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RESUMEN DEL PROYECTO

1. INTRODUCCION

Este proyecto consiste en un sistema de bobina rotatoria que sera usado para medir el campo
magnético de PMQs (Cuadrupolo de Iman Permanente).

La idea general de la maquina es una mesa rotatoria que sostiene una bobina plana impresa en
un PCB (Placa de Circuito Impreso) en posicion vertical (Figura 1). La bobina estard colocada
en el centro del PMQ, y tan pronto como esta empiece a girar, la variacion del flujo magnético
inducira una tension en la bobina rotatoria.

El PCB contiene dos bobinas independientes y opuestas. Las sefiales de tension inducidas en
cada bobina seran amplificadas directamente a través de un circuito en el PCB. Cuando las
sefiales de estas dos bobinas se sumen, los términos de los harmonicos dipolares y
cuadrupolares se anularan. Esta sefial compensada también serd amplificada a través de un
circuito en el PCB y se obtendra como una sefial independiente con el sistema de adquisicion
de datos.

Rotation
Stage

Bedplate

Figura 1: Partes principals del Sistema de bobina rotatoria

El gradiente integrado, error de los ejes y el roll seran calculados a partir de la sefial de una de
las dos bobinas independientes, mientras que el contenido harmoénico seré calculado a partir
de la sefial compensada.

Después de ser procesadas por medio de un andlisis de Fourier, la sefial de tension sera
utilizada, junto con la posicion angular de la mesa rotatoria, para calcular los harmoénicos del
campo magnético del PMQ.

La memoria de este proyecto esta estructurada de la siguiente forma: primero, se introducira
el concepto de PMQ. A continuacion, se explicara el proyecto LINAC 4 del CERN, y como



estos PMQs se utilizaran en él. Después, se realizara un estudio sobre las tecnologias existentes
para la medida de PMQs, ademas de la motivacion para llevar a cabo este proyecto.

A continuacion, se explicara con detalle el desarrollo completo de la maquina, que incluira:
disefio inicial de la maquina, disefio de la bobina, circuito de amplificacion y filtrado, encargo
del PCB y soldadura de componentes, prototipado rapido con LEGO EV3, configuracién de
la mesa rotatoria y del sistema de adquisicion de datos, disefio de la bancada y ensamblaje, y
finalmnte, procesamiento de datos, calibracion, pruebas y resultados.

La idea general de un PMQ (Cuadrupolo de Iman Permanente) (Figura 2) es un tipo de
disposicion de imanes en el que estos estan colocados de tal forma que, cuando mirando a
expansion planar del campo magnético, los términos significativos mas bajos de las
ecuaciones de campo son cuadrupolares, ya que los términos dipolares se cancelan.

Figura 2: Vista superior de un PMQ

2. ESTADO DEL ARTE Y MOTIVACION DEL PROYECTO

Con respecto a la tecnologia existente para la medida de PMQs, la sonda Hall es la alternativa
mas comun al sistema de bobina rotatoria. Es ademas la tecnologia que Elytt Energy utilizaba
para la medida de PMQs hasta que este sistema de bobina rotatoria fue desarrollado.

La sonda Hall caracteriza el campo magnético a partir de la medida de tension a través del
cristal de la sonda Hall, esta tension esta provocada por el efecto Hall. (Figura 3)

Magnet

Lines of
Force |

|| Directional
| Magnetic
1! Field (H)

Constant

Current Flow Hal

+ | Voltage

P-type
Semiconducto
Hall Element

*hoL -~
)

DC Supply

Figura 3: Medida del efecto Hall por medio de sonda Hall [F3]

La sonda Hall, junto con un sistema de desplazamiento controlado por ordenador, proporciona
un detallado mapa del campo del iman. Sin embargo, la principal desventaja de usar la sonda



Hall para medir PMQs es el largo tiempo requerido, que estd comprendido entre 30 y 60
minutos para medir un tnico PMQ, sin ser capaz si quiera de extraer los harmoénicos.

En conclusion, la principal razon por la que este proyecto se ha llevado a cabo es tener un
sistema de medida rapido y preciso que permita identificar los harmonicos del campo de un

PMQ, ya que la sonda Hall es muy lenta en comparacion y no permite medir los harmonicos.

3. DESARROLLO DEL SISTEMA

En el proceso de disefar el sistema podemos distinguir varias fases, que seran explicadas
detalladamente en los apartados a continuacion:

3.1. Disefio de la bobina plana

La “antena” del sistema estd formada por dos bobinas planas, una interior y otra exterior,
impresas en las cuatro capas de un PCB (Figura 4). La funcion de usar dos bobinas es medir
la tension individual inducida en cada bobina para obtener el harmonico principal del
cuadrupolo (harmonico de segundo orden). Adicionalmente, para obtener los harménicos de
orden superior, se medira la tension total de las dos bobinas conectadas en anti-serie, que
corresponde a la tension resultante de la resta de las tensiones inducidas en cada bobina).
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Figura 4: Capa de la bobina interior (Coil 1) y bobina exterior (Coil 2)

3.2. Disefio del circuito de amplificacion vy filtrado

Se necesitara utilizar un circuito de amplificacion y filtrado antes de procesar la medida de la
sefal de tension. El circuito estara formado por cuatro etapas: las dos primeras etapas (47 y
A2) seran filtros paso bajo idénticos aplicados directamente a las sefiales de tension medidas
individualmente de la bobina interior (Coil 1) y exterior (Coil 2), la tercera etapa (43) y la
cuarta etapa (A44) seran aplicadas a la senal de tensiéon compensada de las dos bobinas en anti-
serie. Se deberd determinar la frecuencia de corte y ganancia estatica para las cuatro etapas.
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Figura 5: Diagrama de Bode de A1y A:> (izquierda) y diagrama de Bode de A3 x A4 (derecha)
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3.3. Disefio del PCB vy soldadura de componentes

El siguiente paso fue disefiar el PCB (Placa de Circuito Impreso) por medio de una herramienta
informatica llamada KiCad. Una vez disefiado, se realizdé el pedido del PCB y de los
componentes. A continuacion, los componentes fueron soldados en el PCB.

Figura 6: Vista general del diseiio de PCB en KiCad

3.4. Prototipado rapido con LEGO EV3

Antes de continuar y comprar la mesa rotatoria, el sistema de adquisicion de datos, fabricar
las piezas y ensamblar la estructura completa, que supone un gran coste, se decidié montar un
prototipo del sistema de bobina rotatoria usando piezas de LEGO (Figura 7) y realizar algunos
experimentos midiendo sefiales de tension. Se utilizé un servomotor LEGO EV3.

Figura 7: Prototipo del sistema con LEGO EV3

3.5. Configuracion de la mesa rotatoria y del sistema de adquisicidén de datos:

Una vez puesto a prueba el prototipo, el siguiente paso fue configurar la mesa rotatoria, el
controlador de movimiento, y el encoder. Se utilizé una mesa rotatoria Newport RGV100-BLS,
y un controlador de movimiento Newport XPS-RL.

3.6. Disefio de la bancada

Disefiar una buena bancada (Figura 1) es crucial para la calidad del sistema de medida. Es
imprescindible tener una estructura rigida y estable para minimizar el ruido en las senales
medidas y para garantizar que el movimiento de la mesa rotatoria no causara vibraciones en
la estructura que afecten a las mediciones.

3.7. Procesamiento de datos

Una vez recopiladas las medidas de la tension inducida e, la velocidad angular @y la posicion
angular 6, se calcularan por medio de analisis de Fourier los coeficientes a,, bs, cs, y €l 1G
(Gradiente Integrado). Todos estos calculos se realizaran utilizando Matlab.



4. PRUEBAS, RESULTADOS, Y CALIBRACION

Se hicieron muchas pruebas con el fin de asegurar el minimo error a la hora de realizar las
medidas. La calibracion del sistema de bobina rotatoria se realizé midiendo 15 PMQs con
este nuevo sistema y comparando las medidas con las anteriores realizadas con sonda Hall.

Una vez calibrado el sistema, la maxima diferencia en el IG (Gradiente Integrado) entre las

medidas por bobina rotatoria y por sonda Hall fue inferior al 0.15% (Figura §), para cada
uno de los 15 PMQs, cumpliendo satisfactoriamente los requisitos.

Figura 8: Calibracion del IG
En cuanto a los errores en los ejes x e y, la Figura 9 muestra la correlacion entre las medidas
por bobina rotatoria y por sonda Hall. Se puede apreciar una mayor dispersion en las medidas

realizadas por bobina rotatoria, que es significativamente mayor en la direccion horizontal x.
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Figura 9: Calibracion del eje X (izquierda) y calibracion del eje Y (derecha)

Con respecto al roll, los resultados de las medidas por bobina rotatoria concuerdan bastante
en el roll con las medidas por sonda Hall.

5. CONCLUSION

El funcionamiento de este sistema de medida de PMQs por bobina rotatoria cumple con todos
los requisitos y objetivos, haciendo posible identificar los harmoénicos del campo de un PMQ
en menos de un minuto.

6. REFERENCIAS

[F3]  https://www.electronics-tutorials.ws/electromagnetism/hall-effect.html



ROTATING COIL SYSTEM FOR MEASURING PMQS
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ABSTRACT

1. INTRODUCTION

This project is a rotating coil system which will be used for measuring the magnetic field of
Permanent Magnet Quadrupoles (PMQs).

The general idea of the machine is a rotation stage which holds a flat coil printed on a PCB
(printed circuit board) in a vertical position (Figure 1). The coil is placed in the center of the
PMQ, and as soon as the coil starts turning, the variation of magnetic flux will induce a voltage
in the rotating coil.

The PCB has two independent opposite coils. The voltage signals induced in each coil are pre-
amplified directly in the PCB. When the signals of these two coils are added, the dipolar and
quadrupolar harmonic terms cancel out. This compensated signal is also amplified in the PCB
circuit and is obtained as an independent signal with the data acquisition device.

Rotation
Stage

Bedplate

Figure 1: Main parts of the rotating coil system

The integrated gradient, axis error and roll can be obtained from the signal of one of the coils.
The harmonic content can be obtained from the compensated signal.

After being processed with Fourier analysis, the signal will be used, together with the angle
position of the rotation stage, to calculate the harmonics of the PMQ’s magnetic field.

The memory for this project is structured in the following way: firstly, the concept of PMQ
will be introduced (magnetic field and flux description, equations derivation and specific
applications). Then, CERN’s project LINAC 4 will be explained, as well as how these PMQs
will be used in it. After that, a research on the already existing technologies for measuring
PMQs will be illustrated, along with the motivation for carrying out this project.



Consecutively, the development of the entire machine will be explained in detail, this involves:
initial design of the machine, coil design, filtering and amplification circuit, ordering the PCB
and component soldering, LEGO EV3 rapid prototyping, rotation stage configuration and data
acquisition, design of the bedplate and assembly, and finally, data processing, calibration,
tests, and results.

Finally, some concluding remarks will be presented in the last section of the memory.

The general idea of a PMQ (Permanent Magnet Quadrupole) (Figure 2) is a type of magnet
layout in which the magnets are placed in such way that, when looking at the planar expansion
of the magnetic field, the lowest significant terms of the field equations are quadrupole, since
the dipole terms cancel out.

Figure 1:Top view of a PMQ

2. STATE OF THE ART AND PROJECT MOTIVATION

Regarding already existing technologies, the Hall probe is the most commonly used alternative
to the rotating coil system for measuring PMQs. It is also the technology that Elytt Energy
used for measuring PMQs until this rotating coil system was developed.

The Hall probe measures the magnetic field by measuring the voltage across the crystal in the
Hall probe, this voltage is caused by the Hall effect (Figure 3).
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Figure 3: Measuring the Hall effect voltage with a Hall sensor [F3]

The Hall probe, combined with a computer-controlled displacement system, provides a
detailed field map of the magnet. However, the main drawback of using the Hall probe to
measure PMQs is the long time required, taking from 30 to 60 minutes to measure a single
PMQ, not being able to analyze all harmonics. Whereas this rotating coil system only takes 1
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minute to measure each PMQ, making it possible to save an enormous amount of time and
fully analyze field harmonics.

In conclusion, the main reason for carrying out this project is to have a fast, accurate system
that can identify all field harmonics of a PMQ, given that the Hall probe is comparatively
slow and does not allow to measure field harmonics.

3. DEVELOPMENT OF THE SYSTEM

In the process of designing the system different phases can be distinguished, which are
explained with detail in the following sections:

3.1. Flat coil design

The “antenna” of the system is formed by two flat coils, an internal coil and an external coil,
printed in four layers of a PCB (Figure 4). The purpose of using two coils is to measure the
individual voltage induced in each coil to acquire the main harmonic of the quadrupole (the
second order harmonic). Additionally, in order to acquire the higher order harmonics, the
overall voltage of both coils connected in anti-series is measured (the resulting subtraction of
the voltages induced in each coil).

Coil 2 Coil 1

£ 3
— =
—
[

=

Figure 4: A layer of Coil 1 and Coil 2

3.2. Design of the filter and amplifier circuit

The use of an amplifier and filter circuit is required before processing the measured voltage
signal. The circuit is formed by four stages: the first two stages (4; and A») are two identical
low pass filters applied directly to the voltage signals measured individually from Coil I and
Coil 2, stage 3 (A3) and stage 4 (44) are applied to the compensated anti-series voltage
signal. For all four stages a cutoff frequency and a static gain is determined.

