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Abstract

Safety critical systems such as particle accelerators and nuclear plants strongly

depend on the sensors that control the system. The Large Hadron Collider (LHC)

found at the European Organisation for Nuclear Research (CERN) depends on a

collimation system to control the beam. The jaw position with respect to the beam

of particles is measured with linear position sensors. The traditional transducer

used for this task is the Linear Variable Differential Transformer (LVDT) while a

newer transducer called the Ironless Inductive Position Sensor (I2PS) is taking up

the LVDT’s place, in areas characterised with magnetic interference.

An electrical metrological characterisation of the transducer, with long cables,

is first presented. The frequency response of the sensor is conducted to assess the

I2PS sensitivity at different frequencies with different cable lengths. Moreover,

a set of experimental results are performed to assess the I2PS’s sensitivity to

cable capacitance change. Comparison with a commercial off-the-shelf LVDT is

presented, knowing that this was required to gain a better understanding. A novel

SPICE simulation that models the I2PS sensor and its electronics is consequently

developed. Furthermore, a countermeasure circuit is presented to eliminate the

effects of cable capacitance. A detailed thermal analysis is then presented which

characterises the impact of ambient temperature change on the sensor. This study

itself becomes an important step in developing changes and defining guidelines,

which optimise the stability of the I2PS. A number of modifications to the sensor

are proposed to reduce the drift, making the sensor more robust. Nevertheless,

not all solutions lead to sensor immunisation, given the unavoidable design of the

transducer. Furthermore, a detailed study of operating multiple I2PS in close

proximity at the same frequency is presented. Finally, this work also identifies the

optimisation parameters and constants required when manually designing an I2PS.

Consequently, it presents an automated design procedure, which when powered by

a multi-objective optimisation algorithm, it automatically produces an I2PS, tailor-

made to the user’s specifications, very quickly by a user with minimal training.

The research provided in this thesis presents a more thorough characterisation

of the thermal and electrical behaviour of the transducer. This is accomplished by

taking into consideration typical and infrequent circumstances of the operation of

the LHC collimator system.
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Chapter 1

Introduction

1.1 The European Organisation for Nuclear

Research

High-energy physics involves the study of the elementary constituents of the

universe and the forces by which they interact [2, 3]. The two main goals of

particle physics are to discover all the rudimentary particles and to unify the

fundamental forces. Indeed, this collective understanding is referred to as the

Standard Model (SM) of particle physics [2] (Figure 1.1). High-energy machines

particle accelerators are used to study these subatomic particles by accelerating

beams of common, stable particles (protons or electrons and their anti-particles)

that make up ordinary matter, to very high energies.

The European Organisation for Nuclear Research, also known as CERN [4], is

one of Europe’s first joint ventures. It is aimed at scrutinising the fundamental

structure of the universe where it studies the basic components of matter.

CERN’s particle accelerator is more than just one machine that accelerates the

particles. In fact, it is better referred to as a particle accelerator complex [6]

(Figure 1.2), where a sequence of machines accelerate particles to progressively

higher energies. This is done through an elaborate arrangement of beam lines. It all

1
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Figure 1.1: The Standard Model of Particle Physics, describing the elementary subatomic
particles of the universe, which have been observed experimentally. Top rim: Quarks. Bottom
rim: Leptons. Inner circle: Gauge Bosons. Central circle: Scalar Boson. (Adapted from [5])

starts from the proton source, which is a simple tank of hydrogen gas. The electrons

are stripped from the hydrogen atoms with an electric field yielding protons. The

first accelerator, Linac 2, accelerates the protons to the energy of 50 MeV . Once

this energy is achieved, the beam is then injected into the Proton Synchrotron

Booster (PSB), which in turn accelerates the protons to 1.4 GeV . This is followed

by the Proton Synchrotron (PS), which accelerates the beam to 25 GeV . The

accelerated protons are then sent to the Super Proton Synchrotron (SPS) where

they are accelerated to 450 GeV . Then they are finally transferred to the two

beam pipes of the LHC to reach their maximum energy of 6.5 TeV . Finally, the

two beams collide inside the detectors where the total energy at the collision point

is equal to 13 TeV .

1.1.1 The Large Hadron Collider

Both the previous particle-antiparticle colliders, such as Large Electron-Proton

Collider (LEP) [7, 8] and also the Tevatron shared the same phase space in a

single ring. CERN’s flagship project, the Large Hadron Collider is a two-ring-
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Figure 1.2: CERN Accelerator Complex.
Legend: p (protons) RIBS (Radioactive Ion Beams) p̄ (antiprotons) e−(electrons) LHC (Large
Hadron Collider) SPS (Super Proton Synchrotron) PS (Proton Synchrotron) AD (Antiproton
Decelerator) CTF3 (Clic Test Facility) AWAKE (Advanced WAKefieId Experiment) ISOLDE
(Isotope Separator OnLine) REX/HIE (Radioactive EXperiment/High Intensity and Energy
ISOLDE) LEIR (Low Energy Ion Ring) LINAC (LINear ACcelerator) n-ToF (Neutrons Time Of
Flight) HiRadMat( High-Radiation to Materials) CHARM (Cern High energy AcceleRator Mixed
field facility) IRRAD (proton IRRADiation facility) GIF++ *(Gamma Irradiation Facility)
CENF (CErn Neutrino platForm). [6]

superconducting proton/ion accelerator installed in the pre-existing 26.659 km

tunnel built for the LEP under the border between France and Switzerland. The

LHC is CERN’s newest and most powerful accelerator in the accelerator complex.

The latter has seven unique experiments, each characterised by its detectors, where

the machines particles are collided in. The four main experiments are A Toroidal

LHC Apparatus (ATLAS) [9], A Large Ion Collider Experiment (ALICE) [10],

Compact Muon Solenoid (CMS) [11] and Large Hadron Collider beauty (LHCb)

[12], and each contributes in its own way to the discoveries made in the particle

physics world. On the other hand, the smallest experiments on the LHC are Total,

elastic and diffractive cross-section measurement (TOTEM) [13] and Large Hadron

Collider forward (LHCf) [14]. These experiments focus on protons or heavy ions

that brush past each other rather than meeting head on when the beams collide.

Finally, there is Monopole and Exotics Detector at the LHC (MoEDAL) [15] that

is aimed at searching for a hypothetical particle called the magnetic monopole.

Inside the accelerator [17, 18], the two high-energy particle beams travel in two

counter-rotating beam pipes, each kept at an Ultra-High Vacuum (UHV) (Figure

1.3). The LHC is not a perfect ring and in fact, it is made of eight 2.45 km

3
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Figure 1.3: A basic schematic layout of the LHC. It shows the position of the four main
experiments and the experimental insertions. Furthermore, it shows the radio frequency cavities
and utility insertions which are found in octants not occupied by the experiments. (The layout
reproduced by author from [16] is not to scale).

arcs and eight 545 m straight sections crossing in eight different Insertion Region

(IRs). The latter are flanked by superconducting (SC) Radio Frequency (RF)

cavities, which are used to accelerate particles and compensate the high synchrotron

radiation 1 losses. Dipole and quadrupole SC magnets respectively achieve steering

and focusing of the beams. In order to keep the particle beams on course,

electromagnets with a magnetic field of around 8 T are required. Consequently,

approximately 12 kA are required in the magnet coils. Most of the LHC’s SC

magnets are needed to be maintained at a temperature of 1.9 K which is achieved

with a closed liquid-helium system [19]. This is done such that niobium-titanium

(Nb-Ti) material used for the SC magnets reaches negligible electrical resistance,

hence allowing the magnets to efficiently conduct electricity with very low energy

loss.

Ultimately, this leads to the capability of the LHC beam pipes to handle a stored

beam energy of up to 362 MJ that is equivalent to 2808 bunches of 1.15 × 1011

protons per bunch at 7 TeV each. This is such that the LHC can achieve centre-

of-mass collision of energies up to 14 TeV . With transverse energy densities of

1Synchrotron radiation is an electromagnetic radiation generated by radially accelerated
charged particles; in circular colliders the main contributions to this phenomenon comes from
the dipole magnets used to bend the charged particles trajectory.
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1 GJ/mm2 [20, 21], the LHC beams are highly destructive. Moreover, in 2017,

the LHC achieved record luminosity [22]. The instantaneous luminosity record

was smashed, reaching 2.06 × 1034 cm−2s−1, which is twice the nominal value. If

particles are squeezed enough through a given space in a given time, there is a higher

probability that they will collide when two beams meet. Therefore, instantaneous

luminosity corresponds to the potential number of collisions per second [23]. This

is why the High-Luminosity Large Hadron Collider (HL-LHC) [17, 24] aims at

increasing tenfold the LHC annual integrated luminosity and thus providing the

high-energy physics community with an unprecedented data sample.

Having said this, the beams are collided during stable beams or the physics phase of

the LHC operational cycle, shown in Figure 1.4. The cycle starts when the beams

are injected in the LHC from the SPS at 450 GeV , after verifying the correct

behaviour of the machine with a safe beam probe. The magnet strengths are then

ramped-up in order to accelerate the beams to maximum energy. Finally, the beam

is then squeezed to reduce the beam size and adjusted for collision [25].

Figure 1.4: LHC operational cycle with the magnet strengths and beam energy. Reproduced
by author from [26].

It can also be expected that the beam lifetime is not fixed [27] through the

operational cycle due to various sources of beam loss. These can be listed as:

• collision with residual gas molecules in the beam pipe;

• intra-beam scattering;

• beam instabilities;
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• synchrotron radiation damping;

• beam-beam effects, and;

• dynamic changes during the operational cycle.

These diffusion mechanisms shift particles from the bunch core to higher ampli-

tudes, creating what is known as the beam halo. Generally, the core of a LHC

proton bunch in the transverse plane can be modelled as a four-dimensional (x,

x’, y, y’) Gaussian distribution. In order to account for the halo particles, a

tail or a second Gaussian distribution is considered. Indeed, it will have a larger

standard deviation σ and a smaller number of particles than the core, as depicted

in Figure 1.5. It is generally considered that the particles with an amplitude > 3σ

comprise the beam halo and, by elimination, < 3σ the core. As expected, the core

contributes to the absolute majority of the luminosity [26,28].

Figure 1.5: A particle beam modelled as a 2D double Gaussian distribution. Showing a scenario,
where the core makes up 95% of the beam, and the tail 5%. The top plot show the histogram
of the distribution, and the probability density function divided into core (blue) and tail (red).
Reproduced by author from [26,28,29].

The beam halo and beam losses are a very important problem and each needs to

be handled with caution. If small amounts of energy, induced by a local transient

beam loss of a 10−9 fraction of the full beam at 7 TeV , are deposited into the

SC magnet coils, the SC magnets in the LHC would quench2. Such events can

lead to the destruction of parts of the accelerator. Since the repair time of a

2As already mentioned, one of the LHC operational requirements is that the SC magnets
must be kept at cryogenic temperatures in order to benefit from their SC state. A magnet
quench represents a transition of the magnet from a SC to a normal-conducting state. This will
result in very high resistances and unstable magnetic fields.
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superconducting magnet would cause a down time of several weeks or months, it

is of utmost importance that the beam of particles is monitored and controlled at

all times [30]. Considering all this, the need for a system of more than 4000 Beam

Loss Monitors (BLMs) to be installed around the ring, was established.

Figure 1.6: (a) Beam loss monitor at LHC. (b) Photograph of the inside of an ionization
chamber [30,31].

Protection of the equipment from beam particle loss is achieved by the monitoring

and subsequent generation of a beam dump trigger when the losses measured by

the BLMs exceed certain thresholds. The thresholds depend on the:

• momentum of the stored beam,

• the duration of the beam loss and

• on the location of the beam loss monitor.

In addition to the quench prevention and damage protection, the loss detection

allows the observation of local aperture restrictions, orbit distortions, beam

oscillations, and particle diffusion. As shown in Figure 1.6, BLMs are mounted on

elements that have been identified as potentially critical such as the quadrupoles

and the collimators. There are four different types of BLMs [31]. The standard

ones are 50 cm long ionization chambers with parallel aluminium electrodes. The

chambers are filled with nitrogen at 100 mbar overpressure. The properties of the

chamber gas are close enough to the ones of air at ambient pressure such that

if a detector develops a leak it would not compromise the precision of the BLM

system. On the other hand, they are sufficiently different to detect a leak during

the scheduled annual test of all the chambers with a radioactive source. Apart

from the use of BLMs, a powerful collimation mechanism is set in place in order to

ensure stable running conditions.
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Figure 1.7: Layout of the LHC, showing the collimator locations around the ring [32]

In general, to collimate rays of particles means to make the beam accurately

parallel. The LHC collimation system is the most advanced cleaning system built

for an accelerator. Unlike previous colliders, such as the Tevatron, where the main

purpose of collimation was to reduce experimental background, the LHC requires

collimation during all stages of operation to protect its elements. It is made up of

108 collimators [1] and absorbers, of which 100 are movable collimators installed in

seven of the LHC IRs as well as in the transfer lines [20,33]. The collimation system

used in Run 2 is shown in Figure 1.7. The movable collimators are subdivided into

two single sided and ninety-eight double sided collimators of different designs and

materials, providing 396 degrees of freedom (two motors per collimator jaw), that

produce a multi-stage scrubbing of the beam halo [32]. The latter also plays a

crucial role in the LHC machine protection. Moreover, the collimation system

must ensure, in all conditions, more than 99% cleaning of the beam halo during

the full beam cycle [34]. In the context of the luminosity performance, this is crucial

since it enables the LHC to reach its full potential during regular operation [35–37].

Since there is no collimator solution that fulfils all the design requirements for

LHC collimation, the design of the LHC collimation system has been a complex

task. Therefore, a huge and consequential, multi department effort is undertaken to

continuously design, develop, optimise, operate, maintain and monitor the powerful

LHC collimation mechanism. In fact, the work on a state-of-the-art collimation
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system has been ongoing since the 1990’s and is continuously evolving depending

to new requirements. Each design must encompass all pertinent requirements

concerning robustness, performance, fabrication requirements, costs, installation,

maintenance, machine protection and beam operation. This reflects the challenge

posed by the advancement of the required beam cleaning and collimation and the

difficulties involved to meet the ever evolving LHC requirements. [1, 20, 36–38]

Figure 1.8: Photograph of a collimator in the LHC tunnel [32]

As already highlighted, collimators (as the one shown in Figure 1.8) are designed

to protect the LHC accelerator from beam particles travelling outside the nominal

trajectory. This is achieved by physically blocking the particles that are outside

the beam halo, thus cleaning the excess particles in the outer part. This also

implies that collimators are also adept at narrowing the beam of particles in the

horizontal plane. The nominal beam size at the collimator is 200 µm. Since a

collimator directly influences the size of the beam of particles, it is very important

that its jaws position with respect to the beam is accurately known. Linear position

sensors are installed for this specific task. Moreover, the target uncertainty of the

position reading, of any linear position sensor installed, needs to be one tenth

of the nominal beam size implying that the jaws have to be measured with a

20 µm, maximum target position uncertainty. Apart from high accuracy, it is

also imperative that the collimation position measurements are not influenced by

nuclear radiation or by magnetic fields [39, 40] coming from surrounding devices

[41–43]. Furthermore, due to the several MGrays/year of radiation expected in
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the proximity of the collimators, no electronics could be embedded in the sensors

or in the motors. This is why all the electronics are placed hundreds of meters

away and are connected to the sensors through long cables. This poses a challenge

when designing sensor and electronics for the collimators because the cable and its

properties affect the signals sent and received. The two sensors used to determine

the jaw position of the collimators are the I2PS and the LVDT.

1.2 Project description and objectives

As already highlighted, the safety and reliability of the LHC depends on the

correct performance of the collimators. Indeed, an incorrect reading of any one

of the sensors installed on the collimator leads to a beam dump or damage to the

machinery. In the field of safety critical applications, such as the one in this case

and also in the industry, it is vital that a transducer is stable and reliable over

a wide range of environmental changes. On the other hand, a transducer such

as the I2PS which is highly requested in the industry as it has features like long

lifetime, robustness, radiation hardness and high resolution, should be optimised

and industrialised for the use in other fields apart from the LHC at CERN.

The main aim of this work is twofold: increase the reliability/accuracy of the

measured position and optimise the I2PS. This is achieved by modelling and

characterising the transducer in conditions which perturb the position reading.

Indeed, this work can be divided into three parts:

1. Electrical characterisation of the I2PS with long cables:

(a) understand the effect of parasitic capacitance on the coils and hence the

implications on the position reading;

(b) develop a model that replicates this phenomenon; and

(c) develop, build and test a solution to counteract this phenomenon.

2. Examine and reduce position drifts related to temperature:

(a) understand the cause for this phenomenon and hence prove that the

compensation algorithm is correct;

(b) define a set of guidelines and a procedure to be used when selecting the

compensation factors; and

10
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(c) investigate possible modifications to the sensor in order to obtain higher

temperature stability.

3. Obtain a general model and develop a design engine for the manufacturing

of optimised I2PS:

(a) provide an autonomous algorithm that holistically optimises the sensor’s

specifications with minimal direct intervention by the user;

(b) use a generalised programming language independent of proprietary

software like Matlab; and

(c) provide an intuitive interface for a non-professional to use.

The I2PS is connected to the electronics for the supply and acquisition by a long

cable. This cable is usually a few hundred meters long and it passes alongside other

cables in the LHC tunnel racks or floor. It is also noted, from the past dataset

that in abnormal cases the capacitance of the long cable connecting the sensor to

the electronics changes. This leads to a different parasitic capacitance with respect

to the one calibrated during commissioning, leading to position change. This work

aims at obtaining a detailed study on the impact which the long cable leaves on

the position reading and provide a solution to the position change caused by this

phenomenon.

Moreover, while it is noted that the sensor is not affected by electromagnetic

interference, as the LVDT, it is noted that it drifts with time as the surrounding

temperature changes. Similar to the LVDT, the I2PS has a temperature compen-

sation algorithm which compensates for the drift but it seems that in this case the

compensation factors are not enough or correct for this purpose. Although it is

noted that the temperature drift in this case is small, and the LHC collimators

can still be operated with it, it is important that this issue is resolved so that the

reliability of the reading is increased. Indeed, this work presents a detailed study

of the sensor when the ambient temperature is changed and moreover presents

possible solutions.

Finally, the need to industrialise the I2PS comes from the fact that its predecessor,

the LVDT, is a widely sought after and highly used linear position sensor in the

industry. The only drawback of the I2PS is the fact that it has been designed,

continuously optimised and manufactured for one particular function. Tailor-

making such a product involves a long design phase, followed by a testing period

by a professional in the field. Hence, unlike the LVDT, only one sensor design
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exists with a set of defined specifications. Furthermore, the task of designing an

I2PS has until now been done manually by an electromagnetic engineer, which by

knowing the characteristics of the transducer; through trial and error, defines a set

of design specifications by using the electromagnetic model and the Finite Element

Model (FEM) simulator. The available electromagnetic model is implemented in

Matlab by Mathworks, which although is a good interface for testing models it

is heavy on the computational resources. As expected, the summation of all this

results in a design task that takes a long time of finish. Therefore, in order to

be used to its full potential by the industry, this work aims at industrialising

the available models by obtaining a design engine that produces optimised design

specifications for the manufacturer.

This work will therefore help increase the knowledge about the I2PS and so achieve

a stronger understanding of the inner workings of this transducer. Moreover,

apart from the new guidelines, and countermeasure circuits for the thermal and

capacitance effects respectively, it will provide a new simulation and a tool for

design of a new I2PS.

1.3 Thesis Structure

This thesis is divided into seven chapters, with the first chapter aimed at giving

a general introduction. Indeed, this chapter provides a description of CERN’s

infrastructure and the LHC. The LHC experiments, the luminosity in context of

the beam, the beam and the eventual beam losses are ultimately also discussed.

Moreover, the beam loss monitoring system is introduced and consequently, the

LHC collimation system is put forward as the backbone of the structure that

protects the accelerator from the inevitable beam losses. A brief description of

the accuracy and requirements of the collimator is also explained. The aim of

this thesis which is that of fully characterising, enhancing and industrialising a

collimator tailor-made linear position sensor, the I2PS, is then presented together

with the motivation for this work and the expected project objectives.

The next chapter follows a more detailed explanation of the mechanical and

electrical design of the collimator which is built upon the description presented

in Chapter 1. This is done by explaining the movement and protection algorithms

embedded in the collimator software and hardware. A detailed description on how
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the linear position sensors are operated and how the accuracy of the collimator is

achieved is also presented. Moreover, the work done on the LVDT is highlighted.

This is important since the LVDT is used as a reference in the majority of the

studies, which are related to the I2PS. Finally this chapter introduces the I2PS,

giving a detailed description of the design and working principle while comparing

it to the LVDT. It is shown that various detailed studies have been carried out

over the years to define this transducer. An overview of the work presented in this

thesis in relation to these studies is also provided in this chapter.

One of the challenges electronics designers face are long tracks and long cables.

Cable length is usually kept as short as possible hence reducing introduction of noise

in the system. With this in mind, Chapter 3 explains how the I2PS is sensitive to

cable capacitance change. It presents a novel spice simulation, which models this

phenomenon and also an electromagnetic model. This model is very important

since unlike FEM models it is fast and other circuits can be simulated as well.

This simulation leads to the development of a countermeasure against the sensor’s

cable sensitivity.

Thermal sensitivity is an issue almost every sensor exhibits and a compensation

system is always investigated and implemented, the I2PS being no exception. For

this reason, Chapter 4 presents the detailed and exhaustive study carried out in

relation to the thermal sensitivity of the sensor. It is shown how the sensor behaves

in different operating conditions. Furthermore, a thorough characterisation of the

performance of the compensation algorithm is unveiled in this chapter.

Chapter 5 builds on the previous chapter and presents variations implemented

in the I2PS structure with the aim of decreasing thermal sensitivity. To com-

plement the conclusions obtained in the thermal studies, an interference study

was conducted such that guidelines on the operation of multiple I2PS in close

proximity could be defined. The latter was used with the former to conduct a set

of experiments on the collimators to obtain a deeper understanding of the thermal

behaviour of the I2PS in operation.

Ultimately, Chapter 6 gives a detailed description of the optimisation tools

available. This is followed by an analysis of the sensor’s variables and dependencies

with the aim of designing an automated optimisation design engine to industrialise

the sensor. Once a sensor is developed, it is not always easy to re-optimise with

modifications to the design for other implementations manually. This usually

involves precious resources and dedicated professional manpower. An algorithm,
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which generates new sensor specifications and its results, are then presented and

discussed at the end of this chapter.

Finally, a summary of the work accomplishments and the main contributions of

this study to the further development of this research field are presented in the

last chapter. Furthermore, this chapter provides suggestions for future work and

concluding remarks.
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Chapter 2

The LHC Collimation System and

its Position Sensors

2.1 Introduction

As briefly highlighted in Chapter 1, CERN houses over one hundred collimators

to help with the protection and control of the beams in the LHC. Furthermore,

to ensure the multi-beam cleaning by the collimation system, various types of

collimators are installed in the LHC. In fact, the mechanical design depends on

the collimator’s function. The jaws of the primary collimators are typically shorter

than the secondary collimators, whilst the aperture of secondary collimators must

be larger than that of the primary but small enough to maximise its efficiency in

catching the particles out-scattered by the primaries. Other collimator types also

exist, namely, the tertiary, absorbers, dump protection and injection which are all

different depending on their particular function [32].

Since this study deals with the linear position sensors which have the same function

on all the collimator types, and are installed in the same manner, this chapter

provides a detailed explanation of the general mechanical and electronic design

and layout of a collimator. It also provides, a detailed description of the LVDT

and the I2PS, as well as a comparison between the two. An overview of the up-

to-date development of the I2PS at time of the work presented in this thesis, in

relation to the development of the research field, is finally given.
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2.1.1 General layout and design

Collimators are designed to withstand the high intensity of the LHC beam. It is

a challenge to create a large machine, which is not only very robust, but at the

same time very precise. Furthermore, the jaws have to be remotely movable with

good precision and high reproducibility of settings. Finally, the absolute opening

of the collimator gap is safety-critical and must be known at all times with good

accuracy.

Figure 2.1: Collimator mechanical assembly (cross-section of a horizontal TCSG) [44]

The jaw assembly design is based on the clamping concept [1]. A graphite or a

carbon-carbon composite (C/C) jaw is pressed against a heat exchanger made out

of copper by a steel bar, which is kept under pressure by a series of springs. Steel

plates hold the jaw assembly together, as can be noted from Figure 2.1. The jaw

width is set to 25 mm, which is the minimum allowable dimension, as demanded

by preliminary thermo-mechanical analysis. This is done in order to minimise the

thermal path from the place where the beam impact takes place i.e. the hottest

spot, to the cooling pipes. Since copper expands at a rate of 16 to 17 10−6m/mK

and graphite expands at a rate of 4 to 8 10−6m/mK, a fixed joint between the

jaw and the copper plate is not possible. To avoid unacceptable distortions, the

contact between the two surfaces must allow for relative sliding. At the same time,

proper heat conduction at the contact point must be ensured. Consequently, a

nominal pressure of five bar has to be applied between these surfaces. While a

higher pressure leads to better conductance, it increases the mechanical stresses

on the jaw. The pressure required was estimated through a semi-analytical model

developed by Fuller and Marotta [45]. The effect of differential thermal expansion
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on the jaw surface precision is minimised by setting the transverse distance from

the two supporting axles to the internal reference surface of the jaw to 40 mm. [1]

Two Oxygen-Free Copper (OFC) pipes per jaw, which are brazed on one side to

the copper plate and on the other side to the stainless steel bar, make up the heat

exchanger. Each pipe has three turns of square pipe section to increase the heat

exchange, ease the brazing procedure and to avoid harmful air traps. A maximum

operating temperature of 50°C for the jaw material is required due to the graphitic

materials specifications. This imposes the use of water at 12°C with a water flow

rate of 5 l/min per pipe. [46]

Figure 2.2: Front view of the 3D drawing of a collimator

Two stepper-motors independently actuate each jaw. This allows both lateral

displacement and angular adjustment. Indeed, a rack and pinion system avoids

excessive tilt of the jaw. In fact the relative difference between the two axes cannot

be larger than 2 mm. Rotational movement of the each motor is converted to

linear motion by a lead screw system, which when connected to a table mounted on

anti-friction linear guide-ways, allows the precise positioning of the jaw supporting

axle. The smallest motor step is 10 µm. Four bellows, which can be bent sideways,

guarantee vacuum tightness. Then, a return spring pre-loads the system hence

making it play-free. The return spring also provides a semi-automatic back driving

of the jaw, in case of motor failure.

End-stop and anti-collision switches are installed to stop the jaw before colliding

with each other or to the end plates. The position control is guaranteed by motor

encoders and by six linear position sensors. Furthermore, the vacuum tank, which

has a traditional design, is manufactured out of 316L stainless steel and is mainly

electron-beam welded (Figure 2.2). The whole system is pre-aligned and then
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placed on a support table via a plug-in system. Another stepper motor with the

same setup adjusts the whole assembly by ±10 mm in order to move the jaws on

the plane of collimation and present a fresher surface in the beam impact area,

in case the initial impact area is damaged. A linear position sensor monitors this

position and end-stop switches limit further movement. [44]

The stepper motors are controlled in open loop. This implies that they follow

predetermined trajectories without feedback from a position sensor. This is possible

due to the precision of the kinematic chain that has been designed to be free of

mechanical play. The collimators are therefore equipped with electronics such that

the following diagnostics can be obtained [1]:

• the position of each motor and jaw support point through motor encoders,

• independent measurement of collimator gap dimension, at both extremities

of collimator tank with linear position sensors,

• independent measurement of each jaw position at both extremities of colli-

mator tank with linear position sensors as well as the position of the tank

with respect to the pre-aligned position. (Five position sensors installed for

this purpose, bringing to seven the total number of linear position sensor per

collimator),

• temperature of each jaw at both of its extremities,

• temperature of cooling water at inlet and outlet,

• signals from various limit switches (end stop in and out and anti-collision),

• one microphonic sensor per jaw for detection of beam-induced shock waves,

• flow of cooling water per collimator.

The extensive diagnostic measurements allow fail-safe setting of collimator gaps.

It is also important since it allows for self-consistency checks and detection of

abnormal beam load conditions.
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2.1.2 Low Level Control System

Similar to the mechanical design, the control system for the collimator has a strict

list of requirements. The system must run in real-time and is required to be fast

(<10 ms), accurate and reliable. Hence, the system is divided into low level,

supervisory level and application level.

Figure 2.3: The layout of the collimators control system. Reproduced by author from [47].

Figure 2.3 presents a layout of the collimators’ control system. The operator’s

interface in the control room includes the high-level module of the system and is

referred to as the Central Control Application (CCA) [47,48]. The role of the CCA

is twofold: it presents an efficient Graphical User Interface (GUI), which allows the

supervision of about 120 collimators in one screen, and it provides special functions

like trimming [49,50].

