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SUMMARY

As a specialist in power distribution for the agr@se industry, Leach International-
Europe intends to master both design and productiche current sensor — a strategic
component — while offering a novel technology, fiemsm important disadvantages of the
previous generation. This report puts forward saemearch directions to replace the
present generation, based on the Hall Effect andppong most of commercial and

military aircrafts. Relying on a feasibility studgnd after reviewing the state of the art,
this work heads quickly on exploiting Faraday’s Lavie latter allows getting a voltage
as an output directly from the magnetic field gated by the current flowing inside the
conductor. The different solutions introduced hare based on analytical calculations
(when it is possible), simulations and numericalcuations and are grounded on

designing a sensor with an acceptable sensitivity.
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CHAPTER 1: INTRODUCTION

1.1- Presentation of the partner company

From a modest beginning as a one-product compan{9i®, Leach International
Corporation has claimed a position of world lealgrsn the design and manufacture of
power distribution systems for the aerospace aihthdhstries.

Designed for applications as diverse as civil arnlitary aviation, satellites and railway
systems, Leach International's line of productduhes hermetically sealed relays and
complementary devices to provide time delay and ggoweasurement functions.
Comprehensive lines of push-button indicators,dsetate power controllers and limit
switches also play important roles in the compapgosiuct mix.

From the first relay, the product family grew taluide other types of relays including
time delay relays, aircraft switches, power monipmwer distribution, and aircraft relays
for the communications and electrical industrigswas not long before Leach relays
became known to aircraft manufacturers and prodweie developed specifically for
aircraft power switching as well as for aircraftrmmunications.

By 1992, Leach consolidated all of its U.S. mantifang operations at the present site in
Buena Park, California. European operations wemsalaated in  Sarralbe, France,
Leach International's European headquarters. Ir7,188ach once again extended its
global reach with the addition of Leach Internasibisia-Pacific, Ltd. In July 2004,
Esterline Corporation, a specialized manufactugoegnpany serving the needs of the
aerospace and defence industry, acquired Leacinatienal. Leach has 1000 employees

and representatives in more than 20 countries.



1.2- Describing Leach’s need

Leach now intends to develop the next generationuofent sensors. This is the Next
Generation of Current sensor (NGCS) project. To pl@pose, the company asked David
Swafford, from the Georgia Institute of Technologyperform a feasibility studyduring
the summer 2006. This study constitutes a verydstate of the art, and presents a rich
variety of directions to be explored. While Mr. Stead continues the NGCS project in
the frame of his PhD thesis, this Master’'s Thesiserids to initiate other solutions in a
cooperative parallel work so as to provide Leacthwi broader spectrum of solutions.

This section summarizes the motivations of Leach.

1.2.1- Strategic need

Today Leach relies on suppliers for certain impartaomponents of the current sensors it
integrates in its measurement circuits. The compaskies to have a better control of this
situation by developing a product that would beoitgr. The main strategic motivation is
that the current situation of being dependeista-vis the supplier compels Leach to
constitute considerable stocks of the subcontraot@sponents to ensure everlastingness
of the fleet it equips. Indeed, it does not madiee strategic decisions of the
subcontractor, who can decide to stop producingtimeponent.

Furthermore, if a new generation of sensors happenappear on the market and
supersede the current one, being technologicallstep ahead the competitors may

become a major asset. If Leach’s developed solui@rcomes, it can be included into



numerous products as integrated solutions. Theeerdgnge of these products thus takes

advantage of the exclusive technology.

1.2.2- Technological need

Having established the motivation to develop peeittechnology, it is now necessary to
come up with a genuine innovation. Nowadays sers@dased on the Hall Effect; this
technology is explained in detail at section 1.8spite its being perfectly well-proven
today, this technology presents notable disadvastagostly due to the presence of a
magnetic circuit in the system. The latter is fidtall heavy and voluminous, both
elements being highly significant in the aeronaltmontext. But this very context also
implies a severe thermal and electromagnetic enmiemt. The magnetic circuits present
notable sensitivity to the temperature, as wellpagblems of remnant polarisation,
magnetic saturation, and offset adjustment.

Moreover, the primordial necessity to offer Leadiends a wide range of working
temperatures involves that current products suffaportant tradeoffs on other

parameters.

1.3- Specifications

The definition of the sensor is deliberately astigs possible, so as to avoid limiting the
imagination of the designers and the variety ofldagls examined in the early phase of
the project and thus favour a really novel desigme specifications defining the future

sensor are reduced to the characteristics of theruto be measured and those of the



conductor. The conductor, called a bus bar, israbeaopper or aluminium. It is a part of

the Power Distribution Unit (PDU) in a commercialmilitary aircratft.

» Section of the conductor: 3 x 20 mm, typically

* Range of current: +/- 1000 Amperes

* DC current, 28 V

* The voltage drop due to measure will be nhaughteoy little

* Range of temperature: -55°C ~ +75°C

* Galvanic insulation

* If possible, the sensor will be able to measure &@rent as well. The latter

having a range of 300 Hz to 1000 Hz

The technical objectives are to:
* Decrease weight and size
» Decrease manufacturing costs
* Reduce sensitivity to temperature, vibrations dadteomagnetic interference
» Design for mass production
 Adapt to the scale of Micro Electro Mechanical &yst (MEMS). This

adaptation would constitute the object of a fultrely.

1.4- State of the Art

This section offers a quick overview of the differeurrent sensing principles in use,

from the most basic ones to the Hall Effect. Thast pelies on the preceding feasibility



study’ and goes over its main points. The goal here igmeepeat the feasibility study,
but to recall basic facts to the reader. The seaiso contains a description of the first

techniques that have been considered in this study.

1.4.1- Primary techniques1-

The most basic way to measure current is to irseesistor, called a shunt, in series in
the circuit. This resistor will have a voltage a&sats terminals and is related to the
current, according to Ohm’s Law. This technique thesadvantage of being extremely
simple and suitable for both alternating and dicotent. It has the weaknesses of being
invasive, offering no galvanic insulation, and amsly causes a voltage loss. The two
last limitations are very important in the contekhigh current and low voltage.

Another common way of measuring currents is to tuaesformers. It is quite simple,
offers a galvanic insulation and is extensivelyduse many applications. However, this
principle allows only alternating current to be m@@d, and requires a magnetic circuit.
Some developments like null-flux transformers alldar reducing the size of the
magnetic circuit, but for measuring high currehisytwould consume too much power.
The last category gathers the other techniques rutite label “transducers”. The
transducers convert one form of energy into another example, according Faraday’s
Law, a coil placed into a magnetic field transforammagnetic flux into an electromotive
force. Transducers are a very broad category aeg tlave various interests and
limitations. However, most of them are both AC &1@ compatible and offer a galvanic

insulation.



1.4.2- Hall Effect sensor

The Hall Effect was discovered in 1879 by Dr. Eawall. When a current-carrying thin
plate is exposed to a magnetic field it producesleage, known as the Hall voltage. As a
matter of fact, the charge carriers in the platpeeience the Lorentz force that aleters
their course. The figure presented below shows ti@awdeviation of the electrons from
their original path ends up creating a voltage ssithe plate, in the direction orthogonal

to the current.

Yh
lo

Figure 1: The Hall Effect on a conducting platel-

An open magnetic circuit is used to concentratentiagnetic flux so as to get sufficient

field intensity in order to create a readable \gdtaFurthermore this makes the sensor
almost insensitive to the position of the condudatside the magnetic circuit. In the air

gap is placed the Hall Effect sensor, thus expengna dense magnetic field. In the

particular context of the application developedehérigh currents will make it necessary
to have a magnetic circuit able to concentrate higggnetic flux without reaching

saturation. This means that the circuit must batiradly voluminous, and thus heavy,



even with high magnetic permeability materialscsithe performance of the magnetic
material will suffer a tradeoff with its resistante temperature, a very demanding
constraint. As a matter of fact, knowing the highgmetic flux carried and the frequent
dramatic drop of convection of the air in the aftrthe management of the temperature

is a critical issue.

Magnetic

Core Amplifier

Hall

Sensor

Conductor

Figure 2: The Hall Effect based current sensorl-

1.4.3- About the Piezoelectric Transformers (PT)

Because they are adaptable to very small scaletlagy offer galvanic insulation,
piezoelectric transformers have been considergdctitte from the first stage of this
study, and were the first path explored. The mauree of information was an article of
Techniques de I'Ingénietir It appeared that this solution was not adaptediitect
currents, first because the gain of such transfosnsemainly interesting at the resonance
of the device. The following graph explains thdidiflty of using such a device for DC.

The capacitance symbol stands for the electricaberof the piezoelectric material.



\ 4
A
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i i Orders of magnitude of r and U:

> o oL 107
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g -4
e® R
U=r.l=10"x10’=10"V
Measuring the resistance r gf a
portion of conductor with length L with L=1 cm; S=1 cm? and 1=1000 A

Figure 3: Orders of magnitude associated with piezoelectric trafisrmers

In this configuration the transformer will not offe sufficient gain to provide a
reasonable output. Therefore the piezoelectric sfowamer does not meet the

requirements.

1.4.4- Rogowski transforméfs

This type of transformer offers by its nature galeansulation and sustains a wide range
of currents, due to the absence of a magneticitirand thus saturation phenomenon.
This absence also allows for good linearity. Rodovisansformers are known to offer
correct precision and a large bandwidth. The latdl be reduced if an extensive

winding is used so as to improve the sensitivity.



Figure 4: Principle and basic configuration of a Rogowski Tansformer4-

Another main interest of this type of transfornmesented ifrigure 4, is that while the
winding captures the orthoradial field, the coaxelirn cancels the flow in the overall
loop to be immunized to this type of parasite flux.