Bode Diagram Bode Diagram

Magnitude (dB)
Magnitude (dB)

Phase (deg)
Phase (deg)

‘ ) 10"
Frequency (rad/s} Frequency f{rad/s)

Figure 5: Bode plot of stages A; and A:> (left) and Bode plot of stage Az x A4 (right)
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3.3. PCB design and component soldering

The next step was to design the PCB (Printed Circuit Board) and do the layout using a CAD
tool called KiCad. Once it had been designed, the PCB and components were ordered. Then,
the components were soldered onto the PCB.

Figure 6. Overall view of the PCB KiCad design

3.4. Rapid prototyping with LEGO EV3

Before proceeding to buy the rotation stage, the data acquisition, manufacture and assemble
the entire structure, given the very high price, a decision was made concluding that it would
be best to do a LEGO prototype of the rotating coil system (Figure 7) and run some
experiments by measuring voltage signals. A LEGO EV3 servomotor was used.

Figure 7: Prototype of the system with LEGO EV3

3.5. Rotation stage and data acquisition setup:

Once the prototype had been tested, the next step was to set up the rotation stage, the motion
controller and encoder. A Newport RGV100-BLS rotation stage was used, and a Newport XPS-
RL motion controller.

3.6. Bedplate design

Designing a good bedplate (Figure 1) was crucial for the quality of the measuring system. A
highly stiff and stable structure is desired in order to minimize the noise in the measured
signals and to assure that the motion of the rotation stage will not cause undesired vibrations
in the structure and will not affect the measurements.

3.7. Data processing

After gathering the measurements of the induced voltage &, the rotating speed @ and the angle
0, coefficients a,, by, cn, and 1G (Integrated Gradient) are calculated through Fourier analysis.
All of these calculations are made using Matlab.

-4-



4. TESTS, RESULTS. AND CALIBRATION

Many tests and experiments needed to be done to ensure the minimum error when measuring.
Calibration of the rotating coil system was made by measuring 15 PMQs with this new system
and comparing the measurements with the previous Hall probe measurements.

Once the rotating coil system was calibrated, the maximum difference in IG (Integrated
Gradient) between the rotating coil measurements and Hall probe measurements was
successfully less than 0.15%, for all 15 PMQs (Figure 8).

Figure 8: IG calibration

Regarding the x and y axis errors, Figure 9 shows that the rotating coil measurements are
correlated to the Hall probe measurements, although the results obtained using the rotating
coil have a larger dispersion, which is significantly higher in the horizontal direction x.
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Figure 9: X axis calibration (left) and Y axis calibration (right)

Finally, regarding the roll, the results of the rotating coil measurements show a good roll
agreement with the Hall probe measurements.

5. CONCLUSION

The operation of this rotating coil system for measuring PMQs has successfully met all of the
requirements and accomplished the main objectives. And made it possible to identify the field
harmonics of a PMQ in less than one minute.

6. REFERENCES

[F3] https://www.electronics-tutorials.ws/electromagnetism/hall-effect.html
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1.INTRODUCTION

This project is a rotating coil system which will be used for measuring the magnetic

field of Permanent Magnet Quadrupoles (PMQs).

The general idea of the machine is a rotation stage which holds a flat coil printed
on a PCB (printed circuit board) in a vertical position (Figure 1). The coil is placed
in the center of the PMQ, and as soon as the coil starts turning, the variation of
magnetic flux will induce a voltage in the rotating coil.

The PCB has two independent opposite coils. The voltage signals induced in each
coil are pre-amplified directly in the PCB. When the signals of these two coils are
added, the dipolar and quadrupolar harmonic terms cancel out. This compensated
signal is also amplified in the PCB circuit and is obtained as an independent signal

with the data acquisition device.

The integrated gradient, axis error and roll can be obtained from the signal of one

of the coils. The harmonic content can be obtained from the compensated signal.

After being processed with Fourier analysis, the signal will be used, together with
the angle position of the rotation stage, to calculate the harmonics of the PMQ’s

magnetic field.
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Rotation
Stage
Bedplate

Figure 1: Main parts of the rotating coil system

This memory is structured in the following way: firstly, the concept of PMQ will
be introduced (magnetic field and flux description, equations derivation and
specific applications). Then, CERN’s project LINAC 4 will be explained, as well
as how these PMQs will be used 1n it. After that, a research on the already existing
technologies for measuring PMQs will be illustrated, along with the motivation for

carrying out this project.

Consecutively, the development of the entire machine will be explained in detail,
this involves: initial design of the machine, coil design, filtering and amplification
circuit, ordering the PCB and component soldering, LEGO EV3 rapid prototyping,
rotation stage configuration and data acquisition, design of the bedplate and

assembly, and finally, data processing, calibration, tests, and results.

Finally, some concluding remarks will be presented in the last section of this

memory.
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1.1. PERMANENT MAGNET QUADRUPOLES

1.1.1. INTRODUCTION TO PMQS

A PMQ (Permanent Magnet Quadrupole) is a type of magnet layout in which the
magnets are placed in such way that, when looking at the planar expansion of the
magnetic field, the lowest significant terms of the field equations are quadrupole,

since the dipole terms cancel out. [WIKIO1]

Figure 2:Top view of a PMQ

PMQs are widely used to focus beams of charged particles in particle accelerators,
given the rapid growth of its magnetic field’s magnitude with the radial distance

from the central axis.

1.1.2. MAGNETIC FIELD OF A QUADRUPOLE

In order to illustrate the magnetic field of a quadrupole, an electromagnetic

quadrupole will be used as shown in the figure bellow.
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Figure 3: Cross-section of a quadrupole magnet [F3]

Given the polarity in the figure above, the horizontal component of the Lorentz
force applied to a positively charged particle, moving into the plane of the drawing,
will be directed towards the axis, whereas the vertical component will be directed
away from it. Hence, the magnet shown will focus along the horizontal direction,
and will defocus along the vertical direction. In case the direction of motion of the
particle, the particle’s charge, or the current direction were to be reversed, the exact

opposite phenomenon will take place [TURNY4].
The magnetic field is linear as it deviates from the axis:
B, =—gx, B, =—gz (1.1)
In the air space of the magnet the Maxwell equation applies:
VXB=0 (1.2)
The field can be expressed as the gradient of a potential:
B=-VV, s.tV(x,z) = gxz (1.3)

In a quadrupole, equipotential lines have the shape of hyperbolas such that

xz=constant, being the field lines perpendicular to these hyperbolas [TURN94].
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Figure 4: Magnetic field lines of an ideal quadrupole [F4]

1.1.3. LORENTZ FORCES

The following theorem relates the gradient g and the current / that flows through

the coils [TURN94]:
$H-ds=nl (1.4)
Given the following path of integration:

Z

path of integration

pole @ | coil n-l

ok L1 | x
\e\ (@]

Figure 5: Path of integration used to relate g and I [F5]

Using equation (7.4) and the path of integration in Figure 5:

nI=56H-ds=fORH(r)dr+f12HE-ds+f20H-ds (1.5)
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In equation (1.5), the second integral is very small for x- > 1, and since H is
perpendicular to ds, the third integral also disappears, leaving the first integral as

the only path H(r) = gr/ .. This leaves us with the following:

1 R
n1=#—Jgrdr r=+x%+2z2
o Jo

2uonl
g="2 (1.6)

The next step is to relate the field strength to its optical effect. In order to do this,
the field gradient g must be normalized to the particle momentum p by using
equation (1.7), in which e denotes the particle charge. This way the quadrupole
strength is defined:

kim™2] =22 (1.7)

The focal length f of the quadrupole is given by the following equation (7.8), with
[ being the length of the quadrupole.

=k-f (1.8)
The horizontal and vertical Lorentz forces result:

E, = evB,(x,z) = —evgx

E, = —evB,(x,z) = evgz (1.9)

Equation (1.9) reflects that both vertical and horizontal components of the Lorentz
force are independent. The vertical Lorentz force component only depends on the
vertical position, whereas the horizontal Lorentz force component only depends on

the horizontal position [TURN94].
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1.1.4. GENERAL MULTIPOLE EXPANSION

Firstly, note that what had been called coordinate z in sections /./.2 and /.1.3 will
now be called coordinate y, in order to keep the conventional notation z = x + yi for

complex numbers [TURN94].

Modern accelerator magnets usually have a much larger length than their bore
radius. It is a fair approximation to ignore the end field contribution and take into

account only transverse components.

The theory of analytic functions can be applied for two-dimensional fields such

that:
divB =10
Then a vector potential A exists such that:
B=rotA (1.10)

Since only the transverse components of the field are considered, as explained
before, the vector potential only has a component 4, in the longitudinal direction s.
Additionally, in vacuum, as present in the inside of a particle accelerator beam pipe,

the following equation applies:
rotB =10

This way B can also be expressed as the gradient of a scalar potential V-

B=-gradV (1.11)
Combining (7.10) and (1.11):
— _v_ 94 _ v _ %4
By = ax 9y Yooy ox (1.12)

Equations (7.12) are the Cauchy-Riemann conditions for the real and imaginary

part of an analytic function.
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Next, a complex potential function 4 of the form z = x + iy is defined:

A(z) = As(x,y) +iV(x,y) (1.13)

In conclusion, the complex potential is an analytic function and so it can be

expanded as the following series
A(z) = Yin=o knz" kn = An +ipy (1.14)

in which 4,, and u,, are real constants [TURN94].

1.1.5. CYLINDRICAL COORDINATES REPRESENTATION

In the following chapters of this report, a large majority of the equations will be

expressed in cylindrical coordinates (7, ¢, s) for practical purposes [TURN94].
x=rcosp y=rsing z'=r"-e™ =r"(cosng +isinng) (1.15)

y=Im(2) g B

x=Re(z)

center axis
of magnet

Figure 6: Cylindrical coordinate system used for multipole expansion [F6]

The scalar potential V is given by:

V(r,¢) =Yn—o(u,cosne + A, sinng) r* (1.16)

The longitudinal component A4, of the vector potential is given by:

Ag(r,p) = Yo o(A, cosng — u, sinng) r" (1.17)
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The gradient of -V(7, ¢) leads to the multipole expansion of the radial and azimuthal

field components:

B, =~ = — 3%, nuy cosng + Aysinng) "t (LIS)
10V ) i -
By =~ = 3% n(A, cosng — iy sinng) "t (1.19)

Bain 1s now defined as the magnitude of the main field component of the magnet.
Additionally, a reference radius 7, is defined for the multipole expansion.
In the following equations the normal multipole coefficients b, and the skew

coefficients a, are introduced:

ni _ n —
b, = — -1 a, = +—En_pn-1 (1.20)
Bmain

The multiple expansions result in the following expressions:

V(,9) = ~BmaiT Bia(— Zcosng +2sinng) (£)° (1.21)
7,9) = =BiainTo Zn=1(= 77 cosng + “Esinng) (- .
w (bn n n
As(r: Qo) = —Bmain'o Zn:l(? cosng + %Sln n<p) (:_O) (1.22)
0 . ryn-1
B‘P (T‘, §0) = Bmain Zn:l(bn cosng + a, sm qu0) (E) (1-23)
o . ryn-1
Br(r; QD) = Bmain Zn:l(_an cosng + bn sin nga) (g) (1-24)

-10-
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In the equations shown above, V' denotes the scalar potential, 4; denotes the
longitudinal component of the vector potential, B, denotes the azimuthal
component of the magnetic field, and B, denotes the radial component of the
magnetic field.

Also note that b, and a, are set to zero since they do not contribute to the magnetic
field.

For all equations derived in this section, the value of » determines the 2n-pole. More
specifically, for an ideal 2n-pole magnet: b, = 1, being all other a,, b,=0.

The names given to magnets and their corresponding » values are:

n =1 Dipole

n =2 Quadrupole
n =23 Sextupole

n =4 Octupole

n =25 Decapole

n =06 Dodecapole

This means that for the particular case of a quadrupole, n = 2 in all equations.
Expressing the magnetic field B in a standard complex number form B, + iB,

[TURNY94]:
n-1
B, + iB, = Binain Xin=1 (i) [bn(cosng + isinng) — ia,(cosng + i sinng)] (1.25)

. © r\t1 . ing
By + By = Bpan 2er (5) (bn — iay)e (1.26)

Hence:

(1B = ( B2 + Bé) = Buain (2) V@ H DR (127)

n

-11-
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1.1.6. INTRODUCTION TO ACCELERATOR OPTICS

[TURNO94] In any accelerator, it is desired that all particles move along one specific
path, this path is called the design orbit (Figure 7). This design orbit may be curved
for various purposes, in which case bending forces are required to keep the particles
moving along the desired design orbit.

Of course, this is the ideal case, in reality most particles in the beam will always be
deviated from the design orbit to some degree. These deviations must be kept small
along the whole orbit, which could reach 10'° km in a storage ring. In order to
achieve this, focusing forces are required.

The way of accomplishing both bending and focusing forces is using

electromagnetic fields, given the definition of the Lorentz force:

F=e(E+vXB) (1.28)

Due to the large velocities v = ¢, only transverse magnetic fields are considered,
given that a moderately strong magnetic field of 1 Tesla would correspond to a very

strong electric field of 3x10% V/m.

A4
1+]
o
\\\ /,,
start = - Goal =

«Source ™ .target”

Figure 7: Guidance of particles along a curved design orbit [F7]

Depending on the magnitude of the focusing forces, a distinction can be made

between strong focusing and weak focusing.