The Collimator Supervisory System (CSS) takes care of all time critical actions and

runs on several Linux PCs, henceforth referred to gateway, which are installed close

to the low-level racks. Every gateway manages approximately thirty collimators by

means of commands sent to the low-level system through the CERN middleware

framework called Front End Software Architecture (FESA) [51]. The low-level

system triggers all time critical actions by pulses sent through a dedicated optic

fibre. The latter serves as a link between the gateway and the different low-level
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systems of the collimators supervised by the CSS to trigger time sensitive actions

triggered on the low-level system. The standard CERN timing system is used to

synchronise the different gateways among themselves [48].

The low-level function subdivides into three parts:

• The Motor Drive Control (MDC) controls the motion aspect of the

collimators. This system receives the motion commands from the supervisory

system and is charged with the transmission of the acknowledgement of

commands received and end-of-action notifications. This system is also

tasked with the pre-processing of these commands. Hence, the commands

include performing tasks such as coherence checks and protocol checks and

the generation of the smooth profile movement trajectory set-points to be

executed by the FPGA motor controller. It also provides interlocks to

eventually abort the beam in the LHC in case a problem occurs during the

movement.

• The Environmental Survey System (ESS) reads all environmental

parameters such as the temperatures of the jaws and cooling, the vacuum

gauges and more. Moreover, it is able to trigger a beam abort if it meets

specific conditions.

• The Position Readout and Survey (PRS) is responsible of verifying in

real time that the actual position corresponds to the desired one within a well-

defined tolerance received by the supervisory system. Apart from executing

coherence and protocol checks of the commands received from the CSS, the

PRS also prepares the upper and lower thresholds of the profile for the

collimator axes position and the two gaps. The position of the linear position

sensors is read with an accuracy of 20 µm at a rate of up to 100 Hz [52].

In [53], the I2PS algorithms are found to have a processing time of less then

0.3 ms. Taking into account a signal acquisition of 2000 samples acquired at

250 kS/s, an acquisition time of 8 ms is obtained. Depending on the type

and energy of the circulating beams, the PRS can issue a beam abort in case

of difference between the desired and the measured position of the jaw.

As already mentioned, linear position sensors have been chosen to measure the jaw

position at each extremity, the distance between the two jaws and the position of the

tank. Since 2013, two linear position sensors are installed in the LHC collimators.

The Linear Variable Differential Transformer (LVDT) and the Ironless Inductive

Position Sensor (I2PS).
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2.2 The Linear Variable Differential Transformer

The Linear Variable Differential Transformer (LVDT) is a common type of induc-

tive transducer that can convert the rectilinear motion of an object, to which it

is coupled mechanically, into a corresponding electrical signal [54–57]. A basic

LVDT consists of a movable core and three coils, a primary coil and two secondary

coils. The coils are wound onto a cylindrical bobbin, which is usually made out of

some insulator material. Since inductive coupling is the source of communication

between the moving and stationary parts of the transducer, these coils are usually

inter-penetrated rather than lined end-to-end. An LVDT core is normally a cylinder

of permeable material and provides inductive coupling between the primary coil and

the secondary coils. The core moves within the bore of the LVDT. The core material

is usually made of the nickel-iron alloy, which is threaded to enable one to attach

it to the element that is to be measured. After the core is in the final shape, size,

and is threaded, it is annealed. The annealing process removes mechanical stress

and makes the permeability uniform [57]. This aids the completed LVDT to obtain

a low null, unit-to-unit repeatability, lower non-linearity and better temperature

performance.

Figure 2.4: Structure and working principle of an Linear Variable Differential Transformer

Movement of the core triggers the linkage from primary to both the secondary coils,

which changes the induced voltages. The coil, onto which the voltage is impressed,

is henceforth referred to as the primary. The coils that produce the relative outputs

are henceforth referred to as the secondaries. In transformer theory, two or more

adjacent coils are coupled by mutual inductance. Therefore, if a voltage is supplied

to one coil (the primary), the voltage produced at a second coil (a secondary)

is related to the magnitude of the primary voltage by the ratio of the number
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of turns of the respective coils. The LVDT’s primary is energised by a constant

amplitude ac supply. The magnetic flux develops coupling through the core to

the adjacent secondary windings. If the core is located midway, equidistant from

the secondary coils, equal flux is coupled to each secondary. This implies that the

voltages induced by transformer theory in the secondary windings are equal. This

midway core position is known as the null point, where the differential voltage

output, is practically zero. If the core is moved closer to the first secondary than

to the other, the flux distribution is shifted favouring the first secondary coil. This

implies that a higher voltage is induced in the first secondary coil while the voltage

in the second secondary is decreased. The opposite happens if the core is moved

closer to the second secondary coil. The phase angle of this ac output voltage,

referenced to the primary excitation voltage, stays constant until the centre of the

core passes the null point, where the phase angle shifts by 180° to one side and

-180° to the opposite side. With the right algorithm or circuitry, this phase shift

can be used to determine the direction of the core from the null point [54].

Figure 2.5: A photo of a Linear Variable Differential Transformer (LVDT)

Since the LVDT core does not touch the inside of the coil bobbin, it is defined

as a non-contact sensing element since it is friction free [57]. This means that

repeated full-stroke cycles can be repeated without wear or degradation of the

performance characteristics. Moreover, an LVDT is said to be an infinite-resolution

sensor. The only limitations imposed on resolution are due to noise, characteristics

of the signal-conditioning electronics, or limitations of the user’s signal-receiving

circuitry. Higher excitation voltages are used in noisy environments to maintain

a high signal/noise ratio. Quantizing error in the receiving electronics may limit

resolution due to the analogue-to-digital converter that is often incorporated there

by the user. Since the LVDT conditioned output is an analogue signal, an Analogue
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to Digital (A/D) converter is needed to present the signal to a digital system such

as a controller using a microprocessor. Furthermore, hermetically sealing an LVDT

provides a very rugged sensor, which can be used in high-humidity, high-vibration

environments and over a wide temperature range. Eventually, if a stainless steel

material is used for the housing and end plates, a substantially corrosion resistant

sensor is produced.

Therefore, if an ac signal s(t) at frequency fo is supplied to the LVDT:

s(t) = Apcos(2πfot) (2.1)

it results in two secondary signals dependant on the LVDT sensitivity, core position

and winding ratio as follows:

y1(t) = A1(x)cos(2πfot+ φ1)

y2(t) = A2(x)cos(2πfot+ φ2)

(2.2)

The position reading of the LVDT is based on a ratiometric index of the two

secondary voltages (A1 and A2). The ratio is given by:

r(x) =
A1(x)− A2(x)

A1(x) + A2(x)
(2.3)

The LHC collimator’s design guarantees the LVDTs a constant sum for the

denominator S1(x) + S2(x) over the useful position range of ±40 mm. The

amplitude demodulation is performed with a sine fit algorithm [58–60] and since the

demodulation is asynchronous, it does not suffer from phase error problems. This

also implies that filtering or windowing is not required to eliminate the spectral

leakage. The high noise immunity and a frequency response of this algorithm,

significantly reduces the proximity crosstalk due to different LVDTs.

Despite its advantages, excellent performance along the years and the presence

of an enclosing shielding material, it was shown by A.Danisi et al. [42, 56, 61]

that the linear variable differential transformers are sensitive to external dc or

slowly-varying magnetic fields. This phenomenon was first noticed in the CERN’s

LHC Collimators application. The magnetic interference on LVDTs was observed

as a drift on the sensor’s position reading, localised on certain sensors along the
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Figure 2.6: Typical cross section of an LHC tunnel [1]

accelerators complex, especially in the transfer lines that connect the beam-lines

of different circular machines [39]. After a thorough research in the data sheets, it

resulted that some manufactures warned the user about this problem but gave no

quantitative information.

Figure 2.6 shows the typical cross section of a transfer line. It is clear that several

current cables are placed on planes about one meter away from the collimator area.

The top ledges are equipped with cables in which the current is characterised by

low peak amplitude. The other ledges are equipped with two series of cables in

which the current is constant with a superposed high-amplitude pulsed waveform.

According to the SPS extraction cycle, this is a slow varying signal with respect to

the sensors and motors signals [62]. Hence, it can be considered as a constant or

dc signal. Since the function of these cables is to supply the transfer lines’ magnets

during their cycle modes [39] the magnitude of these current signals is of some

hundreds of Amps.

The dc magnetic field produced by the current of these two cables, is the main

source of the magnetic interference recorded on the LVDT positioning sensors of

the LHC collimators. This hypothesis is confirmed by the measurements, which

have been done on a collimator, shown in Figure 2.7. It was noted that, the current

signal of the cables and the position reading of one of the LVDTs is perfectly

synchronized.
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Figure 2.7: Correlation between the I2PS and LVDT position readings with respect to the
magnet current cycle, on 26 May 2015, during a span of 35 min of LHC operation. [63]

Furthermore, the magnitude of the position drift can reach 200 µm. Simulations

and measurements [39, 64] have been conducted to evaluate the magnetic field

strength in the tunnel. The results showed that the maximum magnetic field

to expect on the LVDTs placed in the collimators is around 800 A/m, which

corresponds to about 1 mT in air. This comes from the fact that the current cables

are arranged on the ledges such that the two cables in each pair are carrying two

equal-and-opposite currents. Therefore, the magnetic field decreases quite rapidly

with the distance from the pair. As a result, this also implies that the huge position

drifts, which have been observed, are due to a relatively low-intensity magnetic field

and that the LVDT sensor is quite sensitive to external magnetic fields. It was

deduced from this study that the slowly varying magnetic field is coupled with the

non-linear magnetic material of the LVDT polarizing the materials in a different

working point, modulating the secondary voltages accordingly.
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2.3 Review of position sensing techniques

LVDTs, are the transducers which dominate the bigger portion of the industry

which requires transducers characterised by high precision, contact-less, and radi-

ation hardness. In fact, a lot of research is conducted to enhance this transducer.

H.Mandal et al. [65] developed a linear position sensor, which operates similarly

to an LVDT. The proposed linear position sensor consists of two identical coils

wound on a former made of ferromagnetic material. This acts as the position

sensing structure for a specially designed core. Their added advantage is a sensor

with a range of motion equivalent to the entire length of the sensor.

J.Maurio et al. [66] patented a novel linear position-sensing device, which makes

use of a helically polarised magnet. Their system is oriented in operating

in environmental conditions, which are characterised by high temperature and

pressure such as nuclear reactors. This sensor includes a magnet which has a

number of north and south poles along the circumference of the core in a helical

pattern along the linear axis. This defines a very unique magnetic flux variation

and hence producing high sensitivity in the sensor. While such sensor designs could

be beneficial to the LHC collimator use case, the ferromagnetic material inside the

sensor would eventually lead to the same electromagnetic interference as in the

conventional LVDT.

A. Danisi [56] reviewed the position sensing techniques [57] with the LHC colli-

mators as the use case. In his work, A. Danisi discussed how contact-type linear

position sensors [67] such as resistive sensors are not suited for the requirements of

the LHC collimators because of their relatively high uncertainty and low robustness.

The major disadvantage of this sensor is the wear of the resistive element leading

to performance degradation over time, making the sensor unreliable for continuous

operation.

On the topic of resistive position sensors, Y.Kim et al. [68] developed a high

performance, high temperature position sensor for control of actuators in aerospace

systems. Apart from the high temperature conditions, this sensor needs to handle

radiation, thermal/vacuum environment and mechanical loads due to spin [69].

In their work Y. Kim et al. produced a sensor with multi-layer metallisation

on a silicon substrate which allowed for high temperature. Furthermore, with

passivation layers the scratches caused by the rubbing of the brush on the

resistive elements are avoided. While this sensor shows a significant advancement
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from traditional resistive linear position sensors, the theoretical output position

produced was 40 µm, even though MEMS technology was used to produce it. This

precision needs to be at least halved in order to be able to implement this sensor

in the LHC collimator.

A. Danisi also eliminated capacitive based linear position sensors [70] due to the

ionisation radiation environments the sensor has to work in. E.Dimovasili et

al. [71] showed that radiation-induced charge accumulates on the capacitance plates

forming the sensor leading to voltage variations. The radiation environments found

in the LHC tunnel also eliminated the use of position sensors which make use of the

Hall Effect [57]. A. Danisi highlighted that a promising technique would be fiber-

based interferometry [72,73] but was later eliminated due to possible degradation of

fiber-optic in radiation environments. For the same reason linear optical encoders

cannot se used since their electronics and materials suffer degradation due to

radiation. Furthermore, since both these sensing techniques are very expensive

and since several hundred sensors are required, this solution is found not to be

feasible. Finally, inductive displacement sensors [74] which sense the variation

of the magnetic field generated by the ferromagnetic materials are also available.

These lead to the same issue as the LVDT.

C.Mandel et al. [75] adopted an interesting approach to displacement measurements

in harsh environments while still using electromagnetic fields. C.Mandel et al.

developed a chip less wireless sensor for two-dimensional displacement, which

works on the principle of detuning of a complementary split ring resonator. Their

prototype shows displacement detection of a movable part respective to a fixed part

in the range of a few millimetres. A split ring resonator is similar to an antenna

and a receiver, made out of micro strip lines that when made out of ceramic is able

to work in a high temperature environment. While it is possible to use this sort

of technology in such environments, it is seen in [76] that radiation effects affect

ceramic materials and hence this kind of sensor would also not work in the LHC

collimators.

When dealing with a beam whose size (200 µm) is equivalent to a thick hair strand

but with a stored energy equivalent to 80 kg of explosive TNT, the precision of

the linear position sensors controlling it is required to be roughly equivalent to

the size of a large bacterium (20 µm). When such a high precision novel sensor

is introduced, is often kept under constant monitoring and optimisation. It often

happens that a sensor has not yet been fully characterised and that there are

underlying problems that have not been identified. This is simply because certain
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operating conditions have not been met. This is one of the main reasons; the I2PS

has been under constant monitoring since the first installation. Furthermore, as

shall be shown in what follows, various detailed studies have been carried out over

the years to evaluate and characterise the sensor.

Indeed, A.Danisi et al. [56, 63, 77] have performed a lot of work in this field with

the aim of designing, modelling and characterising this sensor’s phenomena. In

particular, an electromagnetic model [78] was developed defining the theoretical

aspect of the sensor. This model is the starting point of the design of a new sensor

since it provides the necessary mathematical functions. It is also critical since it

mathematically shows how the sensor can be operated with both a voltage and a

current supply. Moreover, the authors provide variations to the model such as a

preliminary analysis of how the sensor behaves with temperature change [79] and

the high frequency effects [80]. This is followed by 2D numerical analysis with a

software called Flux by Cedrat, of the sensor, hence verifying the electromagnetic

model [81,82]. Furthermore, the author shows how his 2D model could be used to

design the sensor and optimise it.

As already mentioned, A.Danisi et al. [80] also modelled the high frequency effects

of the I2PS. The work through analysis, simulation and experiments showed that

the electrical resistance of the coils is the parameter, which experiences the highest

change from the high-frequency phenomena. They also showed that the inductance

change exhibits very small variations with frequency. This study is very important

in cases where the sensors need to be operated at high frequency. A.Masi et al. also

developed a new real time high precision reading and temperature compensation

algorithm. It was discovered that the standard three-parameter sine fit algorithm

used for the LVDT demonstrated a sinusoidal disturbance to the main signal. Their

algorithm uses a time windowing function to reject the low and high frequency

effects, hence obtaining a higher precision while limiting the impact on the real-

time implementation and respecting the constraints specified [53]. Moreover, this

algorithm is combined with a method on how to compensate for temperature drift.

A novel method of reading the temperature in such sensors is presented and it

is noted that through this algorithm a dramatic reduction of the temperature

sensitivity is reported.

L. Sabato et al. [83] modelled the I2PS parasitic capacitance with special attention

to the moving coil. This study provided the first step in obtaining a parasitic

capacitance model. An analytical model taking into account the curvature radii

of the conductors and the presence of all the layers was proposed with the aim
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of predicting the resonance frequency. Furthermore, S.Troisi et al. [84] aimed at

understanding the effects of the shield on the sensor. The standard I2PS model

developed by A.Danisi describes the sensor without the conductive enclosure.

S.Troisi builds on this work. Through analytical and FEM simulations S.Troisi

found out that the shield does influence the sensor. The impact is uniform and

hence the effect can be compensated through calibration.

Table 2.1 summarises the position measurement techniques available and the reason

why this technology is not suitable for operation in the LHC.

Table 2.1: Summary of existing position sensing techniques and their respective drawbacks from
an LHC implementation point of view.

Measurement

technique
Drawbacks Advantages

Resistive
Wear and tear

High uncertainty

Low cost

Low tech

Easy to use

Capacitive Radiation induced charge
Low uncertainty

Non-contact sensing

Inductive

Susceptibility to electromagnetic

Interference due to ferromagnetic

Materials present

Contact less

Good sensitivity

High resolution

Hall Effect

transducers

Electronics in radioactive

environment

Highly reliable

High speed operation

Pre-programmable

Magnetostrictive
Electronics in radioactive

environment

Contact less

High resolution

Magnetoresistive
Expensive

High uncertainty

Contact less

Good sensitivity

Encoders

Radiation degradation

Electronics in radioactive

environment

Expensive

Improved noise immunity

High measurement accuracy

Low-latency

Interferometry Radiation degradation Low uncertainty
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2.4 The Ironless Inductive Position Sensor

Following the shortcomings of the LVDT, the I2PS [56] was proposed to overcome

this magnetic interference problem. The I2PS keeps the same inductive coupling

based working principle as that of the LVDT. This keeps the main advantages of

the typical LVDTs hence qualifying it as a valid alternative to be used in the harsh

environments of the LHC collimators. Table 2.2 presents a time line of the I2PS

development.

Table 2.2: Progression of I2PS development

I2PS Development Stage Reaserchers

LVDT analysis and problem

development
A.Danisi & G.Spiezia

I2PS conception and design phase

A.Danisi

Electromagnetic modelling

Finite element modelling

Testing

Thermal compensation algorithm

High frequency phenomena

Parasitic capacitance study L.Sabato

Shield impact analysis S.Troisi

Influence of external objects on

the measurement read
A.Grima

2.4.1 Design

The main body of the I2PS houses four out of the five coils of the sensor and is

stationary [56, 56]. These four coils are the two supply and two sense coils, which

are stationary. These coils are wound on a common 1.5 mm thick plastic bobbin,

which is 20 mm in diameter. As presented in Figure 2.8, the sense coils are wound

directly on the plastic bobbin. These two coils are wound 1 mm apart from each

other. The supply coils are wound exactly on top of the sense coils adhering to the

size (80 mm) of the sense coils. The two sense coils are the same. This implies that

they have the same wire diameter (0.05 mm) in that they both have three layers

of 1600 turns. This said, their resistance and inductance is equal. Indeed, when

supplied by a current source these two coils are connected in series.

30



CHAPTER 2. THE LHC COLLIMATION SYSTEM AND ITS POSITION SENSORS

Figure 2.8: I2PS Diagram. A quarter of the I2PS design is presented since the sensor is
symmetrical in the x and y domain

Similarly, the supply coils are also almost identical. They are both wound with a

0.2 mm wire, both of them have four layers and 400 turns per layer. (The number

of turns is worked out by dividing the length of the coil i.e. 80 mm with the

thickness of the wire, these values are as designed by A. Danisi [56]). Thus, their

resistance and inductance are the same. The only difference in the supply coils is

that they are wound opposite to each other and so the magnetic field they generate

when they are supplied by a sinusoidal signal, is equal but opposite.

The fifth coil constitutes the movable part of the structure and due to this, it is

referred to as the moving coil. The latter is wound on its own, 90 mm long; 4 mm

wide, plastic bobbin with a 0.4 mm wire, hence generating 3150 turns (225 turns

per layer for fourteen layers). The moving coil is short-circuited such that a current

is induced when the coil is in a magnetic field. A stainless steel 316 LN shield covers

the body of the sensor to provide mechanical protection. The sensor is hermetically

sealed with resin and so the sensor is also guaranteed to be radiation hard.

2.4.2 Working principle

When the supply coils are fed with an ac signal a magnetic field is generated inside

the sensor. When the moving coil is equidistant from the two sense/supply coils the

net induced current in the latter is zero. Moreover, as transformer theory states, a
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Figure 2.9: A photo of the I2PS pre-assembly

voltage is induced in the sense coils related to the supply coils by the ratio of their

number of turns. When the moving coil is at the centre the voltage of the two sense

coils, then it is the same. This happens because the mutual inductance between

the moving coil and the two sense coils is equal. Indeed, this is the position in

which the sensor is in equilibrium condition henceforth referred to as the electrical

zero of the sensor.

As the position of the moving coil is changed, this equilibrium condition is broken.

A current is induced in the moving coil. The mutual inductance between the

moving coil and the sense/supply coils is higher on one side and lower on the other

side. The extra magnetic flux on one side generates a higher voltage on one of the

sense coils while the other sense coil suffers a voltage drop. For example, when

the moving coil is parallel to Sense Coil 1 and hence Supply Coil 1, the magnetic

field generated by this coil will decrease the coupling between these coils. On the

other hand it will increase the coupling between Supply Coil 2 and Sense Coil 2.

Hence, the position of the moving coil with respect to the electrical zero, can be

extracted. This provides a sensor with higher sensitivity, with respect to a single

supply coil construction like that of the LVDT. It is also independent of the need

for a non-linear magnetic core, where the core would always perturb the coupling

between supply and sense coils, but by different amounts.

In conclusion, the advantages of contact-less sensing, robustness, infinite resolution,

very low position uncertainty and the possibility of having radiation hardness found

in a typical off the shelf LVDT, are also brought out by the I2PS. The added-value

of the I2PS is its immunity to external magnetic fields, hence making it a more

suitable choice in case of environments characterised by harsh magnetic fields.

32



CHAPTER 2. THE LHC COLLIMATION SYSTEM AND ITS POSITION SENSORS

2.4.3 The electromagnetic and electrical model

As described in [56] the modelling of the I2PS is mostly made up of the calculation

of the mutual and self-inductance of the different windings. Starting from the

parameters of the windings, the values of self and mutual inductances can be

accurately calculated and since the coils are air cored, the mutual inductances will

be a function of the winding geometry and their relative position only. This said,

the mutual inductance between the sensor’s multiple layer windings was calculated

by adding up the layer-by-layer mutual inductances. The mutual inductance

between two single layers of two different windings have been in turn calculated by

adding up the contribution of elementary mutual inductances between two circular

coaxial turns, using the filament method [85]. Indeed, the mutual inductance in

the latter case can be expressed as:

Figure 2.10: Longitudinal cross-section of the ironless inductive position sensor structure. The
sensor is symmetric about the y-axis. Coils 1 & 2 are the supply coils. (Note that they are wound
opposite to each other.) Coils 3 & 4 are the sense coils. Coil 5 is the moving coil.
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Ml =
2µ0

√
RpRs

k

[(
1− k2

2

)
K(k)− E(k)

]
= µ0

√
RpRsφ(k)

(2.4)

where µ0 = 4π10−7H/m, Rs and Rp are the coil radii and

α =
Rs

Rp

, β =
c0
Rp

, k2 =
4α

(1 + α)2 + β2
, φ(k) =

(
2

k
− k
)
K(k)−2

k
E(k)

(2.5)

Also c0 being the distance between the turns, K and E are the complete elliptic

integrals of first and second kind respectively. Therefore, letting Nlp, Nls the

number of layers of first and second winding and Np, Ns the number of turns

per layer of first and second winding respectively, the overall mutual inductance

for the two coils at distance C0 is:

Mτ (C0) = µ0

√
RpRs

Nlp∑
i=1

Nls∑
j=1

Np∑
n=1

Ns∑
l=1

φi,j,n,l(ki,j,n,l) (2.6)

where

ki,j,n,l =

√
4αi,j

(1 + αi,j)2 + β2
i,n,l

and the geometrical values defined in 2.5 are a function of the layer and/or of the

distance between the single circular turns, as follows:

αi,j =
Rs,j

Rp,i

, βi,n,l =
Cn,l
Rp,i

with

Rp,i = Rp + (i− 1)dp , Rs,j = Rs + (j − 1)ds (2.7)

Cn,l = c0 + (zn − zl) (2.8)

zn = −ap + (n− 1)dp , zl = −as + (l − 1)ds (2.9)

Where in Equation. 2.9, ap and as represent the semi-length of the first and second
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coil respectively, and ds and dp are the corresponding wire diameters. Furthermore,

zn and zl are the z-coordinates corresponding to the n-th and the l-th turn of the

first and second winding respectively. Then, when the moving coil is involved in the

calculations of the mutual inductance, c0 will be proportional to the actual moving

coil position. Hence, the resulting mutual inductance will be also dependent on

this position.

On the other hand the self-inductance can be seen as the superposition of the self-

inductances of each layer of the multi-layer winding and the mutual inductances

between the layers of the same winding. Therefore the self-inductance of a layer is

computed as:

Ll =
µ0πN

2R2

2s
T (kl) (2.10)

where N is the number of turns, R is the radius of the layer, S is the semi-length

of the winding and

T (kl) =
4

3πβk3l

[
(2k2l − 1)E(kl) + (1− k2l )K(kl)− k3l

]
k2l = (1 + β2)−1 , β =

s

R

It is pertinent to point out that the ironless inductive position sensor can be

energised either with a voltage or with a current signal. However, the behaviour

of the sensor in these two situations has to be analysed separately, as seen in [56].

Adopting the number labels in Figure 2.10, Equations 2.11 and 2.12 give the general

relations in phasor form that link the sense voltage with the supply currents.

V3 = jω

(
M31I1 +M32I2 −

jωM35

Z5

M51I1 −
jωM35

Z5

M52I2

)
(2.11)

V4 = jω

(
M42I2 +M41I1 −

jωM45

Z5

M51I1 −
jωM45

Z5

M52I2

)
(2.12)

where ω is the angular frequency, Zi is the impedance of coil i and Mij is the

mutual inductance between coil i and coil j.

Where I5 is obtained by simply applying the voltage balance on its mesh and
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considering all the magnetic fluxes coupled with the coil. This leads to an induced

current of:

I5 = −jω
Z5

(M51I1 +M52I2) (2.13)

where Zi = Ri + jωLi is the winding impedance of the i-th coil (in the case of the

moving coil the impedance of the short-circuited coil), Mij is the mutual inductance

between windings i and j and Ii is the current in coil i. (Equation 2.13 implicitly

assumes that no current is flowing in the sense windings which are connected to

the high-input impedance readout system).

Equations 2.11 and 2.12 are valid in any supply condition and neglect the effect

of high-frequency phenomena. The position dependence is given by the mutual

inductance involving coil 5 i.e. the moving coil.

Choosing the supply type, makes the position dependency on the supply more

evident. In current supply, I1 = −I2 = I. Therefore, the supply currents are

position-independent while the voltages are position dependent. In this case, the

sense voltages can be represented by equations 2.14 and 2.15:

V3 = jω (M31 −M32) I + ω2I

(
M35M51

Z5

− M35M52

Z5

)
(2.14)

V4 = jω (M41 −M42) I + ω2I

(
M45M51

Z5

− M45M52

Z5

)
(2.15)

Therefore in the current supply case, the sense voltages become a superposition

of a constant term and a variable term which changes according to the value of

the mutual inductances involving the moving coil. The complete expression of the

separate supply coil voltages is presented as:

V1 = R1I + jω (L1 −M12) I +
ω2M15I(M51 +M52)

Z5

(2.16)

V2 = −R2I + jω (M21 − L2) I +
ω2M25I(M51 +M52)

Z5

(2.17)
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Similarly, in the voltage supply case V1 = −V2 = V , the supply current is

position-dependent and the voltages on the supply coils are position-independent.

In this case, the sense voltages also depend on the impedance of the supply

coils [81]. Equations 2.11 to 2.15 are a low-frequency description of the sensor’s

electromagnetic behaviours. A high-frequency analysis has been performed in [86],

to take into account the skin and proximity effect and in particular their effect

on the electrical resistance and inductance. The sampling, reading and filtering

techniques implemented for the I2PS is presented in [53, 56] and unless otherwise

stated these methods are used in the following experiments.

2.5 Summary

Without doubt, the description of the LHC collimation system serves as a useful

introduction to better understand the requirements of specifications for the sensor.

The low level control systems describe the function of the linear position sensors

in the context of the task they are required to fulfil. Indeed, the specifications

of LHC collimators pose a serious challenge to the design and operability of the

sensors especially due to the harsh environment that they produce. This chapter

has presented the main features and characteristics of the two linear position sensors

used in the collimators. Moreover, it can be understood that the quest of obtaining

a position sensor which is robust in a harsh environment such as that of space,

nuclear power plants or particle accelerators, is still ongoing.