Moreover,Figure 5 introduces a configuration where two series oftpdrcircuit boards
carrying the winding are placed concentrically. Theput integrator is working on the
difference of the voltages. An external field wogkeherate very similar voltages on both
half-windings, thus cancelling each other with sltraction whereas those voltages due

to the current to measure would not.
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Intégrateur

Figure 5: Specific configuration for Rogowski transformers4-

One disadvantage of this device is that it needsrrcle the conductor, which will
always be a limit to miniaturisation. In additionis based on Faraday’'s Law, which
means that the output is proportional to the tiragation of flux. It is then unable to
measure DC. The solutions developed in this theasis presented in following chapters
will nonetheless introduce different ways to useaBay’s Law for measuring DC. In the
present case, this would require integrating theatian of flux over the whole time,

which would not make sense.
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1.4.5- Magnetostrictive-piezoelectric magnetic sehs

Other principles have been considered that havetuout to be difficult to adapt to DC.
The magnetostrictive-piezoelectric magnetic sehsbould be cited.

The device consists of a layer of magnetostrictivaterial, a layer of piezoelectric
material and an interface in between. The firsbdas under the action of the magnetic
field surrounding the current to measure. The fatar transmits the deformation, while
the second layer changes this deformation direictly an output voltage. However,
because of different hysteretic behaviour, it tuwasto be impossible, at this stage, to set
up a solid interface. Thus the interface is a wscfiuid, which can transmit vibrations
very well, but not permanent deformations. In addiresonance is used to obtain good

sensitivity. Consequently, this device can onlybed for AC in its present state.

Ferromagnetic sample

Piezoelectric
support

Figure 6: Configuration of the magnetostrictive-piezoelectc magnetic sensor
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CHAPTER 2: THE OSCILLATING COIL (OC)

2.1- Faraday’s law and principle

The heart of this study is about utilising Faradaiaw for a coil. Its expression is

reminded here:

dg ,
e=—-— Equation 1
dt

wheree s the electromotive force due to the variationmaignetic fluxp at the terminals

of the coil. This appears to be extremely attra&cfor several reasons. First of all, it has a
voltage as a direct output of the sensor. Secomglyyith the Hall Effect, this principle is
based on the magnetic field surrounding the comduathich allows measurement
without contact or voltage loss. The architectudegeloped here around this law do not
have a magnetic circuit, thus eliminating the disadages specific to this component.
Furthermore, unlike the Hall Effect sensor, the agpis presented here should not be
significantly sensitive to the temperature.

For DC currents in the bus bar, the magnetic fielstatic, and Faraday’s Law is based on
time-variation of the flux. Despite this fact, #éle concepts developed in the following
chapters make it possible to have a time variatioime flux in the coil, each of them by
different means. In short, the magnetic field &tist but the coil itself does not have to be

SO.

12



The simplest idea consists of moving the coil ia thagnetic field (which is not constant
in the space). Thus, in the course of its displa#nthe coil “feels” a time-variation of

the magnetic flux. Rewriting equation 1, one gets:

%:%Xa_u

Equation 2
ot oJu ot

whereu is the position of the coil. The first term shotst it is necessary to have a
magnetic field gradient, so that the flux in thel eeould depend on its position. The
second term corresponds to the velocity of dispres# of the coil.

The displacement will be obtained using one or s#vgiezoelectric crystals. A beam
will act as a mechanical amplifier. This allows fowvery simple architecture. The beam
will be in resonance, thus the consumption of epésgeduced to compensating for the
different types of losses.

Three configurations were studied.

The first one is a cantilever-type beam:

A set of coils
Beam

y ////
Piezo actuato;\b | [

Figure 7: Oscillating coil on a cantilever beam
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This is the simplest design, and the easiest tdym@ It allows large deflections of the
beam. But it will generate high stress at the l@tween the actuator and the beam. In
addition the coils, if there are several, cannoalbelaced at the antinode. This should be
taken into account when computing the displacemantmuch as a slight rotation of
section, which will affect the flux by the cosinktbe angle of rotation.

Then one has a pivot — pivot configuration:

P

Figure 8: Oscillating coil on a pivot-pivot beam

The cuts in the beam are made to create pivotlilikes with the fixed extremities. Here
the winding may be centred on the antinode, therldtaving no rotation of section. In
addition, the piezoelectric crystal is used in3tsmode, which is the most efficient.
However, this configuration may be more difficutt mount, because of the critical
gluing. Moreover attaching the piezoelectric ceamay interfere with the winding. The
latter should be set up initially, unless it islediaround both beam and ceramic. One
could also imagine a “bender”-type ceramic, beihg beam itself. This would be a
simplified version of this configuration, but noegessarily easy to set up. A bending
piezo-actuator is a bi-layer or multi-layer actwatBasically, bending is due to a
difference of elongation of the layers. Severalfigurations may achieve this result.

They are explained iAppendix A.
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The third configuration can be considered a free-fir a pivot- pivot configuration:

i

Figure 9: Oscillating coil on a free-free beam

Here the actuators vibrate in their 33-mode, bt oan control the vibration easily.
Adding an accelerometer to the device could allomgensation for external vibrations
or perturbations due to strong acceleration by isgntb the actuator the image of the
perturbation with a phase shift of 180°.

A chosen mode, probably the first one, will caitmg important information in the output
signal, the rest being filtered off. Nonethelessntmlling parasitic vibration remains

interesting to preserve the device and protecivitrking mode from external excitations.

2.2- Sensitivity calculation, theoretical study

The first crucial aspect of the design of a sets@ed on a novel concept is to check its
ability to sense anything, and to give a usabl@uutFirst of all, an analytical study is
performed. Fundamentally, the analytical study meguhypothesising the shape of the
magnetic fieldB. The hypothesis is that the field decreases asikidrthe field generated

by an infinite wire carrying a current. In realitye bus bar has a rectangular section, so a
simulation, presented in secti@rB,is necessary to have a better idea of the shapthan

values of the field.
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The reasoning presented below is detailefippendix B:

- Calculation of magnetic fielB due to the curreritin the bus bar

B(r) = Hol Equation 3
27r

- Calculation of the flux oB in the coil

N u(t) +d ,
@ = - A .(In u(t) = dj Equation 4

-
-

Figure 10: Infinite wire hypothesis (left) and flux in arectangular coil (right)

- Calculation of the sensitivity

Wl E;a.d.cu.cosat

2
2 Ug

S =

Equation 5

Wherea is the amplitude of the oscillatiod s the half-thicknesd,the width,andug the

position at rest. For further calculations, theimess omitted, only the amplitude is kept.
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This gives:

|l 2ad.a
S= _Hol 927 Equation 6
2 Ug

- Calculation of the frequency of resonance of theyiag beam for the 'k mode
El, (k,njz ,
o= |—|— Equation 7
pS \ L

With L the length of the bear, is Young’'s modulusp the density, ant, the second

moment of area. Replacing, into the expression afgives a more specific expression:

E ., d?l .
S==24,. 7T |— K" ——a Equation 8
12p uj.L

- Calculation of the maximum amplitude of displacetrsgnxbased on a maximum

acceptable stress_. :

crit -

A = ol Equation 9
> EdKT

Replacinga into s, statingl = a.d, and taking into account the number of coils N, th

maximal value of sensitivity based on the maxinti@ss in the beam becomes:

2
max(s) = —a.£o L d—2 o.N Equation 10
o T\ 3p.E u]
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Now the intent was to dimension the device, sodsave a reasonable sensitivity. Then

Equation 10is flipped into:

d=u

S,.71\/3p.E

0
a'luo 'Ucrit . N

where the desired sensitivigyis introduced.

Equation 11

For practical reasons, the output of the senser afinplification should be aligned on

this of a usual Operational Amplifier (OA), thatts-say +/- 5V as a full range. Here the

full range should correspond to +/-1000A, so weeexphe sensitivity after amplification

(sa) to be 5.1G V/A.

Basic OA may have a gain of 100, tregsieeds to be 5.10V/A.

Table 1: Design parameters and dimensioning of the OC

Parameters (S|) E(Mpa) | p (kg.m®) | s(V.A?Y |a o, (MPa)| uw(m) | N
2.00E+1:] 2.40E+0:] 5.00E-05| 4| 4.00E+0¢{ 3.00E-03|10C
d(m)| 5.17E-04

In red are the design parameters, in black theutzbd values. The last parameter to fix

is the ratio between length and width. To respelty the “beam hypothesis”, this ratio

should be at least ten. Nonetheless, two configuratare presented in the next table,

with a ratio 5 and 10 respectively.
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Table 2: Dimensioning of the OC for two different ratiosof length to width

2d I L/I L a Uo (M) w
1.03E-03] 2.06E-03 5| 1.03E-02| 4.19E-05] 3.00E-03] 2.52E+0!

| 1.03E-03] 2.06E-03] 10] 2.07E-02] 1.67E-04] 3.00E-03] 6.29E+0:

2d=1mm 4 L=20mm R [=2mm

 —

vAu:a

Figure 11: Dimensions of the OC device

Under the threshold of 10, a Finite Element Anaysiould be performed to check the
natural frequencies of the beam. Moreover, somesuerse modes may appear, even
though their influence should be minimal.

The calculations presented here are directly falidhe model corresponding Egure

9 or Figure 11 For this ofFigure 8, the same calculation could be performed with a
homogenised section.

According to this analytical study, such a devigpears to be feasible. Even if not
adaptable to the scale of MEMS, a 2x2x25mm dewcsill very light (less than 1g) and
occupies a small volume (100rf)m

Still relying on the theoretica®, a Matlab calculation is done to check the infeeof
the hypothesis made in the analytical study. Thdeand the detailed results are shown

in Appendix C.
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BUS BAR

Figure 12: The sensor in its environment. The coils (in red) rece a magnetic

flux that varies in time as they move in a hon-constarfteld

2.3- Simulation of the magnetic field B

Since the bus bar has a rectangular section, a@stninch as the device will be operating
near the conductor, it is predictable that thedfiewill be quite different from that of our
starting hypothesis. Nevertheless, the latter wesy wseful as a tool for a rough
validation of the concept and for dimensioning.