-12-
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Weak focusing, also called geometrical focusing, is achieved by exposing the
particles to uniform magnetic fields that make them move in circular paths due to
the Lorentz force (1.28). This means that in a homogenous magnetic field all plane
orbits are circles, so particles diverging from one point will meet again after 180°

of revolution, as seen in Figure 8.

f trajectories m
* S

Figure 8: Geometrical focusing in a homogenous magnetic field [F8]

Nevertheless, deviations exist between these orbits. If the motion is stable, restoring
forces will arise for small deviations in the particles from the design orbit. These
restoring forces lead to oscillations around the design orbit, which are called
betatron oscillations.

However, there is one major drawback when applying weak focusing: the
circumference of the particle accelerator is smaller than the betatron oscillation
wavelength, which means that for a large circumference, large deviations from the

design orbit will take place.

Figure 9: Illustrating the circular shape of a particle accelerator [F9]

-13-
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Strong focusing 1s used in most modern particle accelerators. The purpose of strong
focusing is to make the particle beam converge by making the particles pass through
a series of alternating field gradients, as can be seen in Figure 10. This process is

also called alternating-gradient focusing.

B = Bending Dipole
QF = Focusing Quadrupole

{ QD = Defocusing Quadrupole
[ Y
5

Figure 10: Alternating gradient focusing [F10]

Figure 10 reveals an arrangement of quadrupole magnets that provides a net
focusing in both planes (strong focusing). Dipoles are used for keeping the particles
on the circular orbit. Alternating focusing quadrupoles and defocusing quadrupoles

ends up focusing in both planes [TURN94].

1.1.7. QUADRUPOLES IN PARTICLE ACCELERATORS

In this section an explanation on how quadrupoles contribute to strong focusing will
be given, a concept that was introduced in the previous section.

Figure 11 illustrates an electron exposed to a quadrupole magnetic field on the
positive y axis. According to the Lorentz force, the electron bends towards the z
axis (which represents the desired path or design orbit), resulting in a focusing

effect. [HOCK10]

-14-
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Figure 11: Focusing field in the y axis [F11]
On the other hand, when looking at the effect of this quadrupole’s field along the x

axis (Figure 12), the Lorentz force makes the electron move away from the desired

path (z axis), resulting in a defocusing effect.

i —
\

% field into page

X X X X
XX X X
X X X X

quadrupole field x
X * field out of page

Figure 12: Defocusing field in the x axis [F12]

In conclusion, this quadrupole is focusing along the y direction, and defocusing

along the x direction.

A new quadrupole is now placed separated from the previous one [HOCK10]. This
quadrupole’s magnetic field behaves the opposite to the first one, so it focuses the

electrons along the x axis, and defocuses along the y axis. If the magnitude of both

-15-
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quadrupole’s fields is the same, the total resulting effect on an electron will be

focusing, along both axes x and y (Figure 13).

X
X
X
.
L
.

O — =,

¢ X X

X X e o e
X)(X\ . e
X X X ® o0 —
e & & X X X
. s 0 XXY
> & b X X X
. » XKX

Figure 13: Net focusing effect of two equally strong but opposite quadrupoles [F13]

The names give to these two types of quadrupoles are: F' quadrupoles (which are
focusing along the x direction and defocusing along the y direction), and D
quadrupoles (which are focusing along the y direction and defocusing along the x

direction).

)))))»N»%S
=\

x coardinate

y coordinate
o ~N

|
~

Figure 14: Quadrupole field and Lorentz forces [F14]
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Figure 14 illustrates the effect of a quadrupole on a positively charged particle
moving into the image. Thus, this quadrupole is focusing in the y direction and

defocusing on the x direction and hence, a D quadrupole [WIKI01]

1.2. CERN: THE CLIENT

The European Organization for nuclear research, known as CERN, is the world’s

largest particle physics laboratory. Founded in 1954, it is located next to the Franco-
Swiss border, close to Geneva. [WIKI02]

CERN’s ultimate goal is to study the basic constituents of matter: fundamental
particles. To achieve this, subatomic particles are made to collide with each other
at high velocities close to the speed of light. By studying the interaction of these
subatomic colliding particles, much knowledge can be acquired about the

fundamental laws of the Universe. [CERNO1 ]

The main instruments used in CERN are particle accelerators and detectors. The
mission of particle accelerators is to boost beams of particles to high energies before
making them collide. Whereas the purpose of detectors is to record and analyze
collisions.

CERN Specifications | Family 1 | Family 2

Integrated Gradient, Max 3,6 Tesla 4,0 Tesla
Integrated Gradient, Min 2,0 Tesla 2,0 Tesla

Length 45 mm 80 mm
Inner diameter 22 mm 22mm
Outer diameter before &) i &1 o
final machining
Final outer diameter 60 mm 60 mm
Gradient integral error +0,5% +0,5%
(rms)
Magnetic versus

: : <0,1 mm <0,1 mm
geometric axis
Harmonic content at 7.5 :
mm radius: Bn/B2 for <0.01 <0.01
n=3,4,...
Yaw/pitch/roll: 1 mrad 1 mrad

Table 1: CERN specifications for Permanent Magnet Quadrupoles [T1]
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Permanent Magnet Quadrupoles (PMQs) are used in CERN’s particle accelerators

(specifications shown in Table 1) for strong focusing.

1.2.1. LINAC 4

LINAC 4 is a linear accelerator developed by CERN with the mission of boosting
negative hydrogen ions to high energies, and will become the source of proton
beams for the Large Hadron Collider (LHC). LINAC 4 is 86 meters long and it’s
located 12 meters below ground.

LINAC 4 accelerates negative hydrogen ions (H", formed by adding one additional
electron to a hydrogen atom) up to 160 MeV, this way it prepares the ions to enter
the Proton Synchrotron Booster, which is part of the LHC injection chain. The pulse
of these Negative hydrogen ions as they pass through the accelerator is as low as

400 microseconds at a time.

The linear accelerator is formed by cylindrical conductors. The hydrogen ions pass
through these conductors, which are alternately charged positive and negative (the
accelerator charges these conductors by using radiofrequency cavities). The ions
are accelerated when they get pushed by the conductors behind them and pulled by
the conductors ahead of them. [CERNO02]

Figure 15: Linear accelerator LINAC 4 [F15]
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The role played by quadrupole magnets (Elytt Energy’s manufactured PMQs) is to

ensure that the hydrogen ions remain in a tight beam at all times.

2.STATE OF THE ART AND PROJECT
MOTIVATION

2.1. STATE OF THE ART

Regarding already existing technologies, the Hall probe is the most commonly used
alternative to the rotating coil system for measuring PMQs. It is also the technology
that Elytt Energy used for measuring PMQs until this rotating coil system was

developed.

A Hall probe is formed by a semiconductor crystal used as a sensor, which is built
onto an aluminum plate. The probe is designed in such a way that the semiconductor
crystal is placed perpendicularly to the handle. All connections from the crystal to
the circuit go through the handle. This handle does not cause any disturbance on

the measurements and field, since it is made of a non-ferrous material. [ELECO1 ]

The Hall probe measures the magnetic field by measuring the voltage across the
crystal caused by the Hall effect. The Hall effect takes place when a conductor (the
crystal) passes through a homogenous magnetic field. In this scenario, a Lorentz
force is applied the charge carriers in the conductor, due to the natural electron drift
of these charge carriers. This Lorentz force results in a separation or charges, with
an accumulation of positive or negative charges on the top or the bottom of the

plate, resulting in what is known as Hall effect voltage. [HYPEO1]
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Figure 16: Measuring the Hall effect voltage with a Hall sensor [F16]

Going back to the Hall probe, the crystal is exposed to a magnet’s uniform field,
additionally, a current is made pass through the crystal. This results in a Hall effect
voltage across the crystal, which is proportional and leads to the magnetic field
strength. Whenever the field lines pass at a 90° angle through the sensor (crystal)

of the probe, the probe measures the value of the magnetic flux density (B).

Figure 17: Measurement of PMQ with Hall probe at Elytt Energy [F17]

The Hall probe, combined with a computer-controlled displacement system,
provides a detailed field map of the magnet. However, the main drawback of using
the Hall probe to measure PMQs is the long time required, taking from 30 to 60

minutes to measure a single PMQ, not being able to analyze all harmonics. Whereas
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this rotating coil system only takes 1 minute to measure each PMQ, making it

possible to save an enormous amount of time and fully analyze field harmonics.

D)1 |
Lo N °

CONO3

s PN Pos 1 F - —
4 Dis - [ T————————— —:
Pos 4 P.()S é\%/lpos 2 1 -

Figure 18: Hall probe bench for measuring PMQ at Elytt Energy [F18]

/.

2.2. MOTIVATION AND OBJECTIVES

The main reason for carrying out this project is to have a fast, accurate system that
can identify all field harmonics of a PMQ, given that the Hall probe is
comparatively slow and does not allow to measure field harmonics.

Elytt Energy designs and manufactures PMQ’s, therefore strict requirements
demanded by clients must be met. It is essential to provide the most

accurate information to clients, including the field harmonics. For measuring
these harmonics, an accurate rotating coil system is required. The objectives

pursued for this rotating coil system are the following:

- To save time and money by measuring our PMQs at Elytt Energy’s own
facilities with a rotating coil system, instead of having them measured
elsewhere. Having another company measure the PMQ’s field harmonics is both

slow and expensive.
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- To be able to fully map the field harmonics of a PMQ with the smallest

possible error.

- To be able to measure as many PMQs in the least possible amount of time:

the goal is 1 PMQ per minute.

- To increase Elytt Energy’s client’s trust by having an own rotating coil system

and not having to rely on another company.

- To make a completely embedded rotating coil system, so it can be easily

transported.

3.DEVELOPMENT OF THE SYSTEM

The main goal of this new machine was to fully measure the field harmonics of a

PMQ as fast as possible and with the maximum precision.

In the process of designing the system different phases can be distinguished, which

are explained with detail in the following sections.

3.1. FLAT COIL DESIGN

The “antenna” of the system is formed by two flat coils, an internal coil and an
external coil, printed in four layers of a PCB. The purpose of using two coils is to
measure the individual voltage induced in each coil to acquire the main harmonic
of the quadrupole (the second order harmonic). Additionally, in order to acquire the
higher order harmonics, the overall voltage of both coils connected in anti-series is

measured (the resulting subtraction of the voltages induced in each coil).
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It is convenient that the second order voltage harmonics are equal in both coils, so
that they cancel out when measuring the overall voltage of both coils connected in
anti-series. Therefore, both coils must be equally centered. Additionally, the highest
possible sensibility is desired for measuring each of the second order harmonics
individually. Additionally, the maximum sensibility is desired when measuring the
overall anti-series voltage to acquire the higher order harmonics. To accomplish all
of these specifications, some parameters are to be calculated, such as the width of
the central gap of the inner coil, the number of spires in each coil, and the

displacement of the coil center from the rotating axis.

These parameters must provide maximum sensibility for the individual
measurement of the main harmonic, as well as the overall anti-series measurement
of the higher order harmonics. For calculations, an Octave code was written (4nnex

1), which is based on the following equation derivations.

When rotating inside the PMQ’s magnetic field, a voltage is induced in each thread

of the coil. For the following coordinate system:

Figure 19: Coordinate system referred to the rotating coil
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In Figure 19 a simplified version of the rotating coil is shown for better
understanding. This example is formed by two coils. The inner coil is Coil 1 (in
orange), and it has only 2 spires. The outer coil is Coil 2 (in blue), and it has 3
spires. Both coils are distributed in two layers of a PCB. The real coil will have
many more spires and will be printed in 4 PCB layers. The circles represent the
filaments of the upstream spires and the crosses represent the downstream filaments
of spires located on the opposite side of the coil center. A coordinate system x’, y’
is conveniently defined, and it is solidary to the coil at all times, in which x’ is the
center of the coil, and y’ is a perpendicular axis that passes through the origin. Each
filament of each spire is located at a radius 74 from the origin and at an azimuthal
angle & from the coil central axis x . Furthermore, the coil central axis is located at
an azimuthal angle @ from the original x axis. In other words, angle &, 1s solidary to
the coil and does not change with rotation, whereas & constantly changes with the

coil rotation.

Using vector potential A:

B=VxA (3.1)
Applying Stokes theorem:
¢p=[[B-dS=[[VxA-dS=FA dl (3:2)
Lenz law:
c=30 _db d6 _ dp _ e (3.3)

dt  df dt  df w

Deriving this expression is highly convenient since the data acquisition device will

be able to obtain the induced voltage €, the rotating speed w, and the angle 6.