Having said this, this chapter presented some of the latest studies and enhance-

ments done on linear position sensing solutions. Furthermore, the various studies

carried out over the years to characterise the ironless inductive position sensor

are presented. Different aspects have been investigated and indicate that further

characterisation of the sensor is still required to obtain a robust sensor that is

operable in any situation.
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Chapter 3

Electrical Characterisation of the

I2PS with Cable

3.1 Introduction

The use of long cables in ac circuits induce a list of problems varying from

impedance, skin effect, to wire insulation. This gives rise to degraded overall per-

formance and noise. Hence, this chapter aims at providing a deeper understanding

on the electrical behaviour of the sensor with different lengths of cable. Since the

cables in the LHC are secured on racks tribological phenomena is neglected in this

study. It provides a metrological characterisation of the sensor in the frequency and

time domain. Moreover, it investigates the impact on the performance of the I2PS

due to changes in the cable capacitance in long cables. This chapter goes on and

provides a unique Simulation Program with Integrated Circuit Emphasis (SPICE)

model for the I2PS which is also able to simulate the cable’s phenomena. Finally,

a countermeasure circuit is designed in this simulation, whilst a prototype is built

and tested.
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3.1.1 Transfer function with cable

The relationship between the inductance, the input current, the output voltage

and the moving coil position is well documented in [56, 78] and summarised in

Section 2.4.3. Starting from the sense coils’ voltages:

V3 = jω(M31 −M32)I + jωM35I5

V4 = jω(M41 −M42)I + jωM45I5
(3.1)

where:

• Mij are the mutual inductances between ith and jth coils;

• Vi = the voltage of the ith coil of the I2PS;

• I is the input current (since the I2PS is using a current supply); and

• I5 is the current induced in the moving coil.

Since these two equations are very similar and the only difference is the interaction

of the different mutual inductances only V3 will be considered. It is also known

from [56] that:

I5 =
V5
Z5

V5 = −jω(M51 −M52)I

Z5 = Rmc + jωLmc

where:

• Rmc is the moving coil resistance and

• Lmc is the moving coil inductance.
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∴ I5 =
−jω(M51 −M52)I

Rmc + jωLmc

V3 = jωM3I + jωM35

(
−jω(M5)I

Rmc + jωLmc

)
V3
I

= jωM3 +
ω2M35M5

Rmc + jωLmc
V3
I

=
jωM3Rmc + ω2(M35M5 − LmcM3)

Rmc + jωLmc

(3.2)

Taking the Laplace transform of V3(t)
I(t)

the transfer function of the I2PS without

cable can be defined as:

V3(s)

I(s)
=

(M3Rmc)s+ ω2(M35M5 − LmcM3)

Rmc + (Lmc)s
(3.3)

where: M3 = M31 −M32 and M5 = M51 −M52

The transformer like structure of the sensor is reflected in the derivation of the

transfer function with the cables. In this case, the sense and supply coils have to

be considered separately as follows.

3.1.2 Supply Coils Transfer Function

The nominal T-model of a medium transmission line is used where the lumped

shunt admittance is placed in the middle and the net series impedance is divided

into two equal halves, whilst being placed on either side of the shunt admittance.

Figure 3.1 shows the T-model linked with the supply coil impedance. Since the

two coils are connected together and a floating supply is used, the sensor forms a

virtual ground between the two coils. Therefore, only half of the circuit needs to

be considered.

Working directly in the S-domain:

Iout
Iin

=
Iout
I1
× I1
Iin
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Figure 3.1: Cable model with I2PS supply coil as load

Iout
I1

=
1

s2CpLp + sCpRp + 1

Where:

• Cp, Lp, and Rp are the capacitance, inductance and resistance of one supply

coil.

• L = lh
2

, l is the inductance of the cable per km, similarly R = rh
2

and C = ch
2

are the resistance and capacitance of the cable. R, C, L are the equivalent

value in when using the T-model.

I1
Iin

=
1

s2LC + s(RC + ZC) + 1

where:

Z =
sLp +Rp

s2CpLp + sCpRp + 1
(3.4)

I1
Iin

=
1

s2LC + s
(
RC +

(
sLp+Rp

s2CpLp+sCpRp+1

)
C
)

+ 1

=
1

s2LC +
(
s3CpLpRC+s2CpRpRC+sRC+s2LpC+sRpC

s2CpLp+sCpRp+1

)
+ 1

=
1

s4CpLpLC+s3CpRpLC+s2LC+s3CpLpRC+s2CpRpRC+sRC+s2LpC+sRpC+s2CpLp+sCpRp+1

s2CpLp+sCpRp+1
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I1
Iin

=
s2CpLp + sCpRp + 1

s4(a) + s3(b) + s2(d) + s(e) + 1
(3.5)

where: a = CpLpLC, b = CpRpLC + CpLpRC, d = LC + CpRpRC + LpC + CpLp,

e = RC +RpC + CpRp

∴
Iout
Iin

=
1

s2CpLp + sCpRp + 1
× s2CpLp + sCpRp + 1

s4(a) + s3(b) + s2(d) + s(e) + 1

=
1

s4(a) + s3(b) + s2(d) + s(e) + 1

(3.6)

Because the I2PS is usually operated using a current supply, the voltage supply

case is omitted from these derivations. It is important to consider that in the case

of the use of a voltage supply, the supply coils are connected in parallel to the

supply source, where one of them is inverted (to create the opposite induced field).

3.1.3 Sense coil Transfer Function

Figure 3.2 shows the equivalent circuit for the output side. In this case, the sense

coil’s parasitics need to be taken into consideration at the input end, while the

acquisition input impedance needs to be taken as a load. In this case, the load is

resistive but there are instances where bias capacitors are also added and hence

need to be equated in the load.

Figure 3.2: Cable model with I2PS sense coil as supply and acquisition bias resistor as load

Vout
Vin

=
Iout
Iin
× Iin
Vin
× Z

Vout
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Iout
Iin

=
Iout
I1
× I1
Iin

=
1

[LC]s2 + [RC + ZC]s+ 1
× 1

[LC]s2 + [RCsensor + ZLCsensor]s+ 1

(3.7)

Where: ZL = sL+R+Z
s[CsensorL]+[ZCsensor+CsensorR]s+1

Iin
Vin

=
1

Zin

1

Zin
=

(
Rsensor + sLsensor +

[
1

sCsensor
‖ R + sL

{
1

sC
‖ Z +R + sL

}])−1

where:

{
1

sC
‖ Z +R + sL

}
=

Z +R + s[L]

[CL]s2 + [CZ + CR]s+ 1
= A

R + sL {A} =
[L2C]s3 + [2(RCL) + LCZ]s2 + [RCZ +R2C + 2L]S + 2R + Z

[CL]s2 + [CZ + CR]s+ 1

[L2C]s3 + [2(RCL) + LCZ]s2 + [RCZ +R2C + 2L]s+ 2R + Z

[L2CsensorC]s4 + [2(RCL) + LCZ]s3 + ([RCZ +R2C + 2L]Csensor + [CL])s2 + ([CZ + CR] + [2R + Z]Csensor)s+ 1

Therefore,

Zin =
[L2C]s3 + [2(RCL) + LCZ]s2 + [RCZ +R2C + 2L]s+ 2R + Z

[L2CsensorC]s4 + [B]s3 + (D]Csensor + [CL])s2 + (E)s+ 1
+Rsensor + sLsensor

Hence,

1

Zin
=

P

[L2C]s3 + [B]s2 + [D]s+ 2R + Z +Rsensor(P ) + sLsensor(P )
(3.8)
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where:

B = 2(RCL) + LCZ

D = RCZ +R2C + 2L

E = [CZ + CR] + [2R + Z]Csensor

P = [L2CsensorC]s4 + [B]s3 + ([D]Csensor + [CL])s2 + (E)s+ 1

Finally multiplying Equations 3.7 and 3.8 with Z gives Vout
Vin

.

From the theoretical model, it can be deduced why it is advantageous to operate

the I2PS with a current supply. Supplying the sensor with a voltage supply implies

that the amplitude of the supply coil voltage will be a function of the cable length.

Similarly, the temperature compensation voltage acquired by the Data Acquisition

Board (DAQ) from the supply coils is also a function of the cable length.

3.1.4 Result Verification

The theoretical model is tested with a sinusoidal signal and the output voltages of

±9.4 V and ±4.69 V with a 50 mA and 2 5mA peak current supply respectively.

This voltage is obtained at a frequency of 1 kHz with the mutual inductances set

for the moving coil to be at position 0 mm. The electromagnetic model presented

in [56] can be used to generate the mutual inductances at other positions.

A test bench (similar to the one used in [81, 117]) is set-up where the I2PS is

supplied by a Keithley 6221 current generator. The amplitude value is chosen in

order to match with the model. A high-resolution high-sampling rate DAQ, NI-

PCI 6351, is used to acquire the supply coils and the sense coils whose amplitudes

are evaluated by applying a sine-fit algorithm on 2000 samples acquired at 250

kS/s. The absolute accuracy at full scale of the DAQ on a 10V range is 0.02%

(1520µV ). Then, the ratiometric index value is applied, i.e., the difference of

the secondary voltage amplitudes over its sum. Let’s take the sensor’s operating

position range as (-P,+P). Moving the I2PS moving coil from position -P to +P ,

using a stepper motor and linear slider combination a conversion table is created

between the array of position readings pi and their corresponding ratiometric values

ri. The reference positions pi are measured by another independent displacement

sensor. the absolute reference position is measured by means of the photoelectric
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linear encoder Heidenhain LIP 481R, whose uncertainty is ±0.5 µm. At each

position pi, (N = 50) repeated measurements are done to evaluate uncertainty.

Then, the average of u is evaluated. It represents the uncertainty uI2PS+read of

the I2PS sensor and the associated reading system. Indeed, the uncertainty of the

sensor itself cannot be evaluated without the reading system. Hence, the reading

system can be regarded as the transducer of the sensor.

When a 1 km return cable is added to the model there is a 4 V attenuation as

can be noted in Table 3.1. There is an average difference of 0.43 V between the

experimental values and the theoretical ones, i.e. 7% difference. This difference

is acceptable and may be attributed to experimental error and minor physical

phenomena both in the I2PS and the cable that are ignored in the analytical

model. A.Danisi [56] showed that the I2PS is highly sensitive to coil geometries

such as imperfections in the coil and resin. The same readings were repeated with

different cable lengths, supply current and frequency giving approximately the same

discrepancies.

Table 3.1: Table comparing the sense coil voltages obtained from the experimental test-
bench with different cable lengths with respect to those obtained from the model and from the
simulation. All the values are obtained with a current supply of 50 mA at 1 kHz at a sampling
rate of 250kS/s while using sine fit for signal demodulation as presented in [53,56]

Cable Length [m] Exp[V] Model [V] Diff [%]

0 8.5 9.4 10

200 8.3 9.1 9

400 8.1 8.4 4

600 7.5 7.3 3

800 6.7 6.3 6

1000 5.9 5.4 9
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3.2 I2PS Characterisation at Different

Frequencies

3.2.1 Characteristic Curve at different Frequencies

Using the same test bench, the transducer’s characteristic curve is obtained for

various frequencies. It is noted that with different frequencies and the same supply

voltage, the resulting output voltage changes [92]. Therefore, in order to have a

good comparison for the characteristic curves, it is important that the sense coil’s

voltage is similar for all frequencies. Different reference points could be selected

that can give a fair comparison. In this case the electrical zero is selected as the

common point. Taking this as the starting point, the amplitude of the ac current

is set such that the electrical zero position is always around 5 V . The dc current

is set at 10 mA. Table 3.2 presents these settings.

Table 3.2: I2PS settings for 5 V at electrical zero and the respective sensitivity and NLE

Frequency [Hz] Iac [mA] Gain NLE

500 61.67 -371 2.13

750 40.9 -267 1.27

1000 30.5 -229 0.8

1250 24.20 -212 0.55

1500 20 -202 0.4

1750 16.94 -195 0.3

2000 14.65 -190 0.27

2250 12.85 -187 0.28

2500 11.38 -183 0.28

2750 10.18 -181 0.29

Using these settings, Figure 3.3 presents the characteristic curve of the I2PS at

different frequencies while Figure 3.4 presents the ratiometric index for all the

curves and the last two columns of Table 3.2 present the gain which is the gradient

of the ratiometric index index and NLE of these curves. (Note that the gain value

is negative due to the gradient of the ratiometric index as presented in Figure 3.4)
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The Non Linearity Error (NLE) is computed as:

NLE = 100
max(p′ − p∗)

CPR
(3.9)

where p∗is the core reference position, p’ is the position calculated through linear

interpolation of the curve and CPR is the core position range.

Figure 3.3: I2PS characteristic curve

Figure 3.4: I2PS ratiometric index

Figure 3.3 shows that as the frequency increases the voltage swing increases,

similarly, Table 3.2 shows that the gain increases as the frequency increases. This

increase in voltage swing is also reflected in the NLE which decreases as the

frequency increases. Note that as the frequency increases the change in gain and
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voltage swing decreases. i.e. the gain changes by 169 between 500 Hz and 1500 Hz,

on the other hand it changes by 20 between 1.5 kHz and 2.75 kHz.

3.2.2 Frequency analysis

For a thorough frequency analysis of the sensor with cables, an empirical approach

is adopted such that un-modelled parasitic effects are not ignored. A test bench

similar to the one described in Section 3.1.4 is set up. The difference in this case

is that frequency analysis is the main aim and so a network analyser is used with

an active probe. This offers probing with negligible circuit loading due to its low

input capacitance. To achieve the frequency response of the I2PS with a long cable

at the different cable lengths the different pairs in a 200 m cable were bridging.

It was made sure that each 200 m portion is disconnected when not used. This is

because it was noted that this affects the results. (The 1 km cable combination,

in 200 m steps, was compared with a 1 km cable and showed the same results.)

The frequency response of the I2PS is obtained not only to describe the effect of

the cable’s length on the sensor but also to obtain a more in-depth understanding

of the frequencies of operation of one of the transducers. Figure 3.5 shows the

measured I2PS frequency response with and without the cable, with the moving

coil at the centre. It is noted that with the moving coil at the centre and without

the moving coil, the frequency response of the cable and amplitude remain the

same. Without the cable, the I2PS exhibits a response similar to that of a high

pass filter. A +20 dB/dec gradient can be noted at low frequencies up to a cut-off

frequency of 1.3 kHz, where the sensor achieves a flat response with an average of

1.5 dB gain.

On the other hand, when the cable is attached, the response becomes similar to that

of a band pass filter. This graph also shows that an increase in cable length leads

to a narrower bandwidth and a lower gain. It is important to note that there is a

5.5 dB difference in gain without cable compared to when the sensor is connected

to a 1 km cable as is shown in Figure 3.5. This 5.5 dB difference in gain translates

to 275 µm of position change. It is also important to notice that the cable does

not have a very drastic impact on the gain at low frequencies up to 900 Hz. For

comparison with a peer, the same procedure was repeated for the LVDT. Despite

the fact that the LVDT is the basis for the I2PS design, the method of operation

and construction differs for the two. This reflects on their frequency response.
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Figure 3.5: Comparison between the effect of the cable on the frequency response of the I2PS
and the LVDT, as obtained from test bench

Unlike the I2PS, which is defined by its low frequency gradient, the LVDT has

a much lower gain and smoother flat band. Furthermore, a change in the cable

length of the LVDT does not change the bandwidth of the sensor. Increasing the

cable length attenuates the gain at the lower frequencies.

To understand the origin of the characteristic curves presented in Figure 3.3 the

moving coil is moved at 10 mm intervals between ±30 mm. This test produces the

range of frequencies where the sensor still exhibits change in output voltage when

the moving coil is moved. Combining this test with the cable length produces a

set of results which identifies the limit of operation of the sensor from a combined

frequency and cable length point of view. Hence, a guideline can be defined which

dictates the frequency range at a particular cable length.

Figures 3.6 and 3.7 show the frequency response when the the moving coil is moved

and the cable length is 200 m and 1 km. The other lengths are not presented since

they are a repetition of these two but bounded by them (meaning the effect is

smaller than in the 200 m case, but greater than in the 1 km case.)

Furthermore, Figures 3.6 and 3.7 show that even though the cable length reduces

the bandwidth, the voltage variation due to the moving coil is not altered. It

is noted as well that the range of operation of the I2PS is between 500 Hz and

2.5 kHz. Additionally, it can also be observed that a variation in the frequency

also varies the amplitude of the sense coils. This change depends also on the cable’s

length because the flat top is achieved much faster with the 1 km cable as opposed
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Figure 3.6: Varying the moving coil position with a 200 m cable

Figure 3.7: Varying the moving coil position with a 1 km cable

to the 200 m one. Correlating these graphs to position, a change between a 200 m

cable to a 1 km one at 2 kHz translates to 725 µm and a change of frequency from

1 kHz to 2 kHz translates to 400 µm of change.

As can be noted from Figure 4, this change could be avoided if the frequency of

operation selected was on the flat band of the frequency response. This is not

possible since at those frequencies the sensor is not sensitive to change, as can be

noted from Figure 3.6 and Figure 3.7. It is also important to note that if a new
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sensor is designed, which is sensitive in the pass band of the frequency response

of Figure 4, it must be ensured that the cable does not attenuate this frequency.

This is because in this case the cable’s effect is noted mostly at high frequencies. It

can therefore be deduced that the best option is to have a sensor whose passband

starts from low frequencies.

3.3 Simulation

The necessity of a reliable SPICE model of the I2PS is accentuated by the fact that

there is no fast and economic tool to simulate the transducer and other electronics.

This is the added advantage over the electromagnetic and finite element models.

Since such a model is able to capture the impact of all major non-ideal effects of a

practical I2PS and cable, it is capable of modelling the sensor‘s sensitivity to the

cable.

LtSpice by Linear Technologies is used to model the I2PS. The discrete equivalent

circuit of the I2PS is based on that of a transformer since the I2PS has five cross-

coupled coils. SPICE simulators use coupling constants (in LtSpice it is called

k-statements) to signal the coupling strength of an inductor with another inductor

[144].

The mutual inductance and the self-inductance as obtained from the electromag-

netic model are used to calculate the coupling constant k using the equation:

k =
M√
L1L2

(3.10)

It is important to note that the coupling constants have to obey the following

constraints 0 ≤ kij ≤ 1 (where 1 is perfect coupling) and also:
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0 ≤

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

1 k12 k13 k14 k15

k12 1 k23 k24 k25

k13 k23 1 k34 k35

k14 k24 k34 1 k45

k15 k25 k35 k45 1

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
≤ 1 (3.11)

The determinant size of equation 3.11 changes depending on the number of coils.

Apart from the inductance, coupling coefficients and the resistance of the coils,

there are a number of important parasitic capacitances to be added to the circuit.

Namely, the self-capacitance of the coils and the cross-coil capacitance between the

supply and sense coils. These capacitance can be calculated by assuming that the

last layer of the coils is a cylindrical foil [83] and hence the capacitance is simplified

to:

C =
2πε0εrlc

ln

(
R2

R1

) (3.12)

On the other hand, the calculation of the self-capacitance of the coils is more

complicated since a multilayer coil has to be considered.

This is achieved by first calculating the turn-to-turn capacitance of a thin cabled

multi-turn coil using the equation:

Ctt =
2εoεrlt√[

2εr + ln
ro
rc

]
ln

(
ro
rc

) × arctan


√

3− 1√
3 + 1

√√√√√√√
2εr + ln

(
ro
rc

)
ln

(
ro
rc

)
 . (3.13)

where: εr is the coating permittivity of PEEK 1, rc is the inner radius of the

1Polyether ether ketone (PEEK) is a colourless organic thermoplastic polymer in the pol-
yaryletherketone (PAEK) family, used in engineering applications.
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conductor, ro is the outer radius of the conductor including the coating, lt =

2π(rs + kl
2
ro) is the medium length of the turns, kl is the number of layers and rs

is the curvature radius of the coil.

It is noted from [86,116] that parasitic capacitance for a three-layered core-less coil

converges to:

C ≈ 0.5733 Ctt (3.14)

and similarly, the stray capacitance for a four-layered core-less coil converges to:

C ≈ 0.754 Ctt (3.15)

As explained by L. Sabato [83] there are other parasitic capacitances for this sensor.

Additionally, these capacitances cannot be calculated since the classical equations

for the capacitance cannot be used, hence the latter are obtained empirically. This

implies that this simulation will not be generic for any I2PS or similar sensor

and requires a separate procedure to obtain these values. Having said this, using

the values obtained from [83] the simulation was tested with and without these

capacitances and from the results it can be deduced that they can be omitted since

they are very small and will only effect the sensor at very high frequencies.

Table 3.3 presents the electrical properties of the supply and sense coils as well as

the electrical properties of the long cable used.

Table 3.3: Electrical properties of an I2PS and cable parameters as measured by LCR meter
with 0.01% accuracy

I2PS

Supply Coil Sense Coil Cable

Resistance [Ω] 55 3.3 37.5 [Ω/km]

Capacitance [pF] 5.91 2.24 <75 nF/km

Inductance [mH] 11.9 94.7 650 µH/km

LVDT

Primary Coil Secondary Coil

Resistance [Ω] 61.2 332.9

Inductance [mH] 3.86 4.82
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As it can be observed from the block diagram presented in Figure 3.8, the circuit

is supplied through a floating current supply. This produces a sinusoidal current

which is not with respect to ground or a reference. In order for the temperature

compensation to work, a dc current circuit (10 mA) is added to the signal.

A.Danisi [79] showed that with this dc current amplitude, the self heating of the

sensor is negligible. The inductor model incorporates the parasitic capacitances

and resistance of the coils. The parasitic capacitance, Css, links the supply and

sense coils. At the end of the circuit, as explained at the beginning of this section,

there is the decoupling capacitors and resistors required for the DAQ as specified by

National Instruments (NI) [118]. Finally, as explained in Section 2.4.3 the moving

coil is short-circuited such that a current is induced. Since, the simulator does

not allow short circuits and non-grounded circuits a 0 Ω resistance and a ground

connected through a 100 kΩ resistance are used. The latter satisfies both the

simulator requirements and ensures correct operation.
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Figure 3.8: Block diagram of the simulation circuit

3.3.1 Simulation Results

The I2PS is first simulated without the cable or additional circuitry. Figure 3.9

presents a comparison between the characteristic curve of the I2PS obtained from

the simulation and from the test-bench. The graph describes the same non-

linear symmetric dependence of the first harmonics with respect to the moving

coil position as that of the experiment with a maximum discrepancy of only 3%.

Furthermore, the output voltage is attenuated by 3 V when the 1 km return cable

is added to the simulation as presented in Table 3.4. The difference between the

experimental voltages and the simulated ones reaches a maximum of 2.5%, which

is acceptable. Moreover, although the mutual inductance values are obtained from

the electromagnetic model, the initial voltage is closer to the test bench voltage
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Figure 3.9: Comparison of the I2PS sense voltages at different positions from the test-bench
with the simulation. Obtained at 50 mA at 1 kHz.

than the electromagnetic model. This is mostly because the simulation models

the whole network of discrete components. The same values are reproduced when

the same readings were repeated with different cable lengths, supply currents and

frequencies.

Table 3.4: Comparison of the sense coil voltages obtained from the experimental test-bench with
respect to those obtained from the simulation. The table also provides the percentage difference
between simulation and experiment.

Sense coil’s voltage

Cable Length [m] Experiment [V] Simulation [V] Difference [%]

0 8.5 8.3 2.4

200 8.3 8.2 1.2

400 8.1 8 1.3

600 7.5 7.4 2

800 6.7 6.5 97.6

1000 5.9 5.6 2.4

The frequency response of the sensor attached to the supply circuitry, cable and

acquisition as obtained from the test-bench are compared with the simulation

results in Figure 3.10. The latter compares the simulation with the experimental

measurements for three different cable lengths with the moving coil set in the

centre. The frequency response of the simulation is similar in shape to that obtained

from the experimental test bench. The behaviour, meaning the way the gain and

bandwidth decrease when the cable length is increased, is also comparable.

Without the cable, the frequency response is very similar. The magnitude raises
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Figure 3.10: Effect of cable on the frequency response with different cable lengths with
comparison to simulation

with the same gradient to approximately 1 kHz, where it starts a much slower

decrease towards the plateau than the test-bench one. Similar to the latter, the

simulation converges towards 1.5 dB and continues towards higher frequencies

which are not important for this study. The frequency response with the 200 m

cable behaves very similar to the one without cable, with the difference that a

roll-off happens around 10 kHz for the test-bench. The frequency response of

the simulation with the 200 m cable repeats this performance while matching the

frequency response of the simulated short cable. Similar to the test bench it then

conversely starts a roll-off at around 10 kHz. Finally, the response of the sensor

with a kilometre of cable exhibits a degraded amplitude and bandwidth.

This behaviour is repeated in the simulation. As can be noted from Figure 3.10

the only difference is the shape where the simulated one is much smoother and

symmetrical with respect to the experimental one.

As explained in previous sections, this difference is due a number of factors that

cannot be taken into account in the simulation. This includes imperfections in

the winding’s multi-layers and in the shield. Moreover, the lack of homogeneity

of the electrical conductivity in the shield and the imperfections of the sealant

used to seal the sensor, influence significantly the parasitic components of the

sensor at high frequency. Furthermore, the sensor has a strong sensitivity with

respect to the winding’s imperfection, especially on the moving coil [56]. Since
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the simulation is strongly dependent on ideal geometrical values, it can lead to

big changes. Having noted this, the overall simulation, meaning both the time

domain and the frequency domain results, produce comparable measurements as

that of the test bench measurements. It can therefore be concluded that within

this parametric space, the simulations can be used when variations to the sensor’s

electronics are required.

3.4 Sensitivity to Change in Cable Parasitic

Capacitance

A water flood of a small section of the tunnel which wet the cables showed strange

position drifts in the position reading of the I2PS. This launched an investigation

in the cables used for the standard I2PS operation in the LHC tunnels. It is

noted that the latter are not immune to defects. In fact, these cables may have

protrusions, voids, cracks, de-laminations, conductor shield interruptions, water

trees and electrical trees [121]. The polymeric insulation is also prone to ageing,

degradation and other breakdown mechanisms which are statistical in nature [119,

122, 123]. A change in the dielectric of the cable or of the space in between the

cables leads to a change in the cable capacitance.

Indeed, three possible capacitance combinations can be identified in a multi-pair

cable as seen in Figure 3.11:

• The capacitance between the two cables of one twisted pair - henceforth

referred to as mutual capacitance - MC;

• The capacitance between one cable of a twisted pair and another cable of

another twisted pair - henceforth referred to as cross-cable capacitance - CC;

and

• The capacitance between one cable of a twisted pair and the shielding foil -

henceforth referred to as the cable-to-shield capacitance - CS.

Referring to Figure 3.8, the notation adopted to present the following results

numbers the cables using the number assigned to the latter in the connectors. For
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Mutual 
Capacitance

Cross ‐ cable 
Capacitance

Cable ‐ shield 
Capacitance

Figure 3.11: Existent capacitances between cables in a multi-shielded-twisted pair cable

example, a change in the mutual capacitance of the twisted pair cable connected

to the sense 2 coil is referred to as 3-4, since it is the capacitance between cable

3 and 4. The same pair’s cable-to-shield capacitance is referred to as G-3 and

G-4. Similarly, for the cross-cable capacitance it is referred to as 1-3, 1-4, 3-5, 3-6.

Therefore, the capacitance change between cable X and cable Y is named X-Y.

The cables copper sheath is referred to as ”G”.

The setup described in Section 3.1.4 is used with some small changes. The

investigative method adopted for the capacitance sensitivity measurements is as

follows:

1. To satisfy the warm up time recommended (fifteen minutes) by NI for the

DAQ [142] the sensor is turned on, and left working for thirty minutes;

2. The electrical zero of the I2PS is then found. This is done by moving the

moving coil until both sense coil voltages are equal hence the ratiometric

index is very close to zero. This marks the centre of the sensor and hence the

linear encoder is reset to 0 mm;

3. The moving coil is then moved to the positions required, in this experiment

the positions: ±20 mm,±10 mm,±5 mm,±2.5 mm are selected;

4. For every measurement, the position of the I2PS is recorded first with the

capacitance box disconnected and then the capacitance box is connected and

a sweep starting from 50 pF to 10 nF is performed.

Since the I2PS is built as a valid alternative to the LVDT, the same procedure is

also repeated on the LVDT, to verify if the same phenomenon is also present in

this linear position sensor.
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3.4.1 Test-bench Results

The setup results show that for all capacitance combinations a change in the latter

corresponds to a change in position. However, they exhibit two small differences:

the impact is not always of the same magnitude and the impact is not always

linear [146]. These averages are summed up in Table 3.5.

Table 3.5: Comparison of the average sensitivity for the I2PS and LVDT as obtained from the
test-bench

∆ c between:
Sensitivity [µm/nF ]

I2PS LVDT

Mutual capacitance
1-2 -448 -10

3-4 440 11

Cable-shield capacitance

G-1 -91 -1

G-2 -105 -1.2

G-3 96 1

G-4 95 0.62

Cross-cable capacitance

1-3 -1.92 1

1-4 1.65 -0.03

1-5 -363 0.06

1-6 132 2.6

2-3 -8.56 0.01

2-4 1.25 -1.4

2-5 135 1.1

2-6 -350 1.6

3-5 -149 -1.4

3-6 351 -1.8

4-5 365 -0.07

4-6 -160 -2.6

From this table it can be observed that the mutual capacitances contribute to the

highest sensitivities. As expected, fitting a linear line on the graph presented in

Figure 3.12 approximates the sensitivity to be ±445 µm/nF . Figure 3.12 presents

a general summary of the capacitance effects on position result. Thus only a

few combinations are presented.The most dominant effect of cable capacitance

change on the I2PS is on the mutual capacitance, followed by the cross-cable

capacitance. Furthermore, it can be concluded that, a capacitance change of the

mutual capacitance is very dangerous since it directly increases the capacitance of
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the sense coils. Coil theory models a non-ideal coil as an inductor and resistor in

series, with a capacitance in parallel to the two. Hence, a change in the mutual

capacitance of the cable changes the overall impedance model of the coil in question

by adding (since it is parallel) to its self-capacitance. In theory, a small change in

the self-capacitance of a coil should not have these drastic implications but since

the I2PS is a perfectly balanced bridge circuit, a slight change in one of these

capacitances directly leads to an imbalance leading to a position change.

