

Critical current density A.mm=2

102

Conventional
iron yoke

electromagnets
10

L " " L

2 4 ] ] 10 12 14 16 18 0 2
Magnetic field (Tesla)

Figure 2.1: Comparing performance between conventional magnets and the superconducting ma-
terials Nb-Ti (alloy) and NbsSn (compound) [5, p.3]

2.1.1 Meissner effect

As mentioned, the Meissner effect is one of the two characteristics of superconductivity,
which transpires as the expulsion of a small and constant external field from the bulk of the
conductor. |9, p. 4] When raising a finite field, from zero to B on a superconducting cylinder
"[a] surface current is induced whose magnetic field, according to Lenz’s rule, cancels the
applied field of the interior. Since the resistance is assumed to vanish, the current continues
to flow with constant strength as long as the external field is kept constant, and consequently
the bulk of the cylinder will stay field-free" |7, p. 10]. shows the two manners in
which the Meissner effect occurs. Either case a) where a cylinder is exposed to an increasing
field from zero below critical temperature (T<T,.). Or case b) where the cylinder has already
been exposed to an increasing field from zero while over the critical temperature (T>T), as
the temperature is reduced below the critical temperature surface current will appear.
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o]}

(a)
T< TC Ly
B O e Tty

surface current

_B— /
aov®
T>Te jeit
B#0 B#0

Figure 2.2: Meissner effect illustrated by field and surface current of superconducting cylinder
p.11]

London equation

The first successful attempt to describe the Meissner effect was achieved in 1935 by Heinz
and Fritz London, by assuming that only a fraction of the conduction electrons carry the
supercurrent in the metal.[9, p.12] The current density is given by

1
\% >< = — A/m3  (2.2)
L

where [Ar|is the London depth [m], giving the depth of penetration into the bulk. p.274]
is the permittivity of vacuum [F/m], |J| the current density [A/m?| and [B|the magnetic
induction [T]. As illustrated in the London equation describes the current density
that opposes the external field.

B(x)

“""J I 1

Outside AL Inside

Figure 2.3: Illustration of the London penetration depth. The externally applied field penetrates
the superconductor in the x—direction. p.5]



Chapter 2. Theory of superconducting accelerator magnets

2.1.2 Type I vs Type II Superconductors

In understanding superconductors and their application as magnets, there is a significant
distinction between Type I and Type II. The first discovered superconductors were of Type
I, also called ’soft superconductors’, as they were metals such as tin, lead and mercury. [5]
p. 280]. These superconductors completely expel the magnetic flux from the interior of the
specimen, described by the Meissner effect. Due to their low critical fields, they are unsuit-
able materials for magnet construction. @ p. 5]

However, 'hard superconductors’ or Type II superconductors remain superconducting at
higher magnetic fields, though in a mixed state as illustrated in

M -M

0 H. H 0 Hea H

(a) (b)

Figure 2.4: Comparison of magnetization of Type I and II superconductor p. 23]

Up until a [Hg;] the Type II superconductor is in the Meissner phase and thus behaves as a
Type I superconductor. Between and the Type II superconductor is in a mixed
state, and thus only partially expels the magnetic flux from penetration. is usually
about 100 times larger than p. 264] Above the cable is no longer in the
superconducting state.

2.1.3 Rutherford cable

The cable in the is made of the alloy [Niobium-Titanium (Nb-Ti)|and is of a Rutherford
cable design, where the strands are fully transposed. This means that each strand takes
every position along the cross-section of the cable. In the cable of the [LHC|[MB] there are 28
or 36 strands of superconducting wire, in the inner or outer layer, respectively. Each strand
contains approximately 6300 superconducting ﬁlaments. EI This fine subdivision has been
chosen to reduce hysteresis losses. Around each filament there is a 0.5 pm layer of high-
purity copper, acting as an insulation material during the superconducting state and as a
conductor in normal conducting state. 1__3|| The cable, strand, and filament are illustrated in
[Figure 2.5] [Figure 2.6al and [Figure 2.6b| respectively.

1See[!able 2.1|
10



Section 2.1. Superconductivity

: (b) Filament in Rutherford ca-
(a) Strand in Rutherford cable ble

The Rutherford cable can also be described as a network model, and is illustrated in

NN
4047 G N N W W

sz" < e e

h, 12

w(1-2/N T~
Figure 2.7: Network model of Rutherford cable p.64]
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Chapter 2. Theory of superconducting accelerator magnets

In this model, the cable has a width w, height h, on one edge and height ho for the oppo-
site edge. N, is the number of strands in the cable which has a twist pitch L, s, in addition to
the resistances R, and R, representing the resistance between adjacent and crossing strands.
All these values are available in The resistive barriers and twisting function are
implemented to reduce eddy current coupling losses between filaments. [14]

The insulation around the cable, does not only withstands the voltage between turns
but also is porous enough to allow helium to penetrate and provide cooling. Consisting of
glass-fibre tape and kapton, there is 2.5 mm spacing between insulation turns.
depicts this insulation.

2.5 mim
" Kapton

Figure 2.8: Insulation of Rutherford cable p.37]

The main characteristics of the Rutherford cable of the [MBlin the [LHC are summerized
in [Table 2.11

Inner Layer
Main Dipole

Outer Layer
Main Dipole

Strand

Diameter after coating [mm)]
Copper to superconductor ratio
Filament diameter [um]
Number of filaments

RRR (residual resistance ratio)

Twist pitch after cabling [mm]

1.065 = 0.0025
1.65 £ 0.05

7

~ 8900

> 150

18 £ 1.5

0.825 £ 0.0025
1.95 &£ 0.05

6

~ 6500

> 150

15+ 1.5

12



Section 2.1. Superconductivity

Inner Layer
Main Dipole

Outer Layer
Main Dipole

Cable

Number of strands 28 36
Mid-thickness at 50 MPa [mm] 1.900 + 0.006 1.480 £ 0.006
Thin edge [mm)] 1.736 1.362

Thick edge [mm] 2.064 1.598

Width [mm] 15.10 15.10
Keystone angle [degrees] 1.25 4+ 0.05 0.90 + 0.05
Inter-strand cross contact resistance [(€)] > 15 > 40
Residual Resistivity Ratio (RRR) > 70 > 70

Table 2.1: Strand and cable characteristics of MB p. 157]

The twisting pitch described in gives the transpositional length of a strand,
while is a measure of the purity of copper defined by the ratio %. \ p. 157]
To facilitate the winding of the magnet, the cable has a small keystone angle which is defined

as p-36] -
oy = arctan (#) . deg (2.3)

Inter Filament and Inter Strand Coupling Currents

Due to the presence of a matrix in the strand, as depicted in there are eddy cur-
rents, specifically referred to as[[SCC| When the cable is exposed to a changing field, coupling
currents flow between non-insulated strands through inter-strand contact resistances R, and
R.. |15, p.61] Similarly, for the filaments there is a matrix of resistances that results in a
flow of coupling currents called [Inter Filament Coupling Currents (IFCC)| given exposure to
a time varying field. p.51]

The characteristic time constant of the [FCC] is:

—M0<lf)2 ! (2.4)
Tif = B o peff7 S .

where Iy [m] is the filament twist-pitch and pess [pm] is the effective transverse resistivity
of the strand matrix. p. 26] The effective transverse resistivity depends on the absolute
magnetic field in the matrix due to magneto-resistivity effects, which in turn depend on the
electrical resistivity, and fraction of superconducting material among others. p. 26]

2.1.4 Critical surface of superconductivity

Superconductivity is bound by limits, creating a critical surface which relates B, J and T to

each other. The critical surface for is given in Notice that the surface is

monotonically decreasing and thus an increase in one of the parameters necessitates a decrease

13



Chapter 2. Theory of superconducting accelerator magnets

in the other two in order to stay at the superconducting critical surface. Furthermore, each
parameter has an absolute critical value, which is the value of the parameter when the other
two are zero. Unsurprisingly, these absolute critical values have no practical application for
magnet operation, but provide the limits to superconductivity. In addition, it allows the
estimation of quench margins for a given operating point, also referred to as load line. [18]
p. 16] Based on empirical scaling laws the critical current for as a function of B and
T, can be expressed as

= (Cy +C5 |B|) (1 - Tz) , A (25)

B |B| >0.59
_9.2( 1E) K (2.6)

where Cy [A] and Cy [A/T] are empirically defined constants, and [T,|is the absolute critical
temperature. p.40]
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Figure 2.9: Critical surface for Nb-Ti |5} p.2]
2.1.5 Persistant Magnitization of Type II Superconductors

As a consequence of the Meissner Effect a Type I superconductor’s magnetization [M] is a
unique function of the external field B,

14



Section 2.1. Superconductivity

M(B,) = ——<. A/m (2.7)

|7, p.19] However, a Type II superconductor will only completely expel the external field
when in the Meissner phase. Above Bj. flux enters the specimen and is captured at pinning
centres. |7, p.19] If the field is subsequently reduced below again, the specimen keeps
a frozen-in magnetization from bound field lines. [7, p.19] The magnetization curve for a

conductor can be studied in

40 t r

20} | -

MI[kA/m]
(-]
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&:
Q
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BIT]

Figure 2.10: A typical magnetization curve for M of a multi-filamentary Nb-Ti conductor. Initial
excitation starts at B = 0 and M = 0. 7, p.19]

According to magnetization is not zero at zero field after a current cycle
due to residual magnetization, implying that this phenomena depends on the history of the
magnet. In order to return to zero magnetization, superconductivity has to be destroyed by
heating and subsequently cooling it down again. |7, p.19] Only then will the pinned flux be
released.

Given the case in with a multi-filamentary conductor and relatively

low field, only hysteresis losses contribute to magnetization. However, during operating of
superconducting magnets such as the[MB| the total magnetization is due to hysteresis losses,
Inter Filament Coupling Loss (IFCL)| [SCC| as well as saturation of the iron yoke. [19]
Moreover, magnetization of superconducting magnets has a significant effect on field quality,
and at low current will cause severe field distortions. |7, p.81] Since the receives the
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Chapter 2. Theory of superconducting accelerator magnets

beams from Super Proton Synchrotron (SPS) at energy of 450 GeV, the MB is not operated
at such a low current level with beam.

2.1.6 Critical current density model

The [Critical State Model (CSM)| describes the current distribution for Type II supercon-
ductors. It states that such a superconductor expels a varying applied field by generating a
bipolar current distribution of critical current J.. p.513] This means that for low fields
only a small current is required to expel the field. This current will be found on the edge of
the conductor, while the centre is free of current. In the penetrated area the current density
will equal J.. Given a rectangular slab the field inside, By is given by:

po-Je-d-q

2 )
p.513] where ¢ is the relative penetration parameter, which is zero at the horizontal edge
of the conductor and 1 at the centre, d is the thickness of the slab and B, is the applied
flux density. From this equation, a penetration field By, is defined, which is the field at the
point when the slab is fully penetrated by B,. In other words, ¢ is equal to 1 and By is zero,
resulting in

By(q) = Ba — T (238

B, - toJed T (29)

(c)

Figure 2.11: Current and field distribution in a slab of Type II superconductor according tom
(a) Initial exposition to a small external field (b) The penetrating field B, (¢) External
field first raised above By and then lowered again |7} p.24]

2.2 Main dipole magnet design

The principle idea of the [MB]is to utilize the Lorentz force on the proton beam. This creates
the required curvature to keep it in circulation in the beam pipe. By applying Biot-Savart’s
Law, it is possible to evaluate the field at any point in space and find the required current
to create a transverse field. The ideal dipole magnet is based on two intersecting cylinders
carrying uniform but oppositely directed current densities, such as in [Figure 2.12)

Utilizing such a design, the current distribution becomes p.589]

1(0) = Iy cos(6). A (2.10)
16



Section 2.2. Main dipole magnet design

Figure 2.12: Cross-section of winding current distribution to produce a perfectly uniform trans-
verse field [11] p.29]

However, approximating this ideal design by varying the current according to €, would mean
having a separate current source for each winding. [11, p. 29] Obviously, this would be
impractical for magnets with several hundred windings. Instead the design of the [MB]is
optimized by using blocks and varying their size and position. |21, p.589] The resulting
design of the cross-section is shown is
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Figure 2.13: Cross section of the optimized aperture coil design (Taken from COMSOL model)
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Chapter 2. Theory of superconducting accelerator magnets

depicts one aperture of the twin-aperture dipole and consists of poles, turns,
blocks, layers and wedges. Looking at a whole square of turns is a block, and
each ring of blocks is a layer. In order for each turn to be positioned radially towards the
center, there are wedges between the blocks ensuring the correct angle for the turns.

Around the coils is an iron yoke and steel collar. The iron yoke increases the central fields
substantially, screens the fringe field outside the magnet and reduces the stored magnetic
energy, which is advantageous in case of a quench. p.3] Due to strong Lorentz forces
the two halves of the dipole coil repel each other with a high force. To maintain high field
precision, a steel structure called a collar is mounted around the magnet defining the exact

geometry. p-2] The combined cross-section is illustrated in |[Figure 2.14

\w’" ‘!-vr'{' \

! IIII

!

Figure 2.14: LHC aperture dipole with computed field lines p-589]

A special winding is necessary in order to accommodate the beam pipe in accelerator
magnets. There are two main options for 3D design of the coil for producing transverse
fields, which are racetrack or saddle-shaped coils, with the coils in the [LHC] being saddle-
shaped. p-27] To see how the magnetic field is created with the different coil designs see
Figure 2.15

18



Section 2.3. Equivalent circuit of the MB and dipole magnet chain

simplest winding B
uses racetrack
coils

'saddle' coils make
better field
shapes

Figure 2.15: Transverse fields produced by racetrack coils (left) and saddle-shaped coils(right)
p.27]

2.3 Equivalent circuit of the MB and dipole magnet chain

This section discusses the circuit representation of [MB]and dipole magnet chain. The rep-
resentation of the main dipole magnet chain consists of a power converter with a filter,
quench protection systems, superconducting busbars, superconducting leads and other ele-
ments. Furthermore, the [MB]itself has been characterized experimentally, and due to eddy
current losses and parasitic capacitances it is not purely inductive. The present dipole
circuit representation accounts for both these phenomena on an aperture level.

2.3.1 Dipole magnet

The [MBE in the [LHC] can be represented as an equivalent circuit consisting of two apertures
in series, with a parallel resistor as given in Currently, the components take
the values given in R,, L and C can be measured directly through for example
impedance measurements and high-voltage tests, while R, and k are features of the equivalent
circuit. Thus, they can only be estimated through [Frequency Response Measurement (FRM)|

Rp
Wy
R.1 RE
Wiy Wy
(1I-k) L kL (1I-k) L kL
Ll A vyl vy vy . — VYL YTV
—=C12 C/2 ‘L ‘LCK'Z Cf2 —
I Ap, IR Ap, 1

Figure 2.16: Circuit representation of Main Dipole
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Chapter 2. Theory of superconducting accelerator magnets

Component Value Units
L. 49 mH
C| 150 nF

k 0.75 -

Rl s Ro 10 Q

R, 100 Q

Table 2.2: Values of components in dipole circuit model

From this circuit representation an analytical frequency characteristic of the [MB]impedance
is obtained. The main behaviors modelled are inductive effects, eddy currents, and coil-
to-ground parasitic capacitance. According to theory, inductive effects are dominant
at low frequencies, manifested as a linear increase in the frequency characteristic of the
impedance. At around 30 — 50 Hz, [FCI] become effective by imposing a flattening of the
transfer function. These AC losses are represented as a resistor in parallel with an inductor for
each aperture in the circuit model. A resonance occurs between the inductances and coil-to-
ground capacitance, before the capacitive effects become dominant at higher frequencies. The
parallel resistor @ is added to smooth transient voltage oscillations and@is a constant which
is proportional to the inductance decrease, due to losses. The phenomena of inductive
effects, AC losses, parallel resistor, resonance peak and capacitive effects are visible in the

dipole measurements of

Measurement of dipole impedance

40 e
Losses from cable eddy
currents noticable

30 7
Resonance top damped

Linear inductor region by parallel resistor

n
o
T

Capacitive effects dominant

Mod [dB]

—_
o
T

|

10° 10 102

100

50 - B

Phase [deg]
o
T
1

-50 - 7

-100 R | . Ll I Ll

f [Hz]

Figure 2.17: Measurement of dipole A31L2
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va(s) >

R;
W

io(s)  (1-k) L kL
Tmm ]
C/2 C

I Ap 1

Figure 2.18: Equivalent circuit model of the aperture

Based on the equivalent circuit model of the apertures in with the given definitions
of i and vy, the transfer function of its impedance is 23]

sk(1—k)L
7| = Val®) _ L0+ TR ) Q (2.11)
U dals) 14 #OBLy 4 R, Cs 4 (1—k)LEs2) '
Ra a 4 4

2.3.2 Dipole magnet chain

A dipole magnet chain in the [LHC]| consists of 154 dipole magnets, each having an inductance
of approximately 98.7 mH at nominal values of 11850 A and 8.33 T. The current is
fed through a power converter, which is connected in parallel with a crowbar that activates
when the power converter is turned off. Additionally, the magnet chain is equipped with a
low-pass filter and two energy extraction units. The two energy extraction units consist of
electromechanical switches, an extraction resistor of 148 m{2 in parallel with a 53 mF snubber
capacitor. One energy extractor is located in the middle of the chain, while the other is

at the end. The whole dipole magnet chain circuit is shown in [Figure 2.19]
Liter MO0l MO0 MOTE  MOT?
T e M sW1
Cani
T Chie 7 I
& N GROUND Regy
BC CROWEAR 2 =
= Dofilter Canz
IL
¥ MIS4  MIS3 MO
W2 MMM I

Figure 2.19: Circuit representation of dipole magnet chain \\
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2.4 Quench and quench detection

Given a critical surface for a material, such as in [Figure 2.9 a quench is defined as "the
transition from the superconducting to the normal conducting state. Such a transition will
invariably occur if any of the three parameters temperature, magnetic field or current den-
sity exceeds its critical value" |7, p. 2] Additionally, a quench is a special phenomena such
that it can occur at any point in the given material exceeding critical values. The quench
is either suppressed or propagated, depending on the heat deposition created. Without any
protection, the point at which the quench occurs will have a hot-spot temperature, which
will be considerably higher than its surroundings. There are several causes of quench among
others flux jumps, AC losses and heat leaks.[11, p. 34] However, the most important ones are
heating due to Lorentz forces acting on the coil and causing friction between components,
cryogenic malfunction and beam loss.[11, p. 34] At high currents, such as in the only
a tiny energy deposition is needed to heat the magnet beyond critical temperature, which
is caused by the low heat capacity of materials at cryogenic temperatures. [7, p. 2] When
a magnet quenches, the magnetic energy stored in the volume of magnet turns into Ohmic
losses and as a consequence more heat is generated. The high temperature resulting from
an uncontrolled quench can damage the insulation material and even melt the cable. Other
dangers are electric discharges destroying the magnet due to overvoltages. Also, high Lorentz
forces and temperature gradients can create large variations in stress and degradation, re-
sulting in an overall reduction of current-carrying capability. [3]

2.4.1 Quench protection system

Considering these potential damages, it is important for the operation of the [LHC]| to have
a well-functioning [Quench Protection System (QPS)l To ensure a reliable level of certainty
of a quench, quench detectors for each magnet consist of and fQPS| systems. {QPY]
measures the voltage difference between the two apertures of a dipole, while fQPS]| compares
the voltage across each dipole with the voltage of two electrically adjacent dipoles. |24] Under
normal operating conditions without quenching, these voltage differences are approximately
zero. Filling the accelerator with particles requires ramping up current in the magnets. After
reaching the desired energy, particles are made to collide and magnets operate with constant
current. Once collisions are terminated, either due to decrease of their luminosity or as a
result of a fault in the machine, the magnets are ramped down or discharged with energy
extraction systems and individual quench heaters respectively. In general, the voltage across
a magnet or aperture is

I
U= L% +RI. Vo (2.12)

With zero resistance and steady-state operation the total voltage is equal to zero. For ramp-
up or -down there will be an inductive voltage component that will cancel when comparing
it with another magnet or aperture:

ol ol
AU=Li— —Ly— =0 vV (213
Yoo ot (2.13)
However, when a quench occurs the voltage builds up as a result of the increased resistance
in the magnet. “If one of the two systems measures a difference beyond the threshold for
more than the discrimination time, it triggers the firing of the quench heaters.” [24] Hence,
a quench is detected even if both apertures in a dipole are quenching, a so-called symmetric
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Section 2.4. Quench and quench detection

quench. Moreover, the motivation for having both nQPS and iQPS is to enable detection of
all quenches. A symmetric quench gives a zero difference in aperture voltage

AUap = (Rl,ap — R27ap)I ~0 A% (214)
while the difference in magnet voltage is
AUrmag = (R1,mag — R2,mag)l # 0. V (2.15)

When it comes to determining the discrimination time, the time between the voltage thresh-
old is reached to the protection is triggered, there is a trade-off between having it short
enough to prevent damages and sufficiently long as to be certain of the quench. For any
upgrade of the [LHC] this has to be reevaluated in conjunction with the voltage threshold.

2.4.2 Triggering of quench protection

Once the has detected a quench, a sequence of events, to protect against damages
described earlier in are executed. First the beam is dumped and an

Abort (FPA)|is triggered. This consists in turning off the power converter and opening
the two energy extraction switches of allowing the current to flow through the

extraction resistors in the dipole magnet chain, hence resulting in current decrease. El
Next the quench heaters are triggered, spreading the quench over the entire magnet by
heating up large fractions of coil. As a consequence, this mechanism dissipates the stored
magnetic energy over a larger volume and results in lower hot-spot temperatures. Due
to increase in voltage over the quenched magnet the by-pass diode starts to conduct. The
entire magnet chain is completely discharged after a few hundred seconds after detection.

Figure 2.20| illustrates the main dipole magnet chain when extraction resistors and

by-pass diode are conducting, bypassing the quenched dipole.
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Figure 2.20: Schematic of the LHC main dipole magnet chain with energy extractors and by-pass
diode (Diode 4) conducting

2The two switches do not open simultaneously

23






CHAPTER 3

CALCULATION OF PARASITIC
CAPACITANCE TO GROUND

This chapter deals with obtaining the parasitic capacitance between coils and ground,
which is the parameter C' in [Figure 2.16 Such a value will be incorporated into the
analytical transfer function of the [MB impedance. According to capacitive
effects become dominant in the range of around 10 kH z and above. Despite MBs being
operated in DC, faults such as short circuit to ground and fuse blow-up as well as a
Fast Power Aborts may occur. If one wishes to simulate and analyze these frequency
dependent events, reliable models of parasitic capacitances become necessary. From such
values, the crucial understanding of transient phenomena in the magnet for protection
and operation is achieved.

Furthermore, the inaccuracy of [Frequency Response Measurements make such esti-
mates of capacitance unreliable. Thus, [Finite Element Method (FEM) was chosen to
calculate this parameter of the equivalent [MB circuit model.

Currently, there are capacitance to ground measurements from High Voltage Tests
of the [MDB, in addition to analytical equations given by [Equation 3.7 that are an accu-
rate approximation of the parasitic capacitance. However, in the case of analyzing new
magnet designs and automating such calculations, |Finite Element Analysis (FEA) is a
powerful and fast tool. Hence, for this instance where measurements exist, this will be
a proof of concept for the method.

3.1 Parasitic capacitance in the MB

In the presence of a dielectric material with a physical extension, there will be a capacitance
given a difference in voltage on each side of the specimen. Capacitance being the ability by
a specimen to store charge is defined as

= -_— F -1
c= (3.1)
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Chapter 3. Calculation of Parasitic Capacitance to Ground

where[Q)][C] is the total charge and AV [V] is the voltage difference between the two terminals.
For a dielectric this ability is compared to vacuum with the parameter, relative permittivity,
for a capacitor with the same geometry and electric field [E[ [V /m] , assuming it is a linear
one

eg-eT%Eds:Q. C (3.2

In the MB there is parasitic capacitance due to insulation around the turns, blocks,
wedges and cold bore. The parasitic capacitance to ground has been included in the equiva-

lent [MB] circuit model, and is equivalent to the C' in Turn-to-turn capacitances
are ignored in the model. They are referred to as parasitic as they are relatively small and an
unwanted effect. However, the parasitic capacitance to ground is not negligible considering
that the magnets are 14.32 m long and acts as a transmission line, exhibiting voltage waves
and the effects of superposition.

A simple manner to evaluate this capacitance analytically is through Gauss’ Law, assum-
ing a linear dielectric plate capacitance

#lofes C (33)

meaning that the displacement field |§| [C/m?]is proportional to

D=¢-E. C/m? (3.4)

E— V= —%z. V/m (3.5)

Combining [Equation 3.3] [Equation 3.4] and [Equation 3.5| yields

Q=¢-E.S, C (3.6

implying that

[d-S
=22 C (3.7)

Here [S]is the surface area of the capacitor [m?| and [d]is the distance between the plates [m].

3.2 Introduction to FEM calculations of parasitic capacitance

Overall, the goal for this stage of circuit modelling, is to evaluate the total parasitic capaci-
tance to ground of the[MBJ| and compare this to measured and analytically calculated values.
Considering the complexity of the geometry, a[FEM] model has been developed in COMSOL.
The[FEM]is a numeric technique which provides an approximated model solution to problems
described by sets of [Partial Differential Equations (PDE)s. The domain is discretized, and
a suitable discretization function defined over elements reduce the [PDE] to a set of algebraic
equations. The size of the mesh depends on the physical phenomena, and accuracy of results
desired. For example, when studying a phenomena such as the skin effect, a too coarse mesh
would completely neglect such behavior.
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Boundary conditions for parasitic capacitance to ground

The challenge with calculating parasitic capacitances utilizing a [FEM] solver, is that the
thickness of the insulation is one order of magnitude smaller than the width of the narrow
side of the turns, causing high computational cost due to excessive meshing of the model.
In order to avoid such excessive meshing, a boundary condition is imposed where there is
insulation instead of explicitly modelling it in a 2D domain. These boundary conditions are
an interpretation of Gauss’ Law for a dielectric which is thin enough to assume that the
electric potential is linear in the dielectric. Starting with the general form of Gauss’ Law

V-D=p. C/m3 (3.8)

For an electrostatic hypothesis the magnetic flux density is constant, implying that the
Faraday’s Law is

B
—Z=VxE=0. V/m (3.9)

This gives a curl free field, which is conservative. In turn this leads to
E=-VV+ec V/m (3.10)

c is the Coulomb gauge and is set to zero. For a linear dielectric

D = ¢E, C/m? (3.11)
such that
e(V-E)y=p C/m? (3.12)
U
e(-=V-V)=np. C/m? (3.13)

In a charge-free region of space with a medium that is isotropic and homogeneous, assuming
the distance d is much smaller than the dimensions of the plates, Laplace’s equation is
obtained

V2.V =0. V/m? (3.14)

|25, p. 33] Thus, integrating twice results in
V(Z) =ky-z+ ko, \Y% (315)
where V(0)=kz and V(d)= k1- d. The electrical field becomes
\%4

E=-VV= - V/m (3.16)
Incorporating this back into Gauss’ Law gives
V-D:V-(e%):p. C/m3 (3.17)
Furthermore, the Divergence Theorem states that
/V-D-dvz/SV-(eAdV)-dSZQ7 C (3.18)
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where v is the volume of integration and S is the surface encompassing the volume v. In
order to determine the displacement inside the thin layer an integration cylinder V is defined

as described in while letting § approach zero

ﬁl
__—— (E;,B;,)D H))

pd

x=+6/2

Figure 3.1: Derivation of electrostatic boundary conditions across a thin layer dipole magnet
chain[p. 62|rothwell2008electromagnetics

Gauss’ law for this volume is

D, -1 - dS + D2-1f2-d5+/ D3-rf3~dS:/pdV, C (3.19)
S3 14

51 52
where
D3-13-dS=0 (for §—0) C (3.20)
S3
Seeing as
S (3.21)
S1 =S,
implies
/ (Dy; — Dy) -njp-dS = / pdV. C (3.22)
51 v
Hence
(Dl — DQ) . l’liz = Ps- C/m2 (323)

p. 62] Indeed in COMSOL electrostatics, the feature Distributed Capacitance follows
the boundary condition according to

V;“ef -V
d )
which is the same interpretation of Gauss’ Law combining [Equation 3.11} [Equation 3.16|with

Equation 3.23 Here, V,..; — V is the voltage difference between the plates and d is the

distance. Thus the thin-layer in COMSOL is a direct interpretation of Gauss Law for a a
linear electric potential.

n- (Dl — D2) = €0€p C (324)
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Section 3.3. Geometry of MB model in COMSOL

3.3 Geometry of MB model in COMSOL

In order to parametrize the insulation of the the design drawings of a quadrant of the
[MB] wedges and cold bore have been scrutinized. Exerpts of these drawings can be found in
[Figure 3.2] [Figure 3.3|and [Figure 3.5} Materials and component names are given in[Table 3.1]
for the former.