[LUCA17] Going back to the normal multipole coefficients b, and the skew

coefficients a, defined in equation /.20, defining c,, = a, + b, "i:

$p=0A-dl=—Bp Trer Tmer <(b7" ~cos(n-0) + an—" sin(n 9)) . (é)n) 3.4)
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Using the information shown in Figure 19, and defining a parameter w that
indicates whether the spire’s filament goes upstream or downstream, along with the
reference radius 7,.r which is a parameter of each PMQ), the following expression is

derived:

[ . [e's} bn n
¢=- Zizt:all)splres (Slgn(wk) *Bpy, - Tref * Z(nzl)((? ’ cos(n (0 + ek)) + % '

sin(n- (0 +6,)) ( Tk )n)) (3.5)

Tref

And using equation 3.3:

i _ 49 _ Z(total Spires)(sign(wk) B Tref Zaﬂ)((_bn . sin(n (0 +

o~ “k=1)
00) + @ cos(n- 6+ (2)) (.6
Which leads to:
i = % = — NPT (Sign(W) * By * Trep * o1 (= by, * (sin(n - 6) - cos(n -
0y) + sin(n- 0;) -cos(n-0)) + a, - (cos(n-0)-cos(n-6;) —sin(n- ) -
sin(n - 9))) - ("f) ) (3.7)

Since both coils will be symmetrical with respect to axis y, all terms sin(n ) cancel

out, leading to the following equation:

5 =By Yome1(Sp - by s sin(n-0) + S, - a,, - cos(n - 0)) (3.8)

Sy refers to the sensibility of order n:

Sp = r";—l LOLaLSPITeS o gn(wy) - 1+ cos(n + 6y) (3.9)

ref
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For the design, the first specification that must be accomplished is a maximum
individual sensibility for the main harmonic >, which must be equal in both coils,
as explained previously. An Octave code (Annex I) was written to determine the
design variables for both coils in order to achieve the highest S> Given the

following parameters:
- Maximum width of PCB: 20 mm
- Minimum width of inner coil gap: 2 mm

- Step between spires: (0.3 mm

- Number of layers: 4

- Distance between layers: 0.5 mm

- PMQ magnetic reference radius: 7.5 mm
- PMQ inner diameter: 26 mm

- PMQ length: 80 mm

Obtaining the following results:
- Gap width of inner coil: 2.1 mm
- Coil center displacement from rotating axis: 3.34 mm
- Number of spires in Coil 1 (inner coil): 12 (per layer)

- Number of spires in Coil 2 (outer coil): 6 (per layer)
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Figure 20: Section of the coil. Coil 1 in blue and Coil 2 in red

In Figure 20 the filaments of both coils can be clearly seen, as well as the distance
between them, distance between all four layers, displacement of the coil center from

the rotating axis, and the gap width of Coil 1.

The Octave code (Annex 1) also calculates all sensibilities S, for harmonics of any
order. One relevant observation of these calculations is that for the individual
sensibilities of each coil, the second order harmonic S> had the largest sensibility,
as desired. The higher the order, the lower the sensibility for each coil measured
separately. On the other hand, for the overall sensibility of both coils connected in
anti-series (|Scoi 2 — Scoir 1]), the sensibility for the main harmonic S> was zero, as

desired, and it increased with the order of the harmonics.

For this reason, the system will take two different measurements. The first
measurement would be the voltage induced in Coil 2, which is used to calculate the
main harmonic (second order). The second measurement is the overall compensated
voltage of the two coils connected in anti-series, which will be used to obtain the
higher order harmonics. These two voltage signals need to be amplified and filtered,

as seen in section 3.2.
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Figure 21: Coil 1 and Coil 2 front copper layer
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Figure 22: Coil 1 and Coil 2 inner copper layer 1
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Figure 23: Coil 1 and Coil 2 inner copper layer 2

Figure 24: Coil 1 and Coil 2 back copper layer

Figure 25: Coil 1 and Coil 2 with a closer look

The total dimensions of Coil I are 190.75 x 8.89 mm and the dimensions of Coil 2

are 201.93 x 12.45 mm, in each of the 4 layers.
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3.2. DESIGN OF THE FILTER AND AMPLIFIER
CIRCUIT

(All of the components used in this section can be found in the Bill of Materials in
Annex I1I)

The use of an amplifier and filter circuit is required before processing the measured
voltage signal. The circuit is formed by four stages: the first two stages (4;and A>)
are two identical low pass filters applied directly to the voltage signals measured
individually from Coil 1 and Coil 2, stage 3 (43) and stage 4 (A4) are applied to the
compensated anti-series voltage signal. For all four stages a cutoff frequency and a
static gain is determined. The four operational amplifiers used in these stages are

put together in one single component: Texas Instrument OPA4209 (Annex I1I)

-Stages A; and A4>:

The first step is to determine the desired static gain. The goal is to obtain a voltage
with an amplitude of at least 1V for the main harmonic at the output of both 4; and
A>. Stages A; and A are identical, this way the voltage main harmonic is still the

same at the output of both stages.

Knowing that:
Vn
Z=Bn[T'm]'Sn =Bn[T]'Tref'Sn (3.10)

It is also known that: 7.y = 7.5 mm, S2=0.2446 (calculated in Octave Annex 1),

Bonin=0.88 T (looking at the PMQ specifications), assuming that @ = 2 rad/s.

ThenV, = 0.88-0.0075-0.2445-2 -7 = 0.01V

1

Given that an output voltage of 1 V is desired: Gain = A;(0) = 4,(0) = i

100

The circuit schematic for stages 4; and 42 are shown in the figure below:
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Figure 26: Circuit schematic for stages A;and A>

From the circuit shown in Figure 26 the transfer functions for 4; and 4> are
obtained, respectively:

Ai(s) = Re Ry (oot RetRs (.11)

R4'R5'C3'R6'C4'SZ+(R4'R6'C4,+R4'R5'C3)'S+R4

R1'R3'Cy'Ss+R1+R3
Rl'R3'C2'R2'C1'SZ+(R1'R2'C1+R1'R3'C2)'S+R1

Ay (s) = (3.12)

Given the desired gains 4;(0)= 100 and A2(0)= 100 :
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R4+Rs

A,(0) = =100 (3.13)

Ry

A,(0) = =100 (3.14)

From equations 3.7/3 and 3./4 two constraints are obtained for Rs, R4 and R3, R;,

respectively.
The desired cutoff frequency is now used to obtain some additional constraints.

It is desired for this system to determine the first 25 harmonics, therefore it seems
reasonable to place the cutoff frequency at 25 Hz = 50r rad/s. However, if the cutoff
frequency is placed at 25 Hz, the harmonic at 25 Hz will be reduced by 3 dB,
therefore the cutoff frequency w, is finally placed at 100 Hz= 200w rad/s. Given
that each of the two stages is formed by two first order low-pass RC filters put
together, and the transfer function of a low pass filter is of the following form:

F(s) = —= - __1 __ (3.15)

¢ 14C4Rg's  14+C3Rg's  1+Ci-Ry's  14Cy-R3es
Wo

The following constraints are obtained:

w, =200 = —=—=_1 =_1 (3.16)

C4,'R6 - C3'R5 - C1'R2 - Cz'R3

The following component values are chosen to satisfy the constraints in equation

3.16:
Rg =Rs =R, = R; =1.07 kQ
C,=C3=C,=C,=15puF
Using equations 3.7/3 and 3.74:

R, +Rs Ry +1070
R, R,

=100 > R, = 107 Q

R, +R; Ry + 1070
R, R

=100 - R, =10.7Q
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It is required to verify that the maximum voltage at the output of stages 4; and 4>

is less than 10V so that the operational amplifiers will not saturate.

Vamax = Bamax® Tref * Sy w

It is known that: rer = 7.5 mm, S2=0.2446 (calculated in Octave Annex 1),

Bonmax=3.07T (looking at the PMQ specifications), assuming @ = 2 rady/s.

Vomax = 3.07 - 0.0075 - 0.2446 - 2 - T = 0.035 V

Multiplying by the static gain 4;(0) = A>(0) = 100:

Vymax = 100 0.035 = 3.5V

The maximum possible voltage at the output of these stages is 3.5 V, which is
considerably less than 10 V. This assures that for the chosen component values, the

operational amplifiers will not saturate.

A Bode plot of the frequency response of 4; and 4> is shown in the following figure:

30



WERSITgo

;’“ 00‘ UNIVERSIDAD PONTIFICIA COMILLAS
é\; & égg ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI) l \! ELYTT ENFRGY
ks S GRADO EN INGENIER{A ELECTROMECANICA

Bode Diagram

Magnitude (dB)
: n o
o (=] o

60

-80
B——_ T T T

-90

Phase (deg)

-180 1
10° 10? 10° 10 10° 10°
Frequency (rad/s)

Figure 27: Bode plot of stages A;and A>

-Stages A3 and A4:

The purpose of stages 43 and 44 is to amplify and filter the compensated voltage
signal of Coil I and Coil 2 connected in anti-series, in order to calculate the higher
order harmonics. It is desired that the main voltage harmonics of the two coils
cancel out, therefore an adding configuration is needed before stage 43, since the
main harmonics of the two voltage signals will be of equal magnitude but opposite.
This adding configuration is achieved with resistors R7and Rs, then, a potentiometer
Rpor is connected, which will be used if any small adjustment is required for the
two voltages to be exactly equal and cancel out. Additionally, R;’=R; + Rpor and

Rs’=Rs + Rpor.

By looking at the circuit shown in Figure 28, the following transfer function can be
calculated for 43, where Vi; and V> are the output voltages of stages 4; and 4>,

respectively, and V,3is the output of stage 43:

_(va ve). [_1
Vos = (32 +32) <$+CS.S> (3.17)
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Figure 28: Circuit schematic for stages Az and A4

The addition of main harmonics of the two voltages must be the zero. Therefore,

R7’ must be equal to Rs’. This is the first design constraint.
R7, = RSI (318)

If V,31s the output of stage A3, and V,41s the output of stage A4, the transfer

function for the final stage A4is:

Ay(s) = 2= <;> (3.19)

1
Vo3 Rq1 R_13+CG'S

The final overall output of stages A3 and A4 is given by:

(v ve). (2 ). (_a
VO4- - (R7l + RBI) <$+C5'S> Ri1 (%'FCG'S) (320)

UNIVERSIDAD PONTIFICIA COMILLAS
'\! ELYTT ENERGY
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Equation 3.78 reveals that R;" = Rs’, therefore:

Voa = (Vig + Vig) - B0 (——— ) - (——) (3.21)

R7,'R11 1+R10'C5'S 1+R13'C6'S

The static gain k, of the system is:

k, = 2o (3.22)

" RyrRi
The first step is to determine the cutoff frequency of the system. The desired
cutoff frequency for stages 4; and A21s 100 Hz, then ®, = 2007 rad/s, hence:

Wy =——=—"=200"7 (3.23)

R10'Cs  R13°Ce

Therefore:
Rip = Rz = 1.07 kQ
Cs =Cg = 1.5uF
The next step is to determine the desired static gain k,, the goal is to obtain the

maximum possible gain without saturating any operational amplifier. Hence, the

maximum possible output voltage is calculated for each harmonic.

First, the maximum voltage for each harmonic 7 is calculated at the output of stages

Aj and A, these are Viimax and Vizmas.
Vitmax(M) = Bumax Trer * Si(n)-2-m-|A;,2r - n)| (3.24)
Vizmax(") = Bumax - Tref * S;(n)-2-m-|A,(2m - n)| (3.25)

The final output for each harmonic V,4, must satisfy the following condition, in

order to maintain the operational amplifiers unsaturated for the first 25 harmonics:
¥, Ve, <8V (3.26)

The Octave code shown in Figure 29 leads to:

= 0.8 -k, , which means that k, = — = 10 V/V (3.27)

25 VZ —
0.8

n=1"o4nmax
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SCALCULAMDS LOS VALORES DE LAS TENSIONES DESPUES DE CADA ETAPA PARA CADA ARMONICO DE FRECUENCIA t

#(t2apix10°(-3)%i)"
Jax( taoxpisl 0% (—3)%1)

B/2%( ta2apix
8/ *2%pik
184

183/2#24pistl0”(=3)#i)"2) ) ;
/23 2xpintxion (-3 )=i)~2) );

adratica de los 2@ primeros armonicos no debe exceder los BV para que no sature el operacional

(t)*2+resmax;
(t)~2+resmin;

resmax) ;
rt{resmin);

Figure 29: Octave code for calculating the maximum overall output voltage

Using equations 3.22 and 3.27 the following constraint is obtained:

k, = 10 = JzR10 (3.28)

R71°R11

Since R;3 = R0 = 1.07 k€, the following component values can be used for R;” and

R
R;; =112.6Q
R, =Rg =1kQ =R, + Rpor = Rg + Rpor =
— R, = Rg = 0.5 kQ
- Rpor = 0.5 kQ)
To accomplish the conditions above, a potentiometer of 1 kQ is chosen.

Due to expense reasons, resistors R;3 = Rjo = 1.07 k€2 were used, and a
potentiometer of 100 Q2. However, these changes were not significant and all

objectives were accomplished.

The following figures show the Bode plots of the transfer functions As(s) =

V_V% ,Au(s) = %, and finally the transfer function A,(s) = A3(s) - A4(s)
11 12 03
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Figure 30: Bode plot of stage A3
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Figure 31: Bode plot of stage A4
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Figure 32: Bode plot of stage A; = A3 * A4
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Figure 33: Schematic of the entire circuit
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3.3. PCB DESIGN AND COMPONENT SOLDERING

The next step was to design the PCB and do the layout using a CAD tool. For this

purpose, a program called KiCad was used.

The first task was to draw the footprint of both coils on KiCad. To achieve this,
some research was done on the code format for drawing footprints on KiCad. A
program was written in Octave, using loops to generate the code text needed for
drawing the coil on KiCad (Figure 34). This helped to save a lot of time by not

drawing it “manually” on KiCad.