This section presents the result of the simulatonducted with a piece of software

named FEMM (Finite Elements Method for Magnetism).
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Figure 13: Field lines surrounding the bus bar

3.375e-005 : »3.550e-005
3.199e-005 : 3.375e-005
3.023e-005 : 3.199e-005
2.848e-005 : 3.023e-005
2.672e-005 : 2.848e-005
2.497e-005 : 2.672e-005
2.321e-005 : 2.497e-005
2.145e-005 : 2.321e-005
1.9702-005 : 2.145e-005
1.7942-005 : 1.970e-005
1.6192-005 : 1.794e-005
1.4432-005 : 1.619e-005
1.2672-005 : 1.443e-005
1.092e-005 : 1.267e-005
9 160e-006 - 1.092e-005
7.404e-006 - 9 160e-006
5 648e-006 - 7 404e-006
3.892e-006 - 5 648e-006
2 136e-006 - 3 892e-006
<3 796e-007 - 2 136e-006

Density Plot: |B|. Tesla

Figure 14: Density of flux surrounding the bus bar
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The area of simulation has a radius 40 mm, andsgmmetric boundary condition. The
rectangle in the middle represents the bus baentak an amagnetic copper conductor of
cross section 3 mm by 20 mm. All the rest of theutation area is considered as air and
the small rectangle above the bus bar is a plagergfthin mesh.

The configuration is a planar problem, assuming th& plane is far enough from the
ends of the bus bar. As a matter of fact, at ttagesof the study, a precise modelling of
the electromagnetic environment is outside of tups.

In addition, despite the two axes of symmetry, FEM not easily allow reduction of

the simulation area by four.

3.3756-005 - >3 550e-005
3.199e-005 - 3.375e-005
3.0236-005 - 3.199e-005
2.848e-005 - 3.023e-005
| 2.672¢-005 - 2.848e-005

|| 2487e-005 - 2.672e-006

[ 2321e-005 : 2.497e-005

[ 2.1450-005 - 2.321e-005

[ 1.970e-005 : 2.145-005

[ 1.7942-005 : 1.970e-005

[ 1.619e-005 : 1.794e-005

[ 1.443e-005 - 1.619-005

[ 1.267-005 : 1.443e-005

| ] 1.092¢-005 : 1.267e-005

[ 9.160e-006 : 1.092¢-005

[ 7.4042-006 : 9.160e-006

[ | 5.648e-006 : 7.404e-006
[ ]3892e-006 : 5.646e-006
[ 12136e-006 : 3.892e-006
[ <3.796e-007 - 2.136e-006

Density Plot: |Bl, Tesla

Figure 15: The magnetic flux near the conductor

The data was extracted to create graphs for irg&fon of the simulation resultSigure
16, Figure 17 andFigure 18 give these details on the magnetic field in theaarontained

in the small rectangle above the bus bar.
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At first sight, this location does not seem to lhe most favourable for the sensor because
it is not the place with the highest gradienBofBoth highest flux and gradient Bfare
located on the sides of the bus bar. However,nbtsa question of orders of magnitude as

one can see one the colour scale for the flux.

This is illustrated irFigure 19 andFigure 20. These figures show the analysis of the data
of a previous simulation, which has been conduetithl a bus bar of dimensions 6 mm x
40 mm, a thicker mesh and a full range current QR)0Data is collected in both the
horizontal direction x and the vertical direction The ratio between the maximum
gradient in the x-direction and the maximum gratliarnthe y-direction was around 3.5.
This is probably not advantageous enough to congpertee problems of sensitivity to
the location, which is much higher if the devicelaced on the side. As a matter of fact,
the value of the gradient is more or less constatite first case whereas it is not at all in
the second. And considering the size of the OCagg\the large side of the conductor

appears to be more convenient.

Thus it appears more beneficial to install the sens the vertical axis of symmetry, i.e.
in the middle of the area contained in the smaitanregle. This is why this focused study

is conducted only in this area.
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2,90E-05 0,00E+00
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2,85E-05 ¢ —=— d(Bsimu)/dy
Linearisation of B simulated | | -5 00E-04
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2,75E-05 - | 1.00E03
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y (m)

Figure 16 : Magnetic field B simulated, linearization and gadient
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Figure 17: B from simulation in comparison to expected values fromraalytical model
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Figure 18 : Gradient B from simulation in comparison to eypected values from analytical model
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Figure 19 : profile of B and its gradient
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Figure 20: profile of B and its gradient

Again, the last two figures display data for anotsieulation with 1000 A of current and

quite different dimensions for the cross section.

To clarify the notationB stands forB|, which is in all the situations of this study abjto
Be R by symmetry. Indeed, the magnetic flux shouldagisvbe normal to the axis of
symmetry of the problem. In terms of flux one ienested irgo H Then “gradient oB”

then stands for the derivative cﬁ’( R) in the direction of interest (x or y).
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It appears in the analysis of the data extracteh fihe simulations tha right above the
bus bar is approximately 2.5 times smaller thanviidaes given by the analytical model
(Figure 17) and the gradient @ nearly twelve times smaller. This leads to resyntire
calculations of sensitivity of the sensor with ttesults of the simulation as a starting

point instead of the analytical model.

2.4- Resuming the calculation with B simulated

The first idea was to directly use the data exé@drom the simulation in a Matlab
program to perform the numerical calculation of $kesitivity. To achieve this, a text file
is generated by FEMM and then converted by Excel antable that Matlab can use
directly.

This approach requires a large number of pointshen simulation, and matching the
integration points in Matlab with those extracteshf the simulation. The consequence is
that the syntax of the program becomes burdensardeirgefficient. Furthermore the
resolution obtained is not very good.

Since the linear regression Bfis very well fitted in this area (r2=0.99994, Efgure 16),

it is more convenient and much more efficient te thss linear model dB.

A Matlab program given idppendix D shows how the new values of the sensitivity for

the oscillating coil are computed, using the din@ms previously given by the analytical

approach in sectiol.2
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Figure 21: Flux of B and its time-derivative obtained forthe simulated and linearized field B

One sees on the second graph displayddgare 21that the sensitivity has decreased by
a factor 10 in comparison with that calculated witlke infinite wire hypothesis.
Considering the size of the device, it does notnseeasonable to multiply by 10 the
number of coils. Increasing by this factor the gafithe OA is another possibility as well
as increasing both parameters simultaneously.

Now as one has an analytical expressioB dfiat comes from the linear regression, it is
possible to reproduce the reasoning applied prelyan order to derive a new value af

This reasoning is shown Annex 6, and gives:

S\/30E
d= i Equation 12
2blaacrit N
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Table 3: Design parameters of the OC considering the simuled magnetic field

Parameters (S|) E(Mpa) | p (kg.m%) | s(V.AY |a]| o, (MPa)| N by
2.00E+1:| 2.40E+0:| 5.00E-05| 4| 4.00E+0¢ 10C| 1.89E-03
d(m)| 1.77E-03

As a result, one obtains the following dimensions:

Table 4: Dimensioning of the OC considering the simulatethagnetic field

2d

L/I

L

a

@

3.54E-03

7.09E-03

10

7.09E-02

5.74E-04

1.83E+0¢

These dimensions are not satisfactory. The lersgthcentimetres,e. 3.5 times the width
of the bus bar. To make this solution feasible, esaesign parameters have to be
modified. If the OA gain is doubled to 200, therbecomes 2.5x10 If N is set to 150

andL/l is set to 5, one gets:

Table 5: Adjusted design parameters of the OC

Parameters (S|) E(Mpa) | p (kg.m%) | s(V.AY |a]| o, (MPa)| N by
2.00E+1:| 2.40E+0:] 250E-05| 4| 4.00E+0¢ 150| 1.89E-03
d(m)| 1.02E-03
Table 6: Adjusted dimensioning of the OC
2d I L/I L a w
2.05E-03| 4.09E-03 5| 2.0tE-02| 8.29E-05| 1.27E+0!
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This eventually leads to an acceptable result imseof dimensions. Considering the
violation of the beam hypothesis, it will be ne@ygsto check the natural frequency of

the beam by a finite element analysis.

2.5- Output signal

0¢

A frequency analysis of output signals is conductét output signal ie = _E'
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Figure 22: Frequency content of the output signal
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The first analysis of frequency content has beemlaoted on the theoretical signal given

by the Oscillating Coil and the infinite wire hypessis.Figure 22 comes fromAppendix

C where the program is given, along with more pttailing the shape of the signal and

the influence of simplifications made in the anialgt calculations. Here it is already

noticeable that the signal is almost a sinusoidchBaeak of the power spectrum is an

order of magnitude lower than the preceding peak.

« 10" power spectrum of the signal
E I I T I I
|
41 x: 1e+004 §
o 4.603e-009
a8 -
['] L L 1 L L
0 0.5 1 1.5 2 25 3
frequency (rd/s) x 10°
zoom on the log10 of the power spectrum
u T T T T T T
20 4
40F .
_Eu 1 | | | | |
0 0.5 1 1.5 2 25 3 3.5
frequency (rd/s) x 10°

Figure 23: Frequency content of the output signal

Figure 23 shows that for a lined as provided by the simulation, the output sigriadro

Oscillating Coil is a sinusoid. The code is showi\ppendix D. To verify this fact, the

second plot in this figure displays a zoom on tbgatithm of the power spectrum.