6 see e 0

NS
\ Right quench heater
D
W\
N

\h Conductor
Distribution 1

Standard inter layer

03) (40.125-05

05100 0sum

Figure 3.2: Insulation for a quadrant of the main dipole

Competent name Number in design drawing Material
Insulation sheets 5-7 Polyimide film
Shim retainer 4 Austelinic steel

Shim outer layer 3 Polyimide G10
Shim inner layer 2 Polyimide G10
1

Coil protection sheet Austelinic steel

Table 3.1: Materials of components (MB)

The two layers of coil protection sheet, protect the coil insulation against any potential
sharp edges of the steel collar. Since this is also made of steel and in contact with the
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Chapter 3. Calculation of Parasitic Capacitance to Ground

grounded steel collar, it is assumed to be grounded. The same applies to the shim retainer.

Copper profile with insulafion, Scale 51

1354
F
Q\K’).‘*
~
o 6 /
g o’ 2 06" A §
i *
[ O'l
I/ } |
D 15717 E
15.998

* Thickness of the insulation after collaring

Figure 3.3: Insulation around copper wedges

shows that the wedges have a 0.15 mm insulation thickness, which is made of
Kapton.

The cold bore is the pipe where the beam travels. highlights its position in
orange in relation to the coils and gives a longitudinal view of the cold bore.

g
o

Figure 3.4: Cross-sectional and longitudinal view of cold bore

The coils are insulated from the metallic cold bore with 5 layers of insulation measuring
a total thickness of 0.51 [mm]|. This insulation follows the whole inner arc of the first layer

of the
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Geometry of MB model in COMSOL
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Figure 3.5: Insulation around cold bore

A summary of the insulation thickness at different locations of the [MB]is disclosed in

[Table 3.2

Competent name Insulation thickness [mm)]

Inner layer top 1.125

Inner layer left 0.635 (1.135 for the uppermost coil and 0.755

for lowermost coil)
Outer layer top 2.125
Outer layer right 0.825
Table 3.2: Materials of components (cold bore)
Reviewing the average thickness of mesh is around 1 mm. Simultaneously,

the diameter of the full [MB]is 0.5 m, which means that if the insulation is resolved with 5
points, it would result in 250 0000 points along a line across the width of a 2D model. Even
though the number of nodes depends on the problem at hand, this implies an unmanageable
amount easily exceeding 1 million. Hence, the boundary condition implemented is expected
to reduce computation cost considerably.

Finally, the geometry as implemented in COMSOL is presented in [Figure 3.6
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Chapter 3. Calculation of Parasitic Capacitance to Ground

W, O
O O

() ()

Figure 3.6: COMSOL geometry of MB with steel collar, cold bore and iron yoke

3.3.1 Assumptions for FEM calculation

The insulation is assumed to have the relative permittivity [e,] of 3. Polyimide has a relative
permittivity between 2.8-3.8 depending on if it is are completely immersed in helium and
completely dry, but also depends on the residual humidity from the industrial process of
manufacturing. In addition, there is a certain amount of liquid helium in the insulation with a
relative permittivity e, of 1.05. [28] Furthermore the steel, copper and iron materials utilized
are from the COMSOL material library, and do not necessarily exhibit the same properties
as the actual materials in the LHC. However, looking at these materials do
not influence the solution. Lastly, the geometry has been adapted to COMSOL, hence
simplification have been made. Also, it has been assumed that the parasitic capacitances of
the busbars are negligible.

3.4 Method for FEA

From electrostatics capacitance is per definition

_Q
C =35 F (3.25)

where Q is the charge on the terminal and AV is the voltage difference between the plates
considered. The next example provides as a template to calculate capacitance when there is
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Section 3.4. Method for FEA

more than two plates , such as in Here there are three metallic plates, where one
is grounded.

Q1(Qz2,Qanp) Q2(Q1,Qenp)
XX
T Ciano Cz6np T

QannlQs,Q2)

Figure 3.7: Example with three charged metallic plates

Wanting to evaluate Ci ¢y p, from charge of conservation it is deduced that

Q1 =Cr2%AVia+ Cranp * AVianD C (3.26)
Q2= C12xAVia+ Cognp * AVagND C (3.27)
Qoenp = Crenp * AVignp + Co.anp x AVaanp C (3.28)
To solve the boundary condition V3 = Vgyp= 0 V is imposed, resulting in
CienDp = %. C (3.29)

Thus if AVj 2=0, V; and V, are equipontential and C 2 does not accumulate charge on
Q1. From this simple example, it is clear that it is vital to enforce conservation of charge
within the cross-section evaluated and have all terminals accessible numerically for [FEA] If
influence of a terminal is to be mitigated it must be put to zero.

3.4.1 Grounding terminals in FEM model

The metallic wedges are floating and effect the distribution of parasitic capacitance to ground,
so they are explicitly grounded. Both figures depict a quadrant of an aperture, as the magnet
is symmetric. Notice that the standard inter-layer is left floating, as it is part of the insulation
and evaluated in terms of material properties in COMSOL.
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Chapter 3. Calculation of Parasitic Capacitance to Ground

(a) Domains grounded during simulation (b) Domains at 10 [V] during simulation

3.4.2 Mesh of FEM model

The mesh used to calculate parasitic capacitance is as shown in [Figure 3.9] Notice that only
one of the quadrants of coils have been meshes, so to decrease computational cost. Within the
coils the meshing is heavy as the geometry is relatively complex, compared to the cold bore
and steel collar where the mesh is larger. To avoid tile shaped E-fields and discontinuities a
quadratic discretization function was chosen.
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Figure 3.9: Meshing of Geometry
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Section 3.5. Results of FEA

Mesh sensitivity analysis

In order to validate the mesh utilized, a dedicated sensitivity analysis was performed. The
result of using a varying number of elements can be seen in The number of
elements indicates the fineness of the mesh, while the average element quality is a value from
zero to one, according to how equilateral each meshing triangle is. E| This, together with the
mesh size, is directly proportional to the accuracy of the the solution. On the other hand,
low quality elements can be tolerated as long as they occur at the periphery of the model,
not at crucial points of computation. The element quality for each triangle for each mesh
level is depicted in For some of the coarser meshes a low element quality within
the coil and at the edge of the steel collar is seen. The former leads to an expectation of low
accuracy results.

Mesh level Number of Average  element C [F]

elements quality

Extremely 40476 0.9484 3.709699E-7
fine

Fine 14878 0.907 3.709698E-7
Coarse 8896 0.8747 3.709691E-7
Extremely 3843 0.7191 3.709691E-7
coarse

Manually 3321 0.7208 3.709691E-7
coarse

Table 3.3: Mesh sensitivity

According to the COMSOL model is almost insensitive to the mesh. This
is because the capacitance is calculated from the electric field displacement at the bound-
ary condition between the coils and the surroundings, and thus independent of any spacial
gradients.

3.5 Results of FEA

3.5.1 Electric field

The electrical field resulting from applying a voltage to one of the coils of the MB can be
studied in The only domain floating is the inter-layer and thus exhibits different
values than 0 and 10 V.

1An average element quality of one is called an Ideal Delaunay Mesh
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Surface: Electric potential (V)
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Figure 3.10: Electric potential of MB quadrant with zoom-in on insulation

3.6 Comparing parasitic capacitance from FEA and measurements

As a proof of concept of the [FEA] a parallel analytical calculation will subsequently be
performed using Here [S] is surface area of capacitor and [d] is the distance

between plates

Ccolla'r—ground

Parameter Value Unit
S 6.2 [m?]
€ 3 -

d 0.825 [mm]
C 2E-07 [F]

Table 3.4: Analytical calculation of Ceoliar—ground
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Section 3.7. Conclusion of FEM calculation of parasitic capacitance to ground

Ccoldbore—ground

Parameter Value Unit
S 4.6 [m?]

€ 3 -

d 0.75 [mm]
C 1.64E-07 [F]

Table 3.5: Analytic calculation of Ceoiavore—ground

Hence the total parasitic capacitance to ground is 364 nF. This validates the value
of 370 nF calculated from the FEM method. Furthermore, the measured value is 300 nF.
Considering that the materials of the MB shrink when cooled down to cryogenic temperatures
with about 10 %, while the dimensions given from design drawings are at room temperature,
this further supports the proposed FEM method. [29]

3.7 Conclusion of FEM calculation of parasitic capacitance to
ground

In conclusion, conserving charge within the geometry of the model, is vital to calculating
capaciticances in a FEM solver such as COMSOL. Furthermore, it is necessary to equalize
all the floating parts in the geometry, so their charge does not accumulate on the parasitic
capacitance to ground. Taking these two aspects into account, while using the equations
in and putting all metallic parts to zero potential, one can obtain the parasitic
capacitance to ground in a model of complex geometry.
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CHAPTER 4

METHOD FOR FITTING OF MB
PARAMETERS

Having obtained the parameter C for the equivalent [MB circuit model in the previous
chapter, one wishes to estimate L by measurements. Through an optimization technique,
the difference between the analytical frequency transfer function and measurements will
be minimized. This determines Ri,Rs and k.

To obtain R1,Ro and k, it is necessary to study how these parameter’s chain value
influence a single[MB measurement. More specifically, simulations have been run where
R1,Ry and k seperately are relatively high for 153 [MBs, while the measured magnet
parameter value is much lower. If this influence is minimal this implies that each mag-
net in the dipole magnet chain can be fitted individually, without having to resort to a
more advanced approach for obtaining all the fits for 154 [MBs. Thus, a verdict on the
modularity of fitting the[MBs on the chain is concluded.

In its totality, this chapter is about methods and all the techniques presented will be
utilized in Chapter 6 to fit the impedance of the [MB| based on[FRMs from April 2017.

4.1 Dipole magnet chain during measurements

During the measurements presented, the dipole magnet chain was disconnected from its
usual power converter and filter. Also, the energy extractor at the end of the chain was
short-circuited, while each end of the dipole magnet chain was connected to a HTS current
such that the chain could be grounded. For this thesis measurements from November
2016 and April 2017 will be studied, though these have a slightly different measurement

lead [T]

configuration. Both measurement configurations are presented in |[Figure 4.1| and [Figure 4.2]

La device providing the electrical link between the room temperature power cables and the cold bus-bars [30]
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Chapter 4. Method for fitting of MB parameters
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Figure 4.1: Circuit diagram of dipole magnet chain during November 2016 measurements (whole
chain)
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Figure 4.2: Circuit diagram of dipole magnet chain during April 2017 measurements (half chain)

For the two configurations, the chain was grounded and the generator floating. The
main difference between the two are that for the November measurements the whole chain
of 154 dipoles was included, while for the April measurements only half of the [MBE were
connected in series. Also, the 'whole chain configuration’ includes an energy extractor, while
the ’half chain configuration’ does not. However, during measurements from November 2016
the switch was closed, meaning that it had no effect on the chain.

The measurement set-up for all measurements was type normal, which is discussed at
lengths in the report “Multi-scale Analysis of Electro-Thermal Transients in the LHC Main
Dipole Circuit”. |[31] The idea behind the type normal measurement configuration is to study
the magnet characteristics of the dipole on multiple levels. Therefore this configuration is
flexible enough to measure the whole dipole, both apertures as well as each pole. Referring
to the voltage taps of Channel 2 can be connected across any single inductance
or adjacent inductances.
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Section 4.1. Dipole magnet chain during measurements
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Figure 4.3: Type normal measurement configuration

The inductances in the figures represent the four poles of the twin-aperture dipole. Chan-
nel 1 (CH1) represents the current measurement, while Channel 2 (CH2) gives the voltage
measurements. Feeding the main dipole with an AC voltage makes it possible to do a fre-
quency sweep and measure the resulting current and voltage. Defining a transfer function as
a ratio between input and output, the transfer function of the [MB|impedances become:

u(jw)
i(jw)

2(jw) = Q (4.1)

After two campaigns of magnet measurements in Section 1-2, there is considerable avail-
able amount of data for analysis. Specifically, eight magnets measured November 2016 and
41 magnets in April 2017. The available magnets with the corresponding measurement cam-

paign and series are given in [Table 4.1] and [Table 4.2]
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Chapter 4. Method for fitting of MB parameters

Measurement Campaign Electrical position of magnets
November 2016 33, 34, 36, 118, 121, 122, 123, 124
April 2017 1,2 3,17 ,18, 19, 20, 21, 22, 40, 42, 43, 44, 45, 46,

47, 48, 49, 50, 51, 55,101, 104, 105, 107, 108, 109
111, 112, 112, 114, 115, 116, 133, 134, 135, 136, 137
138, 152, 153, 154

Table 4.1: MB measurement overview

Series Electrical position of magnets

1000 (Alstom) 17, 21, 36, 44, 45, 49, 104, 113, 114, 118, 121, 122,
124, 136, 152, 153

2000 (Ansaldo) 1, 3, 18, 19, 20, 22,33, 34, 40, 42, 43, 46, 47, 48, 50,
55, 105, 107, 108, 109, 111, 115, 116, 123, 133, 134,
135, 137

3000 (Noell) 2, 51, 138

Table 4.2: MB measurement by series

The amount of data makes it possible to study differences across magnet series, and con-
clude if the parameter fittings of transfer function of the [MBjmpedance should be grouped.
For example the fittings could be according to magnet series number, individually or oth-
erwise. Unfortunately, the same magnet was not measured twice for each campaign, which
would have provided a point of comparison.

4.2 Fitting parameters to measurements

shows the comparison between measurements of the first aperture in A31L2 and
C30L2 and Pspice simulations of an aperture with the parameters of both per-
formed in the dipole magnet chain. Certain discrepancies between measurements and sim-
ulations exist, which poses a need to improve the fit. By adjusting L the constant offset
present below 30 Hz is eliminated, while fitting Ry, Ro and k will reduce the error for higher
frequencies.
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0 Compare Pspice and measurment (generator floating)A31L2+C30L2

— Pspice first aperture
30 | — Measurement first aperture (A31L2)
—— Measurement first aperture (C30L2)
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Figure 4.4: Comparing measurements of dipoles A31L2 and C20L2 to Pspice simulation with
present parameter fit

Here, it is important to note that the resistances of the apertures Ry, Ro can be balanced
or unbalanced. However, in many instances the average value in the dipole is a more con-
venient measure, as it simplifies the analytical transfer function of the whole [MBgquivalent
circuit. This value will be referred to as[R,] To deduce the values of Ry and Ry it is enough
to look up the difference between the two for each [MB] which is available in the present

Pspice model among others. See

4.2.1 Fitting L
Considering that inductive effects are dominant for low frequencies in the dipole, it is possible
to find L. The transfer function of the dipole impedance can be approximated to

Z4i(s) = Ls, Q (4.2)
which implies that the curve will intercept the 0-dB line at

we = (1/L), rad/s (4.3)

where [wJ is the crossover frequency. With obtaining [I] becomes a matter of
simple interpolation from measurement data. The code in was used to evaluate

L.
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Chapter 4. Method for fitting of MB parameters

4.2.2 Sensitivity analysis

One approach to fitting k& and [Ry] for a magnet, is to understand the sensitivity of each
parameter and how the change influences the characteristic of the transfer function of the
impedance. Such an analysis can be studied in [Figure 4.5 and |[Figure 4.6|

0 Sensitivity analysis in Pspice of R (dipole impedance)
T T T rrorrrg T T T rrrrg
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Figure 4.5: Sensitivity analysis - change in R,
20 Sensitivity analysis in Pspice of k (dipole impedance)
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Figure 4.6: Sensitivity analysis - change in k
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Section 4.2. Fitting parameters to measurements

From it is noticeable that changing [Ry] is inversely proportional to the time
constant of [FCL] described in [gection 4.2] [Figure 4.6 shows that & is proportional to [[FCL]
The complexity of manual tuning necessitates an optimization technique. Also, a method
for comparing fits is necessary. [PSO| with a suitable objective function addresses both these
needs.

4.2.3 Method for R, and k fit: Particle Swarm Optimization

The method for fitting parameters utilized is called [PSO] which is an iterative method in-
spired by the movement of flocks of birds. The method is initiated by assigning a population
of candidate solutions, called particles, random values within the bounds specified. [33] For
each iteration, the objective function is evaluated at each particle location, and determines
the best (lowest) function value and the best location. Subsequently, the algorithm chooses
new velocities, based on the current velocity, the particles’ individual best locations, and the
best locations of their neighbors. The update of the velocity v from the last velocity

v = Wvjast + yl-ul-(p-x) + y2-u2-(g-x), (4.4)

where W is the inertia of the movement, y1 is the weighting of the self-adjustment, y2 is the
weighting of the social-adjustment, p-x is the difference between the current position and
the best position the particle has seen, g-x is the difference between the current position and
the best position in the current neighborhood and ul and u2 are uniformly (0,1) distributed
random vectors with the same length as the number of variables.|33]

This is expected to move the swarm toward the best solutions, by iteratively updating
the particle locations (the new location is the old one plus the velocity, modified to keep
particles within bounds), velocities, and neighbors, according to

Xnew = X + V. (4.5)
|33] Iterations proceed until the algorithm reaches a stopping criterion. These criteria include
reaching tolerances, the maximum of allowed iterations, or time. [33]

Particle Swarm Optimization using total vector error

When evaluating error of impedances, both magnitude and phase must be condensed into
a single parameter. A neat manner of doing just this is [Total Vector Error (TVE)l The
expression for the [TVE]is given by

_1Z5(w) = Zig.meas(@)]
TVE(w) = i) (4.6)

where is the impedance of the dipole for a certain frequency given analytically, while
is the measured impedance at the same frequency.

In order to minimize the [[TVE] between measurements and the analytical transfer func-
tion, the method of [PSO| was implemented. The code implementing this method is given in
Listing A.5 and the objective function is defined as the mean of TVE2. As the function
in Matlab is stochastic it may give different results each run, having a large influence on the
objective function value. Thus, the code implemented loops through 100 iteration to extract
the best fit.
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Chapter 4. Method for fitting of MB parameters

When implementing the [PSO] there are various approaches to defining the objective func-
tion. The main objective function minimizes the mean of TVE?, such that:

_ ‘th - th,meas|2

: (4.7)

‘ th,meas |2

where bars indicate averaged values. This was chosen as the main expression as it gives
greater weight to larger errors. Alternatively the mean of the [TVE] can be used as an
objective function

Zis— 7
¢ = 121t — Zismens| (4.8)
|th,meas|

In order to add more emphasize on higher frequencies the objective function can be defined
as

Zit — Zif meas|?
| tf tf, eas‘ ) (49)

e=w- —
|th,meas|2
In the case where the measurements are logarithmically spaced, creating a bias towards
lower frequencies, it could also be an idea to integrate the area of the [TVE]

Zie—7Z
e= (—| tf tfmeas')dw. (4.10)

| th, meas |

The fitting will be done using mean of TVE? of as the objective function,
provided that it gives a satisfactory fit at high frequencies. If this proves unattainable the

[TVE] will be integrated like in

4.2.4 Influence of the chain’s R, and k£ on A31L2

The values of [R,]and k differ along the chain, and therefore need to be fitted to each magnet.
One wants to study if the fitting of [Ry] and k can be done independently magnet by magnet
without having to resort to a more advanced approach. In order to verify this, the [MB]
impedance of A31L2 was simulated for different [R,[s in the rest of the chain, and
shows the result. The same was done for k, which is presented in
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Influence of chain (dipole impedance)
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Figure 4.7: Dipole impedance for several values of R, in the rest of the chain

As is observable in the influence of the other aperture resistances on the dipole
impedance in question is negligible and only become pressing at resonance frequencies. Thus

[R,] can be tuned individually.

Influence of chain (dipole impedance)
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Figure 4.8:

In |Figure 4.8 one can

frequencies. This is not significant

102 10° 10*

f [Hz]

Dipole impedance for several values of k£ in the rest of the chain

see that k in the rest of the chain has a noticeable influence at high

since the discrepancy is mostly for k equal to one, which

is an unphysical fit. Therefore, the k-value of a magnet will be fitted individually like with

[Ra
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CHAPTER 5

PRELIMINARY INVESTIGATIONS FOR
FITTING MB PARAMETERS

In November 2016 measurements of 8[MBs in sector 1-2 of the [LHC| were conducted.
Based on these measurements the report “Multi-scale Analysis of Electro-Thermal Tran-
sients in the LHC Main Dipole Circuit” discusses various measurement configurations
and concludes with a strong recommendation. The recommendation is for grounding
each end of the dipole chain and leaving the generator floating. (81| Subsequently, there
have been additional measurements made on more magnets in sector 1-2 in April 2017.
Despite having a different configuration than the ones from November, the recommended
grounding points were followed. Before any fitting of parameters of the[MB| transfer func-
tion impedance is conducted, it is desirable to conclude on the preferable measurement
technique. Thus the difference between available measurements will be treated.

Measurements were conducted on dipole magnets connected to the rest of the chain,
while its associated analytical impedance expression is for a stand-alone magnet. Thus,
the next step will be to study the influence of the rest of the chain on the [MB measured.
Based on this influence, measures of reducing discrepancies devised.

Another topic of interest is the influence of the electrical position of an [MB on
impedance. The concept of symmetrical impedances created by grounding lines aid this
discussion. Also, limitations to representing capacitance to ground as lumped elements
is expanded upon.

Lastly, the issue of low measured inductance values is investigated. Recent[MB mea-
surements during cool-down will indicate if these values are due to superconducting
phenomena. Subsequently, data from during [LHQ operating during ramp-up of current
will conclude if the low inductance values are justified by the Meissner phase. COMSOL
simulations quantify magnetizing effects at 1 A and its influence on inductance.

Owverall, this chapter presents solutions deemed necessary, before the [PSOralgorithm
can be performed to find the parameters[Ry] and [K]
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5.1 Influence of chain

Before fitting the parameters [f] and [Ry] the inter-dependencies in the dipole magnet chain
must be clarified. More specifically, it must be concluded if one should fit the transfer
function to measurements of the single or double aperture impedance. Here single and double
aperture refers to the equivalent circuit in [Figure 2.18| and [Figure 2.16| respectively. This
fitting depends on which circuit gives the best overlap with the stand-alone equivalent. A key
realization when comprehending the influence the rest of the chain, is that the measurements
can be modelled either as a single or double aperture in parallel with the rest of the chain.
This is illustrated in [Figure 5.1al and |Figure 5.1b| respectively. Hence, if the single or double
aperture is disconnected from the rest of the chain, it is possible to simulate the impedance
of the chain and compare it with the simulated stand-alone impedance of the single or double
aperture.

() Ize)
S o
AC Current Source AC Current Source
e Zaewd——¢ e Zae b
(a) Aperture (b) Dipole

Figure 5.1: Schematic of measurement configuration

When the impedance of the chain is much larger than the impedance of the singe or double
aperture, the measurement will be close to the impedance of the latter. This is because the
total impedance will always be smaller than the smallest impedance in a parallel connection.
Moreover, the larger the largest impedance is, the closer the total value will be to the smallest
impedance. However, for the frequencies where the impedance of the chain and the impedance
of the single or double aperture are comparable, the total impedance is about half the size

of the chain impedance. See

Zh1(w) - Zo(w)
Z, = = -
eq(w) Zl(W) +Z2(UJ)
for
Z Q (5.1
lezz:,zeqz?l. (5.1)
for
1 << Zy = Zeq ~ /.

At the point where the impedances are equal, the inter-dependency between the chain
and the circuit studied becomes too strong. The results of simulating the impedance for the
rest of the chain simulated with the single and double aperture disconnected in PSpice are
given in [Figure 5.2 and |[Figure 5.3| respectively.
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Section 5.1. Influence of chain
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Figure 5.2: Impedance of chain - disconnecting aperture
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Figure 5.3: Impedance of chain - disconnecting double aperture

Comparing [Figure 5.2| and [Figure 5.3 we see that the chain impedance stays higher cal-

culated from the double aperture than single. While the chain and aperture impedance are
equal at around 1 kHz, the chain and double aperture impedance only intercept at around
8 kHz. Hence, measurements should be fitted to the transfer function of the double aperture

impedance.
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Chapter 5. Preliminary investigations for fitting MB parameters

From the analysis in the impedances become equal at 8 kHz, at which the
measured impedance is equal to half of the magnet impedance. As a criterion, it was decided
to ignore frequencies when the chain impedance is less than one order of magnitude larger
than the double aperture impedance. Therefore frequencies up to 1 kHz will be included for
[PSO] analysis. This limits the influence of the rest of dipole magnet chain sufficiently.

5.1.1 Analytic transfer function of the double aperture

Since the parameters k and [R,]shall be fitted against the analytical transfer function of the
double aperture impedance its expression must be obtained. This required a y-A transforma-

tion of the equivalent circuit schematic, as visualized in[Figure 5.4] The actual expression for
the transfer function of the double aperture impedance was achieved by using the symbolic

tool in Matlab and the code in with the explicit expression in

Rp
Rp

a

Ny —1 @ —{ B -
a ==¢C B == 2¢ Yy =c N

L

Figure 5.4: y-A transformation of double aperture equivalent circuit

Looking at the transfer function of the double aperture impedance is deduced.
Here, Z, is the series connection between (1 — k)L and kL and in parallel, meaning that:

LRks

R Lhs: @ (62

Zo(s) = L(1 — k)s +

The expressions for the impedance of capacitances to ground before the transformation are

2 1 2
als) = 5., 8(s) = 5o andy(s) = & Q (5.3)
After the y-A transformation the expressions become:
aﬂ(s) = w7 Q (5'4)
Y
By(s) = M and Q (5.5)
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Section 5.2. Evaluating measurement configuration

Thus, the transfer functions

af(s) = Bv(s) = é and Q (5.7)
ay(s) = % Q (5.8)

is obtained. Each Z, is in parallel to either a8 or 7, which again are connected in series
with one another

Zy xaf Zy *x By
I1=——— Zy=—"— d  Zseries = Z1 + Zs. Q (5.9
' Zo+aB T Za+ By o 1 (5.9)

The resulting transfer function is evaluated to

—(8(Ls(k — 1) — ffiake )

. Q (5.10)
Cs(& —Ls(k—1)+ éﬁ“ﬁks)

Zseries =

Zseries 1s according to in parallel with R, and cy. Finally, the total impedance

becomes
Zsem’esa'pr

ZSGTiESa’y + Zseriest + OZ’YRp '

ot = Q (5.11)

5.2 Evaluating measurement configuration

Although, there are only eight magnet measurements with the 'whole chain configuration’
available, while there are 41 magnet measurements with the 'half chain configuration’ it is
relevant to compare the two configurations. Based on such a comparison, future measure-
ments can be standardized. A comparison between the impedance of the dipole magnet chain
for Magnet 122 with the 'whole’ and ’half chain’ configuration is found in

Comparing impedance of stand-alone dipole and chain

80 T T
60 F /\ S ——— _
- N
QE 40
E
= 20
—— Simulation of chain (Magnet 122) Half chain
0 Simulation of chain (Magnet 122) Whole chain| |
— Simulation stand-alone
220 I I T
10° 10° 10° 10° 10*
f [Hz]
100
= 50 bl
Q
=
Q
3
<=
) 0 7 \/ 7
50 ! | \

10° 10' 102 10° 10*
f [Hz]

Figure 5.5: Comparing chain impedance for ’half’ and ’whole chain configuration’
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Chapter 5. Preliminary investigations for fitting MB parameters

The simulations show a difference with the 'whole chain configuration’ staying higher for
a wider range of frequencies than the ’half chain’. The crossing of impedances occurs at
5496 Hz and 4677 Hz, for the 'whole chain’ and ’half chain configuration’ respectively. Thus
the 'whole chain configuration’ is preferable to the "half chain’.