&f &%f) (end &f &f) (layer F.Cu) (width 8,15))\n',b14(4,1),011(4,2),011(4+1,
R H
art %1 &f) (end %f %f) (layer F.Cu) (width 8.15))\n’,b24i(4,1),b24(4,2),b21(141,1),b2

')

i=1:11le
fprintf{'(fp_1 rt %f %f) (end &f %f) (layer Inl.Cu) (width 0.15))

ST %f) (end Nf &f) (layer Inl.Cu) (width 9.15))\n',b2

RH

%f %f) (end %f %f) (layer In2. ',b1il4,3),b11(1,4),b11(1+41,3),b1i(i+1,4));

',b24(1,3),b24(4,4),b21(1+1,3),b21(i+1,4));

%1 %f) (end %7 %f) (layer B.Cu) (width 8.15))

%t %f) (end &f &f) (width 9.15) (layer F.Cu) (net 8))

nd %f %f) (width 0.15) (layer F.Cu) (net @))

(end %f %f) (width 0.15) (layer Inl.Cu) (net @)) \r (i,1),b1p(4,2),blp(i-1,1

1');

n',b2p(1,1),b2p(4,2),b2p(1-1,

*,b14(4,3),b14(4,4),b11(4~1,3

af &%f) (end &7 %f) (width 0.15) (layer In2.Cu) (net @)) \n',b24{%,3),b21(4,4),b21(1=1,3),b24

tart %f %f) (end %f %f) (width 0.15) (layer B.Cu) (net @)} \n',bip(i,3),bip(4,4),bip(i=1,3),01p(d=1,4));

NF %f) (end %1 %f) (width 9.15) (layer B.Cu) (net 8)) *,b2p(4,3),b2p(4,4),b2p(1-1,3) ,b2p(1-1,4));

Figure 34: Octave code used for drawing the coil footprints on KiCad
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After drawing the coil, it was necessary to include all components in the PCB and
doing the layout. Firstly, the circuit schematic was drawn and all components were
added on KiCad. Then, the desired footprint for each component was included on
the schematic. Most of the components used are SMD (Surface Mount Device) of
size 0603, which is the second smallest size existent for SMD (1.6 mm wide x 0.4
mm high). Although these small dimensions made the soldering part very

challenging, they were necessary in order to fit the PCB in the rotation stage.

Finally, the layout was done, and after enrouting all components, the design of the

PCB was complete.

Figure 36: Real picture of the PCB component layout
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Figure 37: Overall view of the PCB KiCad design

Figure 38: Real picture of the overall final PCB

The next step was to order the PCB wusing a website called
https://www.eurocircuits.com. This website allowed to upload the KiCad design
directly, making the job conveniently simple. Additionally, a bill of materials
(BOM) was made and components were ordered through a distributor called

Farnell.

Finally, all of the components were soldered, a significantly challenging task given

the small dimensions of the components.

3.4. RAPID PROTOTYPING WITH LEGO EV3

Before proceeding to buy the rotation stage, the data acquisition, manufacture and
assemble the entire structure, given the very high price, a decision was made
concluding that it would be best to do a LEGO prototype of the rotating coil system

and run some experiments by measuring voltage signals.

One week was spent building the structure out of LEGO, additionally, a prototype
of the rotation stage was built with a LEGO EV3 servomotor, which came with its
own encoder. The experiments were run by making the coil rotate and measuring

the induced voltage signal with an oscilloscope.
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Figure 39: Prototype of the system with LEGO EV3

The results of the experiments were not as successful as expected, unfortunately.
The structure was not stiff enough, given the undesired elasticity of the LEGO
pieces. Therefore, the motion was more quivery and unsteady than desired, which
resulted in a lot of noise in the voltage signal. However, the sine wave was clearly

visible and the amplitude laid within the desired range.

3.5. ROTATION STAGE AND DATA ACQUISITION
SETUP

Once the prototype had been tested, the next step was to set up the rotation stage,
the motion controller and encoder. A Newport RGVI100-BLS rotation stage was

used, and a Newport XPS-RL motion controller.

After doing some research on 7CL coding, a TCL script was written to make the
rotation stage turn and gather the angle, speed, and both values of the individual
voltage induced in Coil 2, and of the overall compensated voltage of both coils

connected in anti-series. This code is shown in Annex I1.
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Figure 40: Newport RGV100-BLS rotation stage
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The rotation stage would turn at 2Hz, first anticlockwise for 8 laps, and then

clockwise for 22 laps, the trigger is set to start measuring at the beginning of the 8t

clockwise lap, proceeding by analyzing exclusively data gathered from the 8%

clockwise lap to the 18™ clockwise lap, to ensure that neither the initial acceleration

nor the final deceleration would affect the calculations.

The measurements are taken at a frequency of 1 kHz, and a total of 40000 data

points. These measurements will include position (angle) and velocity, measured

through the encoder, and the two aforementioned voltages, which will be measured

through the two GPIO'’s in the motion controller.
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Figure 41: Newport XPS-RL motion controller

3.6. BEDPLATE DESIGN

Designing a good bedplate was crucial for the quality of the measuring system. A
highly stiff and stable structure is desired in order to minimize the noise in the
measured signals and to assure that the motion of the rotation stage will not cause

unwanted vibrations in the structure and will not affect the measurements.

Each part of the bedplate was designed with CATIA then they were ordered to be

manufactured. Finally, the bedplate was assembled manually.

Some key parts in this design were the mole for the PCB and the slip rings. In order
to couple the PCB to the rotation stage, a mole (Figure 42) was needed, it would be
screwed to the rotation stage, additionally, the PCB would be glued to this mole.
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The mole had to be made of a plastic non-conducting material to avoid parasitic

capacitances and any other effect on the measurements.

Additionally, a slip rings mechanism was needed to avoid the wires getting tangled

while the coil rotates.

Figure 43: Picture of the bedplate
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L. Socket screw 8. Feet fixation washer
2. Washers 9. Screw for slip rings
3. Washers 10. | Nut for slip rings

4. Socket screw 11. | Washer for slip rings
5 Conical screw 12. | Slip rings

6. Knurled screw 13. | Rotation stage

7. Feet fixation nut 14. | Feet

Figure 44: Overview of the bedplate
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3.7. DATA PROCESSING

All calculations used for data processing are done through the Matlab script shown

in Annex 1V.

Using the following nomenclature for sensibilities:

total

. n
COS, = X,77° (sign(wk) ~cos(n- 6) - (TT" ) ) (3.29)
ref
total n
SIN, = Y77 (sign(wk) -sin(n - 6;) - (:k ) ) (3.30)
ref
Equation (3.7) leads to:
% = % = By Tref " 2n=1((bn - COS,, + a,, * SIN,) - sin(n * 0) + (by, - SIN, — a,, - COSy,) - cos(n - 9))
(3.31)
By doing a Fourier analysis of €/w:
5 =Y Ty Sin(n-6)+ p,-cos(n-06) (3.32)
The following system of equations is obtained:
COS, SIN, b,1 _ [Tn
B Trey [SINn —cosn] [an] = pn] (3.33)
There is a matrix M, for each harmonic containing the sensibilities:
COS SIN
M, = [ n n ] 3.34
m|SIN, -CO0S, (3.34)

Shall the rotating coil be symmetrical respect to its mid plane (in the thickness
direction), then the terms SINn will be zero, however, these terms are maintained

to study the possibility of a misalignment in the rotating coil.

A Discrete Fourier Transform of the discrete data is now applied Fi = &r/or. If N

. . Dy K
points are obtained, considering that 8 — 6, = 2% then:
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DFT(F) =yo +i-8ywithk = (="2) .. (+*2)if Nisodd  (3.35)

2

DFT(F) = Y, + 16, withk = — (g - 1) (+ %) if Niseven  (3.36)
E01"
Z N-1

—ror=(5-1)

Since Fiis real, the following must happen:

N|=Z

. 2k

F, = Ynti-8) e n ™" (3.37)

z|r
S

Yn = V-n (3.38)
Sp=—5_y, (3.39)
This implies:
o)
_9.%n
Tn _ N
pn] = [ S ] (3.40)
N

Applying Matlab’s “fft” command to sampled points €x/ax, ¥, and §,, are

obtained for each harmonic:

- To obtain ¥, and §,,with n <2 —DFT of sampled points &i/wx from Coil 2
individually

- To obtain ¥, and §,, with n >2 — DFT of sampled points &x/ax from the

overall compensated signal

Once ¥, and §,, are calculated with Matlab’s “fft” command , and N is the

total number of sampled points, then:

Sn
b . —2.%n ] -1,
a:] - Bm-lrref M [ 2 .ﬁ’]forn =1 % (if even) or% (if odd) (3.41)
N
Knowing that:
By, = by X Bpgin Ayn = ay X Bigin (3.42)
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Equations 3.4/ and 3.42 lead to:

Sn
[f;:] = T:ef Myt [ , .%’:’]forn =1 % (if even) or% (if odd)  (3.43)

Coefficients B, and A, are calculated from equation 3.43.
It is also known that:

C, =+A%2 + B2 > C, =+ A% + B? (3.44)

Going back to equation /.27:

r n-—1
80, = ( 52+ 83) =B () ot 403 -
o

n

> (IB]) = (%)n_1 JA% + B2 (3.45)

If n = 2 (for the main harmonic), then:

1
(1BD)2 = Buaim = (&) V43 + B} (3.46)
Assuming r ~ r, and using equations 3.44 and 3.46:

Bpain ® A3+ B = C, (3.47)
Buain1s easily calculated using equation 3.47

The next step is to calculate the IG (integrated gradient), axis errors, and roll.

1G calculation:

The IG is measured in Tesla [T], and it is calculated in the following way:

IG [T] = Zmain (3.48)

Tref
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Axis errors:

To calculate the axis errors, the PMQ must be initially measured in Position 1.

Using the calculated parameters 4,, B, and C, in this position, axis errors are:

. . . . By
—Horizontal axis error in Position 1: Ax; = —% (3.49)
2

. . . L Ay
—Vertical axis error in Position 1: Ay, = % (3.50)
2

Consequently, the PMQ must be measured in Position 2, in which it is rotated
180° from Position 1. Again, using the calculated parameters 4,, B, and C, in

this new position, axis errors are:

. . . i B1-
—Horizontal axis error in Position 2: Ax, = — % (3.51)
2

, , , i Ayg-
—Vertical axis error in Position 2: Ay, = % (3.52)
2

Using the errors in Position 1 and Position 2, the overall axis errors are:

AXl —AXZ
2

—Overall horizontal axis error: Ax = (3.53)

—Overall vertical axis error: Ay = A}’lzﬂ (3.54)

Roll:

To calculate Roll 1 (A46;), the PMQ must be measured in Position 1. Using the

calculated parameters 4,, B, and C, in this position, 46; is determined:

AB, = — 22 (3.55)

2C,
The same applies to calculate Roll 2 (46;), for which the PMQ must me
measured in Position 2, rotated 90° from Position 1, then A6: is determined:

Ag, = — 22 (3.56)

2C,
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4. TESTS, RESULTS, AND CALIBRATION

Many tests and experiments needed to be done to ensure the minimum error when
measuring. The results of the measurements of 7ank 3 [1] are shown in Annex V,

and the results of the measurements of Tank 4 [2] are shown in Annex V1.

The calibration of the rotating coil was made using the Hall probe measurements.
PMQ 413 [3] was measured by CERN, obtaining a good agreement with the Hall
probe machine at Elytt Energy (less than 0.15% error). Since PMQ 413 had already
been delivered to INFN, it could not be used to calibrate the rotating coil system.
However, all Tank 4 and Tank 3 PMQs were measured in the Hall probe using the
same procedure. Therefore, it seemed reasonable to calibrate the rotating coil using
all of the Tank 3 PMQs, making the new rotating coil measurements match the Hall

probe measurements.

All calculations used for calibrating the system where done using the Matlab script

shown in Annex IV.

[1] Set of 15 PMQs manufactured by Elytt Energy
[2] Ser of 13 PMQs manufactured by Elytt Energy
[3] PMQ that belongs to Tank 4
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4.1. IG (INTEGRATED GRADIENT) CALIBRATION

Once the rotating coil system was calibrated, the maximum difference in IG
between the rotating coil measurements and Hall probe measurements was less than

0.15%, for all 15 PMQs in Tank 3.

IG
1,6500
1,6000 .
R®=0,9995 .@

_ 11,5500 F
[ ®
0o L
£ 1,5000 -
= g
5 _.,O

1,4500 &

1,4000

1,3500
1,3500 1,4000 1,4500 1,5000 1,5500 1,6000

Hall probe

Figure 45: Rotating coil IG calibration
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4.2. AXIS

A comparison of the X-Y axis errors between the Hall probe measurements and the

rotating coil measurements is shown in Figure 47 and Figure 48.

PIN 2 -
Focusing

PIN 1
Defocusing

Figure 46: Coordinate system used for measuring PMQs [F46]

80PRe|taX
®
60,00
Ri=g.7243 ..
40,00 - °
®
= 20,00 g ®
S .| -
> [.
= o 2%
0,00 -40,00 -80,00..-" 0,08 20,00 40,00 60,00
[ - 220,00
-40,00
-60,00
@
-g0-tall probe

Figure 47: X axis error comparison
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-20,00 . @00 20,00 40,00
2080

-40,00
-60,00

-80,00
Hall probe

Figure 48: Y axis error comparison
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Figure 47 and Figure 48 show that the rotating coil measurements are correlated to

the Hall probe measurements, although the results obtained using the rotating coil

have a larger dispersion, which is significantly higher in the horizontal direction x.