31



Logarithm is used to check out hypothetic smalleaks, and the horizontal zoom helps
detaching the peak from the left side of the windmathat it is easier to see. It is clear

here that there is only one frequency, so the auwtpds up being a perfect sinusoid.

The signal will be processed at least for amplifyand if necessary for filtering. This
filtering will get rid of noises with electromagmneir mechanical origin. In the case of
mechanical-based noise, one could consider a meahaneatment. As stated when
presenting the configuration of beams for the cetwilyy coil device, it could be beneficial
to place an accelerometer detecting the paraditations, treat its signal and send it back

into the command of the actuator.
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CHAPTER 3: THE VARIABLE SECTION COIL (VSC)

3.1- Principle

While developing the Oscillating Coil presentedcimapter two, another way of using

Faraday’s Law was investigated. It appears by edipgrEquation 1 as follows:

%:%X§
ot 9S ot

Equation 13
WhereSis the cross-sectional area of the coil.

That is to say one can obtain a time-variationhef flux by changing the cross-sectional
area of the coil. Here the study is more at thargegac level, and the type of actuator is
not defined. The rate of deformation of a piezagiecrystal should be too small here,
unless integrated into a mechanical oscillator tmatid bring large displacements. Other
possibilities can be considered, such as usindreatic forces or other techniques that

become feasible at small scales. Two basic typgeaietries were studied.
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The fist possibility explored is the diamond-shapeit:

Figure 24: Diamond-shaped VSC

Whereh is the hypotenuse of the triangle that constitetssh quarter of the diamonrd,

ande, its initial sidesa andb the respective elongations of these sides.

This idea happened to be already implemented aschanial motion amplifier for
piezoelectric actuatofs One sees easily that it offers a good amplifizatf the motion

(a > b). The smallé,, the bigger amplification, but the bigger interainstraints as

well, since the configuration gets closer and aldsea singular point. Note that at point
A, high values of acceleration will be reached, eesglly in the case of a large
amplification. But what is interesting to the studythe cross-sectional area change that
will bring the flux variation.Figure 24 shows that this geometry provides a significant

area change.
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The second possibility is the following:

Figure 25: Hexagonal shape VSC

This hexagon is designed to convert the gain ipldcement into a maximised gain of
area. It behaves actually as the addition of aarggté and a diamond that would have
been split in two parts and apposed on at the ehtlge rectangle. In this configuration,

the angled, can be increased to 45° in order to allow largmeations around the

configuration at rest. This will also result inra@othing of both time-variations afand

of the area. Consequently there will be a dramdgicrease of acceleration in the upper
bar, thus reducing the mechanical constraints ersyfstem as well as the peak kinetic.
As a consequence it also decreases the maximunicelastential energy of this
resonator. The last statement can be derived byozriopating the resonator to a
mechanical system subject only to conservativeefrior which the total mechanical

energy, being the sum of the kinetic energy anguttential energy, remains constant.
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Now consider a magnetic fiell that decreases along the vertical axis. Fasteahmgoil
on its upper bar allows concentrating the area gharear the bottom bar, the one that
experiences the higheBt thus increasing the flux variation. Two other sibgities can
be considered. The easiest way of mounting the desito fasten the lower bar on the

bus bar. A way that would reduce the acceleratiotise system is to fasten the middle.

R A

S R |
Field linesoB .~ - 72, ,
/ / . . k

Figure 26: The sensor in its environment. The coil receives a

magnetic flux that varies in time as it deforms
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3.2- Sensitivity calculation, theoretical study

Integrating a field in 1/r over a hexagon whosepghahanges with time is nontrivial.

Thus the calculations are directly performed nuoaly. The program is shown in

Appendix E.

lo =500 pm

__________________

Figure 27: Example of dimensions for hexagonal shape \CSased on B for an infinite wire

To get sufficient deformation, the structure mudiraie, which requires stiffness. This

stiffness can be integrated in the pivots if oneases an appropriate technology, or come

from a spring.

4"

%

Figure 28: Two types of articulationsof VSC
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The technology used for the six pivots is not fix€do suggestions are madeRigure

28. The first one is a classical solution for smakle devices, while the second, figuring
a cylinder into another cylinder, is more difficadt manufacture and requires adding a
spring to the structure. In both cases, the nattreduency of the device will be
considered as a parameter, considering that ibeanidely adjusted, by using elastic to
super-elastic materials, or by using springs.

Again, the main objective is a sensitivity of 5°MJA. Two cases are presented for very

different scales. Here are the design parametershenresults in the form of curves.

Table 7: Set of parameters for the VSC

a (rd/s) h (mm) lo (Mm) td (%) N
1,00E+04 1 5 4 6

x10° dphi/dtséparément dans le rectangle et dans le losange
5 T T T T T T

_5 1 1 | | 1 1

0 0.2 04 0.6 0.8 1 12 14
10
w107 d phi / d t dans la spire compléte
5 T T T T T T
0F -
_5 1 1 1 1 1 1
0 0.2 04 0.6 0.8 1 12 14
-3
* 10

Figure 29: Derivative of the flux separately in the rectangd and the diamond, then on the whole caoll
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% 10° max surtde (d phi/dt). en fonction de teta
E T T T T T T T

U 1 1 | 1 1 1 1
0 10 20 30 40 50 G0 70 60

teta en degrés

Figure 30: Maximum in time of the derivative, in function of the angle at rest

Following the reasoning explained before, thistfasnfiguration has been optimised to
have its best performances around 45°, as showirignre 30. Now a second

configuration is presented

Table 8: Second set of parameters for VSC

a (rd/s) h (mm) lo (Mm) td (%) N
1,50E+06 0,05 0,5 0,2 12
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w10~ dphi/dt séparément dans le rectangle et dans le losange
4 T T T T T T

rectangle
losange |+

0 .
2 4
_4 1 | 1 1 1 1 | 1
0 1 2 3 4 b B 7 g 9
&
x 10
w10t d phi/ d t dans la spire compléte
1 T T T T T T T T
0&6F -
OF .
05 4
_1 1 | 1 1 1 1 | 1
0 1 2 3 4 b B 7 g 9
&
x 10

Figure 31: Derivative of the flux separately in the rectangd and the diamond, then on the whole coll

w10 max surt de (d phi/dt), en fonction de teta
E T T T T T T T T

U 1 Il 1 Il Il 1 Il 1
0 10 20 30 40 0 60 70 a0 90

teta en degrés

Figure 32: Maximum in time of the derivative, in function of the angle at rest
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Here the rate of deformatidd% is chosen to be small (0.2%) because this defaomat

can be achieved by a stack type piezoelectric tartua

Piezo Stack

Figure 33: A hexagonal coil actuated by a stack

For a larger rate of deformation as in the firstafeparameters it would be necessary to

use a different actuating principle, such as aratw placed on the top of the structure.

Surprisingly enough, in both cases presented atheevéux time-variation is larger in the
diamond part than in the rectangle. This may babse the “dead surface”, i.e. the part
of the surface that remains always open, is prapually larger in the rectangle than in
the diamond. This points out the effect of the ‘@learface”. One sees again that the aim

is not to have the largest magnetic flux, but teehthe largest variation of this flux. Thus
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it appears that the device, having a large “deathse’, could be highly improved by
neutralising it.

All these results are based on the infinite wir@dthesis, considering that the magnetic
field B decreases as 1/r. It is then necessary to cheek dhasely this hypothesis

corresponds to reality.

3.3- Resuming the calculation with simulated B

For the Variable Section Coil the dimensions ol&dipreviously in section 3.2 are used.
To obtain the chosen sensitivigywith the same dimensions, the number of coileid®
100. For such a number of coils it becomes com@icad simply reproduce the device
by translation as shown iRigure 34. It would be necessary to use one or two of these

devices as a support for a winding.

Figure 34: Reproducing the coil by translation
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Table 9: Set of paramaters for VSC

a (rd/s) h (mm) lo (Mm) td (%) N
1.00E+04 1 5 2 140

It appears thate should not be too high, since it would generatgy ¥gh accelerations.
Large deformations are preferable from the dynampumisit of view. The Matlab code
used for deriving these parameters from the cdiomaof sensitivity is shown in

Appendix F, and displays the following results.

x10° phi(t)
4 T T T T T
3 - -
2 [ -
1 - -
U 1 1 1 1 1
0 0.5 1 1.5 2 25 3
temps (s) %107
w107 dphi/dt

5 T T T T

0 0.5 1 1.5 2 25 3
temps (s) -2

Figure 35: Magnetic flux in the coil and its time derivative
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Figure 36: Dynamics and kinematics in the caoill

The top graph irFigure 36 introduces dynamics considerations. One can sdetliba

device experiences very high acceleration. Moraildedbout the geometry and materials
should be fixed in order to get further informatiabhout forces and stresses involved.
This would allow establishing whether the actuatan supply enough power to impose
the deformation. Most likely, it will be necessdoytake into account the inertia of the
structure beforehand in order to know the actuédrdeation, instead of considering that
the actuator can impose its sinusoidal variationleofgth. This would push towards

smoothing the acceleration.

As previously stated, the maximum acceleration dam lpe reduced by fixing the centre

of the coil instead of the bottom.
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Such a rate of deformation as that considered énladist calculations (2%) requires a
different type of actuation than a transversal @abectric stack. This would most likely
be a structure using a resonator, which could géeerery large rates of deformations.
Then the implicit hypothesis of the program imposigdeformation at the lateral

extremities is not realistic anymore.