Another aspect that influences the chain impedance of a magnet is its electrical position,
and displays the chain impedance of Magnet 1 and 19.

a

Comparing imp

80 e of stand-alone dipole and chain
T T T R

60

40

Mod [dB]

20

— Simulation of chain (Magnet 1) Half chain
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0

220 . | . | P
10° 10 102 10° 10*
f [Hz]
100
En 50 B
=
Q
g
=
Ay 0 |
50 . | . AN | . | .
10° 10 102 10° 10*
f [Hz]

Figure 5.6: Comparing chain impedance for different electrical positions

Mainly the magnets on each end of the dipole magnet chain have a significantly lower
intercept frequency between impedance of stand-alone double aperture and chain, which is
illustrated in [Figure 5.6 Magnet 1 has an intercept frequency 3467 Hz compared to Magnet
19 with a 4677 Hz intercept frequency. This supports the argument that care should be taken
when fitting the first and last magnet.

5.3 Distributed Capacitance

A consistent issue when comparing measurement and simulations is that perturbations
around 8 kHz in simulations is observed that are not present in measurements. Measurements

and simulations are compared in [Figure 5.
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Section 5.3. Distributed Capacitance

Magnet 1: Simulation vs measurement
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Figure 5.7: Comparing simulation and measurement of Magnet 1
When comparing the two in it becomes apparent that this is not due to a low

sampling frequency of measurements. An hypothesis to the discrepancy is that the equiva-
lent circuit model utilized in PSpice is not valid for high frequencies. This could be due to
the simplification of a distributed capacitance in the MB design to a lumped element in the
circuit model not being able to capture behavior above 1 kHz.

In order to investigate the issue of distributed capacitance, additional simulations have
been performed on Magnet 122. One where the MB model is extended with 7 capacitances
and one with 9 capacitances according to [Listing Al [Listing Al and [Listing Al with circuit
models depicted in [Figure D.1] [Figure D.2] and [Figure D.3] of [Appendix D] A limitation
to the present model, in terms of the 1 — 10 kHz range is that the capacitances are placed
at the edges of the circuit creating a large influence on impedance, which can be seen as
perturbations. Thus all circuit models simulated in this section have been modified such
that the capacitances are places at the interior of the circuit and not at the same node as
the parallel resistor. Still, the total capacitance values remains the same. The comparison
between the three models can be studied in for Magnet 122.
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Chapter 5. Preliminary investigations for fitting MB parameters

40 Simulation of Several distributions of Capacitance (Dipole, whole chain) Magnet 122
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Figure 5.8: Simulation of Magnet 1 with three different MB models ("whole chain’)

In the frequency of the dip, originally at 8 kHz, increases with increasingly
distributed capacitance in the circuit. For a circuit with infinitely many capacitances ac-
cumulating to a total capacitance of 300 nF would mean that the perturbation would not
appear at all. Hence a lumped element model is not be able to capture the behavior of
distributed capacitance.

5.4 Grounding line and symmetries

For the cryostat to be at zero voltage, a grounding network has been constructed. This
grounding line has a certain impedance, and influences the frequency transfer function of
the impedance depending on the magnet’s position. The grounding line has an influence
on impedance depending on the magnet’s electrical position. To understand such influences
simulations in Pspice were performed. With the 'half chain configuration’ symmetries are
created. Not around the middle point of the chain as with the whole chain, but such that the
first position of the first chain overlaps with the last position of the second chain and vice
versa. This is plotted in [Figure 5.9|and [Figure 5.10} [Figure 5.11|shows a simulation with the
same measurement configuration if the grounding line was removed. Without the grounding
line the ’half chain’ is again symmetric around the middle point of the dipole chain.
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Section 5.4. Grounding line and symmetries
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Figure 5.9: Simulation of Magnet 77 and 78 for ’half-chain configuration’
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Figure 5.10: Simulation of Magnet 1 and 154 for ’half chain configuration’
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Figure 5.11: Simulation of Magnet 1, 77, 78 and 154 for ’half chain configuration’ without Ground-
ing Network

To further examine the symmetries created by grounding lines, measurements of sym-

metrically equal magnets have been plotted together, which is presented in
Subsequently, a simulation of symmetrically opposite magnets was plotted in

Compare of magnets in chain (dipole)
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—magnet 1 /ﬁ\‘
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Figure 5.12: Measurements of mangets 1,2,19, 153,154 (dipoles)

o8



Section 5.5. Low inductance values from Frequency Response Measurements

Simulation of magnets (dipole)
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Figure 5.13: Measurements of mangets 1,2,19, 153,154 (dipoles)

According to measurements of the symmetries for the rest of the chain is
less apparent. Due to the approximation of distributed capacitance discussed in
exhibits symmetries. Based on the limited on the measurements of symmetrical
magnets, the result indicates that symmetry is only valid for the first and last magnet of the
chain.

5.5 Low inductance values from Frequency Response
Measurements

Compared to the nominal inductance of 98.7 mH, the results from the November 2016 mea-
surements of eight magnets in Sector 1-2 were showing low inductance values. See[Figure 4.4]
After getting 41 additional magnet measurements in April 2017, it was verified that this also
was the case for these new measurements. As is seen from [Figure 5.14] the inductance values
range from 77 — 81 mH. Thus there is a systematic phenomena causing such a low reading.
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Chapter 5. Preliminary investigations for fitting MB parameters
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Figure 5.14: Inductance for April 2017 MB measurements

A hypothesis from is that for at 1 A the magnet is in the Meissner region,
meaning its expelling all flux from the conductor. Once the magnet reaches a magnetic flux
density over B.; an additional volume is available for the flux, resulting in a higher induc-
tance. Similar behavior has been described in . When ramping the MB at 10 A/s,
the initial inductance obtained at comparable current levels was 85 % of nominal value,
which is attributed to residual positive magnetization. @ During similar measurements of
MB prototypes, the same phenomena was observed. M shows the calculated
differential inductance during two current cycles between -600 and 600 A.

012 T T T
m— Cycle 1
Cycle 2
0115H ccmm. L i B
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Differential Inductance,Z , [H]
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Figure 5.15: Calculated differential inductance Ld (Cycles 1 and 2)
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Section 5.5. Low inductance values from Frequency Response Measurements

To explain the low inductance values, a sensitivity analysis focusing on temperature, cur-
rent and frequency will be executed. Therefore, this section studies L as function of these
three parameters independently. The former is studied from a cool-down process of a stand-
alone [MB| over the period 9th-11th of June 2017. Inductance as a function of current will
be obtained, through calculation of the differential inductance of the MB during operation.
The data is from the 3rd of May 2017 during ramping of current. Lastly, inductance as a
function of frequency is studied through a COMSOL model of the This study concludes
the largest contributors to inductance decrease at 1 A and 2.15 Hz. From these efforts it will
be possible to not only conclude on the sensitivity of temperature, current and frequency to
inductance, but also provide an explanation to the behaviour.

An important distinction is between the concepts of differential inductance and
apparent inductance @ All estimations of inductance in this thesis, whether from mea-
surements or simulation, are either differential or apparent. Differential inductance and
apparent inductance are defined as

d¢

Lairr = 3
H (5.12)

;o9

ap — ;

— Differential Inductance
I == Apparent Inductance

Figure 5.16: Distinction apparent and differential inductance: Flux vs current

of flux vs current, illustrate that for for some intervals of current a constant
change in current does not induce a proportional change in magnetic field. This causes a

change in and Moreover, from it is clear that these values are not

the same in all cases. However, with no saturation, only the linear range for double aperture
impedance is considered. Hence apparent and differential inductance will be the same, and
inductance will be calculated based on the available data.
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Chapter 5. Preliminary investigations for fitting MB parameters

5.5.1 Apparent inductance at cool-down

The first approach to the case of sensitivity of inductance is investigating the apparent
inductance during cool-down of an [MB| Between 9th-11th of June 2017, a stand-alone [MB]
was cooled down from 80—4.5 K. Simultaneously, [FRME of impedance were conducted every

10 minutes. The result when estimating [Lap| at 2.15 Hz is rendered in

o1 Measured inductance during cool-down of A31L2
. \ \ \ \ \

0.095 n

0.09 - i

Inductance [H]

0.085 *

0.08 - n

0.075 I I I I I I I
0 10 20 30 40 50 60 70 80

Temperature [K]
Figure 5.17: Differential inductance vs Temperature

As the [MB] temperature drops below critical temperature, there is a dramatic drop in
inductance. Therefore, the drop in inductance must be due to superconducting effects.

5.5.2 Differential inductance at current ramp-up

With the aid of data from [CHC|operation, it is possible to study the sensitivity of inductance
to the current level. The equation for calculating differential inductance is

Umag - Rsplice I

di/dt ’
where the splice resistance is 1 [nQ2] and represents the resistance from interconnec-
tions in the circuit. is the voltage across the [MB] A12R1 in Sector 1-2.

H (5.13)

Laiyy =

The data from [Figure 5.18al [Figure 5.18b| and [Figure 5.19| are from a ramp-up from
1—100 A. Up until about 11 s, the voltage is saw-tooth shaped and thus di/dt is challenging
to evaluate, which is reflected in Hence the resulting differential inductance
values are unreliable. However, the differential inductance stabilizes at around 30 A as the
voltage reaches a plateau, and inductance values are observed at around 0.09 H between
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Section 5.5. Low inductance values from Frequency Response Measurements

30 — 100 A in [Figure 5.19] [Equation 2.2] states that the penetration depth in the Meissner
region is proportional to the field, which explains the linear increase in differential inductance
with current in

Measurements of low current ramp
T T

03 T T

0 Measurements of low current ramp
T T T T

1[A]
=
.

° I | | I | I
0 5 10 15 20 25 30 35
Time [s]

(a) Voltage over magnet (b) Current through magnet

Time [s]

Figure 5.18: Measurement of Current ramp from LHC during operation
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Figure 5.19: Calculation of Differential Inductance from Measurement of Current ramp from LHC
during operation

Looking at a current ramp from 2 — 11 kA in [Figure 5.20a] [Figure 5.20b| and [Figure 5.21]
the voltage and differential inductance remains relatively stable. Furthermore, the inductance
value is close to nominal value, which is expected for such high current values.
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Measurements of low current ramp
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Figure 5.20: Measurement of Current ramp from LHC during operation
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Figure 5.21: Calculation of Differential Inductance from Measurement of Current ramp from LHC
during operation

Based on calculations in the Meissner region extends until about 223.5 A
for a single strand, which means that a significant difference in differential inductance for the
intervals 30 — 100 A and 2 — 11 kA is expected. To conclude, these measurements validate
the theory of lower differential inductance in the Meissner phase.

From [subsection 5.5.1] and [subsection 5.5.2] it is clear that low inductance values are
due to superconducting effects, which show behavior according to the Meissner phase at low
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Section 5.5. Low inductance values from Frequency Response Measurements

currents. Next, the superconducting effect that gives the largest contribution to drop in
[Caifslfor the case of operating in the Meissner phase, will be determined.

5.5.3 FEA of magnetizing effects

In order to study the contribution of persistent magnetization and induced eddy-currents in
the cable and copper wedges, a simulation has been run in a COMSOL model of the MB] The
geometry is as for the FEM calculation for parasitic capacitance, except now only a quadrant
has been considered. See [Figure 3.6 According to Ravaioli, persistent magnetization, eddy
currents in wedges, [SCC| and [[FCC| contribute to magnetization at low current.
These effects all decrease inductance. Moreover, the [MB] model in COMSOL has the ability
to isolate each effect, such that they can be studied both independently and combined. The
model has been simulated in the frequency domain with 1 A [Root Mean Square (RMS)| as
current input. It is resolved at the half-turn level with homogenized material properties and
physical laws over such an area. [35)

[Figure 5.22al [Figure 5.22f| depict the magnetic flux density and magnetic vector potential
for the various isolated effects, as well as all the combined effects at 2.15 Hz.
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Figure 5.22: Magnetic flux density and magnetic vector potential

Due to the Meissner effect, the flux lines are expelled from the coils in [Figure 5.22¢| and
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Section 5.5. Low inductance values from Frequency Response Measurements

[Figure 5.22f] [Figure 5.22b] show a small eddy current at the edge of the copper wedges of
the inner layer.

Finally, shows L as a function of frequency when each magnetization effect is
isolated and combined.

Inductance as a function of frequency
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Figure 5.23: L vs Omega from COMSOL model of MB, isolating various effects to study contri-
bution on magnetization at 1 A

As seen in eddy currents and [[SCC| hardly effect inductance at low frequencies,
where the inductance has been estimated. [FCCl have some effect on the decrease in L at low
frequencies. On the other hand, the persistent magnetization is independent of frequency
and has a large impact at 1 A.

When all phenomena are combined, the effects of persistent magnetization and eddy cur-
rents in the copper wedges superimpose, while coupling currents from strands and filaments
are suppressed. Another relevant observation from is that L only including mag-
netizing effects from [[FCC| obtains the same value at high frequencies as L from persistent
magnetization. To understand these results, the behavior of each magnetizing effect must be
understood. According to

dB
Mircc o< Migco e A/m  (5.14)
M pers o< Je. A/m (5.15)

Hence at a high frequency Mipcc expels all flux from the coils when the behavior of the
[[FCCk are isolated. This is why L only including magnetizing effects from [[FCC|overlaps at
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Chapter 5. Preliminary investigations for fitting MB parameters

high frequencies with the L-value only considering persistent magnetization. Since persistent
magnetization is such a strong effect at low currents it expels all the flux in the coils and
Mircc and Migce experiences a zero constant field, meaning that they are both zero. In
other words, as persistent magnetization expels all flux there is no more flux to be expelled
by [FCC|and [[SCC]in the coils. Thus we do not see their effect in the combined simulation of
all phenomena. However, eddy currents in the copper wedges have the ability to magnetize
wedges and reduce the overall inductance, which is observed in the combined simulation.

An inductance of 0.065 H is considerably lower than the measured 0.08 H.
provides a plausible explanation. Seeing as the [MB]is operated in the Meissner phase, a
behavior described in the coils are expelling all external fields according to

This expulsion of flux can clearly be seen in However, the [MB]
coils are only partially made of superconducting material, which is illustrated in [Figure 5.24]

Instead of considering the copper and the[Nb-Ti separately in the COMSOL model, persistent
magnetization is scaled according to the fraction of superconducting material in the strand
and ratio of strand to cable cross-sectional area, which is inaccurate in the Meissner phase.
In reality some flux lines will concatenate the coils when [MBE are operated in this manner.
This in turn gives a larger inductance than obtained from COMSOL simulations.

Figure 5.24: Cable cross section; the light- and dark-grey domains refer respectively to the su-
perconducting and the copper domains; the remaining white domain represents the
cable’s voids, here considered as filled with epoxy resin

In addition, the current distribution implemented in the simulation are given by the [CSM]
covered in although this model ignores the Meissner phase. p. 23] More-
over, it is challenging to model the current paths taken in the[MB|at such low currents, in the
superconducting state. Being far from the critical current density and without resistance,
the current is not equally distributing, creating large variations in local field quality. To get
a more accurate evaluation of inductance at 1 A, a model incorporating current distribution
at these values must be included in the [FEM] model.

To study the magnetizing effects dependency on current, the same simulation has been
performed at 1 kA, and L as a function of w has been plotted in
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Section 5.5. Low inductance values from Frequency Response Measurements

Inductance as a function of frequency
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Figure 5.25: L vs Omega from COMSOL model of MB, isolating various effects to study contri-
bution on magnetization at 1 kA

Here, in the effect of persistent magnetization drops drastically from the case
of 1 A. As expected the effects of eddy currents in copper wedges, [FCC| and [SCC| stay
the same with the same time constants. Due to weak persistent magnetization flux lines
penetrate the coils and the magnetization effects superimpose for the combined simulation.

What we can conclude from these simulations, is that persistent magnetization is the
largest contributor to the reduction of inductance in the Meissner phase. For 1 A at 2.15 Hz
it accounts for 99.7 % of the decrease in inductance. Now that the discrepancy in inductance
has been accounted for, the fitting of parameters will be conducted with an average induc-
tance value and it will be assumed that this has a negligible effect on parameters.

In the light of results from there is a need to discuss the quality of results from

fitting the transfer function of the double aperture impedance to measurements performed
at around 1 A.

69






CHAPTER 6

RESULTS FROM FITTING OF MB
PARAMETERS

The fitting of the parameters [Ry] and [F] necessitated the study of the influence of the
rest of the chain on single and double aperture measurements. Both of which have been
conducted in a dipole magnet chain. It was concluded that the double aperture mea-
surements contained the least influence from the rest of the chain. Furthermore, the
frequency range of fitting was limited to under 1 kHz. Hence all the fits are based on
double aperture measurements below 1 kHz.

With [MB measurements available in a chain and stand-alone it is possible to deduce
the influence of the rest of the chain on magnet measurements, through comparison.
Simultaneously, an inherent challenge to fitting measurements to analytic transfer func-
tions is highlighted. Hence the discrepancy in[PSQ fits will be discussed.

Nexzt, data analysis is conducted on the 41 [MB measurements from April 2017, all
from the ’half chain measurement configuration’. Deviation from the mean of all mea-
surements is studied for each [MB, Based on this analysis, an approach to grouping
magnets for common fits is devised according to this deviation.

From such groupings, a[PSOtalgorithm is utilized and the parameter fittings of k and
R, determined.
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Chapter 6. Results from fitting of MB parameters

6.1 Comparing measurements from stand-alone and chain

The comparison between stand-alone and chained [MB| measurements is presented in

ure 6.11

Comparing measurement in chain
80 e e
o Measurement in chain

| | © Measurement stand-alone
60 . . .
—— Linear Inductor (simulation)

and stand-alone magnet (A31L2)

40

|1Z||dB]

20

10° 10’ 102 10° 104
flHZ]

-50 . L . L . L . L
10° 10’ 102 108 10*
flH?Z]

Figure 6.1: Comparison between stand-alone and chained measurements

An important distinction between the measurements, is that the stand-alone magnet was
removed of its 100 €2 parallel resistor R,. To account for this the stand-alone measurements
were modified as if they had a parallel resistor

Zmeas : Rp

)
Zmeas + Rp
where Zg meas 15 the modified measurement impedance equivalent to [Zif meqs| in [Equa-|
while Zeas is the raw measurement impedance. The comparison between the
modified stand-alone measurement and raw chained [MB] measurements is given in [Figure 6.2]

Zﬁt,meas = Q (61)
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Section 6.2. Comparing fits from stand-alone and chain

Comparing measurement in chain and stand-alone magnet (A31L2)
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Figure 6.2: Comparison between stand-alone (modified) and chained measurements

From this comparison, the modified stand-alone measurement and raw chained [MB| mea-
surements exhibit different time constants, in addition to a noticeable shift in phase. Hence
a certain discrepancy in the parameter fit is expected.

6.2 Comparing fits from stand-alone and chain

12th of June 2017 there were measurements performed of a stand-alone [MB]| magnet. From
these measurements it is possible to compare the fitting of parameters stand-alone and chain,
and to investigate how reliable measurements of magnets in chains are. The comparison be-
tween measurements, simulations and the analytical transfer function of the double aperture
is given in for Magnet 122 in the chain. The linear inductor is for comparison.
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Chapter 6. Results from fitting of MB parameters

Comparing measurement, analytics and simulation of magnet in chain(dipole)
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Figure 6.3: Comparison between measurements, simulations and analytical transfer function
(chained double aperture)

shows a satisfactory overlap between simulation, measurement and analytical
transfer function until around 600 Hz. While simulations exhibit a perturbation at high
frequency, amplitude measurements stay below the 100 2-value of R, and its associated an-
alytic transfer function. These are possible sources of error in the fitting.

With the removal of R, in mind, the stand-alone measurements were fitted under three

different premises. The first was done implementing the transfer function of the [MB] without
R,. The result is shown in Here k=0.758 and R,=47.93 Q.
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Comparing measurement, analytics and simulation of stand-alone magnet (dipole)
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Figure 6.4: Comparison between measurements, simulations and analytical transfer function
(stand-alone double aperture)

When fitting the same magnet in the chain it produced the fit k=0.727 R,=6.41 Q. Con-
sidering the large discrepancy in R,, it was decided to modify the measurements such that

it would have a parallel resistor, according to

The subsequent fit was k=0.669 and R,=29.71 €., and the fit can be studied in[Figure 6.5]
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Comparing measurement, analytics and simulation of stand-alone magnet (dipole)
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Figure 6.5: Comparison between modified measurements and simulations (stand-alone dipole)

Next, the same procedure of modifying the measurements were conducted, only now R,
was constrained in the [PSO}algorithm to be smaller than 11.11 Q. The result can be viewed
in[Figure 6.6} with the[PSOHMit of £=0.499 and R,=11.11 Q. A summary is given in[Table 6.1]

Fitting k R, €]
Magnet 122 chained 0.727 6.41
Raw stand-alone 0.758 47.93
Modified stand-alone 0.669 29.71
Modified stand-alone with  0.499 11.11
limited R,

Table 6.1: Comparing of fits
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Section 6.3. Results from Data Analysis

Comparing measurement, analytics and simulation of stand-alone magnet (dipole)
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Figure 6.6: Comparison between measurements and simulations

|[Figure 6.3{Figure 6.6} illustrate the difficulty of fitting parameters to measurement. More-
over, the analytical impedance transfer function curves according to the power of s in the
expression, while measurements do not manage to curve in the same manner. Thus, the fit
stays slightly above and slightly below during these curved parts. This creates big discrepan-
cies in R,, which defines the time constant at which the curve diverges from the linear slope
of the linear inductor. Therefore, it is unsurprising that fitting parameters to measurements
from a stand-alone and chain results in different values of parameters.

6.3 Results from Data Analysis

With the available [FRMk of 41 dipoles from April 2017, these are compared in
Here it is clear that all double apertures follow the same trend.
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Chapter 6. Results from fitting of MB parameters

0 Comparing measurements with average
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Figure 6.7: Comparison between MB measurements and average

In order to compare each double aperture’s deviation from average impedance taken
into account that these are complex values, the modulus of vector difference is calculated,
according to

d, =|Z, — mean,|, Q (6.2)

where [Z,] equals the impedance of magnet of electrical number n, is the average
impedance per frequency and[d,]denotes the deviation from average impedance per frequency
for a double aperture. With [Equation 6.2] all deviation in modulus and phase condenses into
one vector. The result is shown in
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20 Deviation of each magnet from average
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Figure 6.8: Deviation from average impedance per frequency for a double aperture

In[Figure 6.8|the deviation increases with higher frequencies. The trend is due to different
AC characteristics for different electrical positions and manufacturers, but similar inductance.

Subsequently, the average deviation from the magnet average across all frequencies has

been compared and grouped according to their series number. The data points in [Figure 6.9
of the same color are of the same series and thus manufacturer, as given in
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Average Deviation (across all frequencies) for each magnet from Average Impedance
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Figure 6.9: Average deviation from magnet average by electrical position

Ignoring the first and last magnet, which experience a large influence from the chain, there
is a clear trend for series 1000 and 2000, where series 2000 has a smaller deviation from average
than series 1000. There are too few measurements of series 3000 to say anything conclusive
about any pattern in deviation from average impedance. Based on these observations it has
been concluded to fit parameters according to series, for series 1000 and series 2000, except
for magnet 1 and magnet 154. Magnet 1, Magnet 154 and all magnets of series 3000 will be
fitted separately.

6.4 Results from [PSOHitting

Now that the approach to fitting has been determined, the [PSO}Hits can be performed. Only
the fits of series 1000 and 2000 are presented graphically here in [Figure 6.10{Figure 6.13]

while the rest are depicted in A summary of all fits are given in
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PSO and measurement fit
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Figure 6.10: PSO fit of parameters for Series 1000
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Figure 6.11: TV E? for PSO fit of Series 1000
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PSO and measurement fit (dipole) series 2000
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Figure 6.12: PSO fit of parameters for Series 2000
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Figure 6.13: TV E? for PSO fit of Series 2000

In [Figure 6.10 and [Figure 6.12] the largest deviation from the fit is between 100 — 1000 Hz
in the phase, which is caused by the large difference in behaviour for the phase defined
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analytically and in measurements. See phase plot of

Fitting k R, |9 TVE2[]
Series 1000 0.7156 5.8607 0.0281
Series 2000 0.6675 5.2617 0.0141
Series 3000 0.6853 5.8002 0.0162
Magnet 1 0.6539 5.8892 0.004
Magnet 154 0.6452 4.4463 0.0044
Magnet 2 0.6706 6.2058 0.0107
Magnet 51 0.6917 5.4399 0.0192
Magnet 138 0.6934 5.8035 0.0194
All 0.6895 5.6098 0.0191

Table 6.2: Results of fits

When looking at the fitting from the values of k and R, are relatively similar.
As expected the fit of Magnet 1 and 154 differ largely in R, from the Series 2000 fit, even
though they belong to this series, due to large influence from chain. Also, Magnet 51 differ
in R, from its series fit, which is Series 3000. This discrepancy is attributed to the lack of
double aperture measurements of Series 3000. Overall, this tells us that a sound approach
to fitting has been chosen.

The old fit of k=0.75 and R,=10 Q had a TV E? value of 0.0389. Thus all fits show at
least a 30 % reduction in TV E2.

6.4.1 Testing for modified objective function

According to |[Figure 6.11] and [Figure 6.13, TV E? is only reduced below 200 — 300 Hz over a
frequency range of 1 kHz of fitting. This is a clear effect of logarithmic spacing of measure-
ments, creating a bias towards low frequencies. For the sake of testing the parameter fit and
addressing this bias, the objective function has been modified such that it is the integrated

[TVE| and not the mean, as given in The result is given in

Fitting k R, |9 J TV Edw
Series 1000 0.7685 17.0982 1.4418e+03
Series 2000 0.6863 9.9919 1.1431e+03

Table 6.3: Results of fits with integrated

IMean of TVE?
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PSO and measurement fit (dipole) All
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Figure 6.14: PSO fit of parameters for Series 1000 (integrated objective function)
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Figure 6.15: TV E? for PSO fit of Series 1000 (integrated objective function)
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PSO and measurement fit (dipole) All
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Figure 6.16: PSO fit of parameters for Series 2000 (integrated objective function)
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Figure 6.17: TV E? for PSO fit of Series 2000 (integrated objective function)

Indeed with the integrated [TVE] the range for which TVE is lower for the new fit over the
present fit is increased. However, the fit is deteriorated for the frequency range 10 — 100 Hz,
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which is the frequency range where AC characteristics of R, and k are dominant. This
implies a worse fit than for TV E? as an objective function. With this test in modification of
objective function, TV E2 is validated as the preferred objective function for parameter
fitting, despite the two objective function’s error being incomparable numerically.
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CHAPTER 7

DISCUSSION

So far, this thesis has reached the aim of outlining a method to fit the analytic impedance
transfer function to [FRMs. In addition, this method is suitable for measurements per-
formed in the dipole magnet chain. Together with Chapter[8, this chapter fulfills the
second aim of the thesis, which is to evaluate the method outlined by focusing on limi-
tations and pinpoint possible solutions to such limitations.