The reason for this dispersion is thought to be an existing gap between the PMQ

and the bench when positioning the PMQ. Therefore, PMQ positioning must be

improved. Elytt Energy is currently developing an adaptor to reduce this gap
between the bench and PMQ.
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4.3. ROLL

A roll comparison between Hall probe measurements and rotating coil
measurements is shown in Figure 49 and Figure 50. The results of the rotating coil

measurements show a good roll agreement with the Hall probe measurements.

Roll 1
2,50
00
2,00 =
156 RZ= n,s%ag‘.
1,00 -
B
S 0,508 .
o %
£ %N
@00 150 -1,00 -050.7 000 050 100 150 2,00
=" -0,50 °
0. ®
. 1,50
-2,00
Hall probe
Figure 49: Roll 1 comparison
Roll 2
2,50
; [
2,00 R:= Q8032 -
1,50
®
1,00 :
< %
% 050 o P s
2 0009 ©
@50 -100 -050 000 050 100 150 200 2,50
0,50
) -1,00
L
@ -1;50
2,00
Hall probe

Figure 50: Roll 2 comparison
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4.4. HARMONICS COMPARISON

The harmonics have been compared using the PMQ S36, which was initially

measured by BARC. The results are shown in Table 2:

S36
Harmonic cn BARC cn Elytt Difference
number Rotating coil  Rotating coil

Table 2: Harmonics comparison between Elytt Energy’s rotating coil system and BARC'’s

Rotating coil harmonics c3 and ¢4 show a good agreement with the ones measured

with the Hall probe, as seen in Figure 51 and Figure 52:

c3
60,0
°

50,0 RA=§81
_ 40,0 =
3 °
o
o0
£ 30,0
® [ ]
I
£

20,0 e .

e
o9
S ]
10,0 LS
e
0,0 e
0,0 10,0 20,0 30,0 40,0 50,0 60,0
Hall prabe

Figure 51: Harmonics (c3) comparison between rotating coil and Hall probe
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40,0
35,0
R:=0,9271 @
30,0 o
= 250 °e
o ®
£ 200 .
3 : ®
& 15,0 @ :
10,0 S _:g.®
5,0 oq. "
®
0,0
0,0 5,0 10,0 15,0 20,0 25,0 30,0 35,0
Hall probe
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Figure 52: Harmonics (c4) comparison between rotating coil and Hall probe

4.5. IG TEMPERATURE DEPENDENCE

PMQ 413 was measured (before optimizing magnet positions) at different

temperatures to check the temperature dependence. Results are shown in Table 3:

Macro T =19° T = 26.1° Difference per °C
IG  measuring about 0.9504 0.9473 —0.0454283%
70% of the PMQ length

IG measuring 100% of 1.2068 1.2020 —0.0563491%

the PMQ length

Table 3: IG temperature dependence

Two different clouds of points where used (one measured about 70% of 1G and the

other measured the full PMQ). A mean value for temperature dependence shall be

selected, i.e. -0.0508887 % / °C
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5. CONCLUSION

The operation of this rotating coil system for measuring PMQs has successfully met
all of the requirements and accomplished the main objectives:

- To save time and money by measuring our PMQs at Elytt Energy’s own
facilities with a rotating coil system.

- To be able to accurately map the field harmonics of a PMQ with the smallest
possible error.

- To be able to measure 1 PMQ in 1 minute, which is incredibly fast as compared
with the previous technology

- To make a completely embedded rotating coil system that can be easily
transported

This rotating coil system is currently operating successfully, being used for
measuring PMQs in Elytt Energy’s facility at Bilbao, Spain.

Figure 53: Overview of the rotating coil system
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ANNEX I: Octave script for calculating coil parameters

{n2>1)}
n2=n2-1;
w=win2);
SI=2sxenl*l{ws(nl-1)=p);
wokn2lwei(nl)=p+(n2-1)%p);
)) ) 85 (w<wmax ) &&(w=wmin) )% nos interesa que S1 y S2 se cancelen conectadas en antiserie, por 1o gque han de ser

8~

1)E&{(S1)>= (52

end
SIMPORTANTE CONCEPTO:
%1JNos interesa que S1s52, para que la sensibilidad del arménico principal de bl y b2 se cancele cuando estén conectadas en antiserie
%-Con bl y b2 conectadas en antiserie no medimos el armdnico principal, ya que este serd @ si S1 y 52 se cancelan,
iones de los arménicos superiores de la antiserie de (bl y b2) , 1a ''tensidén compensada'', ya que la sensibilidad S_tot

% lo que medimos son las ten
prin

%2)Nos interesa que S1 y S2 sean maximas cada una de ellas, para poder medir de la mayor forma posible la tensidén del aménico principal de cada una de e
%Al medir individualmente bl y b2 lo que nos interesa es medir la tensién del armdnico c (orden 2) de cada una de ellas, ya que 51 y S2 dismin

[res, pos] (datal:,5)); %la fila de datos que nos interesa es la que nos proporciona la méxime sensibilidad S1 y S2

results=datalpos,:); %obtenemos los parametros que queremos

%Ahora calculamos las sensibilidades de orden n de las bobinas L y 2 en cada una de las capas

bl_pos=[xsw/2:p:xsw/24px(nl-1)]; %espiras positivas de la bobina
b2Z_pos={pa{nl-1) +x+w/2+p:p: pe{nl-1) +x+w/2+p+pe{n2-1)]1; Wespiras positivas de la bobina 2
bl_neg=[x-w/2:-p:x-w/2-px(n1-1) %espiras negativas de la bobina

b2_nege [x-w/2-p#nl: “w/2-panl-px(n2-1)]; %espiras negativas de la bobina 2

function {vectorl, vector2,layer,n,rf) %esta funcion calcula la sensibilidad
imaginal=on ¥ {vectorl) )+layer=i;
imagina2=ones(1, Length{vector2) Jalayersi;
vi=imaginal+vectorl;

Vi agina2+vector2;

A=3)=real(sum(vl.™n)-sum{v2.*n))/(rfr(n-1));

§=1¢
endfunction

(b1_pos,bl_neg,a,n,rf); %sensibilidad de orden n en la capa a de la bobina
lidad de orden n en la capa a de 1a bobina

(b2_pos, b2_neg,a,n,rf); %sensib

n{S1(n,:))
n(52(n,:)
n de 1a bobiba 1 (cada fila es el orden n)
n de la bobiba 2 (cada fila es el orden n)
a una capa y cada fila n a 1a sensibilidad de orden n de 1a bobina
a una capa y cada fila n a la sensibilidad de orden n de la bobina ’

y 2 conectadas en antiserie, cada columna es una capa y cada fila n la sensibilidad

; *Sensibilidad total de orden

tr ; %Sensibilidad total de orden

%S1: es una matriz en 1a que cada columnas corresponde
%S2: es una matriz en la que cada columnas corresponde
bs(51-52); %sensibilidad total de las bobinas 1

S_tot_capa
S1_tot-S2_tot); %sensibilidad total de orden n en metros, cada fila es el orden n

linc;

(re=s(1,2) |=8)
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_alt1,:)= In2#p+apl+nlxp+ T+ Yap-prlv=1); x4w/2+(n1-1)=p-px(v-1)1;

a(t1,1)= [n2sp+apl+nlsprixdi+li+{nl-1)#p-pe(v=1); x-w/7-(nl-1)*pepelv-1)];
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o2 )=l-ppsj

Bpalv=1); (xtw/ 24 (n14n2-1)%p) -pa(v=1)1;

=[(n1+n2)=prapl+isd 1+ L1+ (n1+n2-2)up+ ] 12-pa(v-1) ; (x+w/2+(n1+n2-1)sp)-p(v-1)];

(n1+n2)=p+apl+ixd i+Ui+(n1+n2-2)#p+]12-px{v-1) ; (X-W/2-(n1+n2-1)=p)+px(v-1}1;

Bepe(v); (x-w/2=(n14n2-1)4p)+p=lv-1)1;

+px(v)sppam;  (x-w/2-(n1+n2-1)%p)+pslv-1)];
px(v)4ppim; x];

)}; %b2i contendrd los puntos de la bobina b2(exterior) en sus capas img

(11, 1 )=In2#praplepx(v-1) ;xsw/2+(n1-1)#p-pxlv-1)1;

_a(t1, )=In2sprapleps(v) s x—w/2-(n1-1)=p+pe(v-1)

a(t

[n2#p+apl-ppsj;bli_al2,2)];
n2sp+apl+p(v) +ppam; x-w/2-(n1-1)xp+pa{v-1)];

1 )= [n2eprapleps(v)+ppem; x] ;
bli a(:,1);

O+px{v) ; (x4w/2+(n14n2-1)xp)-p=lv-1)1;

=[{n1+02)*p+apl+ixdi+Li+(n1+n2-7 ) 4p+) 12-p(v=1) ; (xew/2+(n1+02-1 J2p) —pe(v-11];

12, :)=1(n1+n2)*prapl+isdi+Li+(n1+n2-2)ap+ ] 12-pk(v-1) ; (x-w/2=(n1+n2~1 ) »p) +px(v-1] ]}

n2-1)%p)+plv-1)1;

)= [=pper; (x=w/2={n1en2=1}xp)+pk(v=1) ] ;
241, :)=[-pparix];

(8;9];

s{cada capa seran las columnas tomadas de dos

capas Impares(cada capa serdn las columnas tomadas
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); %b2p contendrd los puntos de la bobina b2(exterior) en sus capas p (cada capa seran las columnas tomadas de dos en dos, p{

; %blp contendrd los puntos de la bobina bl{interior) en sus capas pares(cada capa serdn las columnas tomadas de dos en dos

[n24p+apl+nlap+axdi+]i+(n1—1)kp-pxlv-21)  x+w/ 2+ (n1-1 )ep—pk(v-1) |
t1, 1 )=[n2«p+aplenlspried i+ 11+ (n1-1 bap-palv=1) s x—w/7-(n1-1 ) xpspe(v-1)1;

11, 1 )=[nZ#p+apl+p=(v=1) ; x-w/2-(n1-1)=p+p*{v-1)1;

bip_a(2,:)=[blp_a(1,1);blp_a(2,2)];

(i1=nc)
bip_a(tl, 2xprapl-repp; x-w/2-{n1-1)sp+pxlv-1)];
bip_a(tl+1, [n2=p+apl-rapp; x);

blp aftlel,:)=[n2#pt+apl;ol);
end

hold on
end
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Annex Il: TCL script used for controlling the rotation stage

and gather data

DisplayErrorAnd n {so rode APINams} {
tel_argy
{$code IR |
error_message "SAPIName ERROR == -2 : TCP timeout"

{scode a8} {
error_message “$APIName ERROR => -188 : The TCP/IP connection was closed by an administrator”
{
code2 [ “ErrorStringGet $socketID Scode strError”
{$code2 J
error_message "$APIName ERROR = e — ErrorStringGet E
error_message "SAPIName SstrError

}

stdout Serror_message
tcl (@) Serror_message
Ch) 1 cket SsocketID”

TimeOut
code 9

14
1000
vel [ {shz

deqll [ {$n11 . (-36@)}]
degi2 |[ {sn12 60)]

samplstart -1
samp2start 1

samplingPS @
sampplingNSamples

OpenConnection $TimeOut socketID
{$socketID 1
stdout "OpenConnection failed = -1"

code [ "GroupKill $socketID Gr
{$code o} {
DisplayErrorAndCloseConnection $socketID $code "GroupKill"

code | "GroupInitialize $socketlD Groupl"]
{$code e} {
DisplayErrorAndCloseConnection $socketID $code "Grouplnitialize"

code | "GroupHomeSearch $socketID Groupl"]
{$code i} {
DisplayErrorAndCloseConnection $socketID $code "GroupHomeSearch"
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oseConnection $socketID $code "GroupMo

ingConfigurationSet $socketID Groupl.Pos.CurrentPosition Groupl.Pos.CurrentVelocity GPIOZ.ADC1 GP,

tion $socketID $code "GatheringConfigurationSet"

dedConfigurationTriggerSet $socketID Groupl.Pos.WaitForPosition tToRight $samplstart @ @ 9"]

iCloseConnection $socketID $code "EventExtendedConfigurationTriggerSet"

n $sampptingNSamples $samplingPS @ @"]

onnection SsocketID $code "EventExtendedConfigurationActionSet"

code [ YE
{$code i} {
DisplayErrorAndCloseConnection SsocketID $code “EventExtendedStart”

tExtendedStart cketID argl"]

on GammaPar ers! $soc Groupl. Svel 1008 9.085 0.05"]

eConnection $socketID $code sitionerSGammaParametersSet"

code [ “GroupMoveAbsolute $socketID Groupl $degll*]
{$code 2} {

DisplayErrorAndCloseConnection $socketID $code "GroupMoveAbsolute"

code [ “GroupMoveAbsolute $socketID Groupl $degl2"]
{$code e
DisplayErrorAndC Connection $socketID $code "GroupMoveAbsolute"

code [ “GatheringStopAndSave $socketID"]
{$code A4
DisplayErrorA 1 on $socketID $code "GatheringStopAndSave"

code [ “FileGatheringRename $socketID clockwise.dat"]
{$code e} {
playErrorAndClose n $socketID $code "FileGatheringRename"

code [ “GroupMoveAbsolute $socketID Groupl 6"]
{$code o} {
DisplayError B ec $socketID $code "GroupMoveAbsolute"

code [ "GroupMotionDisable $socketID Groupl"]
{$code i+ {
splayErrorAndCloseConnect $socketID $code "GroupMotionEnable"

et $socketID
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Annex Il1: Bill of Materials for amplifier and filter circuit