Both shape and frequency of the output signalstittngly depend on the solution chosen
and on the design parameters. In any case, ib&iin alternating current. As one can see
in Figure 47, it will not be a sinusoid for the VSC solutiont kast not in the case of a

deformation imposed to be sinusoidal at the latexalemities of the coil.
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CHAPTER 4: THE ROTATING COIL PLUS STATIC COIL (RC€3

The search for an actuation principle of the Vddabection Coil that would both induce
a smooth variation of flux and exploit the wholefaae of the coil without “dead area”
led to another idea. Instead of changing the csestional area of a coil that would stay
oriented so as to face the field line, the coillddoe driven in rotation, in order to be
successively “open” to the magnetic flux or “closethat way, the variation of the flux
would operate on the entire surface of the coil B@démooth. The faster the spinning, the
higher output. Internal efforts would be reducedtssible contact-generated efforts at

the links and those due to centripetal acceleration

4.1- Principle

4.1.1- The Rotating Coil as a first approach

At first, the concept is as simple as stated abdveet of coils is deposited on a rotor
placed in the field so as to be at each turn successively facing egnatic field lines

or parallel to them. The value @f (the flux in the rotor) will then vary at each cpiete
turn from full range to naught, then full range thie other face and naught again. Thus
the flux ¢, is time-varying, even if the magnetic fidBdand the current | are constant in
time. In the following,B and | will always be considered to be constantaAsatter of
fact, this device can as well be used for AC currand the following analysis will
remain valid, provided that the frequency of ratatiof the rotor is sufficiently higher

than the frequency of the AC current to be measudth this simple modelling, the
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bandwidth grows with the parameter, the frequency of rotation. This consideration is

actually valid for all the devices presented irs tthesis.

Figure 37: Above the bus bar: rotor carrying a coil and &cing a field line

4.1.2- Adding a Static Caoll

Faraday’s Law ensures that there will be on theri®tset of coils an electromotive force
e , image of B, and eventually of the current | ie thus bar. But collecting the signal on
a spinning part may be challenging, and impliestalal tracks for contacts involving
both mechanical and electrical losses, as wellgasgaand complicated assemblies. The
RC+SC solution proposed here intends to avoid citig the current on the rotor, by

adding another layer of electromagnetic interactioimoducing a static coil on a stator.
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For its carrying and e.m.f., the RC is also camgydncurrent,. This current circulating on
the coil will be generating a magnetic fidddnormal to the coil’s plane and following its
spinning motion. Another set of coils on the statointended to capture this spinning
field By, using Faraday’s Law again. As a matter of fdog phenomenon of the coil
spinning in a fixed field is similar to this of &éd coil in a spinning field. It is clear
though thatB, is several orders of magnitude undgrsince the rotor will carry a very
small current,. The fact of having multiple coils carrying thisrent will compensate

minimally this difference.

It is important to notice that the stator is sawsito time-varying magnetic fields only,
namelyB;. But to avoid direct interaction with in case of an AC current to measure, the

stator will be oriented so as to be parallel toftéle lines ofB.

Figure 38: above the bus bar: rotor and stator with a queter of a turn
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4.2- Sensitivity calculation, theoretical study

4.2.1- Magnetic flux in the rotor and subsequetitage and current

Considering that the flux of the magnetic fi@ddepends on the anght) between this

vector and the vector element of surface, Faradagvs can be expanded so as to let this

angle appear:

% = %x% Equation 14
ot 08 ot
With: Bt)=(B. 51 =wt+a Equation 15
And: ¢, = ﬁ§° d§ Equation 16
S
__dg, __d :
e =- el aiij(x, Yy, z).cos(8(t)).dxdy Equation 17

It is reasonable to consider a space averagéxoy, z) since the coil does not deform

nor move in the vertical direction and since thrigaf the field just above the bus bar

does not vary significantly along the conductorigitév.
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Moreover, as B can be considered constant in tineee.m.f. becomes:

g = -B-S%COS(E(U) Equation 18

The hypotheses made @&will make it necessary to check this sinusoidalpghan the
simulation conducted isection4.3.2. By including the number of coitg on the rotor,

the e.m.f. can be written as follow:
e =w.B.S.n sin(4(1)) Equation 19

If R is the natural resistance of the coil, due tor@sistivity, then the current can

finally be written:

i = @sinw(t» Equation 20

4.2.2- Magnetic flux in the stator and sensitivity

The magnetic flux generated by the rotor is a cemplinction of the space. As a matter
of fact, the winding is deposited on a printed witr®oard constituting the rotor. Then it
must be in-plane, what makes it a rectangular lsgimeorder to increase the number of
coils, rotor will be printed on both sides, withetrconsequence of improving the
symmetry of the device. If necessary, the PCB ¢smlae multi-layered, so as to increase

the number of coils even more. In this context,neusing Biot and Savart’'s equation to
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estimate the field at one point would require gquigavy calculations. An analytical

calculation of the field as a function of spaceus of the question.

Since a strong simplification is required, let gsuame that the magnetic field due to the

current in the rotor’s coil seB;, can be averaged inside the coil and approximated

B =yi,.n Equation 21

Where yis a constant coefficient (T:Aturn®). ThisB; is carried by a vector normal to

the rotor and spinning with it. Then the e.m.f.tba statorg;, can be calculated.

e =- d(is = —%{j gr . dgs Equation 22

Equation 22, whered§s is the vector element of surface of the statorpbess, after

calculations shown in details Appendix G, becomes:

«’.B.n?n_.S%
e =

! ; Y sinB() Equation 23

It is important to keep in mind the different hypesis, especially this concerniBg The
section areas are also approximated to be the &@nke rotating coil as for the fixed

coil. Thus the formula is not directly usable forfudl analytical optimization of the

51



design, but it can help getting an order of magtatof the sensitivity. This formula is

also meant to show the interesting parametersgesedan idea of the shape of the signal.

This analysis is based on a value of the magnedid B that has been extracted from

previous simulations, and on an averaged valug @stimated through Biot and Savart

equation. The objective to give orders of magnittamtethe parameters so as to reach a
sensitivity of 5.1¢ V/A, which means 5V at full range including an aifiet of

coefficient 100, leads to establish the set of pa@tars presented in the table below:

Table 10: Set of parameters for RF+SC based on a full raegor |

(Sh n; B(1000A) L I S @

Rotor 10 2,40E-02 1,00E-02 2,00E-03 2,00E-05 4,00E+03

ng Br
Stator 10000 6,81E-05 2,00E-05 4,00E+03

d; & R i j (A/m"2) j (A/mm”2)

Rotor 9,00E-05 1,92E-02 5,88E-01 3,27E-02 5,13E+06 5,13E+00
ds & Rs is

Stator 1,00E-07 5,47E-02 2,90E+08 1,89E-10 2,40E+04 2,40E-02

s(VIA)  547E-05 |

In red are the design parametetrsandd, are respectively the diameter of the conductor
of the rotor and this of the stator. It is necegsamrealize that an analytical model is very
complicated to establish for this problem, and nexu many hypotheses and

approximations. The value 8fis estimated from the simulation conducted witthViRE
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4.3- New simulation for a three dimensional magnetiproblem

4.3.1- Limits of the software and decomposing thalysis

This next step is then to conduct a magnetic sitimlaThe electromagnetic problem as
presented ifFigure 37 andFigure 38is not plane since the rotor introduced evolves ou
of a cross-section plane of the bus bar. A thresedsional software is then required. In
absence of accessible software to conduct timerikgre electromagnetic simulation, the
magnetostatic solver of ANSYS will be used. Thispli®s a non-trivial process of

simulations.

First of all, the problem will be decomposed acaogdo a quasi-static approach, which

means that the simulation of the flyx of B in the rotor and the following e.m.f. and
current on one hand and the subsequent fluxof B; in the stator along with the

following output voltage on the other hand, will ienulated separately. So the first set
of simulations will establish the currapntin the rotor to validate the analytical expression
of it, and the second set of simulations will eb&iibthe output voltages in the stator.
Moreover, these two sets will actually decompose axnumber of static simulations with

different angular positions of the rotor so asdconstitute the signals from these points.

As a consequence of this quasi-static approachsepbaift is neglected. This can be

justified by the fact that the time-constants @cgélomagnetics can be negected in front of

these of the dynamics.
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4.3.2- Magnetic flux in the rotor and subsequeritage and current

The simulations are conducted using the parameissposed inTable 10 As the
outcome of the modelling fog andi, presented irEquations 19and 20 is extremely
simple and as the one hypothesis that an av8aga be used is very reasonable, the set
of simulations only contains 7 points to explorguarter of a turn of the rotor. Once it is
checked that a sinusoidal model fits perfectly, test of the turn is obtained by

symmetry.

Table 11: Average flux density on the rotor in function éthe angle

Angle (deg) Angle (rad) avqg flux density | cosine model
0 0 2,42E-02 2,39E-02

15 0,261799 2,33E-02 2,31E-02

30 0,523599 2,07E-02 2,07E-02

45 0,785398 1,67E-02 1,69E-02

60 1,047198 1,16E-02 1,20E-02

75 1,308997 6,06E-03 6,19E-03

90 1,570796 6,60E-05 1,46E-18

Flux density is the way ANSYS names the magnitudB or the component asked for.
Here it corresponds to the component along theovewirmal to the rotor. This way, and
since the meshing of the conductor has a perfeetiylar size, it is sufficient to extract
this flux density from all the points of the medgiiof the surface of the rotor, average it,
and multiply by the surface, so as to get a nurakgquivalent to the integral ov&rof

the scalar product betwe@&and the vector element of surface, that-is-tothayflux ¢,

in the coil.
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Figure 39: Data and modelling for the average flux densitpn the rotor

The cosine model fits the data points closely aasldn amplitude o239x107 T, which

validates both the value @ used in the analytical sensitivity calculatiohable 10,

240x107°T) and the expected cosine shapegof As a consequence; and i; are

validated as well, since they are derived straagithrdly from ¢, . The updated values

are very similar to the previous ones, and sumradiiis the following table:

Table 12: Electromagnetic characteristics of the RC+SC aftethe simuation for @,

(Sl) Ny B(1000A) e i
Rotor 10  2,40E-02  1,92E-02 3,27E-02
Ng Br & is
Stator 10000  6,81E-05  5,47E-02 1,89E-10
[s (VIA) 5,47E-05
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4.3.3- Magnetic field of the rotor

Knowing the current; on the rotor in function of the angular positidloas conducting
the second part of the simulation task. It congistssing this current to reconstruct the
field B, for the different positions of the rotor. In as rhuas the analytical model built to

predict the fluxg, uses very simplistic hypotheses, in particular eoning the magnetic

field of the rotor, more output points are needed| the simulations will be spread over a

whole revolution of the rotor.