Figure 3.12: I2PS position change due to a change in cable capacitance, as obtained from the
test bench.

Table 3.5 and Figure 3.13 show that a symmetrical sensitivity exists for each

position change of each combination. This implies that if the capacitance changes

equally on all cables, which is highly unlikely, all the effects would cancel since

the balance of the bridge would be kept. Moreover, what is noteworthy about

the results is that although the sensitivity is symmetrical about the x-axis, it is

not identical. This can be attributed to small imperfections along the sensor or

the cable. Furthermore, the same procedure is repeated on different moving coil

positions and it is noted that the position change is constant for all moving coil

positions. This is the reason why although in theory an equal change in capacitance

on all cables should cancel out, in practice it cannot. Table 3.5 also compares the

position change of the I2PS with that of the LVDT. The profile of the latter is also

presented in Figure 3.14. Observe the lower sensitivity, approximately±11 µm/nF ,

of the LVDT. Similar to the frequency response, the behaviour of the LVDT is very

different from that of the I2PS. In this case, this is because the LVDT does not

depend heavily on the self and mutual inductance of the coils, but it depends
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Figure 3.13: All mutual and cable-to-shield capacitances

heavily on the magnetic core.

Figures 3.13 and 3.12 also present the cable-to-shield capacitance. The behaviour

for the cable-to-shield capacitance is linear with respect to capacitance change.

From Table 3.5 it can be observed that the sensitivity drops to ±100 µm/nF . This

capacitance is pulling the common mode signal to ground, since in the cable the

shield is grounded. The grounding effect depends on the size of the capacitance.

Following the mutual capacitance, some of the cross-cable capacitance also exhibits

a very high position change. The highest cross-cable capacitance sensitivity is

presented in Figure 3.12. Table 3.5 presents the sensitivity of every combination.

For the cross-cable capacitance, the sensitivity depends heavily on which cable

is linked to which other cable. The biggest impact in this case happens when

cables 1-4 i.e. the sense coils cables, are connected to cables 5-8 i.e. the supply coil

cables. The supply coil, as explained in previous sections, is supplied with a current

source. Consequently when tested the mutual and cable-to-shield capacitance do

not impact the position if applied to cables 5 to 8. On the other hand, in this

case it affects the sense coils because the supply coil’s voltage, needed for the

temperature compensation, is also an ac voltage signal of approximately the same

amplitude as the sense coils with a dc offset. The dc part is not affected by the

added capacitance and hence the temperature compensation still works correctly.

The primary ac signal, which is not used, influences the sense coil voltages when

linked to them by adding an unbalanced common mode noise, which the differential

receivers cannot reject.
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Receivers used with such cables acquire differential signals, while essentially

rejecting common mode signals [120]. However, there are sources of differential

noise, even in a well-balanced twisted pair transmission line. Because of coupling,

asymmetrical parasitic reactance is a main cause of differential noise. In the body

of a multi-pair cable, each wire of each pair is affected considerably equally by

adjoining wires because the pair is twisted. Nonetheless, there are scenarios that

give rise to coupling between adjacent wires from different pairs. This leads to

an interfering signal injected into one wire of a pair, but not into the other i.e.

differential noise.

Figure 3.14: LVDT position change due to an increase in the mutual and cable-shield
capacitance, as obtained from the test bench.

Once the problem of high sensitivity to capacitance change is demonstrated in the

tests, the same effect is re-created in the SPICE simulation presented previously.

Additionally, this task was also performed to have a platform on which a possible

countermeasure can be developed. The simulation presented in Section 3.3 is

modified to add the cable properties as measured from the test-bench and obtain

a result similar to the test-bench. This modification is presented in Figure 3.5.1.

Figure 3.15 compares the results obtained from the simulation to that of the

test-bench. Note from this figure that the general shape and magnitude for the

simulation corresponds with that of the test-bench. As the capacitance change

increases, the difference between the latter increases. A 94% match with the

test-bench is observed for the mutual capacitance. Similarly, the results of the

rest of the capacitance combinations are comparable to the test-bench results.

Figure 3.15, presents some of the cable-to-shield and cross-cable capacitance results.

The cable-to-shield capacitance simulation presents a minimum of 92% match to
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Figure 3.15: Comparison between some of the test-bench and simulation results for the mutual
capacitance change

the test-bench results i.e. 85 µm of difference with respect to a position change

of 1000 µm. The cross-cable capacitance variation presents a maximum difference

between experiment and simulation of 400 µm with respect to a 4000 µm of position

error.

As explained previously in Section 3.3, the simulation is based on the theoretical

capacitances and inductances. As it was stated in [83], it is very difficult to

measure these values for this kind of sensor since when sealed it becomes a

complicated network of inductances and capacitances and every imperfection and

in-homogeneity adds to the nodes of this sensor. Having said this, the general

shape, the magnitude of the position change, and its behaviour is comparable.

The overall difference between the simulation and experiment with respect to the

position change is small enough to accept the simulation and hence use it to find

a way to reduce this sensitivity.
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3.5 Capacitance Sensitivity Correction

Unlike the temperature, this correction must be fulfilled without a capacitance

measurement. This is why rather than a compensation method it is more a

countermeasure. A compensation based on the measurement of the capacitance

cannot be implemented since all such measurement techniques require the sensor

to be turned off during operation, which is not possible. Furthermore, reading

all the capacitance combinations of the cable would entail an enormous task. A

technique that allows the sensor to ’ignore’ the change in capacitance and hence

not affecting the bridge, is developed [146]. The solution developed to counter the

I2PS cable capacitance sensitivity is divided in two parts:

1. The capacitance that is related to the sense coils.

2. The capacitance that is only related to the primary coil.

Different techniques and circuits were developed in simulation to cancel this

capacitance. The best technique found in simulation is to add a filter across the

differential channel, which attenuates the ac part of the signal enough to cancel the

effects while still high enough to be accurately resolved using the sine-fit algorithm.

This was later discarded since it was easier to connect all supply and temperature

reading cables (which carry the same amplitudes) to a new multi-pair cable. This

is because for seven I2PS the number of cable pairs required is not enough in one

cable. This allows the minimisation of interference being generated in the sense

coils cables. For the former, the following approach is adopted.

3.5.1 Countermeasure design and simulation results

In order to maintain the correct position measurement, a countermeasure circuit

is developed to cancel out the change in capacitance of the sense coils. The aim

is therefore to add an inductance, in parallel to the mutual capacitance i.e. across

the sense coils, big enough to cancel the added capacitance and hence stabilising

the inductance of the sense coil in the process. The handicap of such a solution

is that a discrete component corrects with the same amount for all capacitance
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combinations. Additionally, since this inductance is connected on either side of the

differential signal, the input voltage from each side should be equal and opposite.

Figure 3.16: The countermeasure circuit simulated and added at the end of the long cable.
Circuit (b) is the equivalent circuit of the highlighted circuit.

The circuit is presented in Figure 3.16, and is adopted from the negative capacitance

circuits disclosed in [124] but used in a different way. The highlight of the circuit is

two inductors with inductances L and n2L which are directly coupled on one core.

n is the turn ratio between the two inductors, while, n2 is the inductance ratio of

the two inductors. The two ends of the inductors are connected to the sense coils

while the other two ends are joined together with a grounded capacitor C. These

two inductors are connected opposite to each other to create the equivalent circuit

presented in Figure 3.16(b). The opposite inductance again introduces a phase

shift of 180° is introduced by the opposite inductance hence, placing the voltage at

the centre equal to either way of the differential signal. When both voltages are

identical in magnitude, there is no current flowing through the circuit. This is an

important feature of this circuit since it turns off the circuit when there is no added

capacitance. When the cable capacitance changes, the differential voltage is not

the same any more, this generates a current flow and therefore mutual inductance.
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If a perfect coupling coefficient is assumed (i.e. k = 1), with the help of a Y −∆

network transformation, the π network of the circuit can be derived as shown

in Figure 3.16. A negative capacitance is derived on the side of the inductor,

which has the greater number of turns. The turn ratio n, can never be 1 since

it would cancel the total inductance. As shown in [124], a high n is desirable for

parasitic capacitance cancellation, as is the case for this circuit. Furthermore, as

all the components are a function of the mutual inductance and this depends on

the current passing through each coil, their values vary with the difference between

the differential voltages. A second identical, but inverted circuit creates the same

circuit but on opposite ends. This therefore balances the differential signals.

Finally, the remaining component is the inductance located between the two

differential sense voltages. The latter acts as a cancellation component to the added

capacitance. The size of the resulting inductance, and hence the cancellation, can

be controlled using the capacitance in parallel to the inductor which is dependent

on the capacitor size selected. The bigger the capacitance the smaller the size

of the inductance. The parasitic resistances of the coils are modelled by R1 and

R2 and Rc1 and Rc2 are resistances placed in parallel to the coils such that the

resistance of the coil is attenuated. The self-capacitance of the transformers will

be in parallel to the inductance, hence in series together and in turn parallel to

the mutual capacitance. Furthermore, this self-capacitance will be balanced on

both sense coils. From experiments, it is noted that the position change due to a

balanced mutual capacitance change is negligible.
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The circuit presented in Figure 3.5.1 is the final simulated circuit for the correction

of position change due to capacitance change in the cable. Divided in sections it

shows the :

• floating current source which generates the differential ac + dc current supply;

• coupling coefficients for the moving coil position at the electrical zero and the

moving coil next to it;

• sensor sense and supply coils with the cross-coil capacitance connecting them;

• detailed cable capacitance model;

• counter measure circuit; and

• decoupling resistors and capacitances as required by the DAQ manufacturer

for differential reading.

Figure 3.17: Comparison between the simulated I2PS position change due to a change in cable
capacitance with and without the countermeasure

The simulation results of the sensor position with and without the countermeasure

are presented in Figure 3.17. Several things can be noted from this figure:

1. All capacitance combinations exhibit a strong decrease in the position change.

2. The mutual capacitance position error is not linear.
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3. The mutual capacitance position error exhibits the biggest correction.

• With a 10 nF capacitance change, the position change is reduced to

197 µm from 4971 µm.

• At 5 nF , it is reduced to to 400 µm from 2000 µm.

4. The position error for the cable-to-shield is linear and for 10 nF capacitance

added, the position change is reduced from 1000 µm to less than 200 µm.

These corrections are considered good enough to develop the countermeasure circuit

and employ any further optimisations to the hardware circuit

3.5.2 Test-bench Results

To produce the high n four audio transformers with a winding ratio of 1 : 6.45 are

used. The transformers are characterised and it is found that the ac resistance and

inductance at 1 kHz are tabulated in Table 3.6. (The parasitics of the transformer

coils are measured over a sample of similar transformers and since the variation

between them is very small, it is considered to be negligible.) The capacitance

value is set to be 5 pF and the Rc1 and Rc2 are set to 300 Ω and 3 kΩ respectively.

The circuit is built and tested on the same test bench used in Section 3.4.

Table 3.6: Measured audio transformer values

Primary Coil Secondary Coil

Resistance [kΩ] 1.37 37.5

Inductance [H] 0.22 9

The circuit with these components in place produces the position change presented

in Figure 3.18 when the cable capacitance is changed. Furthermore, a comparison

between the position change exhibited by the sensor position with and without

countermeasure circuit for a capacitance change is presented in Figure 3.19.

Several differences are noticed with respect to the simulation. In this case, all

position changes are non-linear, implying that some non idealities are added to the

circuit from the transformer circuits. While the position change due the mutual

capacitance is still non-linear with the optimised final circuit it is monotonically

increasing. The biggest and most dangerous position change noted is from the

mutual capacitance. With the countermeasure, this sensitivity (the gradient of the
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Figure 3.18: I2PS position change due to a change in cable capacitance with the countermeasure,
as obtained from the test bench.

fit line) is reduced from 448 µm/nF to 10.7 µm/nF . This is an improvement of over

97%. At 10 nF the position change decreases from 4971 µm to 120 µm. Another

improvement is observed on the cable-to-shield capacitance where a linear fit yields

a mean sensitivity of 2.4 µm/nF . This roughly translates to a 96% improvement.

At 10 nF the position change decreases from 1000 µm to 30 µm. The cross-cable

capacitance in this case represents the remaining capacitance combinations that

link the sense coils together without the supply and primary cables. The sensitivity

in this case changes from 7.2 µm/nF from 8.56 µm/nF but since this is already

low, an improvement is not expected.

Comparing these results to the LVDT results in Table 3.5, the mutual capacitance

sensitivity of the LVDT is found to be 11 µm/nF while the I2PS sensitivity now

is now 10.7 µm/nF . On the other hand, while the cable-to-shield capacitance

showed an improvement of 96%, it is still 1.2 µm/nF higher than that of the

LVDT. Nonetheless, with the countermeasure in place, the drift at 10 nF is still

well within the ±200 µm allowed maximum limit.
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Figure 3.19: Comparison between the I2PS position change due to a change in cable capacitance
with and without the countermeasure, as obtained from the test bench.

3.6 Summary

The LHC collimation environment forces the I2PS to operate with cables that span

hundreds of meters. The position sensitivity and reliability are two aspects of this

transducer that cannot be compromised during operation.

This chapter provides a detailed understanding of the transducer’s behaviour with

the cable. It shows that the I2PS is indeed affected by the cable parameters. The

frequency response of the sensor with the cable produces empirical data on the

frequency range of the sensor to be operated in. Furthermore, the latter, with the

cable lengths noted, are to be used as a guideline when installing new collimators

housing I2PS. Additionally, the frequency response showed that the transducer’s

frequency response should be designed or manipulated to be flatter.

This chapter also investigates the case study regarding the impact of cable

capacitance change on the I2PS position. The results show that the I2PS is highly

sensitive to this phenomena unlike the LVDT which is immune to this effect. A

SPICE simulation that is able to model the electromagnetic and parasitic effects

of the transducer with the cable is proposed. The simulation presented offers

a good match with the results obtained empirically. Indeed, such simulations
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help understand the physical phenomena better and are a crucial step for the

design of a countermeasure circuit to eliminate these unwanted effects. Finally,

a countermeasure is designed in simulation, built, and tested. Consequently, the

empirical results show that the countermeasure circuit drastically reduces the I2PS

sensitivity to cable capacitance change by 97% and yields a performance which is

comparable to that of the LVDT.
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Chapter 4

Thermal and Compensation

Algorithm Characterisation

4.1 Introduction

While climate control keeps the LHC tunnel at a steady temperature, it still changes

by a few degrees. Furthermore, local temperature spots can occur along the length

of the tunnel due to heat generation from various objects, which lead to an increase

in local temperatures. From literature and from operation it is noted that the

I2PS is quite sensitive to temperature change. Until now, it is assumed that

an ambient change in temperature affects only the moving coil and all sensors

(operated differently) in the same way [87]. To understand better the aim of this

chapter, Figure 4.1 presents the position and the dc voltage from one of the sensors

installed in the collimators for the 2018 run. This is one of the many similar

examples which point to the same problems. Indeed, Plot a and Plot c represent

the same data but plot c presents the missing part of plot a. Plot b presents the

dc voltage as obtained from the I2PS.
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Figure 4.1: Comparison between the position measured by the I2PS in a collimator and the
I2PS dc voltage from 2018 run. The sensor position is the position of the jaw as measured by
the I2PS while the reference position is the position as measured by the resolver in the collimator
setup. Vdc is the measured primary voltage of the I2PS which represents the temperature of the
sensor. As explained in Chapter 1.

4.1.1 Problem Definition

The figure, which presents the as measured resolver position and as the measured

I2PS position, is divided seven windows. Window A shows a stable temperature

and a stable position, which is less than 50 µm. The sensor has been in this

condition for a long time. The position then suffers a large decrease. In fact, it

decreases by 100 µm in 3 hours and settles down in 7 hours (window b). If only

the measured I2PS position is considered, this change leads to an ambiguity of this

position change is due to actual moment or not. In this case it is a position drift

by the I2PS since the reference i.e. the read resolver position did not change i.e.

the jaw is actually not moved. On the other hand the dc voltage which represents

the temperature takes 11 hours to stabilise at an offset of 80 µm. Window D

shows a change in Vdc while no change in position hence remaining with the offset

instead of following the temperature and returning back. Windows C and D show

changes in Vdc which are also noted in position while window F shows a spike in
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position which is not represented in Vdc. The position in this figure continues to

drift until it eventually reaches 150 µm of position drift while the Vdc remains at

an average value of 1.083 V . Similar problems are also shown in Figure 4.2 where

there is a high position change when there is motion, which seems to originate from

temperature but it is not understandable why this is happening. Furthermore, as

can be noted from Figure 4.2, windows 2 and 4 there are drifts of similar magnitude

with very different Vdc changes.

Figure 4.2: Comparison between the position measured by the I2PS in a collimator and the
I2PS dc voltage from 2017 run. The sensor position is the position of the jaw as measured by
the I2PS while the reference position is the position as measured by the resolver. As explained in
Chapter 1. Therefore the calculated difference presented is between the as read resolver position
and the I2PS.

It is important to add that at CERN’s control room, two limits are defined during

commissioning. During calibration of the collimator with the beam, the position

read from the linear position sensor, being an LVDT or an I2PS, and the read

resolver position must be within a maximum of 50µm from each other at beam
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position. Two limits are then placed on this position. The first limit is within

a minimum of 200µm of the position read during calibration of the collimator

with the beam. This is a warning limit where only a warning is issued that the

position has changed by 200µm from the calibrated position. The second is within

a minimum of 400µm of the calibrated position and this is connected to the beam

dump interlock. This implies that if the read position of the position sensor exceeds

400µm of the calibrated position it dumps the beam of particles. In these cases

the maximum position change from initial position is of 150 µm which means it is

operating 50µm of the warning limit. This is not optimal and needs to be fixed.

This chapter therefore aims at understanding why the position change happens

much faster than the change in Vdc. Moreover, it focuses on investigating why

spikes, such as the one in window c, come to decrease the offset, while according

to the trend it should increase it. Furthermore, an analysis on how the temperate

change is reflected so fast in the position while other windows are not, is to also be

unveiled. Also, this chapter delves into understanding why the position does not

return to the previous position when the temperature does. Hence, it aims to show

the relationship between the position and the Vdc. Additionally, an investigation

will be carried out, showing if there is a relationship with the moving coil position.

Ultimately, this work will also deal with the variation and behaviour of the Vdc.

Finally, an understanding as to why on the same machine some sensors suffer a

higher position drift than others, shall be considered. Since it is difficult to find an

answer to these questions from only the operational data, tests are indeed devised

in the lab.

Therefore, this chapter presents a deep empirical analysis conducted for the I2PS

in the context of thermal sensitivity. First, the transducer’s parameters are broken

down in basic components and each analysed individually. Then the position read

with respect to the temperature change is investigated. Finally, the temperature

compensation is also analysed.

4.2 Test-bench Setup

In order to study the relationship between general environmental changes in

temperature and the position read by the sensor, a situation where the sensor

is at constant thermal conditions has to be obtained. The sensor is placed inside a
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climatic chamber with air vents closed and heaters off. It is kept in this condition

such that thermal equilibrium is achieved. This procedure is repeated each time the

sensor is taken out of the chamber or the chamber is opened to move the moving

coil. This is done so that the initial control measurement is obtained at constant

temperature. Hence, it is used as the initial position.

The chamber is then set to go from room temperature to 40°C in 2 hours. It is

left at 40°C for 30 minutes. The readings are stopped once the climatic chamber

starts to cool off. The supply and sense voltages are acquired using an NI PCI-

6143 DAQ [88] and hence the position is calculated through a ratiometric reading.

The temperature of the chamber is also logged. This procedure is repeated for

different moving coil positions, frequencies and cable length. The same procedure

is repeated with a Keysight Vector Network Analyser (VNA) in conjunction with

BenchView to acquire and log the resistance and inductance of the coils as the

temperature changes with different moving coil positions.

4.3 Acquired Voltage Drift due to Temperature

Change

To analyse the temperature impact on the position the raw voltages are acquired

and analysed first. The acquired voltages are the sense and supply coil’s ac and dc

voltages.

4.3.1 The Sense Voltages

The two sense voltages are acquired separately. It is assumed [56] that there

is negligible current in these coils. Henceforth, the voltage of sense coil 1 will

be referred to as VSense1 and the voltage of sense coil 2 will be VSense2. Indeed,

the behaviour of the sense coil’s voltage is what impacts the raw, uncompensated

position read by the sensor. The sense coils’ voltage can drift in three manners:

1. One sense coil increases while the other decreases or vice-versa.

2. Both sense coils’ voltage increase/decrease at the same rate.
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3. Both sense coils’ voltage increase/decrease at the different rates.

It is noted from numerous experiments that all three ways are noted in the I2PS

at some point. Starting at 1 kHz at the centre of the sensor i.e. the electrical zero,

the two sense voltages drift by the same amount in the same direction, as is noted

in Figure 4.3a. As the moving coil position starts moving away from the electrical

zero, as seen in Figure 4.3b, the drift starts to happen at the same rate and then

it increases until both are changing at different rates. At 15 mm, the sense coils

voltages immediately start drifting at a different rate, as seen in Figure 4.3c, and

finally close to the end of the sensor. Ultimately, the sense coils voltage go into

two different directions, as identified in Figure 4.3d.

(a) At the electrical zero (b) 5 mm away from the electrical zero

(c) 15 mm away from the electrical zero (d) 30 mm away from the electrical zero

Figure 4.3: Sense coils voltage

Moreover, as the amplitude of the supply signal is changed the amount of drift is

also changed, for e.g. if the Iac = 10 mA the change in the sense coils at 15 mm

is max 0.014 V . If Iac = 45 mA the change in the sense coils at 15 mm is max

0.042 V. Furthermore, it is noted from Figure 4.3 that one of the sense coils changes

by the same amount. From Figure 4.3a note that both sense voltages change by

the same amount. For example consider the change in temperature from 30oC to
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40oC the change in voltage is approximately 0.011 V . Then consider the voltage

change at 30 mm. One sense voltage changes by approximately 0.011 V (for a

temperature change of 10°C) while the other one changes by a very small amount.

To summarise, at any moving coil position, at least one of the coils’ voltage changes

by 0.011 V for a 10°C change.

4.3.2 The Supply dc Voltage

In order to compensate for temperature change, a temperature reading is required.

The mean temperature of the sensor is obtained by superimposing a dc offset Idc to

the ac supply current [56]. In this way, the dc part of the consequent supply voltage,

Vdc, will be directly proportional to the mean temperature along the sensor. This

is because it will be proportional to the supply coils’ resistance, which is affected

by the temperature according to a relation similar to

R = R0(1 + γ∆T ) (4.1)

giving

Vdc = RsIdc = R0
s(1 + γ∆T )Idc = V 0

dc + gdc∆T (4.2)

where gdc is constant of proportionality between the primary DC voltage and the

ambient temperature.

From the experiments it is noted that:

1. The dc voltage is stable for different sensor and cable conditions as is noted

in Figure 4.4;

2. As Idc is increased the amplitude and the voltage swing for the same

temperature change is also increased. Figure 4.5 presents a variation of Idc.

The voltage change for these two is 0.0444 V when Idc = 5 mA and 0.303 V

when Idc = 40 mA. This is expected since this voltage follows V = IR. As I

remains constant as R increases, V increases as well.
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Figure 4.4: Vdc for different sensor and cable conditions at Idc = 10 mA

Figure 4.5: Vdc at different Idc for the same moving coil position
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4.3.3 The Supply ac Voltage

As expected, the supply ac voltage exhibits the same behaviour as that of Vdc. Vac.

This also changes due to the relationship of V = IR. The change of Vac is very

small as is noted in Figure 4.6.

Figure 4.6: Vac at different Idc and Iac

The voltage change for these two is 0.11 V when Iac = 20 mA and 0.304 V

when Iac = 30 mA. Although one may argue that Vac can substitute Vdc, hence

simplifying the supply circuitry, Vac is also dependent on the position, as presented

in Figure 4.7.

Figure 4.7: Vac at different moving coil positions
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As introduced in equations 2.16 & 2.17 the voltages of the separate coils are a

function of the position. The two coils are connected in series and so their total ac

voltage is:

Vac = V1 + V2 (4.3)

Vac = (R1 −R2)I + jωI(L1 − L2) + ω2I
(M51 +M52)(M15 +M25)

Z5

(4.4)

An experiment is set up which uses the same setup as before but instead of reading

the sense coil’s voltages with the DAQ, the resistance and inductance of each coil

is measured with a VNA. The VNA is set to acquire automatically every minute

the resistance and inductance in the frequency range of 250 Hz and 3 kHz.

4.3.4 The Supply Coils

The overall resistance of the supply coils, henceforth referred to as Rp, is the dc

+ ac resistance (the added resistance due to skin effect) is shown in Figure 4.8a.

(Note that the supply coils are wound one opposite to the other and connected in

series. Therefore, the impedance in this case is the total of both. Furthermore,

although the sense coils were grounded such that the inductance is removed, the

inductance measured is still the combination of all other effects found in the sealed

sensor.)

(a) Resistance (b) Inductance

Figure 4.8: Supply Coil

The resistance increases as the frequency increases and as the temperature in-

creases. This response is due to the ac parasitics such as the skin effect. This

resistance relationship with temperature is what is seen in the ac voltage Vac.

The inductance, Lp on the other hand, is different. Up to 1.5 kHz the inductance

increases as the temperature increases. After 1.5 kHz the inductance first increases
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and then decreases as the temperature increases. There is a point of inversion at

approximately 1.5 kHz. The change is bigger as the frequency increases i.e. having

higher dependence with temperature change.

Figure 4.9: Supply coil inductance at 1 kHz and at 2 kHz with respect to temperature

The resistance change due to temperature at 1 kHz is of approximately 10 Ω and

is similar up to 2.5 kHz. Figure 4.9 presents the inductance at 1 kHz and at

2 kHz. At 1 kHz the inductance increases but then stabilises. This implies that

at lower temperatures, from 15°C to 20°C, it will change faster than at higher

temperature. For 2 kHz the response is different for the inductance change as

temperature increases the inductance decreases.

4.3.5 The Sense Coils

The resistance of the sense coils, Rs as can be noted in Figure 4.10a increases as

temperature increases. The resistance change at lower frequency ∆R1kHz
s ≈ 200 Ω

is lower than that at higher frequencies ∆R3kHz
s ≈ 100 Ω. On the other hand the

inductance change is of ∆Ls = 12 mH and changes by the same amount for all

frequencies, as can be noted in Figures 4.10b and 4.11.
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(a) Resistance (b) Inductance

Figure 4.10: Sense Coil

Figure 4.11: Sense coil inductance at 1 kHz and at 2 kHz with respect to temperature

4.3.6 The Moving Coil

The resistance of the moving coil changes uniformly with temperature while the

inductance change is almost negligible as can be noted from Figure 4.13. Indeed,

the inductance of the moving coil changes mostly with frequency, as noted in

Figure 4.12b

As explained in [89,90], the ac resistance of a coil is very complicated and a lot of

factors can influence this value with respect to frequency. In [89] it was explained

how the ac resistance varies from the inner layer to the outer layer for a long

solenoid. In the case for the I2PS, the complication increases since for the supply

coil there is a shield outside the outer layer and another coil inside the inner layer.
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(a) Resistance (b) Inductance

Figure 4.12: Moving Coil

Figure 4.13: Moving coil inductance at 1 kHz and at 2 kHz with respect to temperature

On the other hand, there is a coil both inside and outside the sense coil. Both

papers explain how the current distribution in a coil is a complex phenomenon to

model theoretically. Furthermore, [90] explains that for the tesla coils which the

author is working with and similar complex wound coils it is difficult to get very

precise lumped or distributed model components for each coil. This is because

multiple effects are being dealt with at the same time. Nonetheless, for these

experiments the ac resistance is not the main aim. The main aim is to understand

how the main lumped components behave with temperature.