7.1 Discussion on [PSO| parameter fit to measurements

This section discusses the most relevant points on parameter fitting using the [PSO]algorithm
based on [FRMk. These include evaluating measurement configurations, the [PSO] method
itself. The influence of magnet series number and its electrical position on impedance mea-
surements as well as the fitting approach chosen is also discussed. Lastly, the limitations of
the present equivalent circuit model is presented.

7.1.1 Evaluation of measurement configuration

All the results presented in Chapter [6] are based on measurements from April 2017 which
were achieved with a ’half chain configuration’. Simultaneously, the study from
shows that the 'whole chain configuration’ is better at limiting the influence of the chain on
the measured Since the difference in frequency is relatively small, a big discrepancy in
measurements for the same double aperture is not expected. However, the exact difference
is unknown, as the two measurement configurations have not been executed on the same
double aperture. Furthermore, the 'half chain configuration’ is faster to execute, provided
that it is possible to disconnect the busbar at the mid-point of the chain, as each half chain
can be measured in parallel. If there is a time constraint in performing measurements, as
there usually is during technical stops in the [LHC] increased quality can be sacrificed for
obtaining more magnet measurements.
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7.1.2 Evaluation of PSO method

An advantage of the[PSO]algorithm is that it is independent of the analytical expression and
thus circuit. This makes it flexible to circuit modifications. However, the algorithm does
not rely on physical laws and therefore it might produce invalid results. By enforcing limits
to the upper and lower bounds of the parameters, the physical limitations of the circuit will
be restored. Since the [PSOJ algorithm is stochastic it gives slightly different results each
run, that have a considerable influence on the value of the objective function. Hence it was
necessary to loop through the algorithm multiple times to achieve a minimal value, and thus
achieving confidence of a suitable fit.

When utilizing the [PSO| algorithm, it is necessary to consider which types of errors are
to be minimized, and define the objective function accordingly. For example, it could be
more important to obtain a good fit for a certain frequency range, high or low, or it could
be a priority to eliminate large errors. For this case, it was desirable to reduce large errors
and fit the range under 1 kHz , and therefore the mean of TV E? was chosen as an initial
objective function. With logarithmic spacing of measurements, there is a clear bias towards
low frequencies in this definition. To reduce this bias the objective function was altered to
an integration of the [TVE] Compared to the first implementation, this gives a worse fit at
10 — 100 Hz where the most important AC characteristics are dominant. To more accurately
estimate R, and k, the mean of TV E? was concluded to be the preferred objective function.
A limitation here, is that there is no way to directly compare objective functions when they
are defined differently. It is only possible to look at the outcome of the fit under different
implementations of the objective function, and visually evaluate the improvement.

7.1.3 Evaluation of influence on impedance measurements from series
number and electrical position

When measurements are performed in a magnet chain, there are several sources of influence
that are not encompassed by the analytical expression of the double aperture. These effects
include magnet series number and electrical position. Moreover, |[Figure 6.9 and [Figure 5.6
illustrate how series number and electrical position influence double aperture impedance in
a chain respectively. Of these two, the series number has the biggest influence on impedance
double aperture measurements, except for the first and last electrically positioned double
aperture in the magnet chain. Also, the electrical position was found to have negligible in-
fluence on measurements not positioned first or last.

7.1.4 Evaluation of fitting approach

From the measurements of 41 [MBE are very similar, with the largest discrepancy
from average being 27 %. Furthermore, the deviation from the average impedance at every
frequency has been evaluated for each magnet, according to Based on an av-
eraged deviation over all frequencies a grouping of magnets for common fitting was decided.
Here, a clear pattern has been observed for series 1000 and 2000, implying that the series
number effects AC characteristics and thus the double aperture impedance.

One can imagine the data analysis of the deviation from all measurements averaged at ev-
ery frequency, being performed with a different reference point. For example a more generic

88
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analytical transfer function or even a constant. The averaged deviation would still show the
same pattern of grouping. Thus there is a high level of confidence in the result.

7.1.5 Limitations to the present equivalent circuit model

Overall, there is an inherent challenge to fitting parameters, whether it is from chained or
stand-alone measurements. This is due to analytical transfer functions, expressed in the
frequency domain, curve in a manner that the measurements do not follow. shows
the comparison between measurements and its associated fitted analytic transfer function for
the appropriate frequency range.

Comparing measurement and analytic TF (double aperture)
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Figure 7.1: Comparison between measurements and fitted analytic TF (double aperture)

As can be seen in this results in the impedance of the fitted analytic transfer
function for some frequencies to stay above and sometime below measurements. For reasons
discussed in the kink associated with [[FCL] becomes more pronounced at higher
current levels. Thus, this is expected to be less of an issue for higher current level measure-
ments.

The fitting of the [MB] assumes it can be represented as an equivalent circuit, although
the parameter [C] refers to a distributed capacitance of a parasitic nature and not a physical
capacitor of a classical RLC circuit. Due to this limitation in the model, perturbations are
observed at high frequencies that are not present in measurement. See
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With some amplitude maximums values just above 60 €2, none of the measurement am-
plitudes reached the 100 Q-value of R, in This is startling considering that this
resistor only has a +10% tolerance. Possible reasons include the distributed capacitance
being modelled as a lumped element, unmodelled parasitic effects that become dominant
around 1 kHz or influences by the measurement device. The two first reasons seem the most
likely as impedance in the measurement device are accounted for in the measurement data
presented in this report.

7.2 Implications from low inductance value study on parameter
fitting

Through COMSOL simulations of magnetization effects in the [MB] insight has been gained
into the non-linearities of the transfer function of the [MB]impedance created by the Meiss-
ner phase. For the simulation at 1 A, presented in the magnetization effect
of [FCC] is suppressed. In reality, not all flux will be expelled by persistent magnetization
due to normal conducting regions in the cable, though it will be considerably damped at
1 A. Moreover, [R,] is inversely proportional to the time constant, while [F]is proportional to
[[FCL] This means that fitting[FRM at 1 A will be inaccurate compared to operating point
conditions.

On the other hand, performing[FRMk at operating conditions on an[MB]is challenging for
practical reasons. One challenge is to obtain a device that can supply a 12 kA DC signal and
provide an AC ripple of 1 A to a reasonable level of accuracy. In addition, there is a risk of
triggering the at high frequency. Thus, the most feasible solution would be to conduct
the measurements at an operating point above the Meissner phase, which is approximately
above 0.18 T for As the magnetic flux density is not uniform throughout the magnet,
it should be determined at which current level most of the magnet, for example 80 %, is out
of the Meissner phase. At such a current level, it is certain that persistent magnetization has
a negligible influence, and the other magnetizing discussed effects would superimpose with
the same relative magnitude and time constants as for the operating point. See
However, magnetization from saturation in the iron yoke would differ from the operating
point.
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CHAPTER 8

CONCLUSION

In the|Large Hadron Collider| counter-circulating beams of hadrons collide, guided by the
magnetic field of 1232[Main Dipole Magnetls. These magnets are connected in chains of
154 [Main Dipole Magneds. For the purpose of simulations of failure scenarios and the
quench protection system a [Main Dipole Magned] is often represented as an equivalent
circuit composed of lumped elements. The parameters of this circuit need to be accu-
rately determined, ensuring reliable results.

The starting point for this research was[Frequency Response Measuremends of [Mair]
impedance from the dipole magnet chain of Sector 1-2 from November
2016 and April 2017. For reliable fault analysis and simulations of frequency dependent
phenomena it is necessary to fit the parameter L, R, k and C' from the analytic transfer
function of the|Main Dipole Magnel impedance to these measurements.

The parameter C, which represents the parasitic capacitance to ground was deter-
mined using the Finite Element Method in COMSOL. Inductance L, describing the
inductive effects of the equivalent model, was extracted analytically from the cross-over
frequency of measurements. Inductance values were surprisingly low, and subsequent
studies, through COMSOL simulations, attributed this to persistent magnetization.

Last but not least, the[Particle Swarm Optimization was performed to determine R,
and k, which account for|[Inter Filament Coupling Loss. [Particle Swarm Optimization]
is an iterative algorithm inspired by the movement of flocks of birds. Several consid-
erations had to be made with this method. Firstly, it has to be determined if aperture
or double aperture measurements should be utilized for fitting. Since double aperture
measurements proved to contain the least influence from the rest of the chain, this was
chosen. Secondly, measurement deviations from average values were analyzed to seek
patterns. It was found that there was a pattern in the deviation according to series
number. Thus it was decided to group fits according to series.
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At the beginning of this thesis the following research questions were formulated

1. Is it possible to accurately calculate parasitic capacitance to ground with a Finite
Element Method approach and thus obtain the parameter C?

2. Is the Particle Swarm Optimization algorithm an adequate method to fit Main Dipole
Magnet parameters from analytic transfer functions of impedance to [Frequency Re-
[sponse Measurementk?

e In particular, is the method suitable for fitting Main Dipole Magnet parameters
to [Frequency Response Measurementg performed while connected to the dipole
magnet chain?

3. What requirements should be specified of measurements designed for parameter fitting?

Comparing analytical and experimental results with results from the COMSOL simula-
tion it is clear that it is possible to calculate parasitic capacitance to ground using
[Element Methodl When doing so it is essential to equalize equipotential metallic terminals
to mitigate their influence. Although there are analytical formulations that can accurately
calculate parasitic capacitance to ground, [Finite Element Method| automates this procedure
and makes it more efficient for complex models. Another important point is that the in-
sulation shrinks by 10 % when cooled down from room to cryogenic temperatures, which
influences the capacitance. Therefore, any analysis based on room temperature analysis
should be scaled. The results from this analysis serve as a proof of concept for calculating
parasitic capacitance to ground using [Finite Element Methodl

The [Particle Swarm Optimization| algorithm is flexible and can be performed on any
equivalent circuit, provided its impedance has an analytic transfer function formulation. In
other words, as the equivalent model of the [Main Dipole Magnet| is updated and modified
its parameters can still be obtained through [Particle Swarm Optimizationl Despite inherent
challenges to fitting parameters from measurements, this thesis shows promising results as
the [Particle Swarm Optimization| algorithm produce similar enough results for chained and
stand-alone [Main Dipole Magnet| measurements, where k=0.73 R,=6.4 € for stand-alone
measurements and k=0.67 and R,=29.7 1 Q) for chained measurements. Following the rec-

ommendations for measurements in [subsection &.1.2| these discrepancies will most likely be
decreased further.

Both series number and electrical position, influence the impedance of the
[Magnet] The former is an inherent feature of the magnet, and means that
fittings of magnets can be grouped according to series number, if they are of
the 1000 or 2000 series. Since there were only 3 magnet measurements of series 3000, the
pattern of this series is inconclusive and therefore fitted individually. The [Main Dipole Mag-|
impedance dependence on electrical position is due to the influence of chain impedance
on magnet measurements. This is only relevant for the magnets on each end of the dipole
magnet chain. Thus, these fits should be ignored and instead its series fit should be applied
to these magnets.

With these consideration, I conclude that the Particle Swarm Optimization algorithm is
indeed an adequate method to fit Main Dipole Magnet parameters from analytic transfer
functions of impedance to [Frequency Response Measurementk, even for [Main Dipole Magnet|
measurements performed in the dipole magnet chain. The method for fitting parameters
outlined in this thesis can be seen as a template for determining parameters of accelerator
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magnets in general, provided that they have an analytic transfer function formulation for
impedance.

In light of results from it is clear that the magnetizing effects of

[Strand Coupling Currents|and [[nter Filament Coupling Currents|are suppressed by persistent
magnetization at 1 A. At 1 kA results exhibit a superposition of all magnetizing effects
with the expected time constants of around 30 Hz as shown in This implies
that [Frequency Response Measurementp of double aperture impedance should be performed
outside of the Meissner phase in order to recreate the AC characteristics at the operating
point of the[Main Dipole Magnef] As mentioned infsection 5.2} the 'whole chain configuration’
is preferable to the 'half chain’ one, and the dipole magnet chain should be grounded at each
end of the chain, while the generator is left floating.

8.1 Recommendations for Future Work

The combination of further simulations and measurements will aid the understanding of the
AC behavior of the [Main Dipole Magnet]

8.1.1 Recommendations for Simulations

From the two COMSOL models presented in this thesis, there are plenty of opportunities to
refine and update these models for more accuracy and new studies.

Modified [Finite Element Method|model to accurately quantify persistent mag-
netization in the Meissner phase The |[Finite Element Method| model presented in
homogenizes physical laws over each half-turn, resulting in an overestimation of
persistent magnetization. The Modified [Finite Element Method| model would capture effects
within a half-turn, such that flux lines are not completely expelled like in the present simu-
lation. However, this would be a detailed and thus computationally heavy simulation. Such
that if there exists theories that describe current distribution in the cable in the Meissner
phase that could simplify the model it should be prioritized.

[Finite Element Method| approach to quantifying inter-turn parasitic capaci-
tance With more work on the [Finite Element Method] model presented in Chapter [3] would
enable the evaluation inter-turn parasitic capacitance. This will aid understanding of be-
haviour above 10 kHz.

Integrated [Finite Element Method| model with electrodynamic and magneto-
dynamic effects As discussed in representing the [Main Dipole Magnet| with
an equivalent circuit, composed of lumped elements, is not able to capture behaviour above
1 kHz, due to parasitic capacitance being distributed throughout the magnet. A
model combining electrodynamic and magnetodynamic effects to characterize
the impedance through a frequency sweep, would aid in the development of an equivalent
circuit capturing behaviour above 1 kHz.

8.1.2 Recommendations for Future Measurements

For future developments of determining [Main Dipole Magnet| parameters and expanding
the equivalent circuit of the [Main Dipole Magnet] it is indispensable to have measurements
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Chapter 8. Conclusion

available to validate results from simulations. These measurements should be
[Response Measurementg of the double aperture impedance for high enough current, such
that the operation is not in the Meissner phase. For example, there could be a DC signal of
about 500 A with a small added AC signal for the sweep. The limitation here is with the
power converter and ensuring accuracy when supplying a 12 kA DC signal with an AC ripple
of 1 A. These measurements would provide reliable data of the AC characteristic of the [Main|

that are more feasible practically to obtain than at operating point.
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APPENDIX A

SAMPLE OF MATLAB AND PSPICE CODE

% Calculating inductance from frequency transfer meausrement of ith magnet

mod=allMagnetInfo{1,2}{1,i}{1,1}.mod;
freq=allMagnetInfo{1,2}{1,i}{1,1}.freq;

[modLow, indl]=max(mod(mod<0)); % Extract frequencies around 0 [dB]
[modHigh, ind2]|=min (mod(mod>0));

y = [modLow modHigh |;

x = [freq(indl) freq(ind1+1)];

frq 0dB = interpl(y,x,0)*2xpi; %convert to [rad/s]

L(i)=1/frq 0dB; % Calculate inductance for each magnet

Listing A.1: Code to fit L

syms s R L C Rp k

%% RL apertures
z__par=Rxk*Lxs /(kxLxs+R) ;
z_1=(1-k)*Lx*s;

z _series rl=z partz 1;

9 %% Capacitances

z_a=2/(Cxs);
z_b=1/(Cxs);
z_c¢=2/(Cxs);

%% Y to deltastar transformation
z_ab=(z_a%z btz axz ctz _bxz c)/z_c;
z_bc=(z_axz_btz a*z ctz_bxz_c)/z_a;

7 z_ac=(z_axz_btz axz_ctz_bxz_c)/z_b;

zl=z series rlxz_ab/(z series rl4z ab);
z2=z series rlxz_ bc/(z series rl4z bc);
z _series =zl+4z2;

3 z_tot=z seriesxz_acxRp/(z_seriesxz_actz_series*Rptz_acxRp)

Listing A.2: Symolic tool to obtain expression for dipole impedance

function Ztf = TrFun(w,L,R,k,C,Rp)
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Appendix A. Sample of Matlab and Pspice code

%whole dipole

Ztf =(64%Rpx*(Lxwxix(k — 1) — (L*Rskswxi) /(R + Lxkswxi))) /(C~2x(wxi) ~2x(4/(Cxws
i) — Lawxix(k — 1) + (L*Rskswxi) /(R + Lxkswsi))=*((64%(Lewxix(k — 1) — (LR
skskwxi) /(R + Lxkswki)))/(C 2x(wxi) "2%(4/(Cxwxi) — Lawsix(k — 1) + (L+Rxkxw
x1) /(R + Lxkxwxi))) — (8*Rp)/(Cxwxi) + (8*Rpx(Lswxix(k — 1) — (LxRxkswxi)
/(R + Lxkxwxi)))/(Cxwxix*(4/(Cxwxi) — Lawsix(k — 1) + (LxRxkswxi) /(R + Lxkx
wxi)))));

end

Listing A.3: Transfer function of dipole impedance
function e = f obj(x)

(7'0 X()

1)=k
% x(2)=R
global w $Ztf_meas$ $L_ap$ $C_Gnd$ Rp
wlength=length (w) ;
Ztf=zeros (wlength ,1) ;
for m=1:wlength

Ztf(m) = TrFun(w(m),3L ap$, x(2),x(1),$C_Gnd$,Rp);

end
e = mean( (abs(Ztf—$Ztf meas$)./abs($Ztf meas$)).”2 ); % mean TVE"2
end

Listing A.4: Objective function calculating the mean TV E?

%% Initialization
close all

clear
ele

freq=Q(:,1);

z_mag=(Q(:,2));

z_phase=unwrap ((pi/180)*Q(:,3))*(180/pi);
%% Fit of the TF

global w Ztf meas L ap Rp C_Gnd

5 w = 2xpixfreq;

L ap = 0.0388; % L ap is fixed to fit the first part of the TF
Ztf meas = z_mag.xexp(li*z_ phasexpi/180);

C_Gnd= 150e—9;

Rp = 100;

x(1) = 0; % k % First attempt values
x(2) = 10; % R1

Jx(3) = 1; % R2

%x(4) = 150e—9; % C_gnd

Ib=x%0.01;
ub=x,/0.01;
1b (1) =0;
ub(1)=1;
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31
32 x_fit=zeros (100,2);

33 tve av=zeros (100,1);

34 for i=1:100

35 fun = @Qf obj;

36 x_fit_op(i,:) = particleswarm (fun,2,lb,ub);
37 tve _av(i)=f obj(x_ fit op);

38 end

10 % [tve av_sqrd,x|=min(tve av);
41 [tve av_sim,x|=min(tve av);
12 x_fit=x_ fit op(x,:)

14 £ fit=logspace( floor (logl0(freq(1l))), ceil(logl0O(freq(end))), 100);
15 w_fit=2«pixf fit;
46 w_fitlength=length (w_fit);

48 Ztf fit=zeros(w_fitlength ,1);

19 for m=1:w_fitlength

50 Ztf fit (m) = TrFun(w_fit(m),L ap, x_fit(2),x fit(1),C Gnd, Rp);
51 end

z_mag fit=abs(Ztf fit);

z _phase fit=angle (Ztf fit)*180/pi;
Listing A.5: Code to obtain optimal fit for k and R

* PSPICE RB Standard Simulation File
* 2016/09/30 CERN

G W N

* Pspice custom components Libraries

6 .LIB "C:\ gitlab\PSpice\RB\Library\Items\RB\RB Diodes. lib"
.LIB "C:\ gitlab\PSpice\RB\Library\Items\RB\RB _Thyristors.lib"
g .LIB "C:\ gitlab\PSpice\RB\Library\Items\RB\RB Switches.1lib"
.LIB "C:\ gitlab\PSpice\RB\Library\Items\RB\RB_PC. lib "

10 *.LIB "C:\ gitlab\PSpice\RB\Library\Items\RB\RB MB. lib "

11 .LIB "\\cern.ch\dfs\Users\s\sambjorn\Documents\Pspice\RB MB. lib "
12 .LIB "C:\ gitlab\PSpice\RB\Library\Items\RB\RB_EE. lib "

13 *

14 x Two PCs in parallel

15 #+x1 PC (1 2 ) RB_PC_Full

16 xvl PH filter ( 2 3 ) 0

17 xv2 PH filter ( 21 1 ) 0

18 *

~

20 % PC grounding point 1
21 VPC_gndl (3 0) O

N

*+ HTS lead 1 HOT-COLD

xr fakeGnd (3 0) 100MEG
rl warm ( 3 4 ) 378.5u
vl warm ( 4 5 ) 50m

2 11 _warm (5 6 ) 10u

vl fake ( 6 MAGI ) 0

30 *

* HTS lead 2 COLD-HOT

32 v2 fake ( MAG77 Out 7 ) O

0N N NN NN
S A A W N

N
w0

N

w

3312 warm ( 7 8 ) 69.5u
34 v2_ warm ( 8 9 ) 50m
35 12 warm (9 10 ) 10u

36 k
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83
84
85
86

87

5 *rGnd (freqNeg 0)

76 + PARAMS:

2 + PARAMS:

: + PARAMS:

2 + PARAMS:

Appendix A. Sample of Matlab and Pspice code

* Energy Extractor 1
xl RB EE1 ( 10 11 ) RB_EE1l 1poleEq
*

*+ HTS lead 3 HOT-COLD

r3 warm ( 11 12 ) 69.5u
v3_warm ( 12 13 ) 50m

13 warm ( 13 14 ) 10u

v3 fake ( 14 MAG78 ) 0
i v4_ fake ( MAGI54 Out 15 ) O
r4 warm ( 15 16 ) 428.5u
vd warm ( 16 17 ) 50m

14 warm ( 17 18 ) 10u

* PC grounding point 2
VPC _gnd2 (18 0) 0

*
* Energy Extractor 2

xx1 RB EE2 ( 18 19 ) RB_EE2 1poleEq
*

* Bus bar to PC

xr5 _warm ( 19 20 ) 54u

%15 _warm ( 20 21 ) 10u

* Frequency measurement unit
il ( freqMid freqNeg ) ac 1
rMeas (freqMid freqPos) 1
0.1

rGnd (freqNeg 0) 100MEG

7 % Connection to magnets

VireqNeg (freqNeg MAGI23) 0
VireqMid (freqMiddle MAG Mid122) 0
VireqPos (freqPos MAGI122) 0

x_MBI ( MAGI MAG_Midl MAG2 MAG_Gndl )
+ PARAMS:
x_MB2 ( MAG2 MAG_Mid2 MAG3 MAG_Gnd2 )

x MB3 ( MAG3 MAG_ Mid3 MAG4 MAG Gnd3 )
+ PARAMS:
x MB4 ( MAG4 MAG_ Midd MAG5 MAG Gnd4 )
+ PARAMS: r1=9.0 r2=10.0 rGndl=1.1E7
x MB5 ( MAG5 MAG_ Mid5 MAG6 MAG Gnd5 )
r1=10.0 r2=10.0
x MB6 ( MAG6 MAG Mid6 MAG7 MAG_ Gnd6 )
+ PARAMS: r1=10.0 r2=10.0
x MB7 ( MAG7 MAG_ Mid7 MAG8 MAG_ Gnd7 )
+ PARAMS:
x MB8 ( MAG8 MAG Mid8 MAG9 MAG Gnd8 )

r1=9.7 12=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7
r1=9.6 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7

r1=9.6 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7

rGndl=1.1E7
rGndl=1.1E7
r1=10.0 r2=10.0 rGndl=1.1E7

r1=10.0 r2=10.0 rGndl=1.1E7

RB MB Dipole

rGnd4=1.1E7
RB_MB _Dipole

rGnd4=1.1E7
RB_MB_ Dipole

rGnd4=1.1E7
RB_MB_ Dipole
rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

RB_MB_ Dipole

rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
RB_MB_ Dipole
rGnd2=1.1E7 rGnd3=1.1E7
RB_MB_ Dipole
rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
RB_MB _Dipole

rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

rGnd4=1.1E7

x_MB9 ( MAGY MAG_Mid9 MAGI0 MAG Gnd9 ) RB_MB_ Dipole

+ PARAMS:

r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

x_MB10 ( MAG10 MAG Midl0 MAG11 MAG Gndl0 ) RB_MB_Dipole

r1=8.2 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

x_MBIl ( MAGI1 MAG_Midll MAGI2 MAG_GCndll ) RB_MB_Dipole

+ PARAMS:

+ PARAMS: r1=10.0 r2=10.0

r1=9.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
5 x_MBI12 ( MAGI2 MAG Midl2 MAG13 MAG Gnd12 ) RB_MB_Dipole
rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

97 x_MBI3 ( MAGI3 MAG_Midl3 MAGI4 MAG Gndl3 ) RB_MB_Dipole

98

+ PARAMS: r1=9.1 r2=10.0 rGndl=1.1E7

rGnd2=1.1E7

rGnd3=1.1E7 rGnd4=1.1E7
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99 x_MB14 ( MAG14 MAG Midl4 MAG15 MAG Gndl4 ) RB_MB_Dipole

100 + PARAMS: r1=8.1 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
)1 x_MB15 ( MAG15 MAG_ Midl5 MAG16 MAG Gndl5 ) RB_MB_Dipole

102 + PARAMS: r1=9.2 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
103 x_MB16 ( MAG16 MAG Midl6 MAG17 MAG Gndl6 ) RB MB _Dipole

104 + PARAMS: r1=8.1 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
105 x_MB17 ( MAGI7 MAG Midl7 MAGIS MAG Cndl7 ) RB_MB_Dipole

106 + PARAMS: r1=9.15 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
107 x_MBI8 ( MAGI8 MAG Midl8 MAG19 MAG_ Gndl8 ) RB_MB _Dipole

108 + PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
109 x_MB19 ( MAG19 MAG Mid19 MAG20 MAG Gndl9 ) RB_MB_Dipole

110 + PARAMS: r1=9.2 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
111 x_MB20 ( MAG20 MAG_Mid20 MAG21 MAG Gnd20 ) RB_MB_Dipole

112 + PARAMS: r1=8.1 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
113 x_MB21 ( MAG21 MAG_Mid21 MAG22 MAG_Gnd2l ) RB_MB_ Dipole

114 + PARAMS: r1=9.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
115 x_MB22 ( MAG22 MAG Mid22 MAG23 MAG Gnd22 ) RB_MB_Dipole

116 + PARAMS: r1=8.4 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
117 x_MB23 ( MAG23 MAG Mid23 MAG24 MAG Gnd23 ) RB_MB_Dipole

118 + PARAMS: r1=9.2 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
110 x_MB24 ( MAG24 MAG_Mid24 MAG25 MAG_Gnd24 ) RB_MB_Dipole

120 + PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
21 x_MB25 ( MAG25 MAG_Mid25 MAG26 MAG_Gnd25 ) RB_MB_Dipole

22 + PARAMS: r1=8.1 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
23 x_MB26 ( MAG26 MAG Mid26 MAG27 MAG Gnd26 ) RB_MB_Dipole

24 + PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
5 x_MB27 ( MAG27r MAG Mid27 MAG28 MAG Gnd27 ) RB_MB_Dipole

6 + PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
7 x_MB28 ( MAG28 MAG Mid28 MAG29 MAG_ Gnd28 ) RB_MB_Dipole