“ANSYS

Noncommercial use only

o

(1] 0,002 u‘u‘m (m)

0.001 0.003

Figure 40: Normal component of the magnetic field in the rwr's coil and in the immediate
surroundings, for g =90°
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4.3.4- Magnetic flux in the stator and sensitivity

Thus, the interva[O,Zn] is discretized into 48 points. For the anglest0and 21, the
currenti, is naught since it is a sine function, so theneasimulation. For each the other
45 points, a simulation is conducted, where a gé&yms generated with the actual
position of the rotor, it is transferred in the matc simulation environment and loaded
with the value of the current corresponding to dlceual value of the angfe. Then the
meshing is generated and the simulation is runil&iiy to the flux in the rotor in the
previous section, the value of the component ointlagnetic fieldB, normal to the stator
is extracted at each point of the meshing of théost This meshing is made regular in

size so the fluxp, can be computed as the product between the avefabe extracted

values and the area of the coils of the statortiphi@ld by n, andns.

3,00E-05 - - 4,00E-02
‘ - 3,00E-02
2,00E-05 -
- - 2,00E-02
< 1,00E-05 - M ¢
2t N * - 1,00E-02
c & * * * <
g ¢ o, *5* ‘o, =
S 0,00E+00 #4644 ‘ ‘ ogiess® ‘ 998 0,00E+00 G
= 0,00 1,00 2,00 x ¥F00X 4,00 5,00 500 5
@ -1,00E-02 ©
& -1,00E-05 -
(O]
= - -2,00E-02
-2.00E-05 -
- -3,00E-02
¢ fluxin stator
Beta (rad) —=— current ir

Figure 41: Simulated flux in the stator in functio of the angular position of the stator
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Figure 41 presents the collection of points outputted frdma set of simulations in the
series “flux in stator”, as well as its derivatweh respect to the angfe. This derivation

is calculated at each point from the previous &edntext point of the flux, so as to avoid
introducing an artificial phase shift and an actdl agitation of the function. Data is

provided inAppendix H.

dg, _Ag, _ ¢.(8+08)-¢,(8-15)

Equation 24
dg AB 208
Then the e.m.f. is calculated as follows:
e = —% = —%% Equation 25
dt dg dt
And e = —a)% Equation 26
dg
Since L=at Equation 27
And the overall sensitivity of the RC+SC is:
e w dg, .
- Equation 28

S=—S =
|

| dg
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Figure 42: Overall ouptut sensitivity of the RC+SC sengo

4.4- Output signal

It appears clearly that the output in not the sindonction predicted by our simplistic
analytical model, but it is noticeable that the miagde is similar to this expected, and
that the signal i« -periodic.
Now the sensor is meant to give an image of theeatrin the bus bar, which is,
according to our approach, a scalar. Thus outgmiasishould eventually be reduced to a
scalar as well. Two approaches are possible irr dodget there:

- either keeping th«w fundamental frequency and filtering out the asher

- or rectifying and integrating the signal over omeadew periods.
The first one gives a sinusoid easy to deal withengas the second way avoids wasting

power. The code and plots of the detailed signalyais are provided iAppendix I.
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Figure 44: Output signal, rectified and integrated over 471
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4 5- Mechanical considerations

The patrticularity of this design compared to thpsesented before is that it does not
oscillate, it rotates at a constant speed. As disdwot work based on elastic vibrations, it
is much less subject to high accelerations and bigisses. The aim is to develop air
bearings to avoid contacts, thus the only two tygfemechanical issues left are the effect
on the rotor of an abrupt variation of the veloaty orientation of the aircraft on one

hand, and stresses due to centripetal accelemtidhe rotor, since it spins at high speed.
While the first of these issues will be stronglypdedant on the design of the bearing, the

second one can be estimated based solely on theeggoof the rotor. Calculations
presented i\ppendix J lead to a maximal stress @66x10° Paor 0.466 MPa for the

dimensions and angular speed presentéhliie 10 and a silicon-based rotor. This is a

fairly small value and should not create any proble

4.6- Further developments

Optimisation, linearity, resolution, one “massiwail.

It is highly interesting to notice that Biot andv@et’'s equation applied at the centre of a
circular coil with diameter the average between téegth and the width of the
rectangular coil gives a very good approximatiorthaf average value of the field in this
rectangular coil 81x10° T instead of 703x10°T, i.e. 3% error in this case). This
could be included in the analytical model. But thédue ofB; is not valid outside of the
plane of the rotor, where it decays rapidly. An reggion of this decay in space is

necessary to set up a much better modelling obtlegall sensitivity, since the current
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equation implicitly supposes a constant valu®.ofalid as far as the plane of the stator.
Nonetheless, the current expression of the seitgi(izquation 23) suggests an path of

optimisation presented #Wppendix K leads to the equation below:

e, U Al/z Equation 50

Equation 50 suggests that the area of the section of the atodshould be as high as

possible. This can be understood as bringing ddwrrésistance of the winding and thus
raising the current, and the magnetic fi@ld then the overall sensitivity. Based on this
optimisation, the rotor should be carrying or skigukt be one “massive” coil rather than
a large number of smaller coils.

It is clear that any optimisation based on suchnmeplified modelling should be taken

with care. The simulations conducted until thisnpodo not represent well such a
geometry, since it uses a thin conductor on therr@t thick conductor obstructing most

of the surface intended to receive the magnetild fis not a classical situation for

computation of the flux. The conductor is usualgduced to a line, so the surface
delimited by the inner dimensions and this corresiitg to the outer dimensions are
identical. Here it becomes important to determiether the flux should be calculated
over its outer or inner-dimensions, or any interiatd dimension. In addition, in the

modelling set up here, the area of the rotor's modpproximated to be this of the rotor
itself as well as this the stator’s coil, to avta#ting magnetic leakage into account. If the
rotor’s coll is thick, therS will be corresponding to its outer dimensionsjtdits inside

the stator. And, since the field lines generatedthry coil buckle around it, a non-
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negligible difference between the effective “magpiesurface of the rotor’s coil and the
surface of the stator’s coil may imply important gnatic leakage counteracting this

optimisation.

|
|

Figure 45: The rotor based on last optimisation becomes §ti one massive coll
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CHAPTER 5: CONCLUSION

When implementing analytical or simulation-basedigies into an experimental process,
one expects at least an offset, and quite likeipesanpredicted phenomena that can be
marginal or major. In this context, the lack of gias on the design parameters
(especially the size) concerning the OscillatingilG® a handicap compared to the
Variable Section Coil or the Rotating Coil plus t&t&Coil designs. In the other hand, the
OC is the simplest design, and the only one witkliable analytical modelling than can
significantly help the development of a prototype.

VSC and RC+SC have a greater potential for minisation, featuring respectively 1 to
10mm and 10 to 15mm as a rough value of their rdairension, whereas the OC would
rather feature 30mm under tight constraints. If Y¥&C is probably worth exploring
despite potential issues with internal efforts daefast deformation and large local
accelerations, the most promising is probably tk+8C design. As a matter of fact, it
should bring much less mechanical issues thanatbether ones, since it is not based on
any deformations and actually is driven from itgor by the objective of minimizing
mechanical efforts.

Despite the difficulty for modelling the behavioof this sensor towards its design
parameters like the dimensions of the rotor ands#wtion of the conductors, this design
has a high potential. As a matter of fact, it akot@ consider various improvement
possibilities if they proof to be necessary. Amaohgm, a multi-layer architecture for the
rotor would allow fitting more coils if the “mas&V coil is not conclusive. This would

also apply to the stator, where the main issuehésd.m.f. produced, which leads to
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having a large number of turns, but where a muykitaarchitecture would allow
embedding thicker coils if the output current netedse increased.

For RC+SC, the next step may be to conduct sintuatiith the massive rotor. But since
further modelling is heavy and uncertain, it may freferable to start directly an
experimental process to get a physical proof otephbefore working on optimisation.
One thing that would still be interesting to estienbefore is the power required for
actuating the rotor, so as to dimension the mdtoe. value of the of the resisting torque
would include a contribution from mechanical losseanely friction with air if an air
bearing can be used to support the rotor, and silgpsion-negligible contribution from

Laplace force.
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APPENDIX A

BENDING PIEZOACTUATORS, EXTRACT FROM A
PIEZOMECHANIK™ CATALOGUE

1. Introduction

1.1 Applications:

When a standard piezoceramic plate is electrically activated,

it shows 2 modes of motion

1. a variation in thickness: when an electrical field of proper
polarity is applied, the thickness increases. This effect is
used with common piezo stack actuators.

2. a planar motion: This mode always accompanies effect 1,
and leads to a planar contraction of the plate under above
conditions.

This effect is used in piezoceramic bending actuators

(often designated as unimorphs, bimorphs)

When the PZT-layer is joined to a proper substrate sheet
(e. g. a thin metal plate), any electrical activation of the PZT
plate leads to a planar movement of the plate relatively to the

PIEZOMECHANIK offers a wide range of bilayer or multi-
layer PZT-benders in strip or disc geometry

PZT benders show

¢ bigger travel (up to mm) than PZT stacks for compara-
ble operating voltages.