Figure 4.14 presents a comparison between the calculated resistance change

(according to the linear function R = Rref (1 + α(T − Tref )) ) and the measured

resistance change with temperature. Note that the gradient is lower for the supply

and sense coils. It may be the case that the supply and sense coil’s temperature

for different coil layers are not changing at the same rate and this leads to a

85



CHAPTER 4. THERMAL AND COMPENSATION ALGORITHM CHARACTERISATION

(a) Sense coil (b) Supply Coil

(c) Moving coil

Figure 4.14: Comparison between theoretical resistance change and experimental resistance
change

slower resistance change or there are other non-linear effects in conjunction to the

resistance. Overall the change is similar. On the other hand, the moving coil has a

much bigger cable diameter and exhibits a linear response and the same gradient,

as the theoretical one. Additionally, the moving coil’s winding is exposed to the

temperature change directly, because it is not insulated. From [56] the temperature

dependence of the position reading of the I2PS was expressed as:

V3 = jω (M31 −M32) I + ω2I

(
M35M51

Z5(T )
− M35M52

Z5(T )

)
(4.5)

where the dependence of the moving coil resistance with the temperature is linear,

as follows:

R5 = R0
5(1 + γ∆T ) (4.6)

where R0
5 is the resistance of the winding at room temperature, γ is the temperature

coefficient and ∆T is the temperature deviation.
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Therefore, to complete the expressions presented in [56] with the results obtained

from these tests, the resistances of the supply coils are set to change with

temperature. Hence, the complete equations of the separate supply coil voltages

can be expressed as:

V1(T ) = R1(T)I + jω (L1 −M12) I + ω2I
M15(M51 +M52)

Z5(T )
(4.7)

V2(T ) = −R2(T)I + jω (M21 − L2) I + ω2I
M25(M51 +M52)

Z5(T )
(4.8)

while the temperature dependence of the sense coils remains unchanged as equation

4.5, where the dependence of the moving coil resistance is the only resistance that

affects the sense coil’s voltages.

However, by writing the equations in this from, the self inductance change due

to temperature noted in these results, is ignored. This said, from these results

it is noted that L1, L2, L3 and L4 are dependent on temperature as well as on

frequency. Furthermore, from literature it is known that the mutual inductance is

generally given by:

Mij = k
√
LiLj, 0 6 k 6 1 (4.9)

where k is the coupling coefficient i.e. a value of how much of the magnetic flux

produced by one coil passes through the other coil. Let’s assume for now that k is

1 since the coils in the I2PS are tightly wound and close to each other. According

to this equation, if either Li or Lj or both change with temperature, then Mij is

also a function of temperature. Hence,

Mij(T) = k
√
Li(T)Lj(T), 0 6 k 6 1 (4.10)

Adding equation 4.10 to equation 4.7 shows that the sensor is dependent also

on temperature even though the moving coil is independent to inductance to

temperature change. This implies:

V1(T ) = R1(T )I + jω (L1(T)−M12(T)) I + ω2I
M15(T)(M51(T) +M52(T))

Z5(T )
(4.11)
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V2(T ) = −R2(T )I + jω (M21(T)− L2(T)) I + ω2I
M25(T)(M51(T) +M52(T))

Z5(T )
(4.12)

while the temperature dependence of the position reading of the I2PS remain as:

V3(T ) = jω (M31(T)−M32(T)) I + ω2I

(
M35(T)M51(T)

Z5(T )
− M35(T)M52(T)

Z5(T )

)
(4.13)

V4(T ) = jω (M41(T)−M42(T)) I + ω2I

(
M45(T)M51(T)

Z5(T )
− M45(T)M52(T)

Z5(T )

)
(4.14)

If the thermal expansion of the material of the winding is considered, which is

given by its coefficient of linear expansion, then it is possible to express it by the

formula [91]:

L = L0(1 + β∆T ) (4.15)

where β is the coefficient of linear expansion of copper (16.8× 10−6m/(mK))

Groszkowski in [91] concludes that there are four factors that influence the

temperature coefficient of inductance: thermal expansion, the skin effect, eddy

currents and the self-capacitance of the coil. The last three are also a function of

frequency. He also concludes that in a multilayer coil, the eddy currents and the

capacitance effects prevail over the skin effect.

In the case of the I2PS, since the self-capacitance is calculated to be in the pF

range and the frequency is less than 3 kHz, the equation provided in [91] of λ′ =

λ(1 +CLω2) where C is the self-capacitance and L is the inductance of the coil, is

negligible.

However, the theoretical inductance change for the supply coil due to thermal

expansion according to the equation in 4.15 at 1 kHz leads to a linear increase of :

L = L0(1 + β∆T ) = 17.68(1 + (16.8e− 8)(20)) = 17.6859 mH
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which is the same as the measured one, as noted in Figures 4.8b. The problem

arises when calculating the change in inductance at 2 kHz and for the sense coil. In

both these cases there is a decrease in inductance with an increase in temperature.

Since the I2PS is made up of a complex combination of coils so close to each other,

it is very difficult to understand if the ac components values are self-generated or if

they are a combination. For example the sense coil’s inductance at 1 kHz is due to

the thermal expansion of the coil while at 2 kHz it changes because the parasitics

of one coil become more dominant than the other.

4.3.7 Manual Change of Parameters

Since the I2PS’s final reading is position, it is important to understand what this

change in inductance and resistance translate to in position. A variable resistor

and an inductor are connected in series to the coils such that the manually changed

lumped circuit component values are translated to a read position change. Unless

otherwise stated all position change presented in the following text is the difference

between the position read from the I2PS with respect to a reference position as

obtained from the Heindehin encoder. The latter measures the actual position of

the moving coil with respect to the electrical zero with a ±1 µm uncertainty.

The position change for a resistance sweep of the supply coil is presented in

Figure 4.15a. It shows that a resistance change of 60 Ω results in a 72 µm of position

change. Hence the sensitivity can be found to be: 1.5µm/Ω. The inductance on

the other hand induced a non-linear position change of maximum 140 µm with an

inductance of 4.8 mH. As can be noted from Figure 4.15b the increase is linear

and monotonic until 3.8 mH and leads to just 35 µm of position change for 1 kHz.

For 2 kHz, up to 3.8 mH, it is monotonically decreasing and then it increases. The

resistance change leads to the same position change at all moving coil positions and

it decreases by approximately 20 µm.

Since the sense coils are the reading part of the sensor and they require to be

identical such that a balanced bridge is achieved as long as there is an equal

and balanced resistance and inductance change on both coils, there is no position

change. On the other hand, there are drastic effects if the bridge is unbalanced.

Figure 4.16a presents the position change for an unbalanced resistance sweep for

the sense coils. It shows that a resistance change of 400 Ω results in a 1000 µm

of position change. Hence, the sensitivity can be found to be: 2.5µm/Ω. The
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(a) Resistance (b) Inductance

Figure 4.15: Manual change in Supply coils

inductance on the other hand induced a non-linear position change. Similar to the

supply coil case up to 3.87 mH, the position change is constant when the supply

is at 1 kHz and monotonically decreasing for the 2 kHz case. In fact, when an

inductance of 1.8 mH is introduced, it increases.

(a) Resistance (b) Inductance

Figure 4.16: Manual change in Sense coils

Figure 4.17 presents the position change at different frequencies and positions of

the moving coil. The solder joint shorting the moving coil in this case is de-

soldered and the resistance box is added in series. This changes the resistance

of the coil while keeping the moving coil short circuit as described in Chapter 2.

At 5 mm as resistance increased, the change in position increased. At the same

moving coil position as the frequency increased, the change in position decreased.

The position change in this case leads to a maximum of 1000 µm of position

change at 500 Hz. Similarly, at 20 mm, as the resistance increased and frequency

increased, the change in position decreased. The position change in this case leads

to maximum of 3000 µm of position change at 500 Hz. Figure 4.13 shows a

resistance change of approximately 2 Ω for a 20°C temperature change. With the
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moving coil positioned at 20 mm, this resistance would lead to a position change

of 1200 µm at 500 Hz, 700 µm at 1 kHz and 100 µm at 2.5 kHz. This concludes

that for the moving coil it is more beneficial, from the resistance point of view,

to operate the sensor at a higher frequency. This is due to the fact that this

leads to the smallest position change. Furthermore, since there is no change in the

inductance of the moving coil, this test is skipped.

(a) Resistance change at 5 mm (b) Resistance change at 20 mm

Figure 4.17: Manual Resistance change in Moving coil at different frequencies and position

For the sense coils, as long as the thermal change is uniform along the sensor, there

would be no position drift. In the current state of operation of the I2PS in the

LHC, it is assumed that the temperature change of the surrounding environment is

uniform and slow. This implies that the sensor’s temperature is changing gradually

and uniformly along the sensor. This assumption defines the settings used in the

climatic chamber for all the tests. It is also assumed that since the dc resistance

is the same and they are wound uniformly and directly on the plastic bobbin,

with an insulator between the sense coils and the supply coil, the resistance and

inductance of the two changes by the same amount, if a uniform temperature

change is exhibited. As noted in Figure 4.8a, the resistance change in the supply

coils is of 10 Ω. This leads to a change of position of 10 µm, which is negligible.

4.4 Position Change due to Temperature Change

The previous sections considered the raw components of the sensor. The following

sections test and analyse the position change for the sensor. From the previous

sections it is expected that the position change depends on the moving coil position

and frequency.
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Figure 4.18: Position change for different moving coil positions at 1 kHz

Starting with an operating frequency of 1 kHz and 200 m cable, the read position

change at various positions is tested for a temperature change of approximately

20°C. Figure 4.18 shows that as the moving coil moves away from the centre, the

read position drift increases up to 800 µm. Note that at the centre, the read position

change is negligible. It can be deduced from the results presented in Figure 4.3

that since at the centre of the coil the sense voltages change by the same amount

the change in the read position is negligible. The small change that happens is

due to the small difference that can exist in between the coils or any time delays

in the calculation of the two sense coils voltages. On the other hand, it can also

be understood that since at 30 mm one of the sense coils voltage changed by a

different amount than the other one, the read position is now different since it

depends on the ratio between the difference and the sum of the two sense voltages.

Conversely, the opposite behaviour is noted when the sensor is operated at 2 kHz

as presented in Figure 4.19. As the moving coil moves away from the centre the

read position change is smaller.

Figure 4.20a shows the same results as that of 1 kHz and similarly, it is noted that

for 1.5 kHz, as the moving coil moves away from the centre, the position change

increases but at a rate of four times lower.

92



CHAPTER 4. THERMAL AND COMPENSATION ALGORITHM CHARACTERISATION

Figure 4.19: Position change for different moving coil positions at 2 kHz

(a) Position change for different moving
coil positions at 750 Hz

(b) Position change for different moving
coil positions at 1.5 kHz

Figure 4.20: Comparing the position change due to change in temperature at different moving
coil positions and operating frequencies

4.4.1 State-of-the-art of the Compensation Algorithm

As explained in Section 4.3.2, the mean temperature of the sensor is obtained

by superposing a dc offset to the ac supply current [56]. In this way, the dc

part of the consequent supply voltage will be directly proportional to the mean

temperature along the sensor. This is because it will be proportional to the supply

coils’ resistance. The compensation equation is defined to fix the ratiometric value

which is a function of the ambient temperature, r(T), by the amount with which

Vdc changes with respect to a reference value using the following equation:

ro =
r(T )

1 + ζ∆ Vdc(T )
(4.16)
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In this case as V 0
dc, ro is the value of the ratiometric index at room temperature.

In practice, these are the ratiometric index and dc voltage during calibration.

Furthermore, ζ is the correction factor defined as:

ζ =
αr
gdc

=

∆r

ro∆T
gdc

From experiments we noted that with an Idc of 10 mA the Vdc varies between 1.05 V

and 1.15 V . Taking the reference at 21°C this leads to a ∆ Vdc = 0.1 V .

4.4.2 Thermal Characterisation and Review

The V ref
dc and ζ have been set in the past to 1.14 V and 0.3 respectively. Since

in the previous results it is noted that this dc voltage represents a temperature

which is too high for these measurements, the reference dc voltage is set at the

beginning of the measurement as the value at that time and temperature. It is

noted from multiple measurements that sometimes these settings are too high and

the compensation, as shown in Figure 4.21, overcompensates. It is also noted that

sometimes manually selecting a ζ, which is smaller or bigger, corrects properly

for some time and then the position reading starts to drift again away from the

reference position.

Figure 4.21: Comparing compensated position readout with ζ = 0.3 to that of the uncompen-
sated position readout at Idc = 10 mA

The I2PS has a position change which is of approximately 10 µm. Note that if
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ζ is under-compensating, the position drift would be between the uncompensated

value and the reference position. In this case it is beyond the reference position and

therefore it is overcompensating. Nonetheless, an overcompensation which leads

to a position change of 10 µm is acceptable in the LHC collimator environment

but it does not match what is noted in operation. On the other hand, it would

be beneficial if the values are honed to the point where this drift is completely

removed.

Therefore, to understand why the ζ is overcompensating, the parts that make the

ratiometric index i.e. the sense coils voltage and the ratiometric index itself are

analysed individually. Figures 4.22 & 4.23 present a linear fit to the sense voltages,

the ratiometric index, and the change in Vdc. From these figures it is shown that the

gradient of the Vdc is two orders of magnitude higher than that of the ratiometric

index. This means that if the Vdc change is not attenuated, it would compensate

at a rate of two orders of magnitude more than required for the ratiometric index.

(a) Sense 1 (b) Sense 2

Figure 4.22: Comparing the maximum change of sense 1 and sense 2 with the change in Vdc

(a) ratiometric index (b) The change in Vdc

Figure 4.23: Comparing the maximum change of the ratiometric index with the change in Vdc

It is understandable that an experiment is needed that sheds light on the magnitude

of ζ which is required to keep the read position at a reference (preset) position.
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Furthermore, it is also interesting to understand if the magnitude of the Idc has a

strong impact on the ζ required. The former is achieved by implementing a simple

addition to the LabView code. The start position is set as the reference position.

As explained before the reference position is usually the position in which the

sensor is left to settle. The difference is calculated and based on that difference

where the ζ is increased/decreased in increments of 0.0001. This rate of change is

selected to be this small such that it has time to settle and avoid overshoots. The

user is allowed to intervene and change this increment value at any time. When it

is left on its own with a large value, it sometimes oscillates around the reference

position (as has happened in Figure 4.24b). While the exact value required cannot

be obtained immediately, the trend and mean value is still achievable. Indeed, this

test is also repeated multiple times with different Idc.

(a) with 5 mA (b) with 10 mA

Figure 4.24: Vdc with different input currents

Figure 4.24 shows two different ζ required for two different Idc conditions. In

Figure 4.24a the moving coil position is set to 15 mm and the Idc is set to 5 mA.

In this case one is to note the large ζ variation required for that particular ∆ Vdc.

On the other hand, Figure 4.24b shows the ζ variation required for the sensor to

keep the same reference position of 15 mm. In this case the current is set to 10 mA.

Note how in this case the change in the ζ required is much smaller. Furthermore,

note the smaller ζ swing/variation required. One can say that the ζ required is

more stable. Finally, Figure 4.25b shows the ζ variation in the case where the

moving coil position is at 15 mm with the Idc set to 40 mA. Here, noteworthy is

how small the ζ variation is. This implies that as the Idc increases at 1 kHz, the

required magnitude and ζ swing for good compensation decreases. Additionally,

this also shows that the ζ change also stabilises as the current increases.

Figure 4.25a shows the position and the relationship between the ∆ Vdc and ζ

required to keep the position close to the reference position by 1 µm. These figures

are obtained with an Idc = 40 mA and Iac = 20 mA. A linear and cubic fit are

96



CHAPTER 4. THERMAL AND COMPENSATION ALGORITHM CHARACTERISATION

(a) Comparison between uncompensated
and variable ζ required to get reference
position

(b) The change in ζ to get the reference
position with an Idc = 40 mA

Figure 4.25: Variable compensation algorithm

obtained for this relationship as presented in Figure 4.25b such that it could be

implemented in the code.

(a) Temperature profile followed (b) Comparison between the ζ required
and the calculated one from the previous
experiment

Figure 4.26: Temperature and ζ readings during the long temperature profile

To test the possibility of implementing a variable ζ system and test the high Idc,

the following test is conducted. The variable ζ, as obtained from Figure 4.25b,

is used on a long various temperature variation, done to mimic but exaggerate a

day change in operation. The temperature variation is presented in Figure 4.26a,

unlike the other temperature profiles the change is much more dynamic. The

position correction presented in Figure 4.27 shows how the ζ = 0.3 correction is

overcompensating. On the other hand, a fixed average ζ = 0.075 and the cubic

and linear variations show a good correction. Finally, the ζ required (as in the

previous test) is presented in Figure 4.26b. Here a comparison shows that while

the cubic and linear variation is smaller, when compared to the variation required,

it is similar to a best fit. As a result, a good correction is still obtained.
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Figure 4.27: Position change for a long temperature profile at 1 kHz with high Idc. The
uncompensated position is compared to the normal compensation settings and to the cubic and
linear adaptation.

To summarise these findings, a smaller ζ variation with temperature is preferred

with respect to a very big variation, since in reality a more accurate approximate

value could be obtained. Indeed, in this test a fixed ζ of 0.075 could compensate

for the whole temperature swing.

Since no work has been previously conducted on this issue, it is important to

characterise and compare the variation of position and ζ with temperature when a

dc current of 10 mA and 40 mA are used. Furthermore, it will also be beneficial

to obtain this characterisation at different moving coil positions and different

frequencies. Starting from the 1 kHz case, the position is varied from 0 mm

to 30 mm. Indeed, the position change is similar to that of Figure 4.18. The ζ

required however is presented in Figure 4.28.

It can be observed that at the centre the compensation does not work unless a

very high ζ is set. This may be due to the fact that the ratiometric index is very

small and hence very close to zero. Undeniably, as the position starts to increase,

the position of the ζ required becomes negative. This is due to the fact that

the position change at the beginning does not go towards the electrical zero but

instead goes away from the zero position and then changes direction, as shown in

Figure 4.18. The direction change of the drift in these results is accompanied by a

required ζ of 0 and then a positive ζ. While it may seem that none of the settings

obtained in Figure 4.25b are able to compensate properly for this position change,

it must be kept into consideration that the compensation required is for moving coil

positions which are greater than 10 mm (or smaller than −10 mm). The position

change between −10 mm and 10 mm is less than 100 µm at 1 kHz and hence

a compensation is not strictly required. On the other hand, it is important that
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(a) ζ required when the moving coil posi-
tion is at 0 mm

(b) ζ required when the moving coil posi-
tion is at 2.5 mm

(c) ζ required when the moving coil posi-
tion is at 5 mm and 10 mm

(d) ζ required when the moving coil posi-
tion is at 15 mm and 30 mm

Figure 4.28: Different ζ requirements for different moving coil positions at 1 kHz with same
cable length 200 m and supply Iac = 20 mA Idc = 40 mA

the compensation does not overcompensate and hence becomes the source of error.

Beyond the moving coil position of ±10 mm, the compensation works as required.

As led to expect from Section 4.4, changing the frequency changes the way the

position changes and hence the ζ required to compensate. While at 1 kHz the

position drift is always towards the electrical zero, at 2 kHz the position change

is away from the electrical zero. For example if the initial position is at 15 mm,

at 1 kHz the position will drift to 14 mm. On the other hand at 2 kHz the same

initial position of 15 mm will drift to 16 mm. This can be better appreciated in

Figure 4.29a. This means that in order to compensate for the position drift, the

compensation algorithm now requires a negative ζ for the majority of the sweep.

Note that at 36°C in Figure 4.29b the position changes direction and starts going

towards the electrical zero. At the same time the ζ required in Figure 4.29c changes

from negative to positive. Similarly, the position change at the electrical zero,

presented in Figure 4.29a, is away from the electrical zero, and therefore requires

a negative ζ throughout the whole temperature sweep.
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(a) Position readout change when the
moving coil position is at 0 mm

(b) Position readout change when the
moving coil position is at 15 mm

(c) ζ required when the moving coil posi-
tion is at 0 mm and 15 mm

Figure 4.29: Position readout change and ζ required when the operating frequency is set at
2 kHz with same cable length 200 m and supply Iac = 20 mA Idc = 40 mA

It is important to point out that this experiment is repeated for different fre-

quencies, in order to understand better how the position changes with respect to

ambient temperature change at different frequencies. Moreover, it is repeated to

understand the magnitude and stability of ζ. From the following experiments it can

be summarised that the position change is different for different frequencies at the

same position for the same temperature profile. Not all plots are presented since

there are a lot of repetitions. On the other hand, a summary for each frequency is

presented. To compare the Iac = 40 mA Idc = 10 mA readings are taken also at

1.5 kHz and 2.5 kHz. The same reading is repeated at Iac = 18 mA Idc = 40 mA

at 1.5 kHz and Iac = 10 mA Idc = 40 mA at 2.5 kHz. This helps in understanding

the magnitude of the Idc and the respective ζ required at 500 Hz intervals.

For 750 Hz, at 5 mm, Idc = 10 mA, ζ goes from 0 to 0.6 over 20°C hence a total

change of 0.5. The 40 mA counterpart goes from 0 to 0.16. At 15 mm, Idc =

10 mA ζ first goes into negative by 0.2, the position first distances itself from the

electrical zero and then approaches it. Then it goes into positive by 0.4. At Idc =
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(a) Position w.r.t Temperature for
Idc :10 mA, f = 1250 Hz, MC pos: 5 mm

(b) Position w.r.t Temperature for Idc :
40 mA, f = 1250 Hz, MC pos: 5 mm

(c) ζ w.r.t Temperature for Idc : 10 mA, f
= 1250 Hz, MC pos: 5 mm

(d) ζ w.r.t Temperature for Idc : 40 mA, f
= 1250 Hz, MC pos: 5 mm

Figure 4.30: Position readout change and ζ required when the operating frequency is set at
1250 Hz with same cable length 200 m and but different dc supply

40 mA, ζ goes from 0.02 to 0.1.

For 1250 Hz, Figure 4.30 and 4.31, the ζ required at 5 mm is stable around 0.3 at

5 mm and 0.25 at 15 mm. This is the only frequency which a ζ = 0.3 is the right

value when dc = 10 mA is used. At 5 mm Idc = 40 mA, ζ goes from 0.45 to 0.1,

settling for the majority of ∆T at approx 0.13. Similarly, at 15 mm, ζ decreases

from the initial value of 0.3 to 0.09 rapidly and then stabilises around this value.

At 5 mm, 1 kHz the position variation is not linear. In fact it first increases

and then it decreases. At 1.5 kHz, the position immediately starts to decrease,

Figure 4.32a. The final position change is approximately the same. Conversely,

the ζ required , Figure 4.32b, to keep the reference position is positive. At 15 mm,

Figure 4.32c the position only changes by a max of 100 µm. From 25°C to 33°C the

position change is that of only 20 µm. Unlike the 2 kHz where it first increased

and then decreased and reached a maximum of 100 µm, or the 1 kHz where it goes
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(a) Position w.r.t Temperature for Idc :
10 mA, f = 1250 Hz, MC pos: 15 mm

(b) Position w.r.t Temperature for Idc :
40 mA, f = 1250 Hz, MC pos: 15 mm

(c) ζ w.r.t Temperature for Idc : 10 mA, f
= 1250 Hz, MC pos: 15 mm

(d) ζ w.r.t Temperature for Idc : 40 mA, f
= 1250 Hz, MC pos: 15 mm

Figure 4.31: Position readout change and ζ required when the operating frequency is set at
1250 Hz with same cable length 200 m and but different dc supply

to 350 µm. The difference with respect to the 1 kHz one is that the required ζ,

Figure 4.32d is always positive since the position never goes away from the electrical

zero.

At the electrical zero, a max 35 µm of position drift is noticed. It requires a very

high ζ to compensate. Basically at the centre of the sensor the ζ required is much

greater than 1. In this case, at 35°C a ζ of 8 is required. The problem is that

while the position change is small, 20 µm over 10° a ζ lower than 1 is incapable of

compensating for it. This is also noticed in the 1 kHz case.

From all measurements and experiments it is noted that for the same frequency

(1.5 kHz) as the supply current increases the position change decreases. At 15 mm

the ζ goes from 0 to 0.1 when Idc = 10 mA. When Idc = 40 mA it reaches

steady state of ζ = 0.05 much faster. The ∆ζ is approximately three times
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(a) Position change when the moving coil
position is at 5 mm

(b) ζ required when the moving coil posi-
tion is at 5 mm

(c) Position change when the moving coil
position is at 15 mm

(d) ζ required when the moving coil posi-
tion is at 15 mm

Figure 4.32: Position readout change and ζ required when the operating frequency is set at
1.5 kHz with same cable length 200 m and supply Iac = 40 mA Idc = 10 mA

smaller. The position change at 1.5 kHz is smaller in the middle of the coil. When

uncompensated, it goes to 50 µm. Then there is compensation with a ζ = 0.075 or

the linear fit / cubic fit of the ζ vs V dc same as that at 1 kHz works well leaving

a 10 µm position change.

At 1750 Hz, Figures 4.34 and 4.35, the average ζ required when Idc = 10 mA and

the moving coil position is 5 mm is 0.65 for a balanced compensation since the

ζ changes from 0.5 to 0.85. In this case a ζ = 0.3 would for example be under

compensating. The position change for the two positions is the same. 1750 Hz is

the only frequency at which the I2PS has the same position change at all moving

coil positions. On the other hand at 15 mm the change in ζ is 0.2 when Idc =

10 mA while it is 0.1 at 40 mA. The change in this case is not so big. At 15 mm

a ζ = 0.075 as deduced at 1 kHz may be enough to compensate but at 5 mm it

would not be.
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(a) Position change when the moving coil
position is at 2 mm

(b) ζ required when the moving coil posi-
tion is at 2 mm

(c) Position change when the moving coil
position is at 15 mm

(d) ζ required when the moving coil posi-
tion is at 15 mm

Figure 4.33: Position readout change and ζ required when the operating frequency is set at
1.5 kHz with same cable length 200 m and supply Iac = 18 mA Idc = 40 mA

At 2.25 kHz, the ζ required at 5 mm starts with a very large value and then

stabilises at 0.4 for a temperature change of approx 8°C. On the other hand with

Idc = 40 mA the ζ required is at a stable 0.16. At this point the compensation will

be enough for the temperature change. At 15 mm the ζ changes from 0.28 to 0.4.

For Idc = 40 mA, MC pos: 15 mm, ζ decreases rapidly from the initial position of

0.3 and sets to approximately 0.2. At this point it decreases with temperature to

around 0.1 at a slower rate.

The first important thing to notice is that the position change at 2.5 kHz, 1 mm

goes towards the electrical zero unlike the 2 kHz case, and as expected from

previous results. Second thing to note is that the change in position at the centre

is smaller than at 15 mm. Finally, the ζ required is strange but the profile is

repeatable. Up to 2 kHz the ζ required will change and then stabilise at some

value. In this case the ζ first increases then decreases, as if there is a negative

position change. Afterwards, there is a positive position change as noted with the
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(a) Position w.r.t Temperature for Idc :
10 mA, f = 1750 Hz, MC pos: 5 mm

(b) Position w.r.t Temperature for Idc :
40 mA, f = 1750 Hz, MC pos: 5 mm

(c) ζ w.r.t Temperature for Idc : 10 mA, f
= 1750 Hz, MC pos: 5 mm

(d) ζ w.r.t Temperature for Idc : 40 mA, f
= 1750 Hz, MC pos: 5 mm

Figure 4.34: Position readout change and ζ required when the operating frequency is set at
1750 Hz with same cable length 200 m and but different dc supply

1.5 kHz case. This is unlike the 1.5 kHz case there is no justification to this

behaviour because the position change is always the same. Ultimately, it continues

to change without reaching a steady state.

Finally, at 2.75 kHz, Idc = 10 mA, MC pos: 5 mm, ζ starts from 4 and

decreases with temperature to approximately 1.3. This leads to a total swing

of approximately 3.5 over a temperature change of 10°C. With Idc = 40 mA, ζ

changes from 2.5 to 0.5, hence a total swing of 2. At Idc = 10 mA, MC pos: 5 mm,

ζ is stable around 0.3, while at Idc = 40 mA, it first increases rapidly to 0.9 such

that it is able to compensate at low ∆ Vdc and then it decreases to around 0.4. One

can conclude that at this frequency the Idc change from 10 mA to 40 mA offers no

special benefits since it does not behave in the same way as the other frequencies.
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(a) Position w.r.t Temperature for Idc :
10 mA, f = 1750 Hz, MC pos: 15 mm

(b) Position w.r.t Temperature for Idc :
40 mA, f = 1750 Hz, MC pos: 15 mm

(c) ζ w.r.t Temperature for Idc : 10 mA, f
= 1750 Hz, MC pos: 15 mm

(d) ζ w.r.t Temperature for Idc : 40 mA, f
= 1750 Hz, MC pos: 15 mm

Figure 4.35: Position readout change and ζ required when the operating frequency is set at
1750 Hz with same cable length 200 m and but different dc supply

4.5 Summary

From these results it is evident that the behaviour of the I2PS, when the ambient

temperature is changed, depends on the frequency and moving coil position. To

summarise, the change in position at all frequencies except at 2 kHz is similar.

This means:

• As the moving coil goes away from the electrical zero the change in position

increases;

• The max change in position for approx 20°C is approximately the same; and

• The read position change is towards the electrical zero
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Indeed, there are some differences between the different frequencies

• At 2 kHz the read position change at the electrical zero is bigger than that

at the end of the sensor;

• At 2 kHz the read position change is away from the electrical zero; and

• At 1.75 kHz the read position change at 15 mm is similar in magnitude as

that at 5 mm.