+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB29 ( MAG29 MAG Mid29 MAG30 MAG Gnd29 ) RB_MB_Dipole

+ PARAMS: r1=9.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_ MB30 ( MAG30 MAG Mid30 MAG31 MAG Gnd30 ) RB_MB_Dipole

+ PARAMS: r1=8.6 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x MB31 ( MAG3l MAG Mid31 MAG32 MAG Gnd31 ) RB_MB_Dipole

+ PARAMS: r1=8.7 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB32 ( MAG32 MAG_Mid32 MAG33 MAG_Cnd32 ) RB_MB_Dipole

i + PARAMS: r1=8.6 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB33 ( MAG33 MAG Mid33 MAG34 MAG Gnd33 ) RB_MB_Dipole

+ PARAMS: r1=8.5 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB34 ( MAG34 MAG Mid34 MAG35 MAG Gnd34 ) RB_MB_Dipole

+ PARAMS: r1=8.8 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
141 x_MB35 ( MAG35 MAG_ Mid35 MAG36 MAG Gnd35 ) RB_MB_Dipole

142 + PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
143 x_MB36 ( MAG36 MAG_ Mid36 MAG37 MAG Gnd36 ) RB_MB_Dipole

144 + PARAMS: r1=9.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
145 x_MB37 ( MAG37 MAG Mid37 MAG38 MAG Gnd37 ) RB_MB_Dipole

146 + PARAMS: r1=9.4 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
147 x_MB38 ( MAG38 MAG Mid38 MAG39 MAG Gnd38 ) RB_MB_Dipole

148 + PARAMS: r1=9.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
149 x_MB39 ( MAG39 MAG Mid39 MAG40 MAG Gnd39 ) RB_MB_Dipole

150 + PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
151 x_MB40 ( MAG40 MAG Mid40 MAG41 MAG Gnd40 ) RB_MB_Dipole

152 + PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
153 x_MB41 ( MAG41 MAG Mid4l MAG42 MAG_Gnd4l ) RB_MB_Dipole

154 + PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
155 x_MB42 ( MAG42 MAG_Mid42 MAG43 MAG Gnd42 ) RB_MB_Dipole

156 + PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
157 x_MB43 ( MAG43 MAG_Mid43 MAG44 MAG Gnd43 ) RB_MB_Dipole
1
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5% 4+ PARAMS: r1=10.0 r2=10.0 rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
50 x_MB44 ( MAG44 MAG_Mid44 MAG45 MAG Gnd4 ) RB_MB_Dipole
60 4+ PARAMS: r1=9.5 r2=10.0 rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
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Appendix A. Sample of Matlab and Pspice code

x_MB45 ( MAG45 MAG Mid45 MAG46 MAG Gndd5 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB46 ( MAG46 MAG Mid46 MAG47 MAG Gndd46 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB47 ( MAG47 MAG_Mid47 MAG48 MAG_Gnd47 ) RB_MB_Dipole
+ PARAMS: r1=8.8 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB48 ( MAG48 MAG Mid48 MAG49 MAG Gnd48 ) RB_MB_Dipole
+ PARAMS: r1=8.6 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB49 ( MAG49 MAG Mid49 MAG50 MAG Gnd49 ) RB_MB_Dipole
+ PARAMS: r1=8.8 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB50 ( MAGS0 MAG_Mid50 MAG51 MAG_Gnd50 ) RB_MB_Dipole
> + PARAMS: r1=9.5 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB51 ( MAGS51 MAG_Mid51 MAG52 MAG_Gnd51 ) RB_MB_Dipole
+ PARAMS: r1=8.7 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB52 ( MAGS2 MAG_Mid52 MAG53 MAG_Gnd52 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
- x_MB53 ( MAG53 MAG_Mid53 MAG54 MAG_Gnd53 ) RB_MB_Dipole
8 + PARAMS: r1=9.6 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
o x_MB54 ( MAG54 MAG_Mid54 MAGS5 MAG_Gnds4 ) RB_MB_Dipole
+ PARAMS: r1=9.6 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB55 ( MAGS5 MAG_Mids5 MAGS6 MAG_Gnds5 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB56 ( MAGS6 MAG Mid56 MAG57 MAG_Gnd56 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB57 ( MAG57 MAG Mid57 MAG58 MAG Gnd57 ) RB_MB_Dipole
5 + PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
7 x_MB58 ( MAGSS MAG_Mid58 MAG59 MAG _Gnds8 ) RB_MB_Dipole
;. + PARAMS: r1=9.7 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB59 ( MAG59 MAG_Mid59 MAG60 MAG _Gnd59 ) RB_MB_Dipole
+ PARAMS: r1=8.7 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB60 ( MAG60 MAG_Mid60 MAG61 MAG_Gnd60 ) RB_MB_Dipole

2 4+ PARAMS: r1=9.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

x_MB61 ( MAG61 MAG_Mid61 MAG62 MAG_Gnd6l ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB62 ( MAG62 MAG_Mid62 MAG63 MAG_Gnd62 ) RB_MB_Dipole
i + PARAMS: r1=8.45 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
¢ x_MB63 ( MAG63 MAG_Mid63 MAG64 MAG_Gnd63 ) RB_MB_Dipole
. + PARAMS: r1=9.1 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB64 ( MAG64 MAG Mid64 MAG65 MAG Gnd64 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB65 ( MAG65 MAG Mid65 MAG66 MAG Gnd65 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB66 ( MAG66 MAG_Mid66 MAG67 MAG_Gnd66 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB67 ( MAG67 MAG_Mid67 MAG68 MAG_Gnd67 ) RB_MB_Dipole
+ PARAMS: r1=8.9 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
- x_MB68 ( MAG6S MAG_Mid68 MAG69 MAG_Gnd6s ) RB_MB_Dipole
+ PARAMS: r1=9.1 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB69 ( MAG69 MAG_Mid69 MAGT0 MAG_Gnd69 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB70 ( MAGT0 MAG_Mid70 MAG7I MAG_Gnd70 ) RB_MB_Dipole
+ PARAMS: r1=8.8 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MBT71 ( MAGT1 MAG_ Mid71 MAG72 MAG_Gnd7l ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
5 x_MB72 ( MAGT2 MAG_Mid72 MAGT3 MAG_Gnd72 ) RB_MB_ Dipole
i + PARAMS: r1=9.1 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB73 ( MAG73 MAG_Mid73 MAG74 MAG_Gnd73 ) RB_MB_Dipole
s + PARAMS: r1=9.2 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB74 ( MAG74 MAG_Mid74 MAGT5 MAG_Gnd74 ) RB_MB_Dipole
+ PARAMS: r1=9.2 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB75 ( MAGT75 MAG_Mid75 MAG76 MAG_Gnd75 ) RB_MB_Dipole
+ PARAMS: r1=9.3 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
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3 x_MB76 ( MAG76 MAG_ Mid76 MAG77 MAG Gnd76 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_ MB77 ( MAG77 MAG Mid77 MAG77_Out MAG Gnd77 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x MB78 ( MAG78 MAG Mid78 MAG7 MAG Gnd78 ) RB MB _Dipole
: + PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB79 ( MAGT9 MAG Mid79 MAG80 MAG Gnd79 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB80 ( MAG80 MAG Mid80 MAG81 MAG Gnd80 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB81 ( MAG8L MAG Mid81 MAG8 MAG Gnd8l ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB82 ( MAG8 MAG Mid82 MAG8 MAG Gnd82 ) RB_MB_Dipole
+ PARAMS: r1=9.6 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB83 ( MAG8 MAG Mid83 MAG&8 MAG Gnd83 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x MB84 ( MAG8 MAG Mid84 MAG85 MAG Gnd84 ) RB_MB_Dipole
+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
1 x_MB85 ( MAG85 MAG Mid8s MAG86 MAG Gnd85 ) RB_MB Dipole
2 + PARAMS: r1=9.7 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
3 x_MB86 ( MAG8 MAG Mid86 MAG87 MAG Gnd8 ) RB_MB Dipole
i + PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
5 x_MB87 ( MAG87 MAG_ Mid87 MAG88 MAG Gnd87 ) RB_MB _Dipole
246 + PARAMS: r1=9.3 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
247 x_MB88 ( MAG8 MAG Mid88 MAG89 MAG Gnd88 ) RB_MB_Dipole
248 + PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
249 x_MB89 ( MAG89 MAG Mid89 MAGI0 MAG Gnd89 ) RB_MB_Dipole
250 + PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
251 x_MB90 ( MAG90 MAG_Mid90 MAG91 MAG_Gnd9%0 ) RB_MB_ Dipole
252 + PARAMS: r1=9.6 r2=—10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4—=1.1E7
253 x_MB91 ( MAGI91 MAG_Mid91 MAG92 MAG_Gnd91 ) RB_MB_ Dipole
254 + PARAMS: r1=9.5 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
255 x_MB92 ( MAG92 MAG Mid92 MAG93 MAG Gnd92 ) RB_MB_Dipole
256 + PARAMS: r1=9.6 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
257 x_MB93 ( MAG93 MAG Mid93 MAGH MAG Gnd93 ) RB_ MB_Dipole
258 + PARAMS: r1=9.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
259 x MB94 ( MAG94 MAG Mid94 MAG9 MAG Gnd%4 ) RB MB_Dipole
260 + PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
1 x_MB9% ( MAG9% MAG Mid95 MAG96 MAG Gnd95 ) RB_MB Dipole
2 + PARAMS: r1=9.7 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
63 x_MB96 ( MAGY% MAG Mid9%6 MAG97 MAG Gnd% ) RB_MB_Dipole
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+ PARAMS: r1=9.1 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB97 ( MAG97 MAG Mid97 MAG98 MAG Gnd97 ) RB_MB_Dipole

266 + PARAMS: r1=8.9 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB98 ( MAG98 MAG_Mid98 MAG99 MAG_Gnd98 ) RB_MB_ Dipole

+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB99 ( MAG99 MAG Mid99 MAG100 MAG Gnd99 ) RB_MB_Dipole

+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB100 ( MAG100 MAG_ Mid100 MAG101 MAG_ Gnd100 ) RB_MB_Dipole

+ PARAMS: r1=9.3 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB101 ( MAG101 MAG Mid101 MAG102 MAG Gndl0l1 ) RB_ MB_Dipole

+ PARAMS: r1=9.1 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB102 ( MAG102 MAG_Mid102 MAG103 MAG _Gnd102 ) RB_MB_Dipole

+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB103 ( MAG103 MAG_ Mid103 MAG104 MAG_ Gnd103 ) RB_MB_Dipole

+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB104 ( MAG104 MAG Mid104 MAG105 MAG_Gnd104 ) RB_MB_Dipole

+ PARAMS: r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB105 ( MAG105 MAG_ Mid105 MAG106 MAG Gnd105 ) RB_MB_Dipole

282 + PARAMS: r1=9.2 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
x_MB106 ( MAG106 MAG Mid106 MAG107 MAG_ Gndl06 ) RB_MB_Dipole

+ PARAMS: r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
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Appendix A. Sample of Matlab and Pspice code

x_MBI07 (
+ PARAMS:
x_MBIO08 (
+ PARAMS:
x_MB109 (
+ PARAMS:
x_MBI10 (
+ PARAMS:
x_MB111 (
+ PARAMS:
x_MB112 (
+ PARAMS:
x_MBI13 (
+ PARAMS:
x_MBI114 (
+ PARAMS:
x_MB115 (
+ PARAMS:
x_MBI116 (
+ PARAMS:
x_MBI17 (
+ PARAMS:
x_MBI18 (
+ PARAMS:
x_MBI19 (
+ PARAMS:
x_MBI20 (
+ PARAMS:
x_MB121 (
+ PARAMS:

MAG107 MAG_Mid107 MAG108 MAG Gnd107 ) RB_MB_Dipole
r1=9.6 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI108 MAG_ Mid108 MAG109 MAG Gnd108 ) RB_MB_Dipole
r1=10.0 r2=10.0 rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG109 MAG Mid109 MAG110 MAG Gnd109 ) RB_MB Dipole
r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG110 MAG_Mid110 MAGI111 MAG_Gnd110 ) RB_MB_Dipole
r1=9.5 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG111 MAG_Mid11l MAGI112 MAG_ Gndlll ) RB_MB_Dipole
r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI112 MAG_Mid112 MAG113 MAG Gnd112 ) RB_MB _Dipole
r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI113 MAG_Mid113 MAG114 MAG Gnd113 ) RB_MB_Dipole
r1=9.6 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI114 MAG_Mid114 MAG115 MAG Gndl114 ) RB_MB_Dipole
r1=9.4 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI115 MAG_Mid115 MAG116 MAG Gnd115 ) RB_MB_Dipole
r1=9.35 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI116 MAG_ Mid116 MAG117 MAG Gndl116 ) RB_MB_Dipole
r1=10.0 r2=10.0 rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG117 MAG_Mid117 MAG118 MAG Gnd117 ) RB_MB _Dipole
r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG118 MAG Mid118 MAGI119 MAG Gndl118 ) RB_MB_Dipole
r1=9.05 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI119 MAG_Mid119 MAG120 MAG Gnd119 ) RB_MB _Dipole
r1=9.3 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI120 MAG_Mid120 MAG121 MAG Gnd120 ) RB_MB _Dipole
r1=9.45 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI21 MAG Mid121 MAGI22 MAG Gnd121 ) RB_MB_ Dipole
r1=9.3 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

+x_MBI22 ( MAGI22 MAG_ Mid122 MAG123 MAG_Gnd122 MAG122 pSh MAGI122 nSh )
RB_MB_Dipole Short Refined

x_MB123 (
+ PARAMS:
x_MBI23 (
+ PARAMS:
x_MBI24 (
+ PARAMS:
x_MBI25 (
+ PARAMS:
x_MBI26 (
+ PARAMS:
x_MBI127 (
+ PARAMS:

; x_MBI28 (

+ PARAMS:
x_MB129 (
+ PARAMS:
x_MBI30 (
+ PARAMS:
x_MBI31 (
+ PARAMS:
x_MB132 (
+ PARAMS:
x_MBI33 (
+ PARAMS:
x_MB134 (
+ PARAMS:
x_MBI35 (
+ PARAMS:
x_MBI36 (
+ PARAMS:

MAGI122 MAG_ Mid122 MAG123 MAG Gnd122 ) RB_MB_Dipole

r1=9.4 r2=10 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI123 MAG_ Mid123 MAG124 MAG Gndl123 ) RB_MB_Dipole

r1=9.4 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI124 MAG Mid124 MAG125 MAG Gnd124 ) RB_MB _Dipole

r1=9.4 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG125 MAG_ Mid125 MAGI126 MAG Gnd125 ) RB_MB_Dipole

r1=9.35 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI126 MAG_Mid126 MAG127 MAG Gnd126 ) RB_MB_Dipole

r1=9.45 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI127 MAG_Mid127 MAG128 MAG Gnd127 ) RB_MB_Dipole

r1=9.2 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI28 MAG_ Mid128 MAGI29 MAG Gnd128 ) RB_MB_ Dipole

r1=9.37 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI29 MAG_ Mid129 MAG130 MAG_ Gnd129 ) RB_MB_Dipole

r1=10.0 r2=10.0 rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI130 MAG_Mid130 MAG131 MAG Gnd130 ) RB_MB_Dipole

r1=9.6 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI131 MAG_ Mid131 MAGI132 MAG Gnd131 ) RB_MB_Dipole

r1=9.35 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG132 MAG_Mid132 MAG133 MAG _Gnd132 ) RB_MB_Dipole

r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG133 MAG_ Mid133 MAG134 MAG Gnd133 ) RB_MB_Dipole

r1=8.6 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI134 MAG_Mid134 MAG135 MAG Gnd134 ) RB_MB _Dipole

r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI135 MAG_Mid135 MAG136 MAG Gnd135 ) RB_MB_Dipole

r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI136 MAG_Mid136 MAG137 MAG Gnd136 ) RB_MB_Dipole

r1=10.0 r2=10.0 rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
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Section

x_MBI37 (
+ PARAMS:
x_MBI38 (
+ PARAMS:
x_MBI139 (
+ PARAMS:
x_MB140 (
+ PARAMS:
x_MB141 (
+ PARAMS:

i x_MB142 (

+ PARAMS:

; x_MBI143 (

+ PARAMS:
x_MB144 (
+ PARAMS:

> x_MB145 (

+ PARAMS:
x_MBI146 (

5 + PARAMS:

x_MBI147 (

7 + PARAMS:
; x_MB148 (

+ PARAMS:
x_MB149 (
+ PARAMS:
x_MBI150 (
+ PARAMS:
x_MB151 (
+ PARAMS:
x_MB152 (
+ PARAMS:
x_MBI153 (
+ PARAMS:
x_ MBI154 (
+ PARAMS:
*Short in

#x_MB122

5 x_MbGNDI
, x_MbGND2

x_MbGND3

; x_MbGND4

x_MbGND5

x_MbGND6

x_MbGND7

x_MbGND8

x_MbGND9

x_MbGNDI10
x_MbGND11
x_MbGND12
x_MbGND13
x_MbGNDI14
x_MbGND15
x_MbGND16
x_MbGND17
x_MbGND18
x_MbGND19
x_MbGND20
x_MbGND21
x_MbGND22
x_MbGND23

(
(
(
(
(
(
(
(
(

MAGI137 MAG_Mid137 MAG138 MAG Gnd137 ) RB_MB_Dipole
r1=9.3 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI138 MAG_ Mid138 MAG139 MAG Gnd138 ) RB_MB_Dipole
r1=8.65 r2=10.0 rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI139 MAG Mid139 MAG140 MAG Gnd139 ) RB_MB Dipole
r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG140 MAG_Mid140 MAGI141 MAG_ Gnd140 ) RB_MB_Dipole
r1=9.45 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI141 MAG_Mid141 MAG142 MAG Gnd141 ) RB_MB _Dipole
r1=9.4 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI142 MAG_Mid142 MAG143 MAG Gnd142 ) RB_MB_Dipole
r1=10.0 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI143 MAG_Mid143 MAG144 MAG Gnd143 ) RB_MB_Dipole

T

1=9.25 r2=10.0

rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

MAG144 MAG_Mid144 MAG145 MAG_Gnd144 ) RB_MB_Dipole

T

1=8.7 r2=10.0

rGndl1=1.1E7

rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

MAG145 MAG_Mid145 MAG146 MAG_Gnd145 ) RB_MB_Dipole

r1=8.8 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7

rGnd4=1.1E7

MAG146 MAG_Mid146 MAG147 MAG_Gnd146 ) RB_MB_Dipole

r1=8.6 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7

rGnd4=1.1E7

MAG147 MAG Mid147 MAG148 MAG Gnd147 ) RB_MB _Dipole
r1=8.65 r2=10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAG148 MAG Mid148 MAGI149 MAG Gnd148 ) RB_MB_Dipole
r1=8.32 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI149 MAG_Mid149 MAG150 MAG Gnd149 ) RB_MB _Dipole
r1=10.0 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI150 MAG_Mid150 MAG151 MAG Gnd150 ) RB_MB_Dipole

T

1=8.9 r2=10.0

rGndl1=1.1E7

rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

MAG151 MAG_Mid151 MAGI152 MAG_Gnd151 ) RB_MB_ Dipole

T

1=8.65 r2=10.0

rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

MAGI52 MAG Mid152 MAG153 MAG Gnd152 ) RB_MB_ Dipole

T

1=10.0 r2=10.0

rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7

MAGI153 MAG_Mid153 MAG154 MAG Gnd153 ) RB_MB_Dipole

r1=8.65 r2=10.0 rGndl=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
MAGI154 MAG Mid154 MAG154 Out MAG Gndl54 ) RB_MB_Dipole

r1=8.8 r2=10.0 rGndl1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
block 6
short ( MAGI122_pSh MAGI122_nSh ) R_Short_MB
v_fakeGND ( GND1 0 ) 0

MAG_Gndl MAG_Gnd154 GNDI GND2
MAG_Gnd2 MAG_Gnd153 GND2 GND3
MAG_Gnd3 MAG_Gnd152 GND3 GND4

) RB_Gnd_Cel2MB
) RB_Gnd_Cell2MB
) RB_Gnd_Cell2MB

MAG_Gndd MAG_Gnd151 GND4 GND5 ) RB_Gnd_Cell2MB

MAG_Gnd5 MAG_Gnd150 MAG_Gnd6 GND5 GND6 ) RB_Gnd_Cell3MB
MAG_Gnd149 MAG_Gnd7 MAG_Gnd148 GND6 GND7 ) RB_Gnd_Cell3MB
MAG_Gnd8 MAG_Gnd147 MAG_Gnd9 GND7 GND8 ) RB_Gnd_Cell3MB
MAG_Gndl46 MAG_Gndl0 MAG_Gndl45 GND8 GND9 ) RB_Gnd_Cell3MB
MAG_Gndll MAG_Gnd144 MAG_Gnd12 GND9 GND10 ) RB_Gnd_Cell3MB

MAG_Gndl43 MAG _Gnd13
MAG_Gndl4 MAG_Gnd141
MAG_Gnd140 MAG_Gnd16
MAG_Gnd17 MAG_Gnd138
MAG_Gnd137 MAG Gnd19
MAG_Gnd20 MAG _Gnd135
MAG_Gnd134 MAG _Gnd22
MAG_Gnd23 MAG Gnd132
MAG_Gnd131 MAG_Gnd25
MAG_Gnd26 MAG Gnd129
MAG_Gnd128 MAG_Gnd28
MAG_Gnd29 MAG Gnd126
MAG_Gnd125 MAG_Gnd3l
MAG_Gnd32 MAG Gnd123

MAG_Gnd142 GND10 GNDI1 ) RB_Gnd_Cell3MB
MAG_Gndl5 GND11 GNDI2 ) RB_Gnd_Cell3MB
MAG_Gnd139 GNDI2 GNDI3 ) RB_Gnd_Cell3MB
MAG_Gndl8 GND13 GNDI4 ) RB_Gnd_Cell3MB
MAG_Gnd136 GND14 GNDI5 ) RB_Gnd_Cell3MB
MAG_Gnd2l GND15 GND16 ) RB_Gnd_Cell3MB
MAG_Gnd133 GND16 GNDI17 ) RB_Gnd_Cell3MB
MAG_Gnd24 GND17 GNDI8 ) RB_Gnd_Cell3MB
MAG_Gnd130 GND18 GNDI9 ) RB_Gnd_Cell3MB
MAG_Gnd27 GND19 GND20 ) RB_Gnd_Cell3MB
MAG_Gnd127 GND20 GND21 ) RB_Gnd_Cell3MB
MAG_Gnd30 GND21 GND22 ) RB_Gnd_Cell3MB
MAG_Gnd124 GND22 GND23 ) RB_Gnd_Cell3MB
MAG_Gnd33 GND23 GND24 ) RB_Gnd_Cell3MB
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Appendix A.

Sample of Matlab and Pspice code

x_MbGND24 ( MAG_Gnd122 MAG_Gnd34 MAG_Gnd121 GND24 GND25 ) RB_Gnd_Cell3MB
x_MbGND25 ( MAG_ Gnd35 MAG Gnd120 MAG Gnd36 GND25 GND26 ) RB_Gnd Cell3MB
x_MbGND26 ( MAG_Gnd119 MAG_Gnd37 MAG_Gnd118 GND26 GND27 ) RB_Gnd_Cell3MB
x_MbGND27 ( MAG_ Gnd38 MAG_ Gnd117 MAG_ Gnd39 GND27 GND28 ) RB_Gnd_ Cell3MB
x MbGND28 ( MAG Gndl116 MAG Gnd40 MAG Gndl11l5 GND28 GND29 ) RB Gnd Cell3MB
x_MbGND29 ( MAG _Gnd4l MAG_Gnd114 MAG_Gnd42 GND29 GND30 ) RB_Gnd_Cell3MB
x_MbGND30 ( MAG_Gnd113 MAG_Gnd43 MAG_Gnd112 GND30 GND31 ) RB_Gnd_Cell3MB
x_MbGND31 ( MAG_Gnd44 MAG Gndlll MAG Gnd45 GND31 GND32 ) RB_Gnd_Cell3MB
x_MbGND32 ( MAG_ Gndl110 MAG Gnd46 MAG Gnd109 GND32 GND33 ) RB_Gnd_Cell3MB
x_MbGND33 ( MAG_Gnd47 MAG Gnd108 MAG_Gndd8 GND33 GND34 ) RB_Gnd_Cell3MB
x_MbGND34 ( MAG Gnd107 MAG Gnd49 MAG Gnd106 GND34 GND35 ) RB_Gnd_ Cell3MB
x_MbGND35 ( MAG_Gnd50 MAG_Gnd105 MAG_Gnd51 GND35 GND36 ) RB_Gnd_Cell3MB
x_MbGND36 ( MAG_Gndl04 MAG_Gnd52 MAG_Gnd103 GND36 GND37 ) RB_Gnd_Cell3MB
x_MbGND37 ( MAG _Gnd53 MAG_Gnd102 MAG_Gnd54 GND37 GND38 ) RB_Gnd_Cell3MB
x_MbGND38 ( MAG_Gnd10l MAG Gnd55 MAG_Gnd100 GND38 GND39 ) RB_Gnd_Cell3MB
x_MbGND39 ( MAG_ Gnd56 MAG Gnd99 MAG_ Gnd57 GND39 GND40 ) RB_Gnd_Cell3MB
x_MbGND40 ( MAG_Gnd98 MAG_Gnd58 MAG_Gnd97 GND40 GND41 ) RB_Gnd_Cell3MB
x_MbGND41l ( MAG_ Gnd59 MAG Gnd% MAG Gnd60 GND41 GND42 ) RB_Gnd_ Cell3MB
x_MbGND42 ( MAG_Gnd95 MAG_Gnd6l MAG Gnd%4 GND42 GND43 ) RB_Gnd_Cell3MB
x_MbGND43 ( MAG_Gnd62 MAG Gnd93 MAG_Gnd63 GND43 GND44 ) RB_Gnd_Cell3MB
x_MbGND44 ( MAG_Gnd92 MAG_Gnd64 MAG_Gnd9l GND44 GND45 ) RB_Gnd_Cell3MB
x_MbGND45 ( MAG_Gnd65 MAG_Gnd90 MAG_Gnd66 GND45 GND46 ) RB_Gnd_Cell3MB
x_MbGND46 ( MAG_Cnds9 MAG_Gnd67 MAG_Gnds8 GND46 GND47 ) RB_Gnd_Cell3MB
x_MbGND47 ( MAG_Gnd6s MAG_Gnd$7 MAG_Gnd69 GND47 GND48 ) RB_Gnd_Cell3MB
x_MbGND48 ( MAG_ Gnd86 MAG Gnd70 MAG_ Gnd85 GND48 GND49 ) RB_Gnd Cell3MB
x_MbGND49 ( MAG_Gnd7l MAG_Gnds4 MAG_Gnd72 GND49 GND50 ) RB_Gnd_Cell3MB
x_MbGND50 ( MAG_ Gnd83 MAG Gnd73 MAG_ Gnd82 GND50 GND51 ) RB_Gnd Cell3MB
x_MbGND51 ( MAG_Gnd74 MAG_Gnd8l GND51 GND52 ) RB_Gnd_Cell2MB

x_MbGND52 ( MAG_Gnd75 MAG_Gnd80 GND52 GND53 ) RB_Gnd_Cell2MB

x_MbGND53 ( MAG_Gnd76 MAG_Gnd79 GND53 GND54 ) RB_Gnd_Cell2MB

x_MbGND54 ( MAG_Gnd77 MAG_Gnd78 GND54 GND54_Float ) RB_Gnd_Cell2MB
rl VF1 ( MAGL v_vfl ) 20e06
r2 VF1 ( v_vfl 0 ) 24e03
rl_ VF2 ( MAG3 v_vf2 ) 20e06
r2 VF2 (v_vf2 0 ) 24e03
r1_VF3 ( MAG5 v_vf3 ) 20e06
r2 VE3 ( v_vf3 0 ) 24e03
rl_VF4 ( MAGS v_vfd ) 20e06
r2 VF4 ( v_vi4 0 ) 24e03
rl VF5 ( MAGI1 v_vf5 ) 20e06