* simple structure

 flat design

* wide range of operation parameters (travel, force,
stiffness, resonance frequency)

together with the PZT specific properties

¢ short reaction time

» vibrationfree electro-mechanical energy conversion

* no magnetic field
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subtrate and induces thereby an internal mechanical stress
resulting in a bending movement of the composite structure
similar to a thermo-bimetal (Fig. 1).

This works with a single PZT layer e.g. on a thin metal plate
(“unimorph™), but such a system shows strong variation with
temperature. A symmetric arrangement, using 2 PZT layers
(“bimorph”), which are counteracting with their planar con-
traction/expansion, is thermally stable and shows improved
displacement/force generation.

Such bending structures are used as actuators, force sen-
sors, acoustical generators (buzzers) etc.

and open thereby a lot of interesting design solutions e.g. in
+ positioning equipments (video/audio heads)

* optical tuning/chopping

* electrical relais

* valve actuation

* fans

* micropumps

When used for high resolution positioning tasks, the philo-
sophy of the application of PZT-benders is similar to PZT
stacks:

By combining the PZT actuator with a positioning sensor
via a feedback control loop, a compensation for hyste-
resis, drift and varying load is obtained resulting in an
ultimate positioning accuracy and stability.

Because the PZT effect is a dual effect, bending elements
are successfully used as vibration and force sensors as well
as small electrical generators.



1.2. Basics: Polarization of PZT components

To understand the different philosophies of bender designs
and operating modes, it is necessary to look for some details
of PZT material, especially polarization.

When you are buying a simple PZT plate or disc, you will find
the electrical polarity indicated on the element, and it is
stated, that voltage has to be applied with correct polarity.
Nevertheless, it is possible to drive such elements to some
extent with counterpolarity inverting thereby the direction of
motion e.g. the thickness of the plate shrinks and vice versa
the plate shows a planar expansion.

The very important point in this context is, that the accepta-
ble voltage range for this counteraction is much lower
than the voltage range in forward direction and this limits the
travel range. The theoretical countervoltage limit is defined
by the “coercitive field strength” and depends on the type of
PZT ceramic. The application of too high countervoltages
leads to depolarization or polarization reversal and thereby
desactivate the component or change it property. Because
depolarization is further supported by mechanical
forces/stress and/or elevated temperatures, the acceptable
countervoltages have to be held sufficiently low to avoid any
risk of depoling under all conditions and the stated limits of
countervoltages have to be observed strictly.

a)

Ut

Ad

-———a

o+ r]1E [al

free PZT layer
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The coercitive field depends on the type of PZT material:
“Piezoelectrically hard” PZT ceramic is more stable against
depoling, but shows rather low actuating efficiency.
“Piezoelectrically soft” PZT ceramic shows good actuating
efficiency in forward direction, but easily changes polariza-
tion. For several technological reasons, “soft” PZT has to be
used in multilayer low voltage actuators, manufactured by
co-firing technology.

This detailed explanation is necessary to show the limitations

of the simplest operating mode of conventional bending ele-

ments. It makes use of this voltage reversal to produce the

counteraction between the two PZT layers. Such benders ar

therefore made from “semi-hard” or “hard” PZT ceramics.

But there are a lot of advantages, when operating modes are

used, which avoid countervoltages:

* no risk of desactivation of bender even under critical driv-
ing conditions (mechanical stress, temperature)

* higher mean electrical fields and thereby higher displace-
ment rates

e full working range for “high efficiency” benders, made of
"soft” PZT or electrostricitive ceramics.

b)
UT

PZT layer
/

substrate




2. Bender types (bimorphs)

2.1. Serial benders

Common serial benders consist of 2 thin PZT plates, discs or
strips with opposing polarizations. They are glued together
by a proper adhesive, showing only 2 accessible (surface)
electrodes for operation.

An application of a distinct voltage leads to a contraction of
the PZT layer, where E and P are parallel and expansion of
the PZT layer where E and P are antiparallel.

Serial bending elements show a bilateral movement starting
from zero (middle position), when a bipolar voltage is applied.
Because of the risk of depoling, the specified limits of driving
voltages have to be observed strictly.

With this type of bender, the electrical capacitances of the
involved PZT layers are operated serially.

2. 2. Parallel benders

For the applier, the easiest way to distinguish a standard par-
allel bimorph from a serial element is, that 3 electrodes have
to be connected (2 surface electrodes and 1 middle elec-
trode).

The middle electrode can be a metal sheet as neutral fiber
improving the mechanical properties of the bender or a thin
metalization layer on the PZT. The electrical capacitances of
the PZT layers are then connected parallel.

The standard 3-electrode design of parallel-bimorphs offers
more alternatives for driving modes than the serial types.
The PZT polarization P of conventional parallel bimorphs is
mostly parallel in the PZT layers as shown in fig. 3, but there
exist some applications with antiparallel polarization.

(e.g. see 3.3))

The individial contacting of each PZT layer offers the choice,
not only to produce a bending movement, but also a transla-

2.3. Multilayer benders

They behave like parallel benders (3 electrical contacts), but
are built up from more than 2 PZT layers (polymorphs, multi-
morphs). The layers are joined together by high temperature
sintering (not by an adhesive) and have therefore better

- — electrodes
LT A

Y LN RNANTANNANARANRNRANRANN:
P! PZT layers

Fig. 2
Serial bender arrangement with antiparallel polarization in PZT layers,
bilateral motion for bipolar driving voltage

tional component: the tip of a strip bender moves axially,
when the 2 PZT layers are activated for parallel motion. By
superimposing axial and bending motion, you get a bi-
dimensional actuator, which may be usefull for some scan-
ning microscope technologies.

P

r metal sheet as

p— middle electrode

v Wi
LI B Y/ i

Fig. 3
Schematic of a parallel bender structure, 2 PZT layers (e.g. parallel
polarization) 3 contact electrodes

mechanical properties. From technological and performance
reasons, such multilayers are made from “soft” PZT. The
polarization of the PZT-layers can be easily switched and be
adapted to the different driving modes.
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APPENDIX B

ANALYTICAL CALCULATION OF SENSITIVITY WITH
INFINITE WIRE HYPOTEHSIS

Calculation of the magnetic fieldB

The magnetising fielth and then the magnetic fieBlcan be derived as follows:

R @l =fH @l = Hd =

2nr.H =1

H(r):ﬁ

Myl
271

B(r) = 4, H(r) =

Figure 10: Infinite wire hypothesis (left) and flux in arectangular coil (right)
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Calculation of the flux of B in the coil

Figure 10 defines the geometry of the coil. Then the posibbthe coil is:

u(t) =u, +asinat

¢ :jgmgzj”““d Bldr = 2ol L[ dr

u(t)-d 2 Juw-d
b= Mol 1 in u(t) +d
21T u(t) -d
__d¢
And then comes dt

wheree is the e.m.f. appearing on the coil. If one desstihe sensitivity of the sensor:

A 4d?.w.cosat
21 (-d+u, +2d sinat)(d +u, +2d sinat)

The denominator is developed into:

uZ —d?+4du,sinat +4d?*sin® at = u?

The effect on the output signal of this simplificatis shown on Figure 46 in Appendix C
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Then one has: sS= 5

2r Uy

If one removes the harmonic function:

S:_&'I ad.a

Calculation of the natural frequencya

_ E.|yy k.n'2
“\ps (TJ

with | the quadratic moment of the beam in flexion

| = S.(2d)?
For a rectangular section, Y 12

_ |E@d)? (km)' oy [E
“ 12 (LJ & 12p(

2
Then s= o Eza;d d|-E (k'ﬂj
T U 12p\ L

2
Finally, S=-24,.7T E o d 'Iza
120  u;.L

onN
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Calculation of the amplitude of oscillationa

The amplitude of oscillation is calculated based tbe maximum acceptable value

regarding stress in the support beam.

Displacement u, = —za—W
0X
_ d°w
Deformation 4 Ox 2
Hooke’s Law o, =-Ee&,
. A 0°w
Stress on the external fiore &, = E.d v
X

Deflection w=asin

0] = E.d.a(k;ﬂJ2 sin K7ZX
L L

2
G = E.d.a[—k'ﬂj
L

|0 | = acrit
o...L°
= a - crit

" EdK T

XXmax
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Calculation of the sensitivity s

The maximum sensitivity, based on the maximum aed®@@ stress in the beam,

becomes:

d2l o .2
m s)= _2 k2 crit *
ax( Ho- Tt \/12p u2.l? Edk?m

ma)((s 1 2| cr|t
2 3pE 0

If| =a.d, and taking into account the number of coils N

, 2
maax(s):_a& 3,0E3 Jcrit'N

To derive the main design parameter, the equatorilipped ands, the desired

sensitivity, is introduced:

2_ Sog 7T 3p
a/'IO crit

5,713pE 3p

a. ,uo crit

Parameters (S|) E(Mpa) | p (kg.m%) | s(V.A™ |a (MPa)| u(m) | N

Crl'[

2.00E+1]| 2.40E+0:] 5.00E-05| 4| 4.00E+0{| 3.00E-03]10C

d(m)| 5.17E-04
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In red are the design parameters, in black theutzkd values. Two possibilities are

presented below:

2d I L/I L a Uo (M) 17
1.03E-03] 2.06E-03 5| 1.03E-02] 4.19E-05| 3.00E-03| 2.52E+0!