The ζ required, if the current I2PS settings are kept i.e. operating at Idc of 10 mA,

it varies from one scenario to the other. Conversely, these results show that if the

Idc is set to 40 mA the ζ required varies less and it is found to be between 0.075

to 0.1. On the other hand, this still does not ensure that there will be perfect

compensation. However, since the temperature change in the LHC tunnel will vary

by a few degrees and the ζ swing is reduced considerably in most cases, it should

ensure a good compensation.

This study has also showed that three frequencies can be set where the position

change can be very small. These combinations are:

• 1.25 kHz with Idc = 10 mA and ζ = 0.3;

• 1.5 kHz with Idc = 40 mA and ζ = 0.08; and

• 1.75 kHz with Idc = 40 mA and ζ = 0.1.

This leads to a problem since when installed on a collimator, all seven I2PS installed

are set to operate at a different frequencies. This is done since there could be

electromagnetic interference when the sensors are close to each other. Hence, three

investigations are required at this point, the first aimed at understanding if there

are possible modifications to be done to the sensor to enhance the immunity of

the sensor to thermal drift. This is presented in Section 5.3. The second aimed

at investigating the effect on the position read by an I2PS which is placed in

close proximity to another I2PS and which is operating at the same frequency as

presented in Section 5.2.

It is also evident from this chapter that if the temperature of the sensor increases

gradually and uniformly, the temperature compensation (if configured properly)
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can indeed compensate for some of the spurious position reading change and hence

limit to a few tens of microns. Therefore, while a deeper understanding of the

sensor and the compensation algorithm is successfully achieved in this chapter,

further investigation needs to be conducted to understand the position change as

noted in operation. This indeed is the third investigation.

To conclude, using the knowledge gained from the research presented in this

chapter, the aforementioned investigations shall be presented in the next chapter.
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Chapter 5

Design Modifications

5.1 Introduction

As outlined in the previous chapter, this chapter presents further analysis in

the development of an enhanced thermal response. This chapter studies the

electromagnetic susceptibility and propagation when several I2PS are operated

at the same frequency and close to each other. Additionally, the simulation and

experimental results of two moving core design changes are presented where the

coil is changed to a solid core and the material is changed from copper to brass.

These modifications are indeed tested in order to gain higher structural integrity,

reduction in manufacturing time and hence in costs, a better linearity response

and since brass has a lower thermal coefficient, it exhibits a smaller change in its

resistance due to temperature. Finally, this chapter aims at presenting the final

modifications implemented on a test collimator showcasing the added stability.
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5.2 Behaviour of I2PS in Close Proximity to

Each Other

The I2PS was designed on the premise of being immune to slowly varying or

static magnetic fields. The sensor’s tolerance to high frequency electromagnetic

interference was never tested. On the other hand, as a precaution, if multiple

sensors are operated at the same time, their operating frequency is varied. This

ensured no cross-talk in the cables as well as no cross-talk between sensors in close

vicinity. From Chapter 4 it is understood that it is important to understand if

operating the I2PS at the same frequency poses any position variation [92]. The

magnetic field of two sensors is therefore simulated to understand how the magnetic

field behaves outside the transducer, especially at the edges of and in between the

two I2PS. Furthermore, the simulation will provide a scale of the magnitude and

the distance which the magnetic field propagates from the sensor.

5.2.1 Sensor’s Finite Element Model

The Finite Element Model (FEM) [93,94] of the I2PS is developed in the simulator

FLUX® by Altair. This simulator offers both modelling in 2D and in 3D. In

2D only the cross-section is modelled and the simulator either extends this in

the z-axis (adds depth), if modelled in the x - y axis or rotates the cross-section

around an axis. Since the I2PS is axisymmetric, a 2D simulation can be used

as long as this condition is maintained. The main advantage of a 2D model is

the reduced complexity when modelling the sensor. This leads to a reduction in

the computational resources required and faster execution time. In the past [40],

the results in 2-Dimensional (2D) showed a 98% match with the 3D simulation.

Therefore, for a 2D simulation, as long as the change in the I2PS’ position happens

only in the y-axis (refer to Figure 5.1) a 2D simulation can be performed. On the

other hand, the addition of a second transducer in the x direction, as shown in

Figure 5.2 violates the domain axisymmetric requirements and hence a transient-

magnetic 3D simulation needs to be performed. Two sensors will be taken in

consideration henceforth, as presented in Figure 5.1, which will be referred to as

I2PSS1 and I2PSS2. A transient magnetic application can be defined in both the

2D and 3D simulations which allows the study of the phenomena created by a time

variable magnetic field. In fact, with this type of application the magnetic field is
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related to the presence of variable currents. Therefore, the simulator requires an

electric circuit to execute. A mixture of meshed and non-meshed coils are used to

build the 3D scenario. Non-meshed coils make use of the available mesh and so does

not rely on it. The main advantage of non-meshed coils is a substantial reduction

of the number of nodes. To be able to make simulations, a mesh, consisting of up

to millions of small elements that together form the shape of the structure needs

to be created.

Figure 5.1: A diagram showing the positioning of the I2PS with respect to each other.

In Figure 5.2 the mesh is the small triangles making up the blocks, the elements

or nodes are the corners of these triangles. Calculations are made for every single

element. Combining the individual results gives us the final result of the structure.

Hence, the finer the mesh or the higher the number of nodes the more accurate

the result. Moreover, the better the fit of these elements together constitutes

the quality of the mesh. Finally, the higher the number of nodes implies a higher

individual calculations. This implies that the computational resources required and

the time to execute are also increased. A mesh convergence analysis was conducted

in [92] and hence the following mesh properties were used for this sensor.

As can be noted from Table 5.1, the thinnest coil of the structure is the sense coil

≈ 0.3 mm and hence, the sense coil is meshed while the supply and moving coils

are set to non-meshed coils. Consequently, the sense coil is set to a mesh with

0.15 mm tetrahedrons. This places the non-meshed coils inside the area meshed

with elements ranging from 0.15 mm to 1.5 mm, as can be noted in Figure 5.2.

Therefore, the non-meshed coils are solved with a fine mesh as well. Since, the

supply coil is thicker than the sense coil and it is only 0.05 mm away from the sense

coil, the mesh relaxation does not affect the simulation accuracy. Furthermore, the

moving coil has a bigger diameter and hence a bigger mesh can be used. The outer

line of the shield is set to a meshed solid and meshed with 5 mm elements.
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Figure 5.2: FEM meshing scenario highlighting a crossection of the coils and the paths, as in
the 3D scenario, used for the graphs.

Table 5.1: Physical characteristics of the sensor

Physical parameter Value

Sensor’s Length 235 [mm]

Sensor’s Diameter 13.4506 [mm]

Bobbin diameter of the Sense - Supply coil 19.2 [mm]

Bobbin diameter of the Moving coil 4 [mm]

Sense/Supply coils’ length 80 [mm]

Moving coil’s length 90 [mm]

Moving coil’s number of turns 3150

Supply coil’s number of turns 4500

Sense coil’s number of turns 1388

Moving coil’s wire diameter 0.4 [mm]

Sense coil’s wire diameter 0.2 [mm]

Supply coil’s wire diameter 0.05 [mm]

Since a transient magnetic application is used, a circuit describing the geometry is

defined. Two current supplies are set to generate opposite 50 mA − peak with a

frequency of 1 kHz. These are connected to coil conductor elements such that the

supply coils are defined. Coil conductors are used to link the coils in the geometry

with the one in the electrical network. In the electrical model the supply coil’s

resistance is set to 55 Ω. The resistance of the sense coils is set to 2.5 kΩ. Since,

a very high impedance readout system is used to read the signal from the sense

coils, a resistor of 1 MΩ is placed in parallel. The moving coil resistance is set to

17.9 mΩ and a resistor of 1 mΩ is set in parallel to it to simulate the short.
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5.2.2 Numerical Simulation Results

The simulation shows the magnitude of the magnetic field that propagates from the

I2PS. The results simulate two parallel placed I2PS, 1 cm apart from each other.

These results also present the scenario where the moving coils are at the same

position and with the same supply phase. This state is presented since it is the

circumstance that creates the highest interference between the two. It is noticed

that the magnetic field oscillates, as expected, with the frequency of the sensor.

In fact, Figures 5.3 and 5.5 present the field lines for the sensor at the crest and

at the zero crossing of the amplitude. Furthermore, Figures 5.3 and 5.5 show the

magnetic field outside the sensor and hence the field strength escaping the sensor.

To put the magnetic field values in context 170 A/m transposes to 213 µT . 58 µT

is the strength of earth’s magnetic field at 50° latitude and 5 mT is the strength of

a typical refrigerator magnet [95].

Figure 5.3: A detailed representation magnetic field escaping the sensor at the peak of the
supply.

Figure 5.4 shows the magnetic field alongside the sensor at different points. In

Flux®, path lines can be defined to take a cutaway of the amplitude of a parameter,

in this case magnetic field. The latter are illustrated in Figure 5.2. To understand

better the curves presented, the position of the coils along the sensor length are

marked in lines at the top of the graph. Five paths are taken into consideration;

a path between the two sensors and paths at 5 mm, 10 mm, 20 mm and 100 mm

away from the sensor.
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Figure 5.4: Magnetic field at increasing distances from the sensor at the peak of the supply
voltage

Starting from the path, which is 5 mm away from the transducer, the magnetic

field has three peaks along I2PSS2. These are roughly located at the ends of the

sense/supply coils and at the gap between the coils at the centre of the sensor. This

1 mm gap between the two sense and supply coils comes from the manufacturing

process and cannot be removed. This point can be identified in Figure 5.3 as the

spot with the highest density of field lines. Moving away from the centre, two

more peaks can be observed at the end of the sense or supply coils. Note that

these curves are logged outside any of the sensors and hence only the magnetic

field of one sensor is observed. It is also noted that the peak that corresponds

with the start of the moving coil (MC) is smaller by 12 A/m than the one on the

opposite end. Since the moving coil generates a field opposite to that generated

by supply coils (as explained in Section II) the overall magnetic field is attenuated.

As the path is moved further away from the sensor, the magnetic field decreases.

The shape of the curve taken 10 mm away from the sensor is comparable to that

taken 5 mm away but with a smaller amplitude. Finally, the path between the two

sensors, which is set 5 mm away from each sensor, is similar to the 5 mm case. In

this case, the curve shows multiple peaks forming close to the beginning and ends

of the coils. A sharp decrease in the magnetic field is noted at the air-gap between

S1 and S2 while the biggest peak is observed at one end of the MC. Furthermore,

it can be noted that the shape of the curve corresponds to that of the 5 mm and

10 mm paths. It can be understood that the magnetic field drops because of the

interaction of the two magnetic fields coming from the two I2PS.
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Figure 5.5: Presents a more detailed representation magnetic field escaping the sensor.

When the the supply of the sensor is at the zero crossing, a much lower magnitude

is noted. The field lines presented in Figure 5.5 portray a very feeble interaction

outside the sensor. From Figure 5.6, it is noted that the field has lower magnitude

peaks outside the sensor, with a peak value of 30 A/m. Similarly, the field between

the sensors reaches a peak value of 35 A/m with two sharp spikes towards zero at

the ends of the moving coils. It is also noted that at 5 mm the difference between

the two side peaks is still of approximately 10 A/m, like in the previous case. This

means that the interference of the moving coil remains the same. This is expected

since the moving coil is not moved.

Figure 5.6: A detailed representation magnetic field escaping the sensor at the zero crossing of
the supply.
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Now, consider the case where I2PSS1 is adjacent to I2PSS2 as presented in

Figure 5.7. The magnetic field, 5 mm away from the sensor is observed in

Figure 5.8a. The behaviour is comparable to that experienced when the sensors are

parallel. The calculated speculation that the moving coil causes the disproportion

in the side peaks as presented in Figure 5.4 & 5.6 is proven in Figure 5.8a. The

two side peaks have the same amplitude since the moving coils are placed in the

middle of the sensor. Moreover, the amplitude of the magnetic field between the

sensors is reduced to approximately 10 A/m. The magnetic field between the two

sensors is presented in Figure 5.8b. As observed in Figure 5.7, at the centre, the

magnitude falls to zero. At this point, the magnetic field from both sensors cancels

out. Figure 5.7 also presents the magnetic field 5 mm away from one sensor end

and shows an increase in the middle.

Figure 5.7: The magnetic field at peak amplitude outside when the sensors are adjacent to each
other
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The simulation results show that there is a resulting magnetic field outside

the sensor which exhibits a rapid decline in the magnitude as the sensors are

further away from each other. It also shows that in between the sensors there

is an interaction between the two sensors. Furthermore, since the magnetic field

oscillates, the resulting impact on the I2PS position will also be varying with time.

Finally, the results show that at a distance of 100 mm the magnetic field has

decreased considerably.

(a) Magnetic field along the sensors (b) Magnetic field between the sensors

Figure 5.8: Magnetic field around the transducers when the I2PS are on top of each other

5.2.3 Test-bench Results

A simple test bench is set up where two separate current supplies are used to power

the sensors at the same frequency and all coils are acquired by means of a DAQ.

The sensor’s cables are shielded and grounded. The investigative method adopted

is as follows: the sensor is turned on and left working for thirty minutes. This

is done to satisfy the recommended warm up time of the DAQ, which is fifteen

minutes, [88]. One sensor is fixed at the origin, Figure 5.9, such that the moving

coil position is not changed by mistake since in the following measurements, the

moving coil is centred but left free to move. On the other hand, the second sensor

is moved to a measured position away from the I2PSS1. When the I2PSS2 is in

the required position, the signal acquisition for the I2PSS1 is initiated. After a

benchmark is obtained, the supply for I2PSS2 is turned on.

The magnitude of the sense coils’ voltage when the ∆x = 10 mm is presented

in Figure 5.10. I2PSS2 is powered after a waiting time of two seconds (the

benchmark window). It can be observed that there is no change in voltage during

the benchmark. When I2PSS2 is powered there is an immediate voltage drop of
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Figure 5.9: Picture showing the parallel I2PS used for the experiment. I2PSS1 is moved to the
origin of the drawn ruler and I2PSS2 is moved away from the former. The moving coils shown
outside the sensor are placed inside.

0.1 V and then it starts oscillating with a max ∆ V of 0.2 V at a very slow rate

of 0.03 Hz.

Figure 5.10: The sense coils’ voltage with interference when ∆x = 1 cm. Note that for the first
two seconds the second I2PS is un-powered and hence there is no interference.

This results in a ±250 µm of position drift as shown in Figure 5.11a. As I2PSS2

is moved further away from the sensor, the position change decreases while the

period of the eventual sinusoidal signal remains the same. In fact, the magnitude

of the position change reduces to the point that on the scale of Figure 5.11a the

position drift is not obvious any more when the sensor is 300 mm apart.
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(a) Comparison of the interference magni-
tude on the position reading at different ∆x
distances between the two I2PS

(b) The position change when the gap
between the two I2PS is ∆x = 35 cm

Figure 5.11: Interference magnitude on the position reading at different ∆x

Figure 5.11b presents the position change when the ∆x is 350 mm away. With

this gap while there is still interference, it has decreased to approximately 1 µm

and hence can be considered negligible. The same procedure is repeated such that

I2PSS2 is moved in both the x and y-plane. Figure 5.12 presents the position

change when the ∆x is kept at a constant 150 mm and the sensor is moved in the

y direction. In this scenario, as the sensor is moved in the y-axis there is no change

in the level of interference between the two.

Figure 5.12: Comparison of the position reading with interference at different distances between
the two I2PS

These results imply that the I2PS is immune to electromagnetic interference as

originally designed, if another sensor is operated more than 350 mm away from it

at the same frequency. Any other frequency does not affect the sensor.
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5.3 Design Modifications of the I2PS

From the conducted experiments, it is noted that the biggest contributor to thermal

drift in the I2PS is the moving coil. The idea behind the following set of experiments

is to modify the I2PS such that the temperature dependence is reduced [96]. The

aim of this task is to reduce the I2PS sensitivity to temperature by:

1. Choosing a moving coil wire material that is physically less susceptible to

temperature change.

2. Resining the moving coil such that it is insulated from temperature change.

These changes are presented in Figure 5.13 where Coil 1 is a normal, copper-wound

moving coil, which in this study, is used as the benchmark. The second coil shows

a brass-wound moving coil. Brass has a lower thermal coefficient than copper as

explained in Section 5.3.1. This implies that the resistivity of the material changes

less when the temperature is changed. Coil 3 presents a resined moving coil which

is the same as the copper-wound coil with the difference that the coil is encased

by an insulator. This should, in theory, also reduce the position change due to

temperature change. Finally, modification 4 shows the brass moving core which

should provide a more linear voltage versus position response and since it is made

out of brass, it should also have similar advantages to that of the brass-moving

coil.

Figure 5.13: Comparison of the normal moving coil (Coil 1), the new coil made out of brass
cable (Coil 2), a normal moving coil which is encased in resined (Coil 3) and a brass core (4).
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5.3.1 Substituting the Moving Coil Copper Winding with

Brass

From literature [57] it is found that alloys such as Manganin are sometimes used

in LVDTs to stabilise their thermal behaviour. Such alloys have a very low

temperature coefficient, as can be noted in Table 5.2, leading to small changes

in their electrical resistivity when their operating temperature is changed.

Table 5.2: Table of materials and their respective temperature coefficient and resistivity.

Material
Temperature coefficient

of resistance /°C (at 20°C)

Resistivity

1e-8 Ωm at 20°C

Manganin 0.000002 42

Constantan 0.00003 49

Nichrome 0.0004 100

Brass 0.0015 6

Tantalum 0.0033 13

Gold 0.0034 2.44

Zinc 0.0037 6.3

Silver 0.0038 1.6

Copper 0.00386 1.72

Platinum 0.003927 10.6

Aluminum 0.00429 2.82

On the other hand, such alloys have several disadvantages e.g. Manganin is

magnetic and has a very high resistivity. Choosing this material would lead to

the same electromagnetic phenomenon that affects the LVDT. A suitable material

for the I2PS that could substitute copper would be brass which is non-magnetic and

has a 3.5 times the resistivity of copper and 2.6 times less temperature coefficient.

This also means that in order to use brass a thicker wire is needed to keep similar

resistance. The resistance is important since it is the value that changes the amount

of induced current in the moving coil. Thicker cable also means that the number

of turns will decrease and therefore the sensitivity will be reduced. The design

parameters presented in Table 5.3 are the values configured for a prototype. The

same supply and sense coils are kept and the same moving coil bobbin is used.

Apart from verifying the specifications of the new coil with the electromagnetic

model, an FEM [40, 93, 94] as the one in Section 5.2.1 is built in 2D using the

simulator FLUXr developed by CEDRAT. Since the sensor is symmetric about an
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Table 5.3: Sensor design with brass winding

Copper Brass

Inner Radius [mm] 2 2

Outer Radius [mm] 7.33 8.56

Number of turns 250 175

Number of layers 14 11

Wire diameter [mm] 0.335 0.457

Resistance [Ω] 19 21

axes (axisymmetric), it can be modelled in a 2D simulation. The latter is preferred

over the 3D one since as explained in Section 5.2.1 it is less computationally

intensive. The electrical circuit of the sensor required by the transient magnetic

model is as explained in Section 5.2.1. The moving coil parameters are changed

depending on the test. The resistance presented in Table 5.3 is used for the brass

coil test (coil 2). The resistance of the material is used for the core tests since in

this case the moving coil is removed from the electrical circuit.

Figure 5.14: A comparison between the simulated characteristic curve of a copper wound moving
coil and a simulated brass wound moving coil.

The brass coil, as expected, exhibits very similar results to that of the normal coil

with the different wire diameter and number of turns. As noted in Figure 5.14,

both curves illustrate a non-linear symmetric dependence of the first harmonic with

respect to the moving coil position. While the voltage swing of the copper coil is

2.2 V , the simulated brass coil exhibits a voltage swing of 1.6 V . This implies that

there is a 29 % attenuation. Having said this and recognising the fact [56] that the

I2PS is very responsive to coil properties, the brass coil can be further optimised

to obtain a higher voltage swing. On the other hand, for the function of this test,
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it is enough to prove that the sensor works relatively well with a brass coil and

hence the thermal test can be conducted.

On the test-bench used in Section 3.1.4, the characteristic curve of the I2PS with

a brass moving coil is obtained. This is done such that the gain of the sensor is

known and hence the moving coil is placed at the same position as in the previous

thermal tests. Furthermore, since the moving coil uses thicker wire and has a high

number of turns, the manufacturer randomly winds the moving coil. This means

that the distribution of the coil’s windings and the number of layers and turns

cannot be controlled as precisely as in the supply and sense coils. This can also be

noted from Figure 5.13. Therefore, three coils are produced, two with a total of

1852 turns, henceforth referred to as MC1 and MC2. The third, henceforth referred

to MC3, has a total of 1950 turns but it is thicker on one side with respect to the

other.

(a) A comparison between the sense coil’s
voltage of the 3 different brass wound
moving coils

(b) Comparison of the different moving
coils’ ratiometric

Figure 5.15: Characteristic curves and ratiometric of the 3 new brass wound moving coils. MC
1 and 2 are composed of 18 winding layers of 0.457 mm brass magnet wire adding to a total of
1852 turns and MC 3 is composed of 18 layers but with a total of 1950 turns.

Figure 5.15a provides an excellent example showcasing the sensitivity of the sensor

to the moving coil parameters. MC1 and MC2 both have the same number of

turns and the manufacturer guaranteed a uniform coil thickness. This is reflected

in the characteristic curve and ratiometric since MC1 and MC2 are on top of

each other. In fact there a 99% match between the two sense coils voltages and

a minimum of 95% match between the two ratiometric. On the other hand, a

100 turn increase provides voltage increase presented by MC3. Furthermore, the

characteristic curve is comparable to the normal copper-wound moving coil, both

in shape and in voltage swing. This small experiment shows how the lower number

of turns and higher resistivity of the moving coil affects the sensor since a higher
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current is induced in the moving coil. The latter’s behaviour is also similar to

the simulation. It is important to acknowledge the fact that there will always be

small inconsistencies between the simulation and the test-bench. This is due to the

factors that could not be taken into consideration in the simulation, namely:

• the windings’ defects due to the multi-layers,

• the mechanical flaws of the shield,

• the lack of uniformity of the electrical conductivity in the shield, and,

• the lack of consistency of the sealant used to seal the sensor.

All of these influence substantially the parasitic elements of the sensor. Since the

simulation is strongly dependent on uniform and symmetric geometry, it can lead

to big difference with respect to the test-bench. Nonetheless, the main goal of this

test is not only to compare a bass coil with a copper one but to enquire if the

brass coil exhibits a lower sensitivity to temperature change. To ensure a uniform

temperature change in the moving coil MC1 is selected since it is one of the coils

which is wound uniformly.

(a) Position change experienced when the
temperature is changed. The moving coil
is set at 5 mm

(b) Position change experienced when the
temperature is changed. The moving coil
is set at 15 mm

Figure 5.16: Thermal test comparison between the copper and the brass wound moving coils.

Finally, the same test as presented in Section 4.2 is used to characterise the

thermal response. The thermal results, presented in Figure 5.16, show that the

position change at 5 mm and at 15 mm with a brass magnetic wire is similar

to that of a copper wound moving coil meaning that unfortunately, there is little

to no improvement. A possible explanation may be that, while it is true that
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the thermal coefficient is less, it is not equal to or close to zero, like that of

manganin. This implies that a change in resistance due to a drift in temperature

still happens. Moreover, while the change in resistance due to temperature is

smaller, the resistivity of brass is higher than that of copper. Therefore, only a

small change is required to change the overall resistance by a significant amount.

5.3.2 Substituting the Moving Coil with a Solid Brass Core

In literature [97] it is also found out that there are similar induction-based

transducers with a conductive core instead of a coil such as the LVDT. The benefits

from the manufacturing perspective are obvious in this case. Indeed, it is faster and

cheaper to manufacture a solid core instead of a coil. If a conducting target is placed

inside an ac magnetic field, which in this case is created by the sensor coil fed by an

ac supply, the eddy currents mostly found on the solid’s surface create a secondary

magnetic field. The latter decreases the coil’s flux and consequently the effective

coil inductance. The sensor sensitivity depends on the solid’s resistivity. In the

case of the LVDT, which has a ferromagnetic target, the situation complicates itself

since the coil inductance is simultaneously increased by the target permeability. As

seen in Section 2.2 with the LVDT, a ferromagnetic core leads to electromagnetic

interference in the transducer and hence it must not be used for the I2PS. Hence in

the case of the I2PS a conductive core which is not magnetic can be tested. Brass

is selected in this case as well to investigate possible thermal advancements due to

the material properties.

As with the brass coil, the brass core is first simulated, characterised and then the

thermal response is tested. In the simulation, the same scenario is used but in this

case the moving coil changed from a coil to a solid conductor with the material set

to brass while the sense and supply coils are left as the coil conductor regions. The

FEM model produces the characteristic curve presented in Figure 5.17a. When a

solid core is used, the characteristic curve (left axis in black) is more linear with

respect to when a coil is used (right axis in yellow) as shown in Figure 5.17b.

The former exhibits a small non-linearity towards the edges. An increase in the

voltage swing is noted when a copper core is simulated. Since resistance of the

material is lower, a higher current is induced in the surface of the core. Finally,

it is important to note that the cores are simulated with a small notch of smaller

diameter at one end of the sensor, as presented in Figure 5.13. This notch is used

to connect the core to the movable link of the device with an M4 tread and hence
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it is also required in the solid core. This added material leads to a non-symmetric

characteristic curve as presented in Figure 5.17a. This enforces the description

provided in [56] describing the strong sensitivity dependency on the geometry of

the sensor and its high requirement for symmetry. Nonetheless, in this case the

difference is small enough to be removed in calibration and in theory it can be

removed or made symmetric such that this problem is solved. At this point the

simulation proved that the I2PS is able to operate with a solid core hence a brass

core is manufactured and tested on the same test-bench used for the brass coil.

(a) Comparison between the sense voltage
of a copper coil, a copper core and a brass
core

(b) Normalised plot comparing the sense
voltages of the copper coil and a solid brass
core

Figure 5.17: Characteristic curves of the solid cores, as obtained from the FEM simulation

The brass core was tested in the frequency range of 500 Hz to 5 kHz to investigate

if the latter offers any added advantage over the normal copper wound moving

coil’s frequency range of operation. It was found that the nominal frequency range

of the I2PS with a copper wound moving coil is from 500 Hz to 2 kHz. Hence

in order to simplify the comparison, the electrical zero is used as the reference

point. Consequently, the current supply is varied for each frequency such that

the voltage at the electrical zero is always approximately 5 V . Figure 5.18a

shows that the voltage swing for the brass moving core increases from 1.1 V to

3.5 V as the frequency increases. Unlike the normal moving coil the voltage swing

change is higher as the frequency increases. On the other hand, the linearity of the

output voltage, with respect to position, decreases as frequency is increased. This

phenomena is due to the increase in the ac resistance of the core as the frequency

increases. As the resistance increases more current is induced and hence a the

higher voltage change happens on the sense coil’s voltages. Comparing the shape

of the characteristic curve of the core at 5 kHz to the curve produced by the

copper-wound moving coil at 1 kHz (Figure 5.19a), one can notice that the former

is inverted and more linear.
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(a) Sense coil voltages at different frequen-
cies

(b) Ratiometric at different frequencies

Figure 5.18: Characterisation of a solid brass core at different frequencies

In fact, at 5 kHz, the voltage of sense coil 1 with respect to position is linear

from −40 mm to 20 mm while from 20 mm to 40 mm it curves. Furthermore,

the voltage swing at 5 kHz is approximately 3 V . Note that approximately 75 %

of the voltage swing happens between −40 mm to 20 mm. The voltage change

when the moving core is between 20 mm and 40 mm decreases drastically. Indeed,

calculating the NLE of the sense coil voltage with respect to position shows an

increase of 1.5% in the non linearity between the 500 Hz and the 5 kHz. This

non-linearity is also observed from the ratiometric presented in Figure 5.18b.

(a) Normalised sense coils’ output voltage (b) Comparison of the ratio

Figure 5.19: Comparison of the normal moving coil with a solid brass core. The same sense
and supply coils are used for the test.

The normalised sense coils’ voltage with respect to position at 1 kHz is presented in

Figure 5.19a for both the I2PS with the normal moving coil and the brass copper

core. It is important to note the difference between the two curves. The brass

core’s output is much more linear and the centre is closer to the middle of the
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voltage swing. In fact there is an 88% increase in linearity. On the other hand,

the ratiometric presented in Figure 5.18b and Figure 5.19b show that while the

gain is similar to that of the copper wound moving coil and acceptable at this

value, the non-linearity of the core is at the acceptability threshold of 2 % [56].

Moreover, the sensitivity of the brass core is higher than that of the I2PS. This

is advantageous since it allows for a better, more separate distinction between the

voltages of different positions.