12 VF5 ( v_vi5 0 ) 2403
rl VF6 ( MAGI4 v_vf6 ) 20e06
r2_ VF6 ( v_vi6 0 ) 24e03
rl VE7 ( MAGI7 v_vf7 ) 20e06
r2 VF7 ( v_vf7T 0 ) 24e03
r1_VF8 ( MAG20 v_vf8 ) 20e06
r2 VF8 ( v_vi8 0 ) 24e03
r1_VF9 ( MAG23 v_vf9 ) 20e06
r2 VF9 ( v_vf9 0 ) 24e03
r1_VF10 ( MAG26 v _vfl0 ) 20e06
12 VF10 ( v_vfl0 0 ) 24e03

) rl_VF11 ( MAG2) v_vfll ) 20e06
r2 VF11 ( v_vfll 0 ) 24e03
rl_VF12 ( MAG32 v_vfl2 ) 20e06
r2 VF12 ( v_vfl2 0 ) 24e03
rl VF13 ( MAG35 v_vfl3 ) 20e06
r2_ VF13 ( v_vfl3 0 ) 24e03
r1_VF14 ( MAG38 v_vfld ) 20e06
12 VF14 ( v_vfld 0 ) 24e03

;11 _VF15 ( MAG4l v_vfl5 ) 20e06
r2_ VF15 ( v_vfl5 0 ) 24e03
r1_VF16 ( MAGM v_vfl6 ) 20e06
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482
183
184

485
186

487
188

489
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191
192
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494
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197
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521
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o

w
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o
NN N
R el

o

AN

Section

r2_ VF16
r1_VF17
r2_ VF17
r1_VF18
r2_ VFI18
rl_VF19
r2_ VF19
rl_VF20
r2_ VF20
rl_VF21
r2_ VF21
rl_VF22
r2_ VF22
rl_ VF23
r2_ VF23
rl_VF24
r2_ VF24
r1_ VF25
r2_ VF25
rl_VF26
r2_ VF26
rl_VF27
r2_ VF27
rl_VF28
r2_ VF28
r1_ VF29
r2_ VF29
r1_VF30
r2_ VF30
rl_VF31
r2_ VF31
rl_VF32
r2_ VF32
r1_VF33
r2_ VF33
rl_VF34
r2_ VF34
r1_VF35
r2_ VF35
rl_VF36
r2_ VF36
r1_VF37
r2_ VF37
rl_ VF38
r2_ VF38
r1_VF39
r2_ VF39
r1_ VF40
r2_ VF40
rl_VF41
r2_ VF4l
rl_ VF42
r2_ VF42
rl_ VF43
r2_ VF43
r1_VF44
r2_ VF44
r1_VF45
r2_ VF45
r1_ VF46
r2_ VF46
rl_VF47

o s R R 2 R £ £ £ R R R R £ £ £ £ £ A £ R £ R £ £ £ 5 R R R £ £ £ £ £ R R 2 2 £ £ £ £ A R A s

v_vfl6 0 ) 24e03
MAGA47 v_vfl7 ) 20e06
v_vfl7 0 ) 24e03
MAGS0 v_vfl8 ) 20e06
v_vfl8 0 ) 24e03
MAG53 v_vfl9 ) 20e06
v_vfl9 0 ) 24e03
MAG56 v_vf20 ) 20e06
v_vi20 0 ) 24e03
MAG59 v_vf2l ) 20e06
v_vi21 0 ) 24e03
MAG62 v_vf22 ) 20e06
v_vi22 0 ) 2403
MAG65 v vf23 ) 20e06
v_vi23 0 ) 2403
MAG68 v_vf24 ) 20e06
v_vi24 0 ) 2403
MAG71 v_vf25 ) 20e06
v_vi25 0 ) 24e03
MAG74 v_vf26 ) 20e06
v_vf26 0 ) 24e03
MAGT6 v_vf27 ) 20e06
v_vi27 0 ) 24e03
MAG78 v_vf28 ) 20e06
v_vi28 0 ) 24e03
MAGS81 v_vf29 ) 20e06
v_vf29 0 ) 24e03
MAGS82 v_vf30 ) 20e06
v_vi30 0 ) 24e03
MAGS85 v_vf3l ) 20e06
v_vi3l 0 ) 24e03
MAG8 v_vf32 ) 20e06
v_vi32 0 ) 24e03
MAGI1 v_vf33 ) 20e06
v_vi33 0 ) 24e03
MAGH v_vf34 ) 20e06
v_vi34 0 ) 24e03
MAGI97 v_vf35 ) 20e06

v_vi35 0 ) 24e03
MAGI100 v_vf36 ) 20e06
v_vi36 0 ) 24e03
MAGI103 v_vf37 ) 20e06
v_vi37 0°) 24e03
MAGI106 v_vf38 ) 20e06
v_vi38 0 ) 24e03
MAGI109 v_vf39 ) 20e06
v_vi39 0 ) 24e03
MAGI112 v_vf40 ) 20e06
v_vf40 0 ) 24e03
MAGI115 v_vf4l ) 20e06
v_vfdl 0 ) 24e03
MAGIIS v_vf42 ) 2006
v_vfd2 0 ) 24e03
MAGI21 v_vf43 ) 20e06
v_vf43 0 ) 24e03
MAGI24 v_vf44 ) 20e06
v_vf44 0 ) 24e03
MAGI127 v_vf45 ) 20e06
v_vfd5 0 ) 24e03
MAGI130 v_vf46 ) 20e06
v_vid6 0) 24e03

MAGI33 v_vf47 ) 20e06
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Appendix A. Sample of Matlab and Pspice code

532 12 VFA7T ( v_vf47 0 ) 24e03

533 r1_VF48 ( MAGI36 v_vf48 ) 20e06

534 12 VF48 ( v_vf48 0 ) 24e03

535 r1l_VF49 ( MAGI139 v_vf49 ) 20e06

536 12 VF49 ( v_vf49 0 ) 24e03

537 r1_VF50 ( MAGL42 v_vf50 ) 20e06

538 12 VF50 (v _vf50 0 ) 24e03

530 r1_VF51 ( MAGI45 v_vf51 ) 20e06

540 12 VF51 ( v_vf51 0 ) 24e03

541 r1_VF52 ( MAGI48 v_vf52 ) 20e06

542 12 VF52 ( v_vf52 0 ) 24e03

543 r1_VF53 ( MAGI51 v_vf53 ) 20e06

544 12__VF53 ( v_vf53 0 ) 24e03

515 r1_VF54 ( MAGI53 v_vi54 ) 20e06

546 r2_VF54 ( v_vi54 0 ) 24e03

547 r_filterl ( v_magl v_magfl ) 1003
548 ¢ filterl ( v_magfl 0 ) 100e—09

519 r_filter2 ( v_mag2 v_magf2 ) 10e03
550 ¢ filter2 ( v_magf2 0 ) 100e—09

551 r_filter3 ( v_mag3 v_magf3 ) 10e03
552 ¢ filter3 ( v_magf3 0 ) 100e—09

553 v _filter4 ( v_magd v_magf4 ) 1003
551 ¢_filter4d ( v_magfd 0 ) 100e—09

555 v _filter5 ( v_magd v_magfs ) 1003
556 ¢ _filter5 ( v_magf5 0 ) 100e—09

557 r_filter6 ( v_magb v_magf6 ) 10e03
558 ¢_filter6 ( v_magf6 0 ) 100e—09

559 I " filter7 ( v_mag7 v_magf7 ) 10e03
560 ¢_filter7 ( v_magf7 0 ) 100e—09

561 r " filter8 ( v_mag8 v_magf8 ) 10e03
562 ¢_filter8 ( v_magf8 0 ) 100e—09

563 r_filter9 ( v_mag9 v_magf9 ) 1003
564 ¢ filter9 ( v_magf9 0 ) 100e—09

565 r_filter10 ( v_magl0 v_magfl0 ) 10e03
566 ¢ _filter10 ( v_magfl0 0 ) 100e—09

567 r_filter1l ( v_magll v_magfll ) 10e03
568 ¢ filterll ( v_magfll 0 ) 100e—09

569 I _filter12 ( v_magl2 v_magfl2 ) 10e03
570 ¢_filter1l2 ( v_magfl2 0 ) 100e—09

571 r_filter13 ( v_magl3 v_magfl3 ) 10e03
572 ¢ _filter13 ( v_magfl3 0 ) 100e—09

573 r_filter14 ( v_magld v_magfld ) 10e03
574 ¢_filterl4 ( v_magfl4 0 ) 100e—09

575 T f11ter15 ( v_magl5 v_magfl5 ) 10e03
576 ¢_filterl5 ( v_magfl5 0 ) 100e—09

577 v filter16 ( v_maglé v_magflé ) 10e03
578 ¢_filterl6 ( v_magfl6 0 ) 100e—09

579 r_filterl7 ( v_magl?7 v_magfl7 ) 10¢03
580 ¢_filterl7 ( v_magfl7 0 ) 100e—09

581 r_filter18 ( v_magl8 v_magfl8 ) 10e03
582 ¢ filter1l8 ( v_magfl8 0 ) 100e—09

583 T f11ter19 ( v_magl9 v_magfl9 ) 10e03
584 ¢ _filter19 ( v_magfl9 0 ) 100e—09

585 I _filter20 ( v_mag20 v_magf20 ) 10e03
586 ¢ _filter20 ( v_magf20 0 ) 100e—09

587 r_filter21 ( v_mag2l v_magf2l ) 10e03
588 ¢_filter21 ( v_magf21 0 ) 100e—09

580 r_filter22 ( v_mag22 v_magf22 ) 10e03
500 ¢_filter22 ( v_magf22 0 ) 100e—09

591 T f11ter23 ( v_mag23 v_magf23 ) 10e03
502 ¢_filter23 ( v_magf23 0 ) 100e—09

503 r_filter24 ( v_mag24 v_magf24 ) 10e03
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602
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604
605
606
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608
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Section

C

r
C
r
C
r
C
r_
C
r_
C
r_
C
r
C
r
C
r
C
r
C
r
C
r_
C
r_
C
r_
C
T
C
r
C
r
C
r_
C
r_
C
r_
C
r_
C
T
C
r
C
r
C
r
C
r
C
r_
C
r_
C
r_
C
T
C
r

filter24
fﬂter25
filter25
fdter26
filter26
fdter27
filter27
" filter28
filter28
 filter29
filter29
 filter3o0
fﬂter30
fﬂter31
fﬂter31
fﬂter32
filter32
fdter33
filter33
fdter34
filter34
" filter3s
filter35
" filter36
filter36
 filter3T7
filter37
 filter38
fﬂter38
fﬂter39
fﬂter39
fﬂter40
filter40
" filterdl
filter41
" filterd?2
filter42
" filter43
filter43
" filterd4
filter44
filter45
_filter45
fﬂter46
fﬂter46
fﬂter47
filter47
fﬂter48
filter48
fdter49
filter49
fﬂter50
filter50
" filter51
filter51
filter52
filter52
 filter53
_ filter53
fﬂter54
fﬂter54
fﬂter55

v_magf24 0 ) 100e—09
v_mag25 v_magf25 ) 10e03
v_magf25 0 ) 100e—09
v_mag26 v_magf26 ) 10e03
v_magf26 0 ) 100e—09
v_mag27 v_magf27 ) 10e03
v_magf27 0 ) 100e—09
v_mag28 v_magf28 ) 10e03
v_magf28 0 ) 100e—09
v_mag29 v_magf29 ) 10e03
v_magf29 0 ) 100e—09
v_mag30 v_magf30 ) 10e03
v_magf30 0 ) 100e—09
v_mag3l v_magf31 ) 10e03
v_magf31 0 ) 100e—09
v_mag32 v_magf32 ) 10e03
v_magf32 0 ) 100e—09
v_mag33 v_magf33 ) 1003
v_magf33 0 ) 100e—09
v_mag34 v_magf34 ) 10e03
v_magf34 0 ) 100e—09
v_mag35 v_magf35 ) 10e03
v_magf35 0 ) 100e—09
v_mag36 v_magf36 ) 10e03
v_magf36 0 ) 100e—09
v_mag37 v_magf37 ) 10e03
v_magf37 0 ) 100e—09
v_mag38 v _magf38 ) 10e03
v_magf38 0 ) 100e—09
v_mag39 v_magf39 ) 10e03
v_magf39 0 ) 100e—09
v_mag40 v_magfd0 ) 1003
v_magf40 0 ) 100e—09
v_mag4l v_magfdl ) 10e03
v_magfdl 0 ) 100e—09
v_mag42 v_magfd2 ) 10e03
v_magf42 0 ) 100e—09
v_mag43 v_magf43 ) 10e03
v_magf43 0 ) 100e—09
v_magd44 v_magf44 ) 10e03
v_magf4i4 0 ) 100e—09
v_mag45 v_magf45 ) 10e03
v_magf45 0 ) 100e—09
v_mag46 v _magfd6 ) 10e03
v_magf46 0 ) 100e—09
v_magd7 v_magfd7 ) 1003
v_magfd7 0 ) 100e—09
v_mag48 v_magfd8 ) 1003
v_magfd8 0 ) 100e—09
v_mag49 v_magfd9 ) 10e03
v_magfd9 0 ) 100e—09
v_mag50 v_magf50 ) 10e03
v_magf50 0 ) 100e—09
v_magbl v_magf51 ) 10e03
v_magf51 0 ) 100e—09
v_magh2 v_magf52 ) 10e03
v_magf52 0 ) 100e—09
v_magb3 v_magf53 ) 10e03
v_magf53 0 ) 100e—09
v_magb4 v _magf54 ) 10e03
v_magf54 0 ) 100e—09
v_magb5 v_magf55 ) 10e03
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Appendix A. Sample of Matlab and Pspice code

C
r
C
r
C
r
C
r_
C
r_
C
r_
C
T
C
r
C
r
C
r
C
r
C
r_
C
r_
C
r_
C
T
C
r
C
r
C
r
C
r
C
r_
C
r_
C
T
C
T
C
r
C
r
C
r
C
r_
C
r_
C
r_
C
T
C
r

filter55
fdter56
filter56
fdter57
filterb57
fﬂter58
filter58
" filter59
filter59
 filter60
filter60
filter61
fﬂter61
fﬂter62
fﬂter62
fﬂter63
filter63
fdter64
filter64
fdter65
filter65
fﬂter66
filter66
" filter67
filter67
 filter68
_filter68
" filter69
fﬂter69
fdter?O
fﬂter70
fﬂter71
filter71
fdter72
filter72
fﬂter73
filter73
fﬂter74
filter74
" filter75
filter75
filter76
_filter76
fﬂter??
fﬂter77
fdter78
filter78
fﬂter79
filter79
fdterSO
filter80
fdter81
filter81
" filter82
filter82
 filter83
filter83
 filter84
_filter84
fﬂter85
fﬂter85
fﬂter86

v_magf55 0 ) 100e—09
v_magh6 v_magf56 ) 10e03
v_magf56 0 ) 100e—09
v_magh7 v_magf57 ) 10e03
v_magf57 0 ) 100e—09
v_magh8 v_magf58 ) 10e03
v_magf58 0 ) 100e—09
v_magb9 v_magf59 ) 10e03
v_magf59 0 ) 100e—09
v_mag60 v_magf60 ) 10e03
v_magf60 0 ) 100e—09
v_mag6l v_magf6l ) 10e03
v_magf6l 0 ) 100e—09
v_mag62 v_magf62 ) 10e03
v_magf62 0 ) 100e—09
v_mag63 v_magf63 ) 10e03
v_magf63 0 ) 100e—09
v_mag64 v_magf64 ) 10e03
v_magf64 0 ) 100e—09
v_mag65 v_magf65 ) 10e03
v_magf65 0 ) 100e—09
v_mag66 v_magf66 ) 10e03
v_magf66 0 ) 100e—09
v_mag67 v_magf67 ) 10e03
v_magf67 0 ) 100e—09
v_mag68 v_magf68 ) 10e03
v_magf68 0 ) 100e—09
v_mag69 v _magf69 ) 10e03
v_magf69 0 ) 100e—09
v_mag70 v_magf70 ) 10e03
v_magf70 0 ) 100e—09
v_mag7l v_magf7l ) 1003
v_magf71 0 ) 100e—09
v_mag72 v_magf72 ) 10e03
v_magf72 0 ) 100e—09
v_mag73 v_magf73 ) 10e03
v_magf73 0 ) 100e—09
v_mag74 v_magf74 ) 10e03
v_magf74 0 ) 100e—09
v_mag75 v_magf75 ) 10e03
v_magf75 0 ) 100e—09
v_mag76 v_magf76 ) 10e03
v_magf76 0 ) 100e—09
v_mag77 v_magf77 ) 10e03
v_magf77 0 ) 100e—09
v_mag78 v_magf78 ) 10e03
v_magf78 0 ) 100e—09
v_mag79 v_magf79 ) 1003
v_magf79 0 ) 100e—09
v_mag80 v_magf80 ) 10e03
v_magf80 0 ) 100e—09
v_mag8l v_magf81 ) 10e03
v_magf8l 0 ) 100e—09
v_mag82 v_magf82 ) 10e03
v_magf82 0 ) 100e—09
v_mag83 v_magf83 ) 10e03
v_magf83 0 ) 100e—09
v_mag84 v magf84 ) 10e03
v_magf84 0 ) 100e—09
v_mag85 v magf85 ) 10e03
v_magf85 0 ) 100e—09
v_mag86 v_magf86 ) 10e03
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Section

C
r
C
r
C
r
C
r_
C
r_
C
r_
C
r
C
r
C
r
C
r
C
r
C
r_
C
r_
C
r_
C
T
C
Tr
C
r
c_
Tr
C
r
C
r_
C
r_
C
T
C
T
C
Tr
C
r_
C
r_
C
r
C
r_
C
r_
C
T
C
Tr

filter86
fﬂter87
filter87
fdter88
filter88
fﬂter89
filter89
" filter90
filter90
filter91
filter91
 filter92
fﬂter92
fﬂter93
fﬂter93
fﬂter94
filter94
fdter95
filter95
fdter96
filter96
" filter97
filter97
" filter98
filter98
 filter99
filter99
 filter100
fﬂterlOO
fﬂterlOl
fﬂterlOl
fﬂter102
_filter102
fﬂter103
filter103
fﬂter104
filter104
fﬂter105
filter105
" filter106
" filter106
filter107
fﬂter107
fﬂterlOS
fﬂter108
fﬂter109
filter109
fﬂterllO
_filter110
" filterlll
 filterl11
" filter112
" filter112
fﬂter113
filter113
" filter114
" filterl14
 filterl15
fﬂter115
fﬂterllﬁ
fﬂterllG
fﬂter117

P L L U T N L T N L T e T T e NN L T

v_magf86 0 ) 100e—09
v_mag87 v_magf87 ) 1003
v_magf87 0 ) 100e—09
v_mag88 v_magf88 ) 10e03
v_magf88 0 ) 100e—09
v_mag89 v_magf89 ) 10e03
v_magf89 0 ) 100e—09
v_mag90 v_magf90 ) 10e03
v_magf90 0 ) 100e—09
v_mag9l v_magf9l ) 10e03
v_magf9l 0 ) 100e—09
v_mag92 v_magf92 ) 10e03
v_magf92 0 ) 100e—09
v_mag93 v_magf93 ) 1003
v_magf93 0 ) 100e—09
v_mag94 v_magf94 ) 1003
v_magf94 0 ) 100e—09
v_mag95 v_magfd5 ) 1003
v_magf95 0 ) 100e—09
v_mag96 v_magf96 ) 10e03
v_magf96 0 ) 100e—09
v_mag97 v_magf97 ) 10e03
v_magf97 0 ) 100e—09
v_mag98 v_magf98 ) 10e03
v_magf98 0 ) 100e—09
v_mag99 v _magf99 ) 10e03
v_magf99 0 ) 100e—09
v_magl00 v _magfl00 ) 10e03
v_magfl00 0 ) 100e—09
v_maglOl v _magfl0l ) 10e03
v_magfl01 0 ) 100e—09
v_magl02 v_magfl02 ) 10e03
v_magfl02 0 ) 100e—09
v_magl03 v_magfl03 ) 10e03
v_magfl03 0 ) 100e—09
v_magl04 v_magfl04 ) 10e03
v_magfl04 0 ) 100e—09
v_magl05 v_magfl05 ) 10e03
v_magfl05 0 ) 100e—09
v_magl06 v_magfl06 ) 10e03
v_magfl06 0 ) 100e—09
v_magl07 v_magfl07 ) 10e03
v_magfl07 0 ) 100e—09
v_maglO8 v magfl08 ) 10e03
v_magfl08 0 ) 100e—09
v_magl09 v_magfl09 ) 10e03
v_magfl09 0 ) 100e—09
v_magll0 v_magfll0 ) 10e03
v_magfl10 0 ) 100e—09
v_maglll v_magflll ) 10e03
v_magflll 0 ) 100e—09
v_magll2 v_magfll2 ) 10e03
v_magfll2 0 ) 100e—09
v_magll3 v_magfll3 ) 10e03
v_magfl13 0 ) 100e—09
v_maglld v _magflld ) 10e03
v_magfll4 0 ) 100e—09
v_magll5 v _magfll5 ) 10e03
v_magfll5 0 ) 100e—09
v_magll6 v magfll6 ) 10e03
v_magfll6 0 ) 100e—09
v_magll?7 v _magfll7 ) 10e03
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Appendix A. Sample of Matlab and Pspice code

_ filter117
fﬂter118
filter118
fﬂterllg
filter119
fﬂter120
filter120
" filter121
" filter121
filter122
" filter122
 filter123
fﬂter123
fﬂter124
" filter124
fﬂter125
_filter125
fﬂter126
filter126
fﬂter127
filter127
fﬂter128
filter128
" filter129
" filter129
 filter130
fﬂter130
fﬂter131

780 € ( v_magfll7 0 ) 100e—09
r ( v_magll8 v_magfll8 ) 10e03
8_ ( v_magfll8 0 ) 100e—09
r ( v_magll9 v_magfll9 ) 10e03
c ( v_magfll9 0 ) 100e—09
r ( v_magl20 v_magfl20 ) 10e03
c ( v_magfl20 0 ) 100e—09
r_ ( v_magl2l v_magfl21 ) 10e03
c ( v_magfl21 0 ) 100e—09
r ( v_magl22 v_magfl22 ) 10e03
c ( v_magfl22 0 ) 100e—09
r ( v_magl23 v_magfl23 ) 10e03
c ( v_magfl23 0 ) 100e—09
r ( v_magl24 v_magfl24 ) 10e03
8_ ( v_magfl24 0 ) 100e—09
r ( v_magl25 v_magfl25 ) 10e03
c ( v_magfl25 0 ) 100e—09
r ( v_magl26 v_magfl26 ) 10e03
c_ ( v_magfl26 0 ) 100e—09
r ( v_magl27 v_magfl27 ) 10e03
c ( v_magfl27 0 ) 100e—09
r ( v_magl28 v_magfl28 ) 10e03
c ( v_magfl28 0 ) 100e—09
r ( v_magl29 v_magfl29 ) 10e03
c ( v_magfl29 0 ) 100e—09
r ( v_magl30 v_magfl30 ) 10e03
c ( v_magfl30 0 ) 100e—09
r ( v_magl3l v_magfl31 ) 10e03
s0s ¢_filter131 ( v_magfl31 0 ) 100e—09
809 T f11ter132 ( v_magl32 v_magfl32 ) 10e03
s10 ¢_filter132 ( v_magfl32 0 ) 100e—09
r (
¢ (
r (
c_ (
r (
c (
r (
¢ (
r_ (
c (
r_ (
c (
r (
c (
r (
c_ (
r (
¢ (
r_ (
¢ (
r (
c (
r_ (
¢ (
r_ (
c (
r_ (
¢ (
r (
¢ (
r (

781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806

807

811 f11ter133 v_magl33 v_magfl33 ) 10e03
812 ¢_filter133 v_magfl33 0 ) 100e—09
f1lter134 v_magl34 v_magfl34 ) 10e03
filter134 v_magfl34 0 ) 100e—09
_filter135 v_magl35 v_magfl35 ) 10e03
filter135 v_magfl35 0 ) 100e—09
_filter136 v_magl36 v_magfl36 ) 10e03
filter136 v_magfl36 0 ) 100e—09
_filter137 v_magl37 v_magfl37 ) 10e03
" filter137 v_magfl37 0 ) 100e—09
_filter138 v_magl38 v magfl38 ) 10e03
~filter138 v_magfl38 0 ) 100e—09
f11ter139 v_magl39 v magfl39 ) 10e03
~filter139 v_magfl39 0 ) 100e—09
f11ter140 v_magl40 v_magfl40 ) 10e03
filter140 v_magfl40 0 ) 100e—09
“filter141 v_magl4l v magfldl ) 10e03
_filter141 v_magfl4l 0 ) 100e—09
" filter142 v_magld2 v _magfl42 ) 10e03
filter142 v_magfl42 0 ) 100e—09
_filter143 v_magl43 v_magfl43 ) 10e03
filter143 v_magfl43 0 ) 100e—09
“filterl44 v_magl4d v _magfld4d ) 10e03
" filterl44 ( v_magfldd 0 ) 100e—09
_filter145 v_magld5 v _magfl45 ) 10e03
" filter145 v_magfl45 0 ) 100e—09
_filter146 v_magl46 v magfl46 ) 10e03
~ filter146 v_magfl4d6 0 ) 100e—09
f11ter147 v_magld7 v magfld7 ) 10e03
filter147 v_magfld7 0 ) 100e—09
f11ter148 v_magld8 v_magfl48 ) 10e03
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_filter148
fﬂter149
_ filter149
fﬂter150
filter150
fﬂter151
filter151
" filter152
" filter152
" filter153
" filterl53
filter154
" filterl54
A&M MAG1
. ABM [ MAG2
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Zli
+

M MAG7
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M MAG9
M MAGI0
M MAGll
M MAG12
M MAG13
M MAG14
M MAG15
M MAG16
M MAG17
M MAGlS
M MAG19
M MAGZ)
M MAG21
M MAG%
M MAG23
M MAGQA
M MAGZS

M MAGZT
M MAG?S
M MAG29
M MAG30
M MAG31
M MAG32
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M MAG34
M MAG35
M MAG36
M MAG37
M MAG38
M MAG39
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E
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 ABM_MAG43
E_ABM_MAGH

E_ABM_MAG#
E_ABM_MAG#6
E_ABM_MAGA7
. E_ABM_MAG4
E_ABM_MAG49

v_magfl48 0 ) 100e—09
v_magld9 v_magfl4d9 ) 10e03
v_magfl49 0 ) 100e—09
v_magl50 v_magfl50 ) 10e03
v_magfl50 0 ) 100e—09
v_magl5l v_magfl51 ) 10e03
v_magfl51 0 ) 100e—09
v_magl52 v_magfl52 ) 10e03
v_magfl52 0 ) 100e—09
v_magl53 v_magfl53 ) 10e03
v_magfl53 0 ) 100e—09
v_magl54 v _magfl54 )
v_magfl54 0 ) 100e—09