&« D F G

Reference Value Footprint Manufacturer Part number

C1,C2,C3,C4,C5,C6 1,5u Capacitors_SMD:C_0603 TDK C1608X7R1A155K080AC

C7,C8 10n Capacitors_SMD:C_0402 KEMET C0402C103K4RACTU

Cc10,Co 1u Capacitors_Tantalum_SMD:CP_Tantalum_Case-A_EIA-3216-18_Hand KEMET T494A105K020AT

R11 113 Resistors_SMD:R_0603 WALSIN WRO6X1130FTL

R1, R4 10,7 Resistors_SMD:R_0603 PANASONIC ERJ3EKF10R7V

R10, R13, R2, R3, RS, R6 1,07k Resistors_SMD:R_0603 MULTICOMP MCWRO6X1071FTL

R7,R8 499 Resistors_SMD:R_0603 TE CONNECTIVITY CPFO603B499REL

R12,RS 100 Resistors_SMD:R_0603 BOURNS CRO603-JW-101ELF

RV1 1k Potentiometers:Potentiometer_Trimmer_Bourns_3214W BOURNS 3214W-1-102E

Ul TSV914 Housings_SSOP:TSSOP-14_4.4xSmm_Pitch0.65mm  TEXAS INSTRUMENTS OPA4209AIPW

pl, p2 puente puente HARWIN $1621-46R

C E F G

Reference Value Footprint Manufacturer Part number
R10,R13 2k Resistors_SMD:R_0603 TE CONNECTIVITY CPF0603B2K0E1L
RV1 100 ohm Potentiometers:Potentiometer_Trimmer_Bourns_3214W Bourns 3214W-1-101E
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Annex 1V: Matlab script used for data processing and

calibration

d2repi/
mm=9, 901 ;

% Parametros post-proceso
path='";
files:

VUELTASCONVELHORARI(
'VUELTASCONVELHORARIO2

' VUELTASCONVELHORARIO2HZ
' VUELTASCONVELHORARTO2HZ1
\ LTASCONVELHORARIOZHZ

JELTASCONVEL HORARTO2HZ1
'VUELTASCONVELHORARIO2HZ14V

*VUELTASCONVELHORARTO2HZ 14V
' VUELTASCONVELHORARTO2HZ1
VUE SCONVELHORARIOZHZ14V_
ASCONVELHORARIO2HZ14V_303C
‘VUELTASCONVELHORARTO2HZ 303C2
SCONVELHORARIOZHZ1

v ONVELHORARTO2HZ14V_304C
*VUELTASC ELHORARIO .

TASCI
' VUELTASCI

VUELTASCONVELHORARIO2HZ14V_3085C2_FPIR1_|

VUELTASCONVELHORARI02HZ14V_3085C2_FP1R3

‘VUELTASCONVELHORARIO2HZ14V_305C2_FPIR1_

' VUELTASCONVELHORART02HZ14V_305C2_FPIR1

'"VUELTASCONVELHORART02HZ14V_305C2_FPIR1_}
_ROLL_20180321_

JELTASCONVELHORARTO2HZ14V_305C2_FP2R1

‘VUELT, NVELHORARI02HZ14V_306C2_FPIR1
'VUELTASCONVELHORARIO2HZ14V_306C2_FPIR3
'VUELTASCONVELHORART02HZ14V_306C2_FPI1R1

"VUELTASCONVELHORARIO2HZ14V_306(2_FP1R1_|

LT VELHORART02HZ14V_3086C2_FPIRL

' VUELTASCONVELHORARIO2HZ14V_306C2_ 1_

1_21.dat’

_22,dat"

_EJE_20180321_22.dat’

9180321 _22.dat’
9180321 _22.dat'

,S.dat’

,S.dat’

EJE_20180321
EJE_20180321
ROLL_20180321_22

ROLL_20180321_

EJE_26180321_22.
EJE_20180321_22
o

dat*

Ri _20180321 _
ROLL_20180321
ROLL_20180321_

A 3087C2_FPIR3_E
' VUELTASCONVELHORARIO2HZ14V_307C2_FP1R1_R

' VUELTASCONVELHORARTO02HZ14V_307C2_FPIR1
"VUELTASCONVELHORARIO2HZ14V_307C2_FPIR

LTASCONVELHORARTO2HZ14V_307C2_FP2R]_|

' VUELTASCONVELHORARI02HZ14V_308C2_FPIR1 |
‘VUELTASCONVELHORARIO2HZ14V_308C2_FP1R3_|

'VUELTASCONVELHORARTO2HZ14V_308C

VUELTASCONVELHORARIO2HZ14V_388C2_FPIR1_|

'VUELTASCONVELHORARTO2MZ14V_308C2_FPI1R1
'VUELTASCONVELHORARIO2HZ14V_388C2_F 1

‘VUELTASCONVELHORARTI02HZ14V_309C2_FPIR:

_20180321_22.
ROLL_28180321_

EJE_20180321
EJE_201803

ROLL_201860321_.
ROLL_20180321
ROLL_20180321_24,5.dat"

20180321 _22.dat’

'VUELTASCONVELHORARIO2HZ14V_309C2_FPIR3_EJE_20180321

'VUELTASCONVELHORARIOZHZ14V_309C2_FPIRI_

"VUELTASCONVELHORARIO2HZ14V_309C2_FPIR1_|

' VUELTASCONVELHORARTO02HZ14V_389C2_FPIR1

ROLL_2018i

ROLL_20180321
ROLL_20180321_

*VUEL TASCONVELHORARTO2HZ14V_309C2_FP2R1_ROLL_20180321_

LTASCONVELHORARIO2HZ14V_310C2_FPIR1_

'VUELTASCONVELHORARIOZHZ14V_310C2_FPIR3

'VUELTASCONVELHORARTIO2HZ14V_310C2_FPIR1_

E£IE_20180.
EJE_20180321
RO 20180321 _
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Z14V_318C2
HZ14V_3 _ROLL_20180321_

_EJE_20188321_22.d
PIR3_EJE_20180321 22.dat’
at*

_FPIR1 R'}ll 20180321_22.dat"’

TASCONVELHORARIO2HZ14V_312C2_FPIR1_ROLL_20
TASCONVELHORARIO2HZ14V_312C2_FPIR1_ROLL

ONVELHORARIO2HZ14V_

* VUELTASCONVELHOR,
VUELTASCONVELHORARIO02HZ14'
ELTASCONVELHORARI02HZ14Y_

2HZ14V_313C2_ H’ R1_EJE

2_FP2R1_ROLL

_20180321_22
=vm_s\m L_20180321_2

NVELHORARIO2HZ14V_313
5 ‘-‘UL L MA.O‘I‘-'E LHORARIO2HZ14V_31:

VUELTASCONVELHORARIO2HZ14'

02HZ:

14V 3

_314C2_FPIR1_ROLL_20180321_

ONVELHORARIO2HZ14V_314C2_FPIR1_ROLL_20180321 _
SCONVELHORARIOZHZ14V_

n_post=length

theta_CORR=
coeff_compensada=0

% PARAMETROS MEDIDA
wam

23.dat’
3.dat*

_23.dat’

% Numero de ciclos
% Seleccion de puntos para 2Mz

wn_ciclol; fﬁ Qtlc’non de purms pora Hz

% Temperatura a la que corrijo

% Factor correccion temperatura en %

% Factor de calibracion del IG en %
% Correccion de angulo theta en rad
% (ochmcnte anplificacion compensada

7306-1)4108
m pi/

% Reference radius

error al posicionar la espira respecto al PMQ

% error al posicionar la espira respecto al PMQ
Distanc
Distancia entre

% Reference radius
% Coefficientes calculados de la bobina

entre capa y capa (entre su plano medio)

Espesor path
Anplificacion bobinal
Anplificacion bobina2
Anplificacion comp

PR R AR AR

AR

AR TR R R AR R AR R AR R AR AR R AR R R AR AR R R

%% Creacion bobina

81

% Creo lista de puntos X,Y

Xnean_81=x0n_B1x4

mod{nlayers_B1,

y0_Bl=dist_l/2-dist_lx(nlayers_B1/2);

54x0p_Ble

elseif mu(nlayﬁrs B1,

y0_Bl=d-dist_Le(nlayers_B1/7-3.

end

Xy_81=[1;
1=1:nlayers_B1

AR TERAR LR RR RGN

% Numero de capas
% Numero de vueltas por capa

% X0 de la primera espira positiv
% X@ de la primera es

; % Centro de la bobina

% Y0 de la primera espira mas

% Y@ de la primers espira mas

turn y turn {entre su plano medio)

SRR AR AARRTRRRRRRR AR
AR TR R AR RS R AR AR AR AR R R
AR AR AR TR

considera
considera

abajo, no

abajo, no

error
error

considera error

considera error

ELYTT ENERGY
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Marrit

t=l:nturns_|

XY_B1=[XY_B1
x0p_Bl+{t-1)=dist_t+errorX y®_Bil+(1-1)*dist_l+errorY
x0n_Bl-(t-1)wdist _teerrorX y@_Bl+(l-1)xdist_lserrorYl;

XY_B1,1); % Numero de puntos en bobina
! s 1) A24XY_E +2).72)."9.5; % Radio en bobina 1 en m
signo_Bl=sign(XY_B1(:,1)~Xmean_B1); % Segun la espira vaya + 0 vuelva -
phi_B n2 (XY Y_E 0); % phi en bobina 1 en rad

atter(Xy_B

AR R IR PR R R R PR TR R R R R R R R R TR R R AR,
R R A R A A AR AR A R AR VR R R R YR

AR ARAAARARAARAAAAAARARRRAARALRAA AR RAAARAAAAA
% Creacion bobina _B2
% Creo lista de puntos X,Y
nlayers_82 % Numero de capas
nturns_B2= % Numero de vueltas por capa
L H % X@ de la primera espira positiva, no considera error
EH % X@ de 1a primera espira negativa, no considera error
Xmean_B2=x0n_B1x0.5+x0p_B1#0.5; % Centro de la bobina

mod{nlayers_B2,2)==
yo_B2=dist_l/2-dist_lx{nlayers_B2/2);% Y® de la primera espira mas abajo, no considera error

% Y@ de la primera espira mas abajo, no considera error

xBp_B2+(t-1)#dist_teerrorX yd_B2+(1-1)sdist_leerrory
x0n_B2-(t-1)+dist_t+errorX y®_B2+(1-1)xdist_l+erroryYl;

% Numero de puntos en bobina 1

% Radio en bobina 1 en m

% Segun la espira vaya + 0 vuelva -
% phi en bobina 1 en rad

A AR AR AR AR AR AR A A R R AR A AR TS AR TR R AR AR Y
AR R R AR AR AR ISR AR ARG
B s
AAARARRARARBARARAIAMRARAAIARMARAR AR A RARR AR AR ARAA AR AR AR AR AR AR SRR AR AR R A
% DIBUJO LAS DOS BOBINAS

AR AR R AR AR AR R R VRS VR VR A R R R R A AR
AR TR IART R R TR R R RS SRR AR AR
A AR A AR A A A AR TR SR A YRR R R AR AR
AARARAARARCAAAASIAAAAMAARAR AR IAAAMARAIAIARARA A AR AR AR AIAARAY

% Calculo coefficientes de cada harmonice de bobina 1

(signo_B2.xcos (nephi_B2) .*x((R_B2/rref).”n));

{signo_B2.%sin(n#phi_B2).#((R_B2/rref).”n));

(n) SINN_BZ(n)
(n) n)l;
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% Calculo matriz compensada
MN_comp=MN_B2-MN_B1;

% Multiplico por amplificadores
MN_B2sMN_B2sAmpli_B2;
MN_B1=MN_BlxAmpli_B1;
MN_comp=MN_compsAnp L1_comp;

A AR AR R VR AR A R AR ARV

R FEATIR IR AL RS AR AR IR TN
AR RS A A AR AR AR AR R VR R VR AR AR AR A A
%% POST-PROCESO MEDIDAS

P=1:n_post

+

complete_filel=strcat{path,files{(P-1)*3+f}};
clockwise=dlaread(complete_filel);

phi_med=c

sig_comp=c

Npoints=length{phi_med);

HARBRRRFARAAA R RARARR R AR R DR AR R LA RAAA RN DR AR RRRAR IR A RAA R R DA R AR AR RS
% PROCESO BOBINA
AR A A A A A A A AR AR AR IR

(51g_B2./w_med) ;
ound(Npoints/2)+1:end)=[];
)=(];
{lambda_sig_B2)*2/Npoints;
nag(lambda_sig_B2)=2/Npoints
(Rn_sig_B2)1);
(Tn_sig_B2)1);

% Calculo coeficientes Bn, An

in 8
SOLUCTON= M
Bn_B2{n,1)=SOLUCION{

_sig B2(n)]'/rref;

An_B2{n,1)=SOLUCION(2)

(An_B2.~2+Bn_B2.%2).%8.5;
1_B2=An_B2(2)#sin(2+theta_CORR)+Bn_B2(2)*cos{2+theta_CORR);
Cn_B2(2);
:,f,Py=Bmain_B2/rref;

bn, an, incluyen 1

1(numero_harmetheta CORR);
os (numero_harmstheta_CORR) ;

% Para que dibujar harmonicos en pantalla

dibuja=[1:1
[dibuja an_B2(dib f,P) bn_B2(dibuja,f,P} cn_ dibuja,f,P)]l;

+18]

ARRRARARARRRRY PR RR AR R IR R RARGAAT

W 5
BOBINA COMPENSADA
TR TR RS AR AR IARR RS

% OFT

lambda_sig_comp=fft(sig

lambda,
lambda,
Rn_sig
Tn_sig.

g_comp)*2/Np
mp ) %2 /Npoints

Rn_sig_comp=Rn_sig_comp( [n_ciclo:n_ciclo:length(Rn_sig_comp)]);

Tn_sig

Tn_sig_c n_ L compl1);

% Calculo coeficient

for
SOLUL \

Bn_comp(n

inv(MN_comp n))x(Tn_sig_comp(n) Rn_sig_comp(n)]'/rref;
»1)=50LUCTONCT) 5

A pin,1) UCTON(2);

end

% Calculo coeficientes bn, an, incluyen la correccion de angulo
Cn_comp=(An_conp.*2+8n_comp.”2).%0.5;

% No puedo normalizar con B2 porque esta cancelado aposta

% Normalizo para obtener el mismo c3 en ambos casos
numero_harm=[1:1:n_B]"
coeff_amplificacion=coeff_compensada/Bnain_B21

an_comp(:, f,P)=An_comphcoet_ampli

LT ENERGY

o_harmetheta CORR);

bn_comp(:, f,P)=An_comp*coeff_ampli . pr] * 5 cacion.*cos(numero_harmstheta_CORR) ;
cn_comp(:, f,P)=abs(Cn_compecoeff_amplificacion);

% Para que

dibujar harmoni n pant

dibuja=[3:1:18]"';

[dibuja an

end
B

%% CALCULO

p{dibuja,f,P) bn_comp(dibuja,f,P) cn_comsp(dibuja,f,P)];

OUTPUT DE D,

A A A A R A A A R AR A AR AR
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Wt
°
% :
Sng

s
>
b1
o
2
3
.