Figure 5.20: Thermal test with the solid brass core

Finally, a comparison of the thermal response of the copper wound moving coil with

that of the brass core indicates that the position change due to temperature change

is worse. This is presented in Figure 5.20. Indeed, for a temperature change of

16°C, the brass core changes by 820 µm and the copper coil drifts by 660 µm. There

is a considerable difference between the thermal expansion and heat distribution

of the sold core with respect to that of the coil. While the core is made out of

one material the moving coil is composed of multiple materials, two of which are

insulators. This implies that the core will expand uniformly since it is a solid block

and hence the distance between the core and the sensor’s body, i.e. the coils, is

reduced. This increases the inductance of the current in the core. Furthermore, as

for the brass moving coil the resistance of brass will change less with temperature

but at the same for a small change in temperature the resistance change is higher

than that of copper.

5.3.3 Resining the Moving Coil

Resining the moving coil means sealing the coil part in a solid coat of plastic.

While the electromagnetic behaviour is not degraded, the extra layer can in theory
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add a latency effect to the thermal change. Indeed, since there is no change in the

characteristic curve, it is not presented. As noted in Figure 5.21, while the position

change is somewhat slower, the magnitude of the position change is the same. It

can therefore be concluded that apart from the extra protection to the coil and the

mechanical strength the resin contributes no added advantage.

Figure 5.21: Thermal test with a resined moving coil

5.4 Tests on the collimator test system

The engineering department at CERN keeps multiple copies of the collimator set up

outside the LHC. This setup is used mainly for compliance testing of the systems

and collimators as well as spares for the LHC. A test collimator equipped with

only the movement set up, i.e. without the vacuum tank, is modified to accept the

I2PS, as can be seen in Figure 5.22. (Note the similarity between the test setup

in Figure 5.22 and the collimator design in Figure 2.2.) This setup is used to test

both the I2PS under varying temperature and to test the interference conclusion.

5.4.1 Testing same frequency operation

The latter is tested by setting four I2PS to operate at 1 kHz and these vary in

distance from each other since they are mounted on the collimator. As presented
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Figure 5.22: A diagram of the collimator setup accommodating three of six I2PS installed for
testing. Two such blocks are required. One for the upstream and another for the downstream. [1]

in Figure 5.23 there is no position change as is noted in the lab results presented

in Figure 5.12. In reality, as can be noted in Figure 5.22, the Gap sensors are the

only sensors which are close to one axis. The rest of the I2PS are located more

than 350 mm from each other. Furthermore, they are separated by the body of

the collimator. Finally, in a real collimator these are also separated by the tank.

(a) The position of sensors installed in
Left Downstream and Right upstream

(b) The position of sensors installed
in Right Downstream and Gap Down-
stream

Figure 5.23: Position reading of the I2PS installed on test collimator

5.4.2 Thermal analysis in collimator environment

The room temperature is monitored as well as the compensated position is read

by the sensor. This said, it is important to note that the frequencies of the sensors

are from 1 kHz to 2.25 kHz. From Chapter 3 it is known that the most stable

frequencies are 1.25 kHz and 1.5 kHz while the most unstable frequencies are

2 kHz and 2.25 kHz [92]. Figure 5.24 shows that the room temperature started
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at 24°C and it slowly decreased during the night to 19°C. The door is then opened

and there is a temperature drop to 16.5°C.

(a) Position of Left Upstream (b) Right Upstream

(c) Gap Upstream (d) Gap Downstream

Figure 5.24: A test where the room temperature was varied very slowly with the sensors at
outer position.

Figures 5.24a to 5.24d show the position as read by the I2PS during this time. The

position is stable for the majority of the sensors except Gap Downstream (GD).

While in all sensors there was a maximum of 40 µm of position change GD suffered

a 400 µm position change. The position in this case followed the temperature

for all sensors except for some initial changes, GD included. Note also how GD

suffered a further 900 µm when the temperature dropped. The big change in GD

is a combination of effects. The sensor in this position is very close to a motor as

observed in Figure 5.27. This has to be coupled with the fact that the sensor is

operated at 2.25 kHz. This makes it also more susceptible to thermal change, as

noted in Chapter 3. Another odd phenomenon to note is the position drop at the

beginning of the test for GU and RU which should be similar to that of LU and

GD.

This test is repeated multiple times at different times with different room conditions
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and the same results are obtained. The frequency of the sensors is varied and the

same test is repeated. The results presented in Figure 5.25 present a very different

behaviour from Figure 5.24. The temperature was dropped from 25°C to 20°C in

over 1.2 hours.

(a) Position of Left Upstream (b) Right Upstream

(c) Gap Upstream (d) Gap Downstream

Figure 5.25: A test where the room temperature was varied very slowly with the sensors at
outer position.

Right Downstream (RD) suffers a bigger position change while before, at this

frequency, it remained constant. On the other hand, GD is very stable with only

10 µm of position change. While the improvement of GD could be expected since

the frequency was lowered, the stability of Left Upstream (LU) cannot be explained.

Similarly, the high position change in Right Upstream (RU) can be attributed to

the higher frequency but conversely while Gap Upstream (GU) is at a more stable

frequency, it’s position change is higher than in the previous test.

Keeping the same position while using the PT100 to measure and log the

temperature of the room, a thermal camera is used to check the overall temperature.

Figures 5.26 and 5.27 show two of the six sensors installed. It is noted that the

sensors have local hot spots or gradients which differ from room temperature [98].
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These hot spots are mainly due to the heat the stepper motors near the sensors

generate, which is transferred through the aluminium body of the collimator to the

sensor.

(a) Showing temperature at low spot (b) Showing temperature at high spot

Figure 5.26: Thermal image of the Left Upstream sensor after jaw movement.

(a) Showing temperature at high spot (b) Showing temperature at low spot

Figure 5.27: Thermal image of the Gap Downstream sensor after jaw movement.

This is a very important discovery since this explains a lot of strange position

change phenomena that previously was uncorrelated to. The collimator is first

set such that all jaws are at the outer switches. From the thermal camera it is

noted that at this specific position, for this test bench, the moving coils for Left

Downstream (LD), RU, RD, and GU are located in the part of the sensor which

is similar to room temperature. For the results of Figure 5.24, the moving coil

of all sensors is at thermal equilibrium at the initial state since after calibration

the test was not started immediately but the jaws were moved by 5 mm to the

outer switches. This is the reason why at the beginning there is a drift which

is uncorrelated to the rest of the position change. The test of Figure 5.25 was

initiated after a long time at the inner switches. This meant that the coils had

changed temperature to match the previous one having GD, LU and LD at a

stable temperature while RU, RD and GU at a different temperature. This led to
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a high position change when at a different position. This test is repeated multiple

times with variations to the position cycles and stable temperature times.

(a) Position of Left Upstream (b) Position of Left Downstream

(c) Right Upstream (d) Right Downstream

(e) Gap Upstream (f) Gap Downstream

Figure 5.28: A test where the room temperature was varied very slowly with the sensors at
outer position.

Figure 5.28 shows the position taken with the left jaws placed at the inner switches

and the right jaws are placed 1 mm away from the left jaws, after moving the jaws
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multiple times. The climate control in the room is set to heat it up from 20°C
to 28°C as noted in Figure 5.28. In this case, LU suffers from a 180 µm position

change while RU is very stable with a 40 µm position change and decreasing.

All the sensor’s behaviour depends on the thermal gradient they suffered. The

moving coils of RU and GD were in a stable temperature and moved into a different

temperature, which once achieved the same thermal temperature as the body it

started decreasing. Others, such as LU and LD, are still drifting towards thermal

equality while RD and GU were stable and are now changing temperature due to

the new position of the sensor or the moving coil.

Figure 5.29: The read I2PS position from collimator during technical stop with respect to the
read resolver position taken as the reference.

These results show that unlike in the oven, in the collimators the temperature

change does not depend only on the frequency, the moving coil position and the

ambient temperature but it also depends on the moving coil position with respect

to the other collimator parts, as well as the status of the collimator. This explains

why the position of multiple I2PS changes in a different way during the technical

stop and returns back to normal after such as in Figure 5.29. Note that for the

first 24 hours the position is much higher then the resolver position which can be

considered a reference. This is because up till this point the LHC was operational.

The position difference went to zero during this time since the collimator conditions

where the same as during the commissioning. Then when the technical stop ended

the position drifted back to an offset. Also note the continuous cycles that the
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jaws move in. During operation, the collimator changes temperature due to its

interaction with the beam also it is constantly being moved hence the motor’s

temperature is always high. This leads to variations in the temperature of the

sensor. Furthermore, it explains the position change during a technical stop. In

this period the beam is turned off, the collimator is not moved and the ambient

temperature control is relaxed. This also explains why the position read after a

movement by the jaws suffer an up till now un-explainable drop in position. The

moving coil needs time to adapt to the thermal gradient it suffered. This also

explains the strange position drift which does not match with the change in Vdc

which is the average of the whole sensor and hence somewhat follows the ambient

temperature.

Figure 5.30: Position drift after short movement during operation
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Unfortunately, there are very few viable options more than those that were tried

already, especially since there is no control on how the temperature propagates in

the collimator body. One possible solution is to insulate the sensor and change the

flange. This reduces the temperature change due to conduction. However, since the

sensor is open from the sides it is still susceptible to convection. Another possibility

to test is to modify the moving coil by removing approximately half of the turns,

and wind them in the opposite directions. This would in theory still allow the

mutual inductance in the sensor but with temperature change both coils will get

an increase in their current. The only difference would be that the current change

will be opposite and hence it will cancel each other. These two modifications are

installed on the LU and RU I2PS sensors of the test collimator.

Figure 5.31 shows one of the modified I2PS as installed in the test setup while

Figures 5.32 present the thermal equivalent of this installation. These pictures are

acquired after waiting for the temperature to settle. Moreover, the position set and

room conditions is equivalent to the thermal images presented in Figure 5.26. The

sensor’s temperature is uniform with no high spots and low spots. The temperature

difference between the two ends is 0.7°C. Additionally, the temperature of the flange

is close to that of the I2PS body. It is important to note the temperature of the

body of the collimator the flange is attached to and the rod attachment of the other

sensor below the plastic flange, which are both higher by approximately 6°C.

Figure 5.31: Photo of the plastic encased I2PS as installed on test setup with a plastic 3D
printed flange.
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(a) Thermal image of the Left Upstream
sensor noting the uniformity of the tem-
perature along the sensor.

(b) Thermal image of the Left Upstream
sensor noting the uniformity of the tem-
perature of the flange with the sensor.

Figure 5.32: Thermal images of modified I2PS

These two modifications result in a 160 µm of reduction in the position change over

a temperature change of 8°C for the LU and a 25 µm position change reduction for

the RU. This can be observed in Figure 5.33. (Precautions are taken to record this

data at the same conditions as without the modifications, the I2PS were calibrated

followed by multiple jaw cycles before the test is initiated as done in the previous

test. This is to ensure the same moving coil and sensor body conditions)

(a) Left Upstream (LU) sensor (b) Right Upstream (RU) sensor

Figure 5.33: Comparison of the position change of the I2PS with and without modification with
respect to temperature

Finally, the modified moving coil, the plastic sheathed body and the 3D printed

flange are installed on the LU sensor. The same tests are repeated and similar

results are obtained, where over 160 µm position change is reduced. Figure 5.34

presents the results from a test conducted with this combination. In this test

the jaw is left stationary for approximately an hour (during which time it was

noted that the position change and temperature had stabilised). The jaws i.e.

the I2PS are left at the same positions while the temperature in the room is
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dropped by lowering the climate control temperature, presented in Figure 5.35.

This test is conducted to investigate the stability of the modified sensor when only

the ambient/overall temperature is changed. A sensor which exhibited more stable

results during previous tests (RD) is used as a comparison and as a check for

thermal drift.

Figure 5.34: Difference between I2PS position and reference with respect to temperature.
Comparison between RD which is a standard I2PS and LU which is a modified one.

Figure 5.34 compares a standard I2PS installed in RD with the modified I2PS.

From this figure it is noted that while the position of the standard I2PS suffers

a 40 µm change the modified one remains stable. Another interesting note is the

Vdc recorded from the two sensors as presented in Figure 5.35. The standard I2PS

voltage decreases with time in a similar way as the ambient temperature. Moreover,

for a 7°C change the voltage drops by 8 mV . The modified I2PS voltage change

has a different profile as well as a smaller voltage drop. The latter reads an 1.2 mV

voltage change for the same temperature change As explained in Section 4.3.2 the

dc voltage read provides an average temperature reading along the whole sensor.

Hence, while one side of the sensor is 5°C higher than on the other end, the voltage

will not reflect this gradient. On the other hand, if the temperature of the sensor

is controlled as in the modified sensor and so allowing more time for the sensor to

achieve a uniform temperature. Then the dc voltage read reflects the true average

voltage of the sensor and the compensation algorithm provides better correction.
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(a) The dc voltage of the modified I2PS
when the room temperature is changed

(b) The dc voltage of the standard I2PS
when the room temperature is changed

Figure 5.35: Temperature and dc voltage variation with time for stability test.

5.5 Summary

This chapter investigates multiple modifications to the ironless inductive position

sensor with the aim of increasing its robustness to thermal drift. It shows that

taking the necessary design steps, this transducer can successfully operate with a

brass wound moving coil. Similarly, the I2PS can be successfully operated with

a solid core made out of brass or copper. While the electrical performance is

not degraded, the thermal aspect is not improved. This chapter also shows that

multiple ironless inductive position sensors can be operated on the same collimator

at the same frequency.

Finally, this chapter presents empirical results on temperature gradient which the

sensor needs to operate in. The presented study provides explanation to multiple

phenomena noted during operation. Furthermore, a simple mechanical solution is

presented and the results from a prototype are discussed, showing a decrease in the

position drift.
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Design engine development

The I2PS is being designed and manufactured with the aim of substituting a

number of LVDTs found in the LHC collimators. The aim is to have a design

tool that uses the theoretical models to design and optimise a new sensor for any

application defined by the user. This tool must be able to accept the parameters

defined by the user, suggest, where possible, calculated values and make the

necessary checks such that the sensor design is viable. At the end, depending

on the inputs, the tool must find the optimal solution.

The available I2PS theoretical models are written in Matlab Scripts. Although

Matlab code is quite robust and offers a wide variety of functions, the computational

requirements for such a script are very high. Consequently, designing an automatic

design tool using Matlab would lead to long execution time and high computational

resources. This is due to the electromagnetic model of the I2PS.

The basis of the I2PS’ electromagnetic model is the calculation of the inductance

between two circular conductors using elliptic integrals. This model needs the

conductors to be coaxial but not concentric. This function is an integral part of

the next one, a function that calculates the mutual inductance between two circular

solenoids. These two functions are then used iteratively with different inputs to

calculate the mutual inductance between the different layers, turns of the coils and

the position of the moving coil. The same functions are also called when the self-

inductance of a thick wall solenoid is calculated. In order to make these calculations

faster, an approximation method has also been implemented so that the number
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of calculations are reduced. At the end of the model, the voltages and currents in

the coils are then calculated. This model provides the project with a relationship

between the input parameters / constraints with respect to the output parameters

of the sensor. The output parameters in this case are the parameters that need to

be optimised.

Hence, the available models are transferred to a generic programming language.

The transfer to C++ poses several problems, some of which include the need for

an elliptic integral function, which is not easily found in C++ and various other

ready made functions available in Matlab. The transfer is then verified through

testing the C++ code in parts, making sure all functions are mirroring the Matlab

functions and then testing them as a block, whilst comparing the outcomes with

the result. The settings used for the benchmark are the parameters used in the

past [56] to design the current I2PS being tested in the LHC (these parameters are

also presented in Table 6.1).

Finally, a sequential approach is first investigated. The advantage of a sequential

approach is that the minimum number of layers is always found. Firstly, the

algorithm always starts from the smallest combination and ends when it reaches

the target or the maximum value allowed. Secondly, the user has much more input

to the choices done. The disadvantage is that due to its sequential nature, the

algorithm does not have a holistic approach and it optimises values in bunches.

Indeed, this may lead to dismissed good combinations. On the other hand, an

optimisation algorithm considers all the variables at once. Another hindrance is

an increase of the evaluation time and local optima i.e. the final value may not

always be the global optimum.

In considering the above, this chapter first presents an introduction to optimisation

algorithms with special attention to multi-objective optimisation and evolutionary

algorithms. Then, an analysis of the building blocks of the I2PS is explained,

with this leading also to a run-down of the algorithm implemented for the I2PS.

Ultimately, the results obtained from the design engine are presented and explained.
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6.1 Optimisation Algorithms

Optimisation algorithms [99] can be generally divided into two: deterministic and

probabilistic. Deterministic algorithms can be defined as algorithms that in the

execution of each step, there exists at most one-way to proceed. These algorithms

do not use random number generation in order to decide how to modify the data.

Furthermore, these algorithms will always produce the same results when given

the same inputs. Hence, deterministic algorithms are most often used when a clear

relation exists between the characteristics of the possible solution and their utility

for a given problem.

In the case that the dimensionality of the search space is very high or the relation

between a prospective solution and its fitness (i.e. how close a given design

solution is to achieving the set aims) are too complicated or not so obvious, then

it will not remain feasible any more to use deterministic algorithms to solve even

a relatively small problem. Undoubtedly, probabilistic algorithms, as the name

implies, depends more on probability. It makes use of random numbers and random

processes, to decide the next execution. The purpose is to save time calculating

the actual best choice and avoiding introducing a bias.

Figure 6.1 shows the optimisation algorithms classified according to their algorith-

mic structure and underlying principles. Most of the available algorithms fall under

the probabilistic nature, as can be noted from Figure 6.1. On one side, algorithms

based on stochastic processes can be found. These utilise statistics obtained from

samples from the search space or based on a model of some natural phenomenon

or physical process. Evolutionary algorithms, for example, copy the behaviour of

natural evolution and treat solution candidates as individuals that compete in a

virtual environment.

An important class of probabilistic Monte Carlo meta-heuristics is evolutionary

computation. It encompasses all algorithms that are based on a set of multiple

solution candidates (called population), which are iteratively refined. This field

of optimisation is also a class of soft computing, as well as a part of the artificial

intelligence area. Some of its most important members are evolutionary algorithms

and swarm intelligence.
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Figure 6.1: The taxonomy of global optimisation algorithms. Reproduced by author from [99]

6.1.1 Single-Objective Optimisation

As global optimisation [99, 100] is about finding the best possible solution for a

given problem, it is important to define what makes a solution optimal. In the case

of optimising a single criterion f , an optimum is either its maximum or minimum.

In global optimisation, it is a convention that optimisation problems are most often

defined as minimisations and if a criterion f is subject to maximisation, we simply

minimise its negation (f̄).
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In optimisation, it is important to make distinction between local and global

optima. A global optimum is an optimum of the whole domain X while a local

optimum is an optimum of only a subset of X.

A local maximum x̂l ∈ X of one objective function f : X 7−→ R is an input

element with f(x̂l) ≥ f(x)for all x neighbouring x̂l.

If X ⊆ Rn, we can write:

∀ x̂l ∃ ε > 0 : f(x̂l) ≥ f(x) ∀ x ∃ X, | x − x̂l@| < ε (6.1)

Similarly, a local minimum x̌l ∈ X of one function f : X 7−→ R is an input

element with f(x̌l) ≤ f(x) for all x neighbouring x̂l.

If X ⊆ R, we can write:

∀ x̌l ∃ ε > 0 : f(x̂l) ≤ f(x) ∀ x ∃ X, | x − x̌l@| < ε (6.2)

Hence, the local optimum x?l ∈ X of one objective function f : X 7−→ R is defined

as either a local maximum or a local minimum.

A global maximum x̂l ∈ X of one objective function f : X 7−→ R is an input

element with f(x̂l) ≥ f(x) ∀ x ∈ X.

Similarly, a global minimum x̌l ∈ X of one objective function f : X 7−→ R is an

input element with f(x̌l) ≥ f(x) ∀ x ∈ X.

Therefore, a global optimum x? ∈ X of one objective function f : X 7−→ R is

either a global maximum or a global minimum.

Having defined this, a one-dimensional function f : X = R 7−→ R may have more

than one global maximum / minimum or both in its domain X. A simple example

is the cosine or sine function which have multiple repetitive global maxima and

minima.

Furthermore, the exact meaning of optimal is problem dependent. In single-

objective optimisation, it either means minimum or maximum. Then, in multi-

objective optimisation, there exists a variety of approaches to define optima.
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6.1.2 Multi-Objective optimisation

Real-world problems and decision making are not normally limited to finding the

maximum or minima of a function. Finding maxima and minima in this case are

applied to sets F consisting of n = ‖F‖ objective functions fi. Where each fi

represents one criterion to be optimised.

Therefore, F = {fi : X 7−→ Yi : 0 < i ≤ n, Yi ⊆ R}. It may be the case in multi-

objective optimisation that to find the global optimum would mean to maximise

one function fi ∈ F and to minimise another fj ∈ F, (i 6= j). This continues to

prove the point that it makes no sense to talk about a global minimum or a global

maximum. This leads to the adoption of the set of optimal elements x? ∈ X? ⊆ X.

Multiple approaches exist to define what an optimum is as it depends on the way

a compromise is reached for the conflicting criteria. These different definitions,

in turn, lead to different sets X?. Some methods how to achieve a compromise

between conflicting criteria are by using Weighted Sums (Linear aggregation) and

pareto Optimisation.

In linear aggregation the optimal is found by computing a weighted sum g(x) of

all the functions fi(x) ∈ F . In this method, each objective function fi is multiplied

with a weight wi representing its importance. Therefore, this method allows for

minimisation of one objective while maximisation of another, through the use of

signed weights. This is achieved by, for example, multiplying an objective function

fa by a weight wa and the weight wb = −1 to objective function fb. This will

minimise the first while maximise the second function. Then, if they are revered

the opposite will happen. Ultimately, the weighted Sums resolved to the following:

g(x) =
n∑
i=1

wifi(x) =
max∑
∀fi∈F

wifi(x) (6.3)

x? ∈ X? ⇔ g(x?) ≥ g(x)∀x ∈ X (6.4)

Although it is easy to implement, this approach is not able to handle functions that

rise or fall with different speed properly. Therefore, weighted sums are only suitable

to optimise functions that at least share the same big-O notation1. Additionally,

1 The big-O notation is a mathematical notation used to to describe the asymptotical upper
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even if the shape of the objective functions and their complexity class were clear,

the weights w still need to be properly set and remain open in most cases. Hence,

with weighted sum approaches, not necessarily all elements considered optimal in

terms of pareto domination, will be found.

Pareto optimality defines the frontier of solutions that can be reached by trading-

off conflicting objectives in an optimal manner. To understand the notation of

optimal in the pareto sense, the definition of domination must first be defined.

An element x1 dominates an element x2 (x1 ` x2) if x1 is better than x2 in at least

one objective function and not worse with respect to all other objectives. Based

on the set F of objective functions f , we can write:

x1 ` x2 ⇔ ∀i : 0 < i ≤ n⇒ wifi(xi) ≤ wifi(x2) ∧ ∃j

: 0 < j ≤ n : wjfj(x1) < wjfj(x2) (6.5)

wi =

 1, if fi should be minimised

−1, if fi should be maximised

It can be noted that unlike the weights in the weighted sum approach, the factors

ωi only carry sign information which allows some objectives to be maximised and

to minimise some other criteria.

An element x? ∈ X is pareto optimal if it is not dominated by any other element

in the problem space X. In terms of pareto optimization, X? is called the pareto

set or the pareto Frontier.

x? ∈ X? ⇔ @x ∈ X : ` x? (6.6)

The complete pareto optimal set obtained is often not the wanted result of an

optimisation algorithm. Usually only some special areas of the pareto front are of

interest.

bound of functions. f(x) ∈ O (g(x)) ⇔ ∃ x0,m ∈ R : m > 0 ∧ |f(x)| ≤ m |g(x)| ∀ x > x0
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After classifying optimisation algorithms and defining what makes the optimum

choice, it is important to identify ways how the optimum is reached.

The following are a few optimisation techniques:

• Artificial bee colony algorithm

• Evolutionary algorithm

• Simulated annealing

• Firefly algorithm

• Greedy algorithm

• Particle swarm optimisation algorithm

• Artificial ant colony optimisation algorithm

Evolutionary Algorithms (EA) [101], however, are a very popular approach to

obtain multiple solutions in a multi-modal optimisation task [102]. In the following

subsection the genetic algorithm is explained since it is a subclass of evolutionary

algorithms which concept is easily understood.

6.1.3 The Genetic Algorithm

Genetic Algorithm (GA) [99, 103, 104] are a subclass of evolutionary algorithms

where the elements of the search space G are binary strings (G = B∗) or arrays of

other elementary types. The search spaces G of genetic algorithms are referred to

genome and its elements are called genotypes. Like their natural prototypes, the

genomes in genetic algorithms are strings. They are linear sequences of certain

data types. Due to this, these genotypes are often called chromosomes.
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In genetic algorithms, we most often use chromosomes which are strings of one and

the same data type, for example bits or real numbers. Hence, a string chromosome

can be any of the following:

• A fixed-length tuple - The loci i of the genes gi are constant and, hence, the

tuples may contain elements of different types Gi.

G = {∀(g[1], g[2], ..., g[n]) : g[i] ∈ Gi∀ ∈ 1..n}

• A variable-length list - The positions of the genes may shift when the

reproduction operations are applied. Thus, all elements of such genotypes

must have the same type GT.

G = {∀listsg : g[i] ∈ GT∀0 ≤ i < len(g)}

String chromosomes are normally bit strings, vectors of integer numbers, or vectors

of real numbers. Genetic algorithms with numeric vector genomes in their natural

representation, i. e., where G = X ⊆ Rn are called real-encoded.

Genetic algorithms are the original prototype of evolutionary algorithms and so

they provide search operators which closely copy sexual and asexual reproduction

schemes from nature. In such “sexual” search operations, the genotypes of the two

parent genotypes will recombine. In asexual reproduction, mutations are the only

changes that occur. It is very common to apply both principles in conjunction, i.

e. to first recombine two elements from the search space and subsequently, make

them subject to mutation.

Mutation is an important method for preserving the diversity of the solution

candidates by introducing small, random changes into them. In fixed-length string

chromosomes, this can be achieved by randomly modifying the value (allele) of a

gene. For real-encoded genomes, modifying an element gi can be done by replacing

it with a number drawn from a normal distribution with expected value g1, like

gnewi ∼ N(g1, σ
2).

The permutation operation is an alternative mutation method where the alleles

of two genes are exchanged. This is possible only if all genes have similar data

types. Permutation is, for instance, useful when solving problems that involve

finding an optimal sequence of items, like the travelling salesman problem.
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Amongst all evolutionary algorithms, genetic algorithms have the recombination

operation which probably comes closest to the natural paragon. The recombination

of two string chromosomes, the so-called crossover, is performed by swapping

parts of two genotypes. When performing single-point crossover, both parental

chromosomes are split at a randomly determined crossover point. Subsequently, a

new child genotype is created by appending the second part of the second parent to

the first part of the first parent. In two-point crossover, both parental genotypes are

split at two points and a new offspring is created by using parts number one and

three from the first, and the middle part from the second parent chromosome.

Therefore, in general, dividing from n different points is the n-point crossover

operation, also called multi-point crossover. Indeed, for fixed-length strings, the

crossover points for both parents are always identical.

The fitness function is a computation that evaluates the quality of the chromo-

some as a solution to a particular problem. A GA uses fitness as a discriminator

of the quality of solutions represented by the chromosomes in a GA population.

This implies that the selection component of a GA is designed to use the fitness of

a chromosome to guide the evolution of chromosomes by selective pressure. Those

with higher fitness have a greater chance of selection than those with lower fitness,

thus creating a selective pressure towards more highly fit solutions. Selection is

usually with replacement, meaning that highly fit chromosomes have a chance of

being selected more than once or even recombined with themselves.

The traditional selection method used is roulette wheel selection. This allocates

each chromosome a probability of being selected proportional to its relative fitness,

which is its fitness as a proportion of the sum of fitnesses of all chromosomes in the

population. If roulette wheel is not fit for the application there are many different

selection schemes:

• Random Stochastic Selection - explicitly selects each chromosome a number of

times equal to its expectation of being selected under the fitness proportional

method.

• Tournament Selection - first selects two chromosomes with uniform probabil-

ity and then chooses the one with the highest fitness.

• Truncation Selection - simply selects at random from the population having

first eliminated a fixed number of the least fit chromosomes.
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The typical design for a classical GA using complete replacement with standard

genetic operators can be as follows:

1. Randomly generate an initial source population of P chromosomes.

2. Calculate the fitness, F (c), of each chromosome c in the source population.

3. Create an empty successor population and then repeat the following steps

until P chromosomes have been created.

(a) Using proportional fitness selection, select two chromosomes, c1 and

c2, from the source population.

(b) Apply one-point crossover to c1 and c2 with crossover rate pc to obtain

a child chromosome c.

(c) Apply uniform mutation to c with mutation rate pm to produce c

(d) Add c to the successor population.