10e03

v_magl 0 ) VALUE {
v_mag2 0 ) VALUE {
v_mag3 0 ) VALUE {
v_magd 0 ) VALUE { V(
v_magh 0 ) VALUE {
v_mag6 0 ) VALUE {
v_mag?7 0 ) VALUE {
v_mag8 0 ) VALUE {
v_mag9 0 ) {

v _magl0 0 ) VALUE { V(
v_magll 0 ) VALUE { V(
v_magl2 0 ) VALUE { V(
v_magl3 0 ) VALUE { V(
v_magld 0 ) VALUE { V(
v_magl5 0 ) VALUE { V(
v_maglé 0 ) VALUE { V(
v_magl? 0 ) VALUE { V(
v_magl8 0 ) VALUE { V(
v_magl9 0 ) VALUE { V(
v_mag20 0 ) VALUE { V(
v_mag2l 0 ) VALUE { V(
v_mag22 0 ) VALUE { V(
v_mag23 0 ) VALUE { V(
v_mag24 0 ) VALUE { V(
v_mag25 0 ) VALUE { V(
v_mag26 0 ) VALUE { V(
v_mag27 0 ) VALUE { V(
v_mag28 0 ) VALUE { V(
v_mag29 0 ) VALUE { V(
v_mag30 0 ) VALUE { V(
v_mag3l 0 ) VALUE { V(
v_mag32 0 ) VALUE { V(
v_mag33 0 ) VALUE { V(
v_mag34 0 ) VALUE { V(
v_mag35 0 ) VALUE { V(
v_mag36 0 ) VALUE { V(
v_mag37 0 ) VALUE { V(
v_mag38 0 ) VALUE { V(
v_mag39 0 ) VALUE { V(
v_mag40 0 ) VALUE { V(
v_magd4l 0 ) VALUE { V(
v_magd42 0 ) VALUE { V(
v_mag43 0 ) VALUE { V(
v_magd44 0 ) VALUE { V(
v_magd5 0 ) VALUE { V(
v_magd46 0 ) VALUE { V(
v_magd47 0 ) VALUE { V(
v_magd48 0 ) VALUE { V(
v_magd49 0 ) VALUE { V(
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V( MAG1,MAG2
V( MAG2,MAG3
V( MAG3,MAG4
MAG4, MAG5
V( MAGS5,MAG6
V( MAG6,MAG7
V( MAG7,MAGS
V( MAG8,MAG9
VALUE { V( MAGY,MAGI0 )
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Appendix A. Sample of Matlab and Pspice code

E_ABM MAGH0
 E_ABM_MAG51
E_ABM_ MAGH
E_ABM_MAGH
E_ABM_ MAGH
E_ABM_MAGS
E_ABM_MAGH%
E_ABM_MAG57
E_ABM_MAGHS
E_ABM_MAGH
E_ABM_MAGE)
E_ABM_MAGS6!
_ABM_MAGE2

M MAGE3

355
34
23

‘mmmm
I

2
=
3

Z
=
3

Z
=
>

%%%%%%%%%%%%%%%%%g%%%%%%%%%%%%%%%%
=
€

Z
g
8

MﬁMAGm
M MAGH
Mﬁhﬂ“ﬁ?
NIBMKEB
NIRMKHA
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Z
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NIRMKXD
M NMGM
Mﬁkﬂ“lﬁ
Mﬁk@“IB
M MAG%
MﬁhﬂKXE
NIAMK%B

Z
£
g

M MAGR
M MAG
M_MAGI100
M_MAGIOL
M_MAGI02
M_MAGI03
M_MAGIO4
M_MAGI05
M_MAGI06
M_MAGI07
E_ABM_MAGI®R
E_ABM_MAGI09
E_ABM_MAGII0
E_ABM_MAGII1

mmmmmmmmmmtammmmtntammmmmmmmmmmmmmmmmmmmmmmmm
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v_magd0
v_mag5l
v_magb2
v_mag53
v_magb4
v_magd5
v_mag56
v_mag57
v_magd8
v_mag59
v_ mag60
v_magb61
v_mag62
v_magb63
v_mag64
v_magb65
v_mag66
v_mag67
v_mag68
v_ mag69
v_mag70
v_mag7l
v_mag72
v_mag73
v_mag74
v_mag75
v_mag76
v_mag77
v_mag78
v_mag79
v_ mag80
v_mag81
v_mag82
v_mag83
v_mag84
v_ mag85
v_mag86
v_mag87
v_mag88
v_mag89
v_mag90
v_mag91
v_mag92
v_mag93
v_mag94
v_mag95
v_mag96
v_mag97
v_mag98
v_mag99 0
v_magl00
v_maglO1
v_magl02
v_magl03
v_magl04
v_magl05
v_magl06
v_magl07
v_magl08
v_magl09
v_magll0
v_maglll
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E ABM MAGI12 ( v_magll2 0 )
E_ABM MAGI3 ( v_magll3 0 )
E ABM MAGI4 ( v_maglld 0 )
E ABM MAGII5 ( v_magll5 0 )
E ABM MAGI116 ( v_magll6 0 )
E_ABM MAGI17 ( v_magll7 0 )
E ABM ~ MAGI118 ( v_magll8 0 )
E _ABM MAGI9 ( v_magll9 0 )
E ABM MAGI®0 ( v_magl20 0 )
E _ABM MAGI2l ( v_magl2l 0 )
E ABM MAGI2 ( v_magl22 0 )
E_ABM MAGI23 ( v_magl23 0 )
E _ABM MAGI24 ( v_magl24 0 )
E_ABM MAGI2% ( v_magl25 0 )
E_ABM MAGI% ( v_magl26 0 )
E ABM MAGI2Zr ( v_magl27 0 )
E _ABM MAGI28 ( v_magl28 0 )
E_ABM MAGI2 ( v_magl29 0 )
E_ABM MAGI30 ( v_magl30 0 )
E_ABM MAGI3l ( v_magl3l 0 )
E ABM MAGI32 ( v_magl32 0 )
E_ABM MAGI33 ( v_magl33 0 )
E ABM ~ MAG13 ( v_magl34 0 )
E_ABM MAGI35 ( v_magl35 0 )
E ABM MAGI3%6 ( v_magl36 0 )
E_ABM MAGI37 ( v_magl37 0 )
E ABM MAGI® ( v_magl38 0 )
E_ABM_MAGI3 ( v_magl39 0 )
E_ABM MAGI40 ( v_magl40 0 )
E_ABM MAGMl ( v_magldl 0 )
E _ABM MAGI4#2 ( v_magl42 0 )
E ABM MAGI43 ( v_magl43 0 )
E ABM MAGI4 ( v_magld4 0 )
E_ABM MAGI45 ( v_magld5 0 )
E_ABM MAGI46 ( v_magl46 0 )
E_ABM MAGI47 ( v_magld7 0 )
E_ABM MAGI8 ( v_magld8 0 )
E_ABM MAGI49 ( v_magld49 0 )
E ABM MAGI5®0 ( v_magl50 0 )
E_ABM MAGI51 ( v_magl51 0 )
E_ABM MAGI52 ( v_magl52 0 )
E_ABM MAGI533 ( v_magl53 0 )
E_ABM MAGI54 ( v_magl54 0 )
E_ABM_IStAP MAG1 ( v_ApAl 0
E ABM IstAP MAG2 ( v_ApA2 0
E_ABM_IstAP_MAG3 ( v_ApA3 0
E ABM IstAP MAG4 ( v_ApA4 0
E_ABM IStAP_MAG5 ( v_ApA5 0
E ABM IstAP MAG6 ( v_ApA6 0
E_ABM_IstAP_MAG7 ( v_ApA7 0
E ABM IstAP MAG8 ( v_ApA8 0
E_ABM IstAP_MAG9 ( v_ApA9 0
E ABM_IStAP ~MAGI10 ( v_ApAl0
E_ABM IstAP_ MAGI1 ( v_ApAll
E_ABM_IstAP_MAGI2 ( v_ApAl2
E_ABM IstAP_ MAGI3 ( v_ApAl3
E _ABM IstAP. MAGI4 ( v_ApAl4
E_ABM 1IstAP_MAGI5 ( v_ApAl5
E_ABM IstAP_MAG16 ( v_ApAl6
E ABM_IStAP MAG17 ( v_ApA17
E_ABM IstAP_ MAGI8 ( v_ApAl8
E ABM lstAPiMAGlg ( v_ApA19
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MAG112, MAG113
MAG113, MAG114
MAG114, MAG115
MAG115, MAG116
MAGI116, MAG117
MAGI117, MAG118
MAG118, MAG119
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MAG120, MAG121
MAGI21, MAG122
MAG122, MAG123
MAGI123, MAG124
MAG124, MAG125
MAGI125, MAG126
MAGI126, MAG127
MAGI127, MAG128
MAGI128, MAG129
MAG129, MAG130
MAG130, MAG131
MAG131, MAG132
MAG132, MAG133
MAG133, MAG134
MAG134, MAG135
MAG135, MAG136
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MAG138, MAG139
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MAG144, MAG145
MAG145, MAG146
MAG146, MAG147
MAG147, MAG148
MAG148, MAG149
MAG149, MAG150
MAG150, MAG151
MAGI151, MAG152
MAG152, MAG153
MAG153, MAG154
MAG154, MAG154 Out )
V( MAGI,MAG_Midl
V( MAG2,MAG_Mid2
V( MAG3,MAG_Mid3
V( MAG4,MAG_Mid4
V( MAG5,MAG_Mid5
V( MAG6,MAG_Mid6
V( MAG7,MAG_Mid7
V( MAG8,MAG_Mid8
V( MAG9,MAG_Mid9
MAG10,MAG_Mid10
MAG11,MAG_Midl1
MAGI12,MAG_Mid12
MAG13,MAG_Mid13
MAG14,MAG_Mid14
MAG15, MAG_Mid15
MAG16,MAG_Mid16
MAG17,MAG_Mid17
MAG18,MAG_Mid18
MAG19, MAG_Mid19
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Appendix A. Sample of Matlab and Pspice code

1028 E_ABM_1stAP. MAG20 ( v_ApA20 0 ) VALUE { V( MAG20,MAG_Mid20
1020 E_ABM_IstAP_ MAG21 ( v_ApA21 0 ) VALUE { V( MAG21,MAG_Mid2l
1030 E_ABM_IstAP. MAG22 ( v_ApA22 0 ) VALUE { V( MAG22,MAG_ Mid22
1051 E_ABM_IstAP_MAG23 ( v_ApA23 0 ) VALUE { V( MAG23,MAG_Mid23
1052 E_ABM_IstAP. MAG24 ( v_ApA24 0 ) VALUE { V( MAG24,MAG_Mid24
1033 E_ ABM 1stAP MAG25 ( v_ApA25 0 ) VALUE { V( MAG25MAG_Mid25
1031 E_ABM_IstAP. MAG26 ( v_ApA26 0 ) VALUE { V( MAG26,MAG_Mid26
1035 E_ABM_IstAP._ MAG27 ( v_ApA27 0 ) VALUE { V( MAG27,MAG_ Mid27
1036 E_ABM_IstAP_ MAG28 ( v_ApA28 0 ) VALUE { V( MAG28,MAG_Mid28
1037 E_ABM_IstAP. MAG29 ( v_ApA29 0 ) VALUE { V( MAG29,MAG Mid29
1035 E_ABM_1stAP_ MAG30 ( v_ApA30 0 ) VALUE { V( MAG30,MAG Mid30
1030 E_ABM_IstAP_ MAG31 ( v_ApA31 0 ) VALUE { V( MAG31,MAG_Mid3l
1040 E_ ABM 1stAP MAG32 ( v_ApA32 0 ) VALUE { V( MAG32,MAG_ Mid32
1011 E_ABM_IstAP_ MAG33 ( v_ApA33 0 ) VALUE { V( MAG33,MAG_Mid33
1042 E_ABM_IstAP._ MAG34 ( v_ApA34 0 ) VALUE { V( MAG34,MAG_ Mid34
1013 E_ABM_1IstAP_MAG35 ( v_ApA35 0 ) VALUE { V( MAG35,MAG_Mid35
1044 E_ABM_IstAP. MAG36 ( v_ApA36 0 ) VALUE { V( MAG36,MAG_Mid36
1045 E_ABM_1stAP_ MAG37 ( v_ApA37 0 ) VALUE { V( MAG37,MAG_Mid37
1016 E_ABM_IstAP. MAG38 ( v_ApA38 0 ) VALUE { V( MAG338,MAG_ Mid38
1047 E_ABM_1stAP_MAG39 ( v_ApA39 0 ) VALUE { V( MAG39,MAG_Mid39
1015 E_ABM_IstAP_ MAG40 ( v_ApA40 0 ) VALUE { V( MAG40,MAG_Mid40
1040 E_ABM_IstAP_ MAG41 ( v_ApA4l 0 ) VALUE { V( MAG41,MAG_Mid4l
1050 E_ABM_IStAP_MAG42 ( v_ApA42 0 ) VALUE { V( MAG42,MAG_Mid42
1051 E_ABM_1IstAP. MAG43 ( v_ApA43 0 ) VALUE { V( MAG43,MAG Mid43
1052 E_ABM_IstAP_ MAGM4 ( v_ApAd4d 0 ) VALUE { V( MAG44,MAG_Mid44
1053 E_ABM_ 1IstAP. MAG45 ( v_ApA45 0 ) VALUE { V( MAG45,MAG Mid45
1054 E_ABM_IstAP_ MAG46 ( v_ApA46 0 ) VALUE { V( MAG46,MAG_Mid46
1055 E_ABM_1stAP. MAG47 ( v_ApA47 0 ) VALUE { V( MAG47,MAG_ Mid47
1056 E_ABM_1stAP. MAG48 ( v_ApA48 0 ) VALUE { V( MAG48,MAG Mid48
1057 E_ABM_1stAP. MAG49 ( v_ApA49 0 ) VALUE { V( MAG49,MAG_Midd9
1058 E_ABM_IstAP_ MAG50 ( v_ApA50 0 ) VALUE { V( MAGS50,MAG_Mid50
1050 E_ABM_IstAP_ MAG51 ( v_ApA51 0 ) VALUE { V( MAG51,MAG_Mid51
1060 E_ABM_ 1IstAP. MAG52 ( v_ApA52 0 ) VALUE { V( MAG52,MAG Mid52
1061 E_ABM_IstAP. MAG53 ( v_ApA53 0 ) VALUE { V( MAG53,MAG Mid53
1062 E_ABM_1stAP. MAG54 ( v_ApA54 0 ) VALUE { V( MAGS54,MAG Mids4
1063 E_ABM_IstAP. MAG55 ( v_ApA55 0 ) VALUE { V( MAG55,MAG Mid55
1061 B_ABM_IstAP_MAGS56 ( v_ApA56 0 ) VALUE { V( MAGS56,MAG_Mid56
1065 B_ABM_1stAP_MAG57 ( v_ApA57 0 ) VALUE { V( MAG57,MAG_Mid57
1066 E_ABM 1stAP. MAG58 ( v_ApA58 0 ) VALUE { V( MAG58,MAG Mid58
1067 E_ABM_1stAP. MAG59 ( v_ApA59 0 ) VALUE { V( MAG59,MAG_Mid59
106s E_ABM_1stAP_ MAG60 ( v_ApA60 0 ) VALUE { V( MAG60,MAG Mid60
1060 E_ABM_IstAP._ MAG61 ( v_ApA61 0 ) VALUE { V( MAG61,MAG_Mid61
1070 E_ABM_IstAP. MAG62 ( v_ApA62 0 ) VALUE { V( MAG62,MAG Mid62
1071 E_ABM_IstAP_MAG63 ( v_ApA63 0 ) VALUE { V( MAG63,MAG_Mid63
1072 E_ABM_1stAP_ MAG64 ( v_ApA64 0 ) VALUE { V( MAG64,MAG_Mid64
1073 E_ABM_1stAP_MAG65 ( v_ApA65 0 ) VALUE { V( MAG65MAG_Mid65
1074 E_ABM_1stAP. MAG66 ( v_ApA66 0 ) VALUE { V( MAG66,MAG_Mid66
1075 E_ABM_1stAP. MAG67 ( v_ApA67 0 ) VALUE { V( MAG67,MAG_ Mid67
1076 E_ABM_IstAP_ MAG68 ( v_ApA68 0 ) VALUE { V( MAG6S,MAG_Mid68
1077 E_ABM_IstAP. MAG69 ( v_ApA69 0 ) VALUE { V( MAG69,MAG Mid69
1075 E_ABM_1stAP_ MAGT0 ( v_ApA70 0 ) VALUE { V( MAG70,MAG_Mid70
1070 E_ABM_IstAP_MAGTL ( v_ApA71 0 ) VALUE { V( MAGT71,MAG_Mid7l
10s0 E_ABM_IstAP_MAGT2 ( v_ApA72 0 ) VALUE { V( MAG72,MAG_Mid72
1051 E_ABM_IstAP. MAGT3 ( v_ApA73 0 ) VALUE { V( MAGT73,MAG_Mid73
l0s2 E_ABM_IstAP_ MAG74 ( v_ApA74 0 ) VALUE { V( MAG74,MAG_Mid74
1085 E_ABM_1stAP_ MAG75 ( v_ApA75 0 ) VALUE { V( MAGT75,MAG_Mid75
1084 E_ABM_IstAP. MAG76 ( v_ApA76 0 ) VALUE { V( MAG76,MAG Mid76
1085 E_ABM_1stAP_ MAGT7 ( v_ApA77 0 ) VALUE { V( MAG77,MAG_Mid77
1086 E_ABM_1stAP_MAG78 ( v_ApA78 0 ) VALUE { V( MAG78,MAG_Mid78
107 E_ABM_IstAP_ MAGT9 ( v_ApA79 0 ) VALUE { V( MAGT9,MAG Mid79
10ss E_ABM 1stAP. MAG80 ( v_ApA80 0 ) VALUE { V( MAG80,MAG Mid80
l0s0 B_ABM_1stAP_MAGS1 ( v_ApASl 0 ) VALUE { V( MAGSI,MAG Midsl
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Section

1000 E_ABM_ 1IstAP. MAG82 ( v_ApA82 0 ) VALUE { V( MAG82,MAG Mid8& ) }

1001 E_ABM_ 1stAP_ MAGS3 ( v_ApA83 0 ) VALUE { V( MAGS3,MAG Mids3 ) }

1002 E_ABM_IstAP_ MAG84 ( v_ApA84 0 ) VALUE { V( MAG84,MAG Midsd ) }

1093 E_ABM_IstAP. MAG85 ( v_ApA85 0 ) VALUE { V( MAG85,MAG Mid85 ) }

1001 E_ABM_1stAP_ MAGS6 ( v_ApA86 0 ) VALUE { V( MAGS6,MAG Mids6 ) }

1005 E_ABM_ 1stAP MAG87 ( v_ApA87 0 ) VALUE { V( MAG87,MAG Midg7 ) }

1006 E_ABM _1stAP_ MAGS8 ( v_ApAS8 0 ) VALUE { V( MAGS8,MAG Midss ) }

1097 E_ABM_1IstAP_ MAG89 ( v_ApA89 0 ) VALUE { V( MAG8,MAG Mid89 ) }

1098 E_ABM_1stAP_ MACG9 ( v_ApA90 0 ) VALUE { V( MAG9,MAG_ Mid9% ) }

1000 E_ABM_IstAP_ MAGO1 ( v_ApA91 0 ) VALUE { V( MAGY1,MAG Mid9l ) }

1100 E_ABM_IstAP. MAG92 (v _ApA92 0 ) VALUE { V( MAG92,MAG Mid92 ) }

1101 E_ABM_IstAP._ MAG93 ( v_ApA93 0 ) VALUE { V( MAGY3,MAG Mid93 ) }

102 E_ABM_IStAP. MAGM  ( v_ApA94 0 ) VALUE { V( MAGY,MAG Mid94 ) }

1105 E_ABM_1stAP. MAG95 ( v_ApA95 0 ) VALUE { V( MAG9,MAG Mid9 ) }

1104 E_ABM_1IstAP. MAG9 ( v_ApA96 0 ) VALUE { V( MAG9%,MAG Mid% ) }

1105 E_ABM_IstAP_ MAC97 ( v_ApA97 0 ) VALUE { V( MAG97,MAG_Mid97 ) }

1106 E_ABM_ IstAP. MAG98 ( v_ApA98 0 ) VALUE { V( MAG9,MAG Mid%8 ) }

1107 E_ABM_1stAP_ MAG99 ( v_ApA99 0 ) VALUE { V( MAG9,MAG Mid%9 ) }

1105 E_ABM_IstAP_ MAGIO0 ( v_ApAl00 0 ) VALUE { V( MAGI00,MAG Midl00 ) }
1100 E_ABM_IstAP. MAGI01 ( v_ApAl0l 0 ) VALUE { V( MAGI0l,MAG Mid10l ) }
1110 E_ABM_IstAP_ MAGI02 ( v_ApAl02 0 ) VALUE { V( MAGI102,MAG_Midl02 ) }
1111 E_ABM_IstAP_ MAG103 ( v_ApAl03 0 ) VALUE { V( MAGI103,MAG Midl03 ) }
1112 E_ABM_IstAP_ MAGI04 ( v_ApAl04 0 ) VALUE { V( MAGI04,MAG Midl04 ) }
11135 E_ABM_IstAP_ MAG105 ( v_ApAl05 0 ) VALUE { V( MAGI105,MAG Midl05 ) }
1114 BE_ABM_IstAP. MAGI106 ( v_ApAl06 0 ) VALUE { V( MAG106,MAG Midl06 ) }
1115 E_ABM_IstAP_ MAGI07 ( v_ApAl07 0 ) VALUE { V( MAGI07,MAG Midl07 ) }
1116 E_ABM_1stAP_ MAG108 ( v_ApA108 0 ) VALUE { V( MAG108,MAG Mid108 ) }
1117 E_ABM_IstAP_ MAGI09 ( v_ApAl09 0 ) VALUE { V( MAGI109,MAG Midl09 ) }
15 E_ABM_IstAP. MAGI10 ( v_ApA110 0 ) VALUE { V( MAG110,MAG_ Midl10 ) }
1119 E_ABM_IstAP_MAGI11 ( v_ApAlll 0 ) VALUE { V( MAGIll,MAG_ Midlil ) }
1120 E_ABM_IstAP_ MAG112 ( v_ApAl12 0 ) VALUE { V( MAG112,MAG_ Midl12 ) }
1121 E_ABM_IstAP. MAG113 ( v_ApAl13 0 ) VALUE { V( MAGI13,MAG Midl13 ) }
1122 E_ABM_IstAP._ MAGI14 ( v_ApAll4 0 ) VALUE { V( MAGI14,MAG Midll4 ) }
1125 E_ABM _1stAP. MAG115 ( v_ApAll5 0 ) VALUE { V( MAG115,MAG Midll5 ) }
1121 E_ABM_IstAP_ MAG116 ( v_ApAll6 0 ) VALUE { V( MAGI16,MAG Midll6 ) }
1125 E_ABM_1stAP_ MAG117 ( v_ApAll17 0 ) VALUE { V( MAG117,MAG Midll7 ) }
1126 BE_ABM_IstAP_MAGI18 ( v_ApAll8 0 ) VALUE { V( MAGII8,MAG_ Midll8 ) }
1127 E_ABM_IstAP_ MAG119 ( v_ApAl19 0 ) VALUE { V( MAGI19,MAG Midll9 ) }
1125 E_ABM_IstAP. MAG120 ( v_ApAl120 0 ) VALUE { V( MAGI20,MAG Mid120 ) }
11290 E_ABM_ 1stAP. MAG121 ( v_ApAl121 0 ) VALUE { V( MAGI21,MAG Midi21 ) }
1150 BE_ABM_IstAP. MAG122 ( v_ApAl122 0 ) VALUE { V( MAGI22,MAG Mid122 ) }
1131 E_ABM_IstAP_ MAGI23 ( v_ApAl23 0 ) VALUE { V( MAGI23,MAG Mid123 ) }
1132 E_ABM_IstAP. MAGI24 ( v_ApAl24 0 ) VALUE { V( MAG124,MAG Midi24 ) }
1133 BE_ABM_IstAP_MAGI2 ( v_ApAl25 0 ) VALUE { V( MAGI25,MAG_Midl25 ) }
131 E_ABM_IstAP. MAGI26 ( v_ApAl26 0 ) VALUE { V( MAGI26,MAG_ Midl26 ) }
1155 E_ABM_IstAP_ MAG127 ( v_ApAl27 0 ) VALUE { V( MAGI27,MAG Mid127 ) }
1136 E_ABM_1stAP. MAG128 ( v_ApAl128 0 ) VALUE { V( MAGI28,MAG Midi28 ) }
1157 BE_ABM_IstAP. MAG129 ( v_ApAl129 0 ) VALUE { V( MAGI29,MAG Mid120 ) }
1135 E_ABM_IstAP_ MAGI30 ( v_ApAl30 0 ) VALUE { V( MAGI30,MAG Midl130 ) }
1130 E_ABM IstAP. MAGI31 ( v_ApAl31 0 ) VALUE { V( MAGI31,MAG Midi31 ) }
1110 E_ABM_IstAP_ MAGI32 ( v_ApAl32 0 ) VALUE { V( MAGI32,MAG Midl132 ) }
1111 E_ABM_IstAP_ MAG133 ( v_ApAl33 0 ) VALUE { V( MAG133,MAG Midl33 ) }
1122 BE_ABM_IstAP_MAGI34 ( v_ApAl34 0 ) VALUE { V( MAGI34,MAG Midl34 ) }
1145 E_ABM_IstAP. MAG135 ( v_ApAl35 0 ) VALUE { V( MAGI35,MAG Mid135 ) }
1144 BE_ABM_IstAP. MAGI136 ( v_ApAl136 0 ) VALUE { V( MAGI136,MAG Midl36 ) }
1145 E_ABM_IstAP._ MAGI37 ( v_ApAl37 0 ) VALUE { V( MAGI37,MAG Midl37 ) }
1146 E_ABM_IstAP_ MAGI138 ( v_ApAl38 0 ) VALUE { V( MAGI38,MAG Midl38 ) }
1147 E_ABM_IstAP_ MAGI39 ( v_ApAl139 0 ) VALUE { V( MAGI39,MAG Midl139 ) }
1145 E_ABM_1stAP. MAG140 ( v_ApAl40 0 ) VALUE { V( MAG140,MAG Midl40 ) }
11190 E_ABM_IstAP_MAG141 ( v_ApAl4l 0 ) VALUE { V( MAGI41,MAG Midldl ) }
1150 E_ABM_ 1stAP. MAG142 ( v_ApAl42 0 ) VALUE { V( MAGI42,MAG Midl42 ) }
1151 E_ABM_IstAP_MAGI43 ( v_ApAl43 0 ) VALUE { V( MAGI43,MAG Midl43 ) }
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Appendix A. Sample of Matlab and Pspice code
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ABM_IstAP. MAG144
ABM_IstAP_MAG145
ABM_IstAP_MAG146
ABM_IstAP_MAG147
ABM_IstAP_ MAG148
ABM_IstAP_MAG149
ABM_IstAP_MAG150
ABM_IstAP_MAGI151
ABM_IstAP_MAG152
ABM_IstAP_ MAG153
M_1stAP_ MAG154
“2ndAP_MAGI
“ondAP_MAG2
“ondAP_MAG3
“ondAP_ MACH4
“2:ndAP_MAG5
“2ndAP_MAGS6
“ondAP_MAGT
“2ndAP_MAGS