Plxrref;

1 (P)=Factor_teapsFactor_CAL*IG(1,1,P);
%% Harmonicos
b P)

5]
1e3 theta_2'x1e3]

481 2.9972 96]
SerrorlG=(IG_corrected-vectorIG)./vectorIG+180
il 101 9.32367 8.52867 9.42617
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Annex V: Measurement results of Tank 3

Hall probe
pva | s dy 81 282 em |V erorinie | | e | e | e | e
SIN (um) (um) {mrad) (mrad) at 30°C A %
at 30°C
7,07 39,88 0,76 0,70 1,5896  1,5896 00 42 -108 -181 108 186
2,18 1,50 -0,09 0,10 15156  1,5200 477 71 13 29 177 17
5,76 49,22 0,08 0,29 1,5484  1,5424 548 30 65 -1, 552 34
22,72 8,12 0,17 0,08 15486  1,5488 02 164 72 21 72 165
38,85 0,19 1,47 1,19 15339 15344 152 190 446 153 472 243
1728 08 164 1,39 15264 15216 74 24 91 37 11,7 44 1
1,5072 198 119 21,7
i © 1,4944 130 -184 5 130 i
-0,18 0,37 0,61 14793 1,816 42 187 119 31 126 190
28,15 0,43 0,66 14758 1,469 32 140 126 155 130 209
45,99 0,60 0,68 1,4542 1,4560 i5F =112 98 48 iga 122
25,88 0,99 0,82 14516  1,4456 194 64 91 -11,8 214 135
33,39 1,49 1,28 14443 14472 239 208 -433 255 494 329
-8,03 1,66 1,93 14479 14432 48 -142 89 -196 101 242
34,58 0,14 0,30 13836 13776 152 43 70 01 167 43

Rotating coil
PM Ax A AB1 AG2 1G (T] Nominal IG | Errorin |G
S/I\? um) o | s | owics | 3t 3(0'}c at30°C % Bl S| BB 8]
301 14,49 34,68 -0,56 1,36 1,5887 1,5896 -0,06 -3,7 11,0 132 15,5 13,7 191
302 -4,75 24,82 0,53 -0,05 1,5153 1,5200 -0,31 -1,0 7,4 1L -8,0 1,4 10,9
303 13,69 -46,21 0,27 0,47 1,5487 1,5424 0,41 382 56 143 1,7 373 58
304 -11,56 12,17 0,14 -0,04 1,5510 1,5488 0,14 -0,2 -13,4 6,2 1,8 6,2 135
305 64,95 3,05 1,82 1,23 15338 1,5344 0,04 150 232 509 96 531 251
306 2224 2,72 1,55 0,51 15272 1,5216 0,37 07 03 90 23 90 23
307 922 28,62 0,63 0,81 1,5096 1,5072 0,16 101 100 137 02 170 100
308 31,05 8,63 1,66 1,91 1,4951 1,494 0,05 44 252 11 59 46 258
309 1968 195 042 044 14796 14816 = 013  -24 185 128 115 130 218
310 47,13 46,81 0,34 0,52 1,4750 1,4696 0,37 21 140 -129 -110 130 178
311 387 59,96 0,91 0,91 14573 1,4560 0,09 163 126 121 94 203 157
312 2,41 30,21 -1,19 -1,04 1,4519 1,4456 0,44 -21,6 -1,9 16,5 10,3 27,2 10,5
313 -71,10 50,82 -1,25 -1,52 1,4452 1,4472 -0,14 132 291 467 17,1 485 3338
34 3569 B9 190 209 14477 14432 031 23 205 100 137 102 246
315 24,10 41,63 0,19 0,09 1,3838 1,3776 0,45 84 -34 -88 -43 121 55
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an with rotating coil
PMQs an3 and an5 anb an7 an8 an9 anl0
301 -3,65 11,03 -12,15 -3,12 1,57 1,34 1,54 -6,61
302 -0,97 7,41 8,04 0,57 1,62 0,72 1,17 -5,92
303 34,24 5,59 -257 -98 -0,12 -0,54 2,01 -6,18
304 -0,22 -1342 2,42 0,08 -0,79 0,52 1,15 -6,41
305 1498 2320 -549 0,18 0,93 1,41 1,10 -6,21
306 -0,71 0,26 -1,30 2,33 -0,67 0,76 1,07 -6,13
307 <1013 999 -033 958 -159 0,79 2,08 -5,96
308 -4,43 25,15 4,69 -0,69 1,18 0,68 1,45 -5,91
309 -2,35 1851 090 -2,23 0,12 1,38 1,11 -5,65
310 -2,08 -1402 -11%4 1,79 -0,10 0,26 1,03 -5,69
311 -16,27 1263 -0,29 2,41 -1,05 1,49 1,02 -5,54
312 -2157 -1,8 -11,59 -7,08 -1,09 1,22 1,11 -5,41
313 <1321 29,13 6,06 2,46 0,49 0,05 0,54 -5,44
314 2,28 2045 0,88 0,16 -0,3¢ -0,15 1,59 -5,51
315 8,37 -3,40 6,59 3,21 0,81 0,26 0,75 -5,05

bn with rotating coil
PMQs bn3 bn4 bn5 bn6 bn7 bn8 bn9 bn10
301 13,19 1554 -3,06 -6,91 2,55 -0,73 -1,83 -12,51
302 1,06 -797 643 -863 0338 -172 -1,8  -11728
303 1489 -1,73 -327 -601 060 018 -1,66 -11,9
304 619 181 -0,77 -3,73 049 -032 -1,80 -11,95
305 -50,90 9,60 -2,74 -9,12 -1,23  -1,24 -1,31 -11,63
306 -8,97 2,32 4,98 -5,26  -0,94 -045 -1,69 -11,58
307 1368 0,16 -1,04 622 258 007 -211  -11,30
308 -1,12 5,88 -4,87 -7,93 -0,13 -0,57 -1,59 -10,99
309 -12,81 -11,53 -2,37 -220 -0,20 -0,73 -1,95 -10,88
310 -12,86 -10,98 3,02 -2,30 0,07 -0,49 -1,16 -10,81
311 12,09 -937 1002 -600 -094 -062 -1,66 -10,50
312 1653 1030 3,40 -404 -0,85 -0,87 -1,43  -10,45
313 4671 17,13 6,03 -664 -024 -021 -2,08 -10,32
314 -9,98 13,72 4,39 -8,46 -0,83 -0,72 -1,71 -10,37
315 879 -433 324 -499 046 -0,08 -1,57 -9,40
cn with rotating coil |
PMQs cn3 I cnd I cnS I cnb I cn’/ I cn8 I cn9 l cnl0
301 13,69 19,05 12,53 7,59 2,99 1,53 2,39 14,15
302 1,44 10,88 10,30 865 167 1,87 2,20 12,74
303 37,34 5,85 4,16 11,54 0,62 0,57 2,61 13,46
304 620 1354 254 373 094 061 2,13 13,56
305 5306 2510 6,14 9,12 1,54 1,88 1,71 13,19
306 9,00 233 515 575 1,15 0,88 1,99 13,11
307 17,02 9,99 1,10 11,43 3,04 0,80 2,96 12,78
308 4,57 25,83 6,76 7,96 1,19 0,89 2,15 12,48
309 13,02 21,80 2,53 3,14 0,24 1,56 2,24 12,26
310 13,02 17,81 12,32 2,92 0,12 0,55 1,55 12,22
311 20,27 15,73 10,02 6,47 1,41 1,61 1,95 11,87
312 2717 10,47 12,08 815 1,38 1,50 1,81 11,77
313 48,54 33,79 8,55 7,08 0,54 0,22 2,15 11,67
314 | 1024 2462 448 846 089 0,73 233 11,74
315 12,13 5,51 7,34 5,93 0,93 0,27 1,74 10,67
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Annex VI: Measurement results of Tank 4

Nominal R
2“/",? ox(um) | y (um) | r:fald) (rﬁf:d) ;fsg,)c G E’lg’f%'" a3 | as | b3 | ba | 3| et
at 30°C
401 4357 -293  -144 0,50 13725 13736 008 41 66 442 -33 444 74
402 3004 2039  -1,05  -1,02 1,382  1,3864 002 -104 11 -09 -200 105 200
| 203 3262 2966 0,40 0,34 13878 13824 039 294 259 -190 -212 350 335
404 4349 2174 062 -0,89 13576  1,3584 006 222 -48 -30 32 224 58
405 69 1630 004 033 1349 1,348 011 225 191 05 112 225 221
406  -19,93 31,10 1,17 -034 1,3416 13376 030 478 -83 -167 -152 506 173
407 1149 8,09 -1,10 -1,04 1,3288 1,328 006 -123 -30 -193 -45 229 55
408 -12,65 -19,49 1,23 1,53 13160 13176 012 111 99 -121 35 164 105
409 2749 2950 0,59 0,02 1,3081 1,308 001 223 -15 31,7 91 388 93
410 2239 3603 146 1,71 1,3000  1,2984 012 112 34 124 114 167 119
411 30,09 1865 0,26 0,19 13077 1,3032 035 7,3 79 -152 08 169 80
412 10,82 041 -0,70 1,10 13125 1,309 022 110 -64 -18 -168 11,1 180
413 2580 13,09 1,66 113 12797  1,2824 021 119 -125 -174 -135 211 184
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DIAGRAM 1: BASE
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DIAGRAM 3: COLUMN
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DIAGRAM 4: PUSHER
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DIAGRAM 5: SLIP RING FIXING
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DIAGRAM 7: STATOR

15
4 | Pies 4 |- ITEM 0.0.439.23
1 | Etapa de giro 13 |. Newport RGV100BL+XPS_RLM
1| Anwos rozantes 2 | 5 ings, 300mm, S00mm -
10 | Arandela aniflos rozantes 1 | a2 ISO7089 5x10
3 | Tuerca anillos rozantes 10 | A2 1S04032 M5
7 | Tomilio anilios rozantes 9 (A2 1S01207 M5x10
4 | Arandela fijacion pies 8 (a2 1SO7089 12x24
4 | Tuerca fijacion pies 7 |A2 1504032 M12
4 | Tomillo moleteado 6 |A2 DING53 M5x160
8 | Tomillos conicos 5 |A2 1ISO10642 M3x30
4 | Tomilios Allen 4 |2 ISD4762 M5x25
4 | Arandelas 3 |A2 1SO7089 5x10
6 | Arandelas 2 (M 1SO7089 6x12
6 | Tomillo Alen 1| a4 ISO4762 Mx16
MANUFACTURES
1 | Soporte anillos rozantes E |AISI304 | ROTCOIL1 VO M 1.5 RO
4 | Empuijador D |AISI304 | ROTCOIL1_VO_M_1_4_RO
3 | Columna C |AISI316 | ROTCOIL1_VO_M_1_3_RO
1 | Placa supernor B |AISI310 | ROTCOIL1_VO_M 1.2 RO
1 | Base A |AISB16 | ROTCOIL1_VO_M_1_1_R0
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DIAGRAM 8: MOLE
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DIAGRAM 9: CONNECTION FRAME
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DIAGRAM 10: ROTOR

2 | Clemas 4 (A2 Paso 8.08, cable 2,5 mm?, 3 tomas
4 | Tuercas 3 (A2 1ISO4032 M4
2 | Varillas roscadas 2 A2 M4 x 60
1| PCB 1 = Eurocircuits+montador
MANUFACTURES
1 | Soporte conexiones B |AISI3D4 ROTCOIL1_VD_M_2_2 RO
1| Mole A | g1 ROTCOIL1_ VO M 2 1_RO
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DIAGRAM 11: SLIP-RING FLANGE
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DIAGRAM 12: PMQ ROTATING COIL

SYSTEM
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