4. Replace the source population with the successor population.

5. If stopping criteria have not been met, return to Step 2.

There are limitations in the use of a genetic algorithm compared to alternative

optimisation algorithms. Some of these are listed below:

• Finding the optimal solution to complex high-dimensional, multi-modal

problems often requires very expensive fitness function evaluations;

• In many problems, GAs may have a tendency to converge towards local

optima or even arbitrary points rather than the global optimum of the

problem;

• Operating on dynamic data sets is difficult, as genomes begin to converge

early on towards solutions which may no longer be valid for later data;

• GAs cannot effectively solve problems in which the only fitness measure is

a single right/wrong measure (like decision problems), as there is no way to

converge on the solution;
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6.2 I2PS variables and dependencies

6.2.1 Constants

Some parameters depend on where the sensor will be installed or whether there are

constraints set by manufacturing or by the electronics available. These variables

set the general structure and boundary conditions. These constants include the:

1. Geometrical size - Depends on the area of application

2. Bobbin & insulation - Depends on the manufacturer

3. Max supply V/I - Depends on the supply board/source

4. Max Sense Voltage - Depends on the acquisition board selected/available

5. Max number of layers - Depends on the manufacturer

6. Sampling time - Depends on the acquisition system

6.2.2 Variables to be optimised / calculated

The following is a list of all the variables that require calculation and setting.

Moreover, the acronyms adopted are listed as well:

1. The Supply Coil Wire Diameter (wire dP). Depends on the sensor’s diameter

and current carrying capability;

2. The Sense Coil Wire Diameter (wire dS). Depends on the sensor’s diameter;

3. The Moving Coil Wire Diameter (wire dC). Depends on the sensor’s diameter

and resistivity (must be as low as possible);

4. The Number of Layers of the Supply Coil (NLP). Depends on the diameter

of the sensor and wire dP;

5. The Number of Layers of the Sense Coil (NLS). Depends on the diameter of

the sensor and wire dS;

6. The Number of Layers of the Moving Coil (NLC). Depends on the diameter

of the sensor and wire dC;
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7. The Number of turns in the Supply Coil (NP). Depends on NLP and wire dP;

8. The Number of turns in the Sense coil (NS). Depends on NLS and wire dS;

9. The Number of turns of the Moving coil (NC). Depends on NLC and wire dC;

10. The Semi-length of the Supply and Sense Coil (ap/as). Depends on the length

of sensor; and

11. The Semi-length of the Moving Coil (ac). Depends on the length of sense

and supply coils , and sensor’s sensitivity.

The NLP, NLS, NLC and ac will impact the output voltage produced, the

sensitivity of the sensor and the NLE. In [56], it has been found out that the

optimum choice for the coils length would be of:

ac ≥ 2× Pmax

Where Pmax is the maximum range required / extreme position.

In addition, it has also been shown that the best ratiometric swing is given by:

as = ap = ac

Hence, the ratiometric swing, the extreme position effects and geometrical con-

straints impact the coils’ lengths. While the diameter of the supply cable can

be calculated depending on the supply current/voltage and the diameter of the

sense cable can be selected to be the thinnest possible (as this gives very good

sensitivity), the diameter of the moving coil needs to be optimised depending on

the space required and output. The number of layers for all the coils have been

identified to be another three parameters that need to be optimised depending

on the output of the sensor. Finally, the length of the supply and sense coil can

be set to be the sensor’s length left when all bobbins and spacers are subtracted.

Additionally, it may be the case as in the current LHC situation that the Pmax is

greater than the size allowed by the sensor’s length. Therefore, the ac is the fourth

parameter identified to be optimised depending on the output parameters. From

this list the three output parameters that are required can also be identified. These

three parameters are the output voltage, the NLE and the sensitivity. A minimum

and maximum value of each parameter is presented in Table 6.1.
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Table 6.1: List of constraints

Constraint Value

Sensor Length 235 mm

Sensor Diameter 26 mm

Moving coil bobbin diameter 4 mm

Bobbin thickness 1.5 mm

Distance between coils 1 mm

Insulation thickness 0.05 mm

Range required 25 mm

Min Range required 18 mm

Max Output Voltage 10 V

Min Output Voltage 8.5 V

Max gain -100

Min gain -300

Max Nle 2

Supply Coil wire diameter 0.193 mm

Sense Coil wire diameter 0.045 mm

Moving Coil wire diameter 0.335 mm

Max Supply Coil Number of Layers 5

Min Supply Coil Number of Layers 2

Max Sense Coil Number of Layers 5

Min Sense Coil Number of Layers 1

Max Moving Coil Number of Layers 15

Min Moving Coil Number of Layers 3

In fact, Table 6.1 presents the constraints (which are input to the algorithm for

the following tests) for the current I2PS design. As explained in Section 6.2.1 the

geometrical constraints of the end application of the sensor limit the size of the

sensor. In this case the sensor will be used in the LHC collimator where the size

is very important. Furthermore, in this case the sensor will be mainly substituting

existing LVDTs. For this reason the sensor length and diameter are set to be

235 mm and 26 mm respectively. Similarly the minimum range of the sensor is

defined by the use case which in this application is required to be at least 18 mm.

The moving coil bobbin diameter is one of the most important constraints set by

the manufacturer. In this sensor the bobbin diameter should be as small as possible,

the problem is that to successfully wind with the thick wire required by the moving

coil a minimum bobbin diameter of 4 mm is required. Other constraints set by the

manufacturer which vary from manufacturer to manufacturer and from design to

design is the minimum and maximum number of layers a coil can be wound with.
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The supply coil wire diameter is set by the current that is going to be applied and

the sense coil wire diameter is restricted by manufacturer’s minimum wire that can

be wound. There are other constraints set by the manufacturer which effect the

space constraints of the sensor, such as the minimum distance between two coils

which are side by side which is 1 mm. Another constraint is the minimum thickness

of the sense/supply coil bobbin. In this case the minimum possible is used which

is 1.5 mm. The thinner the bobbin the less robust the end coil is, but by making

it thicker ones important space inside the sensor. Finally, between each coil a thin

wrapping of insulation is wound. This is selected to be only 0.05 mm thick but

must be considered since it contributes to the overall space constraint.

6.3 Algorithm and Methods Implemented

From Section 6.2, it can be immediately understood that to design an I2PS, a multi-

objective optimisation is required [105]. It can also be appreciated and understood

that the objectives targeted at this point can be increased to the extent that new

objects such as costs can also be considered.

The core of the optimisation of the I2PS revolves around the optimisation of

the output parameters produced by the electromagnetic model of the I2PS. The

former can be changed by changing the coil structures. A.Danisi showed [56] that

the I2PS is highly sensitive to changes in the coil parameters. For this reason

the mathematical model of the I2PS is used to calculate the output parameters

depending on specific design inputs. Hence, a custom fitness function is built

around the mathematical model. The algorithm works by solving the mathematical

modelling and assigning the output a fitness value. The fitness value is defined by

the following fitness function:

Fittness function = WV f̂1 +WNLE f̂2 +WS f̂3 +Wacf̂4 (6.7)

where: WV is the weighting of the output voltage, WNLE is the weighting of the

NLE, WS is the weighting of the sensitivity and Wac is the weighting of the moving

coil length.
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Furthermore,

f̂x =
fx
||fx||

and

f1 = Vmax − V

f2 = |NLEmin −NLE|

f3 = |Sensitivitymax − Sensitivity|

f4 = |Theoretical coil length−moving coil length|

Since each value changes at different speeds, each value is normalised depending

on the constraints set by the user. To determine if only one solution exists to a

specific sensor design a variable is varied while the remaining variables are kept

constant. (In this case, NLP is set to 3, NLS is set to 3, NLC is set to 7 and ac is

set to 0.045). Figure 6.2 plots the calculated fitness value against the variable being

varied. These fitness are limited by the design requirements presented in Table 6.1.

This is done such that an indicative convexity test is performed per variable.

(a) The case where the moving coil
semi-length is varied.

(b) The case where the number of sense
coil layers is varied.

(c) The case where the number of sup-
ply coil layers is varied.

(d) The case where the number of mov-
ing coil layers is varied.

Figure 6.2: Convexity test per variable
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This test yields results showing convexity however since this test is indicative of

convexity it can’t be conclusive. A probabilistic algorithm can be used to solve

this problem. Traditional methods such as gradient based methods and direct

search may not be the optimum method to be selected for this algorithm since

they depend heavily on their initial values. Furthermore, since traditional methods

are ways how to search (for example using random search or steepest-descent) the

speed is low.

The optimisation problem of the I2PS requires a versatile method. A procedure

that can work without satisfying mathematical properties such as differentiability,

continuity and convexity. Moreover, it requires an algorithm which works well in

noisy environments and is able to use a fitness score. A method which is modular,

separate from application and which has a concept which is easy to understand and

implement. Finally, this problem requires an optimisation method which supports

multi-objective problems.

Various multi-objective methods have been identified and studied. It is noted that

since the variables of the I2PS are often discrete and the constraints are not explicit,

EA are more suitable for this task. In fact, EA [101], are a very popular approach

to obtain multiple solutions in a multi-modal optimisation task [102]. Furthermore,

an evolutionary algorithm uses a fitness score which is obtained from an objective

function, without other derivative or auxiliary information.

Not every multi objective evolutionary algorithm is suitable for this application.

One of the ways how this can be resolved is to use a GA method [103,104,106–108]

which is selected in this case due to the ease of implementation with respect to other

methods, such as the normal boundary intersection [109] or the multi-objective

Particle Swarm Optimisation (PSO) [110,111]. Since it is not necessarily the best

solution this work will be used to see if this problem can be optimised using such

method. Furthermore, genetic algorithms are inherently parallel, and use a parallel

search space from random starting points. This provides the ability to avoid being

trapped in local optimal solutions. Moreover, multiple additional methods exist

which help avoid this problem. In this case, a custom made genetic algorithm is

developed which uses chromosomes that are made of real numbers and are of a

fixed-length, therefore, they will be real-coded.
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Figure 6.3: The optimisation algorithm
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The user is required to select the weighting and, the number of recombinations,

whilst also deciding if judgement day protocol is to be put in effect. If the latter

is so, then the number of recombination on which judgement day takes place is to

be set (judgement day is usually used when a high number of recombinations are

set. Therefore, if the number of recombinations is less than ten it cannot be used

and it is by default set to half the number of recombinations). At the set number

of recombinations all the genes, except the best two, are destroyed and randomly

repopulated. This is done to ensure genetic diversity and to avoid local minima.

The user is also asked to select if he/she wishes to vary the coil length. The

flowchart presented in Figure 6.3 presents a high level description of the algorithm.

During the process the application shows the user the combinations and the

progress done so far. Table 6.2 & Figure 6.5 show an example of a generation

of values after having their fitnesses assigned and the final fitness calculated.

The engine outputs the best two combinations found as well as a list of the

top combinations considered along the process. The tool also produces a list

of dimension specifications of the sensor for FEM simulation and prototyping.

Furthermore, it allows the user to produce the characteristic theoretical curve for

the best sensor, to calculate the electrical parameters and it also generates a spice

command package to simulate the sensor in spice.

As a test, the tool is run with fifty recombinations and with the judgement day

protocol activated. Using the following weighting:

• voltage close to the max - weighting set to 1

• ac close to optimum ac = ap = as - weighting set to 1

• NLE - weighting set to 0.8

• Sensitivity - weighting set to 0.7

Therefore the algorithm is set to maximise the output voltage (in this case set

to 10 V ) and position range (the moving coil length - ac). Furthermore, the

moving coil length is set to stay within ±10 mm of the nominal value (as found

in [28]), which states that all the coils should have the same length. The same

input parameters as the manual optimisation method used before are set. This is

done such that the manually optimised sensor is taken as a benchmark. Moreover,

this same test was repeated multiple times to also test for convergence to the same

design parameters.
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Figure 6.4 shows the output after a run. The higher the fitness function, the

closer the design of the sensor is to reaching the required optimum. A low fitness

function means the design combination results in a design that falls outside of the

design requirements. From the Figure 6.4, it is also observed that chromosomes

six to ten are constantly changing values. This is because they are the freshly

generated combinations. On the other hand, the first (1-5) chromosomes are the

ones that have the highest fitness value and which is always on the increase. This

means that for these chromosomes the design parameters are continuously being

improved. The second chromosome is the healthiest one of the group. Furthermore,

generations which seem to become similar to the the fittest chromosome, can also

be noted. This happens when every parent becomes similar and hence crossover

starts to happen with similar combinations. This becomes a repetitive loop and

resultantly all individuals start becoming similar and converge towards a possible

local maximum. Undoubtedly, this is avoided with the judgement day protocol

which destroys all lineage and keeps only the fittest.

Figure 6.4: 3D plot representing the fitness of each chromosome for each generation

Table 6.2 is an example of a generation. The best fitness drafted in this case had an

output voltage close to the nominal, a somewhat good NLE and sensitivity while

the moving coil length used is close to the nominal.
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Table 6.2: Example of a combination, with input/output values and fitness

№ NLP NLS NLC ac[mm] V[V] NLE[%] Sensitivity Fitness

1 3 4 12 87.55 9.85 0.53 -217 2.37

2 3 3 14 76.98 8.50 0.725 -201 2.28

3 3 5 5 88.28 6.26 0.41 -304 1.981

4 4 2 13 95.93 7.04 0.26 -215 1.96

5 3 5 4 91.61 5.55 0.32 -329 1.80

6 3 4 4 91.71 4.41 0.33 -326 1.68

7 3 1 11 75.50 2.21 0.75 -218 1.521

8 5 3 10 84.88 10.24 0.59 -230 1.18

9 4 5 7 98.40 10.43 0.32 -279 0.55

10 5 5 10 98.45 17.35 0.33 -244 -6.34

M 4 3 14 90 9.82 0.3 -240 2.24

Figure 6.5 presents a graphical equivalent of Table 6.2. An illustration of how the

algorithm is taking a holistic approach is probably seen in the third and fourth

values. The third has lower output voltage, and higher NLE, and the sensitivity is

less with respect to that of the fourth place. Yet the ac (the moving coil length) is

closer to the optimum and hence it is assigned a higher fitness.

Figure 6.5: Example of a graph showing the normalised fitness of all values to be considered in
optimisation and the final fitness value

It can be also be observed how voltage values greater than the maximum value
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selected by the user are given low importance. For every value a tolerance is

set, for example if the output voltages are greater than ±0.5 V of the specified

maximum, their respective fitness value is set to negative. This leads to automatic

elimination in the next generation. Finally, comparing the best obtained result, in

Table 6.2, with manually optimised sensor (№: M), the number of layers vary but

are close.

It is noticed that the number of layers and hence the number of turns for the supply

and sense coils are swapped. In reality, from a manufacturing point of view this

is better since it is easier to add a uniform layer with a very thin wire than a

thicker wire. Similarly, for the number of turns of the moving coil, it is better to

limit the number of layers, since this will reduce the inconsistencies in the winding.

Moreover, the maximum output voltage is similar which is understandable since

the ratio of layers is somewhat kept. Furthermore, this is the value that the design

tool has the highest priority to. On the other hand, the non-linearity error and the

sensitivity are degraded. This originates from the parameters of the moving coil.

Since the moving coil parameters provide a shorter coil with a reduced number of

turns the linearity close to the end of the sensor decreases as does the sensitivity.

Finally, curves Figures 6.6 and 6.7 present the characteristic and ratiometric index

curves respectively. Since the output voltages and ratiometric are very similar these

curves are also very similar with changes happening at the outer ends of the sensor.

Figure 6.6: Comparison between the characteristic curves of the manual design and the result
from the tool.
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Figure 6.7: Comparison between the ratiometric index curves of the manual design and the
result from the tool.

6.4 Summary

This chapter presents a novel weighted multi-objective genetic algorithm that

optimises the sensor’s parameters with minimal user intervention. The previous

manual design procedure involves a long, iterative and manual procedure where

the user needs to take all the decisions. The advantage of the new procedure is

that through the multi-objective optimisation algorithm, an automated holistic

approach is taken when designing the new sensor. This allows all parameters

to be optimised at the same time. Furthermore, due to the migration to a

generalised programming language, the computational resources required have

reduced drastically. The results show that with a small number of re-combinations,

i.e. in a short execution time of about twenty minutes, a similar design to the one

optimised manually is obtained. Since a very rigorous and lengthy manual design

was performed in the past with the manual method, an automated result close

to the former is accepted. The value added is a comparable design that can be

generated very quickly by a user with minimal training. However, while using a

genetic algorithm provided a generic design tool that works well in this case, it

may not be the optimal optimisation tool for this procedure. Hence, further work

can be conducted to examine other optimisation methods that can be used to find

a more appropriate algorithm for this tool.
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Conclusions and Outlook

7.1 Achieved results

The worst-case scenarios for a linear position sensor is to operate in such a wrong

state that the interlocks in place from the PRS and the MDC do not recognise the

wrong operation. In the case that the sensor drifts outside of the limits specified

before operation, the interlocks immediately dump the beam and an investigation

is launched. Then, in the case that a collimator’s jaws are hit directly by a proton

bunch, dangerous beam induced damages occur. These include, but are not limited

to, severe damage to the collimator’s jaws, magnet quenches and other equipment.

The consequence of such a disaster, apart from loss of subsystem hardware and

hence the capital required to fix them, would be the consequent downtime of the

machine. This study is therefore focused on the improvement of the I2PS from

operation-derived problems.
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7.1.1 Analysis

Indeed, the position reading of the I2PS is susceptible to a number of external

factors. One of these, like many other sensors, is the cable length connecting the

sensor to its electronics. In the case of the I2PS this cable supplies and acquires the

sensor’s signals. No electronics can be close to any sensor installed in the collimator,

especially semiconductors, since the radiation causes these devices to fail. As a

result, all electronic boards are located hundreds of meters away in electronics

rooms. The cables connecting them are multi-pair cables usually bundled together

on racks or under false floors in order to be out of the way and reduce space

consumption. This work first investigates the impact of these cables on the I2PS.

It is noted that, as expected the output voltages are attenuated but it is still

high enough for correct reading after proper calibration. Frequency analysis is

performed to investigate the impact of the I2PS behaviour with the cable, as well

as investigate the frequency range available for the sensor to work in. Up until

now it was always considered that the best operating frequency of this sensor is

between 1 kHz and it goes up to 2 kHz. It is observed that the frequency range

limit is between 500 Hz and 2.75 kHz. This is very important since it provides a

wider range of operability. Moreover, this study shows that whilst the sensitivity

of the sensor does not vary with cable length, it shows that the cable does change

the behaviour of the frequency response. Indeed, the bandwidth and gain decrease

as the cable length increases. A comparison with the LVDT shows that the LVDT

has a much flatter response and lower susceptibility to change when the moving coil

changes. This is because in the case of the LVDT the whole operability depends

on the magnetic core.

A SPICE simulation is designed for the I2PS mainly due to the need for a model,

which is easy, fast and more flexible than the existing ones. The electromagnetic

model is good for the design of new sensors but it is impossible to add electronic

components and difficult to model other parasitics. Furthermore, the FEM, while

being much more accurate in terms of electromagnetic behaviour and ideal sensor

parasitics, it is slow, requires modelling, is more expensive both in terms of capital

and in terms of computational resources and is finally much more difficult to

simulate additional circuits. However, whilst a SPICE simulation is able to fulfil all

the requirements, which these two existing models lack, it is much more difficult to

model the electromagnetic part of the sensor. At the end, as presented in this study,

a SPICE model in the free modeller LtSpice by LinearTech is developed which

uses theoretical mutual inductance and capacitance values for the sensor while it
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uses empirical values for the cable parasitics. Additionally, as presented in this

study, the floating current supply and the acquisition are also modelled. Overall,

the SPICE simulation provides very good results where generally the difference is

small and acceptable.

Finally, during operation of the LHC, a flood occurred for a short period of time

where the cables used for the I2PS are temporarily submerged in flood water. A

position drift is noted and an investigation is launched. Studies show how cables

can degrade or develop defects which leave the space in between the multi-pair

cables exposed. It is shown that this leads to cable capacitance change in between

the cables. While this is statistical in nature, it is very unlikely to be evenly

distributed on all the multi-pairs. As a result, this study shows that the I2PS is

highly sensitive to a change in this cable capacitance. Using the SPICE simulation,

a countermeasure is developed and tested on the same set-up. It is observed that

with the countermeasure in place, the sensor’s sensitivity to cable capacitance

change is reduced by 97%.

The next part of this study focuses on another external factor that influences the

transducer’s position. This is the thermal drift. Through constant monitoring,

it is noted that the sensor exhibits drifts, which can only be associated with

temperature. Although these drifts are within the acceptable limits, they are ideally

reduced or removed. The commissioning stage of the LHC usually starts in January,

just after the shut-down over the Christmas recess, and finishes at around March.

During this time, the LHC tunnels are open and climate control is not in a closed

loop controlled system. All the devices are tested and calibrated during this time.

Various drifts are recognised during the I2PS operation. The shortest are peaks

which the dc voltage, read by the sensor, registers but seem to be un-matching

and uncompensated when compared with temperature. Longer drifts than the

latter were until now, thought to be caused by day-night drifts. These are drifts

that cause the position to increase during the day and drop during the night. Then

there are longer drifts. These happen during the year where the base position, with

respect to the resolver, slowly drifts away during the months, showing the biggest

change during the month of August. Ultimately, it slowly drifts back towards the

original position. Finally, the last drift noted happens when access to the tunnels

is granted during technical stops and the climate control is stopped. Undeniably,

all these indicate a strong correlation with ambient temperature.
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Consequently, this study has performed a detailed analysis of the sensor’s perfor-

mance when the ambient temperature changes. This in-lab study provides a very

important insight in the basic operation of this transducer. First, the transducer

is analysed in its basic components and raw values. It is shown that while the

change in inductance and resistance of the sense and supply coils impacts the

sensors’ behaviour in an unbalanced way, it is almost negligible if it is balanced.

Moreover, the high sensitivity of the moving coil’s parameters to temperature

change has been shown. It is also observed that, as expected, the ac voltage of

the sense coils changes both with moving coil position as well as with temperature.

Moreover, empirical proof is provided that the dc voltage used for the temperature

compensation algorithm, dubbed as the primary, is stable with respect to different

frequencies, moving coil position and ac voltage. Additionally, the primary voltage

swing from room temperature of approximately 20°C to 40°C is recorded. This has

led to the first correction to the operation settings. In the past, a constant voltage

reference based on calculated values was used for the compensation algorithm.

Consequent to these measurements, a new operation standard is adopted which is

to obtain and implement the primary voltage at the time of calibration and then

calibrate.

The transducer is then analysed in the context of the position with special respect

to definition of guidelines or improvements to the current compensation algorithm.

Here a number of things are noted. First, the position change due to temperature

drift depends on the moving coil position. It is observed that the position drift

increases as the moving coil is positioned closer to the transducer’s edges. A

study of the compensation algorithm shows that the compensation factors do not

compensate at all when the position is close to the electrical zero while it either

over compensates or under-compensates close to the edges. It is also noted that the

position drift changes with frequency as well. This has prompted a temperature

study in the frequency range of the I2PS at 250 Hz intervals. The studies indicate

that at a particular frequency, the position change is the same for all moving

coil positions, and at another frequency, there is little to no position change. In

general, the higher the frequency the higher the position change. Furthermore,

the compensation factor ζ required to compensate correctly for temperature drift

is obtained for different moving coil positions and frequencies. Here it is noted

that a variable ζ is mostly required to compensate and not to be regarded as a

single value. It is also observed that a big variation is usually required. The study

is expanded by analysing the effect of increasing the dc current amplitude, which

controls the dc voltage used for the compensation. Here it is observed that as

the amplitude of the primary is increased, the compensation factor ζ required is
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decreased, as well as the variation of the ζ required to correctly compensate the

position change for different frequencies and temperature change. Consequently, a

fixed ζ value at certain frequencies is derived and implemented on the collimator

test bench.

This work has led to three studies where the first one investigates the effect of

changing the material of the moving coil to one that has a lower thermal coefficient.

Additionally, operation with a brass core instead of a coil is investigated. It is

noted that the sensor still works with satisfactory sensitivity and the linearity of

the output voltage is improved. However, it is found that there is no improvement

thermally. Other variations include encapsulating the moving coil in a layer of

plastic and closing the sensor’s sides to add a thermal barrier and reduce air

movement. These also lead to negligible improvement with respect to thermal

drift.

The second work investigates the impact of operating two or more I2PS close to

each other at the same frequency. It is observed that at close distance there is

electromagnetic interference between the two. This is because the magnetic flux

lines that are produced link together. Eventually, from this study, it is deduced

that multiple I2PS can be operated at the same frequency if they are at least 35 cm

apart.

Finally, with the knowledge obtained from the thermal analysis until this point,

thermal tests are conducted on I2PS installed in a test collimator. These tests show

that the collimator’s body has local hot spots which lead to a gradient temperature

in the sensor’s body. The nearby motors are one of the main contributors of heat in

the test set-up. In the real collimator, it is expected that the beam interaction with

the jaws also generates heat in the collimator body propagating to the sensor. It is

also noted that apart from the heat transfer through radiation and convection, the

flange holding the sensor conducts a lot of heat from the body. Having said this,

the flange is not always in the same position and hence it can create very strange

thermal gradients. To make it worse, it is also noted that the moving coil changes

temperature when it changes position. Hence, it creates position drifts which are

independent of the ambient temperature change and the temperature read by the

dc voltage used for the compensation. All of this leads to high temperature drifts

which cannot be compensated. As a result, a mechanical solution is developed and

tested where the transducer is thermally isolated by the use of a plastic sheath and

flange. This leads to a drastic improvement of the sensor’s performance.

168



CHAPTER 7. CONCLUSIONS AND OUTLOOK

Having said this, apart from enhancing the transducer in terms of reliability and

performance, there is also the need of designing new transducers with different

specifications. Not all situations require these particular requirements. There

may be circumstances where a longer travel or a thinner sensor is required. The

I2PS is designed, tested, and continuously optimised for one specific application.

Consequently, it is recognised that the I2PS needs to be further industrialised.

The first step taken in this study is to understand and convert all Matlab scripts

into a general programming language hence obtaining independence from Matlab.

All the variables, constants and constraints are understood and resultantly a

procedure for new designs is compiled. During this process, it is realised that

the manual approach used to date is slow and requires a well-trained person to

be able to design new sensors even with the scripts. This is because each step

requires precise modifications to the sensors’ parameters. Consequently, a holistic

approach is adopted which includes the use of an optimisation algorithm to be

able to find the optimum solution. The algorithm is tested with the same input

parameters taken when the first sensor was designed. Since the latter was heavily

optimised over the years, it can be considered a good baseline to compare the

tool’s performance. In fact, the tool powered with a genetic algorithm produced a

sensor whose characterisation curve and outputs are similar to that of the manually

optimised one. Furthermore, the tool’s specifications allow for easier manufacturing

and hence a cheaper and faster procedure. Finally, the tool produces these results

in a short time without any human intervention.
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7.1.2 Summary of scientific contributions

The impact that parasitics of long cables have on the I2PS, and hence on the

position reading, is understood from the electrical characterisation of the I2PS

with long cables. This includes a frequency response characterisation of the I2PS

and the development of a novel SPICE simulation which accurately models the

I2PS and its phenomenon. Finally, a countermeasure to unbalanced change in the

long cable’s capacitance is devised.

To fulfil the project descriptions presented in Section 1.2 an extensive thermal

characterisation is performed. This leads to a deeper understanding of the sensor’s

behaviour and the validity of the compensation algorithm. Indeed, a set of

guidelines and procedures are defined from this work, namely, the definition of

guidelines for correct operation when multiple I2PS, operating at same frequency,

are installed in close proximity to each other. Moreover, guidelines on how to set

the compensating factors are also defined. Also, alternative moving coil designs for

the I2PS are investigated and a solution to temperature drifts, as noted on I2PS

installed on the collimators, is developed.

Finally, a general model is obtained and hence a design engine for the manu-

facturing of optimised I2PS is developed. This engine provides an autonomous

algorithm that holistically optimises the sensor’s specifications with minimal direct

intervention by the user.
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7.2 Future Work

The work presented in the previous chapters consist of a detailed study where

the ironless inductive position sensor could be optimised, giving the possibility to

actually design and operate a transducer according to a particular task. However

there are still some other aspects that can be considered for further research.

The application of the counter measure circuit for cable capacitance can be seriously

taken into consideration in critical applications, which include long cabling systems

that are exposed to environmental conditions. Nonetheless, this study considers

only one particular frequency and one specific sensor design. Therefore, it can

be applied to be a starting point where a more generalised approach or design

procedure is formulated, to be able to apply it for newly designed sensors with

different specifications and operating at different frequencies. While the design

tool offers a very generic and optimised process further work needs to be done to

examine the possible optimisation tools available and understand if the GA was the

optimal tool for the task or if another optimisation algorithm is more appropriate.

Finally, the design tool can be further enhanced by linking it to finite element

modelling software in a closed loop, once the optimised set of specifications are

obtained.

Indeed, the extended thermal model and compensation guidelines developed

further enhance the stability of the transducer in normal scenarios, where ambient

temperature variations happen continuously. The solution tested for the isolation

from the collimator’s body is a prototype. Further studies can be conducted to

assess the material type and thickness needed for a robust shield which isolates the

sensor. Additionally, the material needs to be able to withstand a high radiation

dose. Of course, this work can be taken as a starting point to further the study in

operating in cryogenic conditions.
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