" ondAP_MAG9
“2:ndAP_MAGI0
“2ndAP_MAGI1
“ondAP_MAGI2
“ondAP_MAGI3
“ondAP_MAG14
“2ndAP_MAGI5
“2ndAP_MAGI6
“2ndAP_ MAGIT
“2ndAP_MAGIS
“2:ndAP_MAGI9
“2ndAP_ MAG20
“ondAP_ MAG21
“ondAP_ MAG22
“ondAP_MAG23
“2ndAP_ MAG24
“ondAP_MAG25
“:ndAP_MAG26
“ondAP_ MAG27
“ondAP_MAG28
“ondAP_ MAG29
“2ndAP_MAG30
“ondAP_ MAG31
“ondAP_MAG32
“:ndAP_MAG33
“ondAP_MAG34
“ondAP_MAG35
“ondAP_MAG36
“ondAP_MAG3T
“2ndAP_ MAG38
“ondAP_MAG39
“2ndAP_ MAG40
“2ndAP_ MAG41
“:ndAP_ MAG42
“ondAP_MAG43
“ondAP_MAG#
“ondAP_ MAG45
“ondAP_MAG46
“ondAP_ MAG4T
“ondAP_MAG48
“2ndAP_ MAGH9
" 2ndAP_MAGS0
“ondAP_ MAG51
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( v_ApAl49
( v_ApA150
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( v_ApAls4
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MAG144, MAG _Mid144
MAG145, MAG_Mid145
MAG146, MAG_Mid146
MAG147, MAG_ Mid147
MAG148, MAG_Mid148
MAG149, MAG_Mid149
MAG150, MAG_ Mid150
MAG151, MAG_Mid151
MAG152, MAG_Mid152
MAG153, MAG_Mid153
MAG154, MAG_Mid154
MAG_Midl, MAG2 }
MAG_Mid2, MAG3
MAG_Mid3, MAG4
MAG_Mid4, MAG5S
MAG_Mid5, MAG6
MAG_Mid6, MAG7
MAG_Mid7, MAGS
MAG_Mid8, MAGY
MAG_Mid9,MAG10 ) }
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MAG _Mid37, MAG38
MAG_Mid38, MAG39
MAG_Mid39, MAG40
MAG_Mid40, MAG41
MAG_Mid4l, MAG42
MAG_Mid42, MAG43
MAG_Mid43, MAG44
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ondAP MAG52 ( v_ApB52 0 ) VALUE { V( MAG Mid52,MAG53 ) }
“ondAP. MAG53  ( v_ApB53 0 ) VALUE { V( MAG Mid53,MAG54 ) }
“ondAP_MAG54  ( v_ApB54 0 ) VALUE { V( MAG Mid54,MAG55 ) }
“ondAP MAGS5 ( v_ApB55 0 ) VALUE { V( MAG_ Mids5,MAG56 ) }
“ondAP_MAGS6 ( v_ApB56 0 ) VALUE { V( MAG_Mid56,MAG57 ) }
“ondAP_MAG57 ( v_ApB57 0 ) VALUE { V( MAG_ Mid57,MAG58 ) }
“ondAP_ MAG58 ( v_ApB58 0 ) VALUE { V( MAG_ Mids8,MAG59 ) }
“ondAP_MAG59 ( v_ApB59 0 ) VALUE { V( MAG Mid59,MAG60 ) }
“ondAP_ MAG60 ( v_ApB60 0 ) VALUE { V( MAG_ Mid60,MAG6L ) }
“ondAP_MAG61 ( v_ApB6l 0 ) VALUE { V( MAG_ Mid61,MAG62 ) }
“ondAP MAG62 ( v_ApB62 0 ) VALUE { V( MAG Mid62,MAG63 ) }
“ondAP_MAG63 ( v_ApB63 0 ) VALUE { V( MAG_Mid63,MAG64 ) }
“ondAP_MAG64 ( v_ApB64 0 ) VALUE { V( MAG_ Mid64,MAG65 ) }
“ondAP_MAG65 ( v_ApB65 0 ) VALUE { V( MAG_Mid65,MAG66 ) }
“ondAP_MAG66 ( v_ApB66 0 ) VALUE { V( MAG_Mid66,MAG67 ) }
“ondAP_ MAG67 ( v_ApB67 0 ) VALUE { V( MAG_Mid67,MAG68 ) }
“ondAP_MAG68 ( v_ApB68 0 ) VALUE { V( MAG_ Mid68,MAG69 ) }
“ondAP_ MAG69 ( v_ApB69 0 ) VALUE { V( MAG_ Mid69,MAG70 ) }
“ondAP_MAGT0 ( v_ApB70 0 ) VALUE { V( MAG_Mid70,MAG7l ) }
“ondAP_ MAG7L ( v_ApB71 0 ) VALUE { V( MAG_ Mid71,MAG?2 ) }
“ondAP_MAG72 ( v_ApB72 0 ) VALUE { V( MAG_Mid72,MAG73 ) }
“ondAP_MAGT3 ( v_ApB73 0 ) VALUE { V( MAG_Mid73,MAG74 ) }
“ondAP_ MAGT ( v_ApB74 0 ) VALUE { V( MAG_ Mid74,MAG7 ) }
“ondAP_MAG7 ( v_ApB75 0 ) VALUE { V( MAG_ Mid75,MAG76 ) }
“ondAP MAGT6 ( v_ApB76 0 ) VALUE { V( MAG Mid76,MAG77 ) }
“ondAP_MAGT7 ( v_ApB77 0 ) VALUE { V( MAG_Mid77,MAG77 Out ) }
“ondAP MAGT8 ( v_ApB78 0 ) VALUE { V( MAG Mid78,MAG?9 ) }
“ondAP_MAGT ( v_ApB79 0 ) VALUE { V( MAG_ Mid79,MAG80 ) }
“ondAP_MAGR0 ( v_ApB80 0 ) VALUE { V( MAG_ Mid80,MAGSL ) }
“ondAP_MAGS!L ( v_ApB8lL 0 ) VALUE { V( MAG_Mid8l,MAG82 ) }
“ondAP_MAGR2 ( v_ApB82 0 ) VALUE { V( MAG_Mid82,MAGS3 ) }
“ondAP_ MAGS3  ( v_ApB83 0 ) VALUE { V( MAG Mid83,MAG84 ) }
“ondAP_MAG®4  ( v_ApB84 0 ) VALUE { V( MAG Mids4,MAGS5 ) }
“ondAP MAGS5 ( v_ApB85 0 ) VALUE { V( MAG Mid85,MAGS6 ) }
“ondAP_MAGS6 ( v_ApB86 0 ) VALUE { V( MAG_Mid86,MAGS7 ) }
“ondAP_ MAGS7 ( v_ApB87 0 ) VALUE { V( MAG_ Mid87,MAGS8 ) }
“ondAP_MAGS8 ( v_ApB88 0 ) VALUE { V( MAG_Mid88,MAGS9 ) }
“ondAP_MAGR9 ( v_ApB89 0 ) VALUE { V( MAG_Mid89,MAGY ) }
“ondAP. MAG® ( v_ApB90 0 ) VALUE { V( MAG_ Mid90,MAGIL ) }
“ondAP_MAGOL ( v_ApB91 0 ) VALUE { V( MAG Mid91,MAG® ) }
“ondAP MAG®2 ( v_ApB92 0 ) VALUE { V( MAG Mid92,MAG93 ) }
“ondAP_MAG93  ( v_ApB93 0 ) VALUE { V( MAG Mid93,MAGH ) }
“ondAP MAGY ( v_ApB94 0 ) VALUE { V( MAG_ Mid94,MAG9 ) }
“ondAP_MAG9 ( v_ApB95 0 ) VALUE { V( MAG_Mid95,MAG9% ) }
“ondAP_MAGY% ( v_ApB96 0 ) VALUE { V( MAG_Mid9,MAGY7 ) }
“ondAP_ MAGY7 ( v_ApB97 0 ) VALUE { V( MAG_ Mid97,MAG98 ) }
“ondAP_MAG98 ( v_ApB98 0 ) VALUE { V( MAG Mid98,MAG9 ) }
“ondAP. MAG® ( v_ApB99 0 ) VALUE { V( MAG_ Mid99,MAGI00 ) }
“2ndAP_MAGI00 ( v_ApBI100 0 ) VALUE { V( MAG_Mid100,MAG101 ) }
“ondAP MAGI01 ( v_ApB101 0 ) VALUE { V( MAG_ Mid101,MAG102 ) }
“2ndAP_MAG102 ( v_ApBI102 0 ) VALUE { V( MAG_Mid102,MAG103 ) }
“ondAP MAG103 ( v_ApB103 0 ) VALUE { V( MAG_ Mid103,MAG104 ) }
“2ndAP_MAGI04 ( v_ApBI104 0 ) VALUE { V( MAG_Mid104, MAG105 ) }
“ondAP_MAGI05 ( v_ApB105 0 ) VALUE { V( MAG_Midl05,MAG106 ) }
“ondAP MAGI06 ( v_ApB106 0 ) VALUE { V( MAG_ Mid106, MAG107 ) }
“ondAP_MAG107 ( v_ApBI107 0 ) VALUE { V( MAG_Mid107,MAG108 ) }
“ondAP MAGI08 ( v_ApB108 0 ) VALUE { V( MAG_ Mid108, MAG109 ) }
“2ndAP_MAG109 ( v_ApBI09 0 ) VALUE { V( MAG_Mid109,MAG110 ) }
“ondAP MAG110 ( v_ApB110 0 ) VALUE { V( MAG_ Midll10,MAGI111 ) }
“2ndAP_MAGI11  ( v_ApBI1l 0 ) VALUE { V( MAG_Midlll,MAG112 ) }
“ondAP_MAG112 ( v_ApBl112 0 ) VALUE { V( MAG_Midl12,MAGI113 ) }
“ondAP MAG113 ( v_ApB113 0 ) VALUE { V( MAG_ Midll3,MAGI114 ) }
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Appendix A. Sample of Matlab and Pspice code

1276 E_ABM_2ndAP_MAG114 ( v_ApBl14 0 ) VALUE { V( MAG_Midll4,MAG115 ) }
1277 E_ABM_2ndAP_MAGI15 ( v_ApB115 0 ) VALUE { V( MAG_Midll5, MAG116 ) }
1275 E_ABM_2ndAP_MAG116 ( v_ApBl116 0 ) VALUE { V( MAG_Midl16,MAG117 ) }
1270 E_ABM_2ndAP_MAGI17 ( v_ApB117 0 ) VALUE { V( MAG_Mid117,MAG118 ) }
1250 E_ABM_2ndAP_ MAG118 ( v_ApBl118 0 ) VALUE { V( MAG_Midl18,MAGI19 ) }
1251 E_ABM 2ndAP_MAGI19 ( v_ApB119 0 ) VALUE { V( MAG_ Mid119,MAGI20 ) }
1252 E_ABM_2ndAP_MAGI2 ( v_ApBI20 0 ) VALUE { V( MAG_Midl20,MAGI2l ) }
12535 E_ABM 2ndAP_ MAGI21 ( v_ApB121 0 ) VALUE { V( MAG Midl21,MAGI122 ) }
1254 E_ABM 2ndAP_MAG12 ( v_ApBI22 0 ) VALUE { V( MAG_ Midl22, MAGI23 ) }
1285 E_ABM_2ndAP_MAG123 ( v_ApBI123 0 ) VALUE { V( MAG Midl123,MAG124 ) }
1256 E_ABM_2ndAP_ MAGIZ ( v_ApB124 0 ) VALUE { V( MAG_ Midi24, MAG125 ) }
1257 E_ABM_2ndAP_MAGI125 ( v_ApBI125 0 ) VALUE { V( MAG_Midl125,MAG126 ) }
1255 E_ABM_2ndAP_MAGI26 ( v_ApB126 0 ) VALUE { V( MAG_ Mid126,MAG127 ) }
1250 E_ABM_2ndAP_MAGI27 ( v_ApBI27 0 ) VALUE { V( MAG_Midl27, MAGI28 ) }
1200 E_ABM_2ndAP_MAG128 ( v_ApBI28 0 ) VALUE { V( MAG_ Midl128, MAG129 ) }
1201 E_ABM_2ndAP_MAG120 ( v_ApB129 0 ) VALUE { V( MAG_Midl29,MAGI30 ) }
1202 E_ABM_2ndAP_MAG130 ( v_ApBI130 0 ) VALUE { V( MAG_ Midl130,MAG131 ) }
1203 E_ABM_2ndAP_MAGI31 ( v_ApB131 0 ) VALUE { V( MAG_Midi31,MAG132 ) }
1201 E_ABM_2ndAP_MAGI132 ( v_ApBI132 0 ) VALUE { V( MAG_ Midl32, MAG133 ) }
1205 E_ABM 2ndAP_MAGI133 ( v_ApBI33 0 ) VALUE { V( MAG Midl33,MAGI34 ) }
1206 E_ABM 20dAP_MAGI34 ( v_ApBl134 0 ) VALUE { V( MAG_Midl34,MAG135 ) }
1207 E_ABM_2ndAP_MAG135 ( v_ApBI135 0 ) VALUE { V( MAG_Midl35,MAG136 ) }
1206 E_ABM_2ndAP_MAGI136 ( v_ApBl136 0 ) VALUE { V( MAG_ Midl36,MAG137 ) }
1200 E_ABM_2ndAP_MAG137 ( v_ApB137 0 ) VALUE { V( MAG_Midl37, MAG138 ) }
1300 E_ABM_2ndAP_MAGI138 ( v_ApBI138 0 ) VALUE { V( MAG_Mid138,MAG139 ) }
1301 E_ABM_2ndAP_MAGI139 ( v_ApBI139 0 ) VALUE { V( MAG_ Midl139,MAG140 ) }
1502 E_ABM_2ndAP_ MAGI40 ( v_ApB140 0 ) VALUE { V( MAG_ Midl40,MAG141 ) }
1305 E_ABM_2ndAP_ MAG141 ( v_ApBl41 0 ) VALUE { V( MAG_Midldl,MAG142 ) }
1501 E_ABM 2ndAP_ MAGI42 ( v_ApB142 0 ) VALUE { V( MAG_ Mid142, MAG143 ) }
1305 E_ABM_2ndAP_MAGI43 ( v_ApBl43 0 ) VALUE { V( MAG_Midld3,MAG144 ) }
1306 E_ABM_2ndAP_ MAG14 ( v_ApBl44 0 ) VALUE { V( MAG_ Midl44, MAG145 ) }
13507 E_ABM_2ndAP_MAGI45 ( v_ApB145 0 ) VALUE { V( MAG_Midld5,MAGI146 ) }
130 E_ABM_2ndAP_MAG146 ( v_ApBl146 0 ) VALUE { V( MAG_ Midl46, MAG147 ) }
1500 E_ABM_2ndAP_MAGI47 ( v_ApB147 0 ) VALUE { V( MAG_ Mid147, MAG148 ) }
1310 E_ABM_2ndAP_ MAG148 ( v_ApBl148 0 ) VALUE { V( MAG_ Midl48, MAG149 ) }
1511 E_ABM 2ndAP_ MAGI49 ( v_ApB149 0 ) VALUE { V( MAG_ Mid149, MAG150 ) }
1312 E_ABM_2ndAP_MAG150 ( v_ApBI150 0 ) VALUE { V( MAG_Midl50, MAGI51 ) }
1313 E_ ABM 2ndAP MAGI151 ( v_ApB151 0 ) VALUE { V( MAG_ Midl51,MAG152 ) }
1314 E_ABM_2ndAP_MAG152 ( v_ApB152 0 ) VALUE { V( MAG_Midl52,MAGI53 ) }
1515 E_ABM_2ndAP_MAG153 ( v_ApB153 0 ) VALUE { V( MAG_Midl53,MAG154 ) }
1516 E_ABM_2ndAP_MAGI54 ( v_ApB154 0 ) VALUE { V( MAG_Midl54, MAG154 Out )

1317 *
1318 % Solver Options
1319 .OPTION

1320 RELTOL=0.01
1321 VNTOL=1.0E—6
1322 ABSTOL=1.0E—10
CHGTOL=1.0E—14
GMIN=1.0E—10
ITL1=400
ITL2=20
ITL4=400
TNOM=27.0

1323
1324
1325
1326
1327
1328

1329

R e e

1330 Autoconverge Options
1331 . AUTOCONVERGE

1332 + RELTOL=0.05

1333 + VNTOL=0.001

1334 + ABSTOL=1.0E-5

1335 + ITL1=1000

1336 + ITL2=1000

1337 + ITL4=1000
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1338
1339
1340
1341
1342
1343
1344
1345
1346

16

b=

SIS

NN NNN
b B N

]

wt

Section

*
* Transient Options
*
%

AC Options
.AC DEC 10000 0.1 10kHz

.PROBE

.END
Listing A.6: Pspice code for RB

* PSPICE RB MB-MBGnd components library
% 2015/09/17 CERN
* Lorenzo Bortot

*Subcircuit: RB_MBDipole — Simulink Schematics Available
.subckt RB_MB Dipole 1 pIn 1 pMid 1 pOut 1 pGND

+ PARAMS:

+ r1=10 r2=10

+ rGndl1=11e06 rGnd2=11e06 rGnd3=11e06 rGnd4=11e06

.param 1 mag = 98e-3
*.param 1 mag = 100e-3

.param c¢_mag_gnd = 300e—9
.param k = 0.75

: *Inner Busbar

vl bbIn PH (1 pIn 100) O

*Inductors

11 (100 101) {(1—k)=*l mag/2}
12 (101 102) {(k)+l_mag/2}
13 (102 103) {(1—k)l_mag/2}
14 (103 104) {(k)*] mag/2}

*Resistors associated to Joule losses in the apertures
rl (101 102) {r1}
r2 (103 104) {r2}

*Midport for picking up voltage across each aperture
vl bbMid PH (102 1 pMid) 0

*Resistor in parallel
rp (100 104) 100

7 *Protecting diode

x_diodel (100 104) RB_MB_DiodeFwdBypass 6V

*Resistors to GND

rGnd1l (100 1 pGND) {rGndl}

rGnd2 3 (102 1 pGND) {rGnd2*rGnd3/(rGnd24+rGnd3)}
rGnd4 (104 1 pGND) {rGnd4}

x*Capacitors to GND

i cl (100 1 pGND) {c mag gnd/4}
c2 3 (102 1 pGND) {c_mag gnd/2}
¢4 (104 1 pGND) {c_mag gnd/4}

*Quter Busbar
vl bbOut PH (104 1 pOut) O
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Appendix A. Sample of Matlab and Pspice code

.ends

.subckt RB_MB Dipole 3capmod 1 pIn 1 pMid 1 pOut 1 pGND

+ PARAMS:
+ r1=10 r2=10
+ rGndl=11e06 rGnd2=11e06 rGnd3=11e06 rGnd4=11e06

*2xL_measured

*.param | mag = 0.0776
*.param 1 mag = 93.7650e—3
.param 1 mag = 93.7650e—3
xk A

.param ¢ _mag gnd = 300e—9
.param c_p = 3.5846e—07

.param k = 0.75
*R=7.4503

*extra

*.param 1 _p = 0.4195
*.param r_xtra = 1.1887

*Inner Busbar
vl bbIn PH (1 pIn 100) O

*Inductors

11 (100 101) {(1—k)+l_mag/2}
12 (101 102) {(k)=*l mag/2}
13 (102 103) {(1—-k)=*l mag/2}
14 (103 104) {(k)=*l mag/2}

*Resistors associated to Joule losses in the apertures

rl (101 102) {r1}
r2 (103 104) {r2}

*Midport for picking up voltage across each aperture

vl_bbMid PH (102 1_pMid) 0

*Resistor in parallel
rp (100 104) 100

*Parallel components
x15 (100 105) {1 p}
xrp2 (105 104) {r_ xtra}

*Protecting diode
x diodel (100 104) RB_MB DiodeFwdBypass 6V

*Resistors to GND

rGnd1l (100 1 _pGND) {rGndl}

rGnd2 3 (102 1 pGND) {rGnd2xrGnd3/(rGnd24+rGnd3)}
rGnd4 (104 1 pGND) {rGnd4}

*3 cap

c2 (101 1 pGND) {c_mag gnd/3}
c2 3 (102 1 pGND) {c_mag gnd/3}
c3 (103 1 pGND) {c_mag gnd/3}

*Outer Busbar
vl _bbOut_PH (104 1_pOut) 0
.ends
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16

5 ¢8

Section

*Subcircuit: RB_MBDipole distributed capacitance — Simulink Schematics

Available
.subckt RB_MB_ Dipole_7cap 1 pIln 1_pMid 1 pOut 1_pGND
+ PARAMS:
+ r1=10 r2=10
+ rGndl1=11e06 rGnd2=11e06 rGnd3=11e06 rGnd4=11e06

*2xL_measured

.param 1 mag = 93.7650e—3
xk A

.param c¢_mag_gnd = 300e—9
.param k = 0.75

*Inner Busbar
vl bbIn PH (1 _pIn 100) O

*Inductors

11 (100 101) {(1—k)*]_mag/4}
12 (101 102) {(1—k)+1_mag/4}
13 (102 103) {(k)*l_mag/4}
14 (103 104) {(k)=*l mag/4}
15 (104 105) {(1—k)=*]l mag/4}
16 (105 106) {(1—k)=*l mag/4}
17 (106 107) {(k)=*l mag/4}
18 (107 108) {(k)l_mag/4}

*Resistors associated to Joule losses in the apertures
rl (102 103) {r1/2}

r2 (103 104) {r1/2}
r3 (106 107) {r2/2}
rd4 (107 108) {r2/2}

*Midport for picking up voltage across each aperture
vl bbMid PH (104 1 pMid) O

*Resistor in parallel
rp (100 108) 100

*Protecting diode
x_diodel (100 108) RB_MB_DiodeFwdBypass 6V

*Resistors to GND
rGnd1l (100 1 _pGND) {rGndl}

s rGnd2 3 (104 1 pGND) {rGnd2xrGnd3/(rGnd2+rGnd3)}

rGnd4 (108 1 pGND) {rGnd4}

*Capacitors to GND
@2 (101 1 pGND) {c mag gnd/8}

c3 (102 1 pGND) {c_mag gnd/8}

c4 (103 1 pGND) {c_mag gnd/8}

ch (104 1 pGND) {c_mag gnd/4}

c6 (105 1 pGND) {c_mag gnd/8}

c7 (106 1 pGND) {c_mag gnd/8}
(

107 1 pGND) {c_mag gnd/8}
*Quter Busbar

vl bbOut PH (108 1 pOut) 0
.ends
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Appendix A. Sample of Matlab and Pspice code

2 .subckt RB_MB Dipole9cap 1 pIn 1 pMid 1 pOut 1 pGND
3 + PARAMS:

I 4+ r1=10 r2=10

5 + rGndl=11e06 rGnd2=11e06 rGnd3=11e06 rGnd4=11e06

7 *2xL_measured

s .param |1 mag = 93.7650e—3
9

10 xk A

11 .param c_mag gnd = 300e—9

12 .param k = 0.75

13

14

15

16 *extra

17 .param lpar = 0.1e—6

19 xInner Busbar
20 vl _bbIn PH (1 _pIn 99) 0

*Inductors

N

NN

3 100 (99 100 ar}
21 11 (100 101 k)l mag/4}
25 12 (101 102 k)*l mag/4}
26 13 (102 103
2

N

)*l mag/4}
k)l mag/4}

p
=
=
k)*l mag/4}
k
=
1-k)*l mag/4}

NN
[

16 (105 106
30 17 (106 107 k)*l mag/4}
31 18 (107 108 k)*] mag/4}
32 19 (108 109) {lpar}

)
( )
( )
( )
14 (103 104)
15 (104 105)
( )
( )
( )

34 xResistors associated to Joule losses in the apertures

55 rl1 (102 103) {r1/2}
36 r2 (103 104) {r1/2}
37 r3 (106 107) {r2/2}
ss rd4 (107 108) {r2/2}

A

*Midport for picking up voltage across each aperture
11 vl_bbMid PH (104 1 pMid) O

13 *Resistor in parallel
44 rp (99 109) 100

16 *Protecting diode
17 x_diodel (99 109) RB_MB_DiodeFwdBypass 6V

19 xResistors to GND

50 rGndl (100 1 pGND) {rGndl}

51 tGnd2 3 (104 1 pGND) {rGnd2#rGnd3/(rGnd2+rGnd3)}
52 rGnd4 (108 1 pGND) {rGnd4}

*Capacitors to GND

63 ¢8

56 ¢l (100 1 _pGND) {c_mag gnd/10}
57 €2 (101 1 pGND) {c_mag gnd/10}
58 ¢3 (102 1 _pGND) {c_mag gnd/10}
59 c4 (103 1 pGND) {c_mag gnd/10}
60 ¢5 (104 1 pGND) {c_mag gnd/5}
61 c6 (105 1 pGND) {c mag gnd/10}
62 c7 (106 1 pGND) {c_mag gnd/10}
(

107 1 pGND) {c_mag gnd/10}
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Section

64 c9 (108 1 pGND) {c_mag gnd/10}
65

66

67 *Outer Busbar

6s vl _bbOut PH (109 1 pOut) 0

69 .ends
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PSO FITS
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Appendix B. PSO fits
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Figure B.3: PSO fit of parameters for Magnet 2
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Appendix B.

PSO fits
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Figure B.6: TV E? for PSO fit of Magnet 51

PSO and measurement fit (dipole) Magnet 138

102: T T —— ] —
© Measurement
ameter

10" E
100¢ E
-1 L L L L oo | L L L L oo | n n n n P
10

10° 10’ 10? 10°

flHz]
807(1(160000000000000 B
%o
Oooooo
Oco
60 - b B!
°°°°C!raooooo-_-,»“,o°
%00,
40 - °o°° b
Ooo
Ly 04
20 © Measurement °
Parameter
0 L L n n oo | n n N
10° 10’ 10? 10°

fHz]

Figure B.7: PSO fit of parameters for Magnet 138
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Figure B.9: PSO fit of parameters for Magnet 154
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Appendix B. PSO fits
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Figure B.11: PSO fit of parameters for Series 3000
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Appendix B. PSO fits
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APPENDIX C

MEISSNER REGION

To evaluate the current range for operating in the Meissner phase for a Type II superconduc-
tor it is essential to know the lower critical field Unfortunately, this data has not been
possible to obtain for According to Mangin, the critical field for an niobium wire is
0.18 [T]. [36, p. 113] Subsequently, it has been assumes that takes a similar value of
The lower critical field at 1.9 [K] can be estimated utiziling

(0) - <1 _ @3)2) 7 T (C1)

which produces the value [Be1f(1.9 [K]) = 0.1723 [T]. Moreover, one assumes a linear relation
between magnetic flux density and current. This implies that the Meissner phase follows up
to 223.5 [A], and that the field at 1 [A] is evaluated to be

B.1{7T) = Be

=

B(1[A]) = 7.7089 - 10~ *. T (C.2)

One can safely conclude that the frequency transfer measurements of the [MB| impedance
have been performed in the Meissner phase.

137






APPENDIX D

DISTRIBUTED CAPACITANCE MODELS

CBI CBI C/a AIi

Figure D.1: Distributed capacitance model with 3 capacitances as implemented in Pspice
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Figure D.2: Distributed capacitance model with 7 capacitances as implemented in Pspice
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Appendix D. Distributed capacitance models
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Figure D.3: Distributed capacitance model with 9 capacitances as implemented in Pspice
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APPENDIX E

ELEMENT QUALITY BY MESHING LEVEL
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Figure E.1: Element quality extreme fine mesh
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Appendix E. Element quality by meshing level
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Figure E.2: Element quality fine mesh
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Figure E.3: Element quality coarse mesh
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Appendix E. Element quality by meshing level
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Figure E.5: Element quality manually coarse mesh
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