2d I L/I L a Uo (M) 17
1.03E-03] 2.06E-03 10| 2.07E-02] 1.67E-04] 3.00E-03| 6.29E+0:-
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APPENDIX C

NUMERICAL CALCULATION OF SENSITIVITY FOR OC
FOR VALIDATION OF SIMPLIFICATIONS

%%%% %% %% %% % %% %% %% %% %% %% % %% %% %% %% %% %%%%
%%%%%%%%% %% %% %% %% %%%%%% Sensitivity Calculation?®8%80%%%%%%%%%%%%%%%%%%

%%%%%6%% %% %% % %% %% %% % % %% % % %% % %% %% %% %09 0%%%%
clear all

close all

All the calculations presented here are based on th e analytic expression
of B derived from the infinite wire hypothesis. The mechanical support
is a beam in resonance in flexion.

The aim of this code is to show the validity of the simplification made
in the numerator of the analytical expression of th e sensitivity.

% In the variable sO, the sensitivity is calculated with a denominator
simplified into u0?

% In the variable s1, one multiplies sO by a harmon ic function "carrier”
that describes the oscillation of the coil.

% In the variable s2, it is calculated with the ful | expression of the
denominator.

% In the variable s3, one multiplies s2 by a harmon ic function "carrier"

that describes the oscillation of the coil.

w = 60000; % frequency of oscillation of the beam rad/s
k =274, % =16384 number of time samples
t = linspace(0,8*pi/w,k); % sample of time: 4 periods
d =0.00025; % half-thickness of the beam/coil
| =0.00125; % width of the beam/coil
uo =0.003; % distance at rest between centre conductor
and centre coil
muo = 4*pi*10"-7; % magnetic permeability of vacuum
E =1.6el1; % Young modulus of the beam
sigmacrit= 7e9; % yield point of the beam
rho = 2.4e3; % density
for i=1:k
sO(i) = -(muo/pi) * ((3*rho*E)(-0.5)) * (d *[*sigmacrit)/(uo”™2);
s1(i) = sO(i)*cos(w*(t(i)));
s2(i) = -(muo/pi) * ((3*rho*E)(-0.5)) * (d *[*sigmacrit)

/((d+uo+2*d*sin(w*t(i)))*(d+uo+2*d*sin(w*t(i))));
s3(i) = s2(i)*cos(w*(t(i)));
end

75



%%9%%% %% % %% % %% %% % %% %% %% %% %% % %% %% %% %0 %%%%
%%%%%%%%% %% %% %% %%%%%%% Fourier transform of s3 9%8#6%%%%%% % %% %% %% %% %% %%
%%%% %% %% %% % %% %% % %% %% %% %% %% %% % %% %% %0

K=k; % sampling for fft
S3= fft(s3,K);
P=S3.*conj(S3)/K; % The power spectrum

f =(L(t(2)-1(1)))*(0:K/2)/K;

%%%% %% %% %% % %% %% % %% %% %% %% %% %% % %% %% %0
%%%%%%%% %% %% %% %% %% %% %% %% %% %% Curves plottivie/SHPePePePirin %% % % % %% %% %% %%
%%9%%%% %% %% % %% %% % %% %% %% %% %% %% %% %% % %0 0%%%%

% Figure 1

% first figure has 4 curves, compared all together then 2 by 2, for
details

figurel = figure('PaperPosition',[0.6345 6.345 20.3
15.23],'PaperSize',[20.98 29.68]);

%% Create axes

axesl = axes('OuterPosition’,[0 0.4985 0.4823 0.501 5],'Parent',figurel);
title(axes1,'sensibilité du capteur"); %sensitivity of the sensor
xlabel(axesl,'time (s)");

hold(axes1,all);

subplot(221)

plotl = plot(t,s0,t,s1,t,52,t,53);

title('sensibilité du capteur") %sensitivity of the sensor
xlabel('time (s)")

legendl = legend({'s0','s1','s2','s3"},'Position’,[ 0.3661 0.745 0.1286
0.1551]);

subplot(222)

plot2= plot(t,s1,t,s3);

title(‘effet du dénominateur) %effect of denominator
legend2 = legend({'s1 : simplifie','s3 : complet’}, 'Position’,[0.8087
0.77 0.13 0.1551));

subplot(223)

plot2= plot(t,s0,t,s2);

title(‘effet du dénominateur") %effect of denominator
legend3 = legend({'s0 : simplifie','s2 : complet’}, 'Position’,[0.3766

0.3055 0.13 0.1551]);

subplot(224)

plot2= plot(t,s2,t,s3);

title('multiplication par cos’)

legend4 = legend({'s2 : avant','s3 : apres'},'Posit ion',[0.8073 0.3055
0.1286 0.1551));
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% Figure 2

figure

% first graph, power spectrum of s3
subplot(221)
plot21=plot(f(1:64+1),(P(1:64+1)));
titte("Zoom Power spectrum of s3')
xlabel(‘frequency (Hz)")

ylabel('P = fft(s2)*conj(fft(s3))")

% second graph, power spectrum of s3
subplot(222)
plot22=plot(f(1:K/2),log10(P(1:K/2)));
title('log 10 of Power spectrum of s3")
xlabel(‘frequency (Hz)")
ylabel('log10(P)")

% third graph, power spectrum of s3
subplot(223)
plot23=plot(f(1:64+1),log10(P(1:64+1)));
titte('Zoom log 10 of Power spectrum of s3')
xlabel(‘frequency (Hz)")

ylabel('log10(P)")

% fourth graph, to let harmonics numbers appear
f1 =(1/9549)*(1./(t(2)-t(1)))*(0:K/256)/K-1;
subplot(224)
plot24=plot(f1(1:64+1),log10(P(1:64+1)));
titte("”Zoom on Harmonics in s3')

xlabel(*numero’)
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51 : simplifie

53 : complet

Figure 46: Effect of the simplification of the denominatoron the actual output signal

% Recall:

%

% s0: sensitivity with simplified denominator u02

% s1: sO multiplied by a cosine, “carrier” due to t he oscillation of the
coil

% s2: sensitivity with complete denominator

% s3: s2 multiplied by a cosine, “carrier” due to t he oscillation of the
coil. This is the ACTUAL output signal
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Figure 47: Frequency content of the output signal
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APPENDIX D

NUMERICAL CALCULATION OF SENSITIVITY FOR OC AND LINEARISED B

%%9%%% %% % %% % %% %% % %% %% %% %% %% % %% %% %% %0 %646 %%%%
%%%%%%% %% %% %% %% % %% %% %% OC, B simulated linearis@eRe%6%%%%% %% %% % %% %% %% %%
%%%%% %% %% %% %% %% % %% %% %% %% %% %% % %% %% %0 0%%%%

close all
clear all
%
% definition of B=bo+bl*y % linearised ma gnetic flux
bl =-1.8887e-3;
bo =3.1280e-5;
%
w  =62900; % natural frequency
kt =2710; % number of time samples
t = linspace(0,4*pi/w,kt); % discretisation of time interval
ky =40; % nb samples on'y
d =517e-6; % half thickness of beam/caoil
eb =3e-3; % thickness of bus bar
a =167e-6; % vibration amplitude
uo = d+at+eb/2+100e-6; % initial distance coil/bus bar
yo =uo + a*cos(w*t); % position centre coil along time
phi = zeros(1,kt); % initialisation flux variable
| =4xd; % with of beam/coil
N =100; % number de coils
%
for i=1:kt
for m= 1l:ky

y(m) = yo(i) - d + m*2*d/ky;
B(m) = bo + b1*y(m);
end
Q =B*(y(2)-y(1))I"N;
phi(i)= phi(i)+sum(Q);
end

subplot(211)

plot(t,phi)

title('phi(t)");

dphi = diff(phi)/(t(2)-t(1));
subplot(212)
plot(t(1:kt-1),dphi)

title ('d phi / d t);
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% Fourier transform of s3

K=kt; % sampling fo r fft
DPHI= fft(dphi,K);

P=DPHI.*conj(DPHI)/K; % The power spectrum
f =(1./(t(2)-1(1)))*(0:K/2)/K; % Frequencies

figure

subplot(211)

plot(f(1:K/2+1),P(1:K/2+1))

title('power spectrum of the signal’)
xlabel(‘frequency (rd/s)")

subplot(212)
plot(f(1:K/16+1),log10(P(1:K/16+1)))

titte('zoom on the log10 of the power spectrum?)
xlabel(‘frequency (rd/s)")

81



APPENDIX E

NUMERICAL CALCULATION OF SENSITIVITY FOR VSC AND ORIMISATION

%%9%%% %% % %% % %% %% % %% %% %% %% %% % %% %% %% %0

0%%%%

%%%%%%% %% %% %% %% % %% %% %% % Optimisation of the coil8%68%6% %% %% %% %% % %% %% %% %%

%%%%% %% %% %% %% %% % %% %% %% %% %% %% % %% %% %0

% This program aims to optimise the flux variation
% section coil as a function of its initial configu

% As a first approximation, one takes as a magnetic
% infinite wire for the direction y, and constant f

% Here the coil is a 6 bars system. It is implicitl
% inferior side ¢3, and actuated at its side summit

% Let us recall that the hexagonal coil can be seen
% rectangle and two half-diamonds (one on each end)
% diamonds are also rectangle triangles.

% The design parameters are h (side of the losange)
% rate), and lo (the length of the superior side).

%%%%

in the variable

ration (angle teta).
field B this of an
or the direction x

y fastened at its
s2 and/or s4.

as the addition of a
. The quarters of

, td (deformation

close all
clear all

%
muo = pi*4e-7;

eb =3e-3;

kt =100;

ky =20;

kx =20;
kteta= 100;

w = 1500000;

t = linspace(0,4*pi/w,kt);
tetaO= 5*pi/180;

h =0.05e-3;

eo = h*cos(teta0);
lo =0.5e-3;

td =0.002;

b =td*(lo+2*e0);

e = zeros(1,kt);

d =zeros(1,kt);

phil = zeros(kteta,kt);

phir = zeros(kteta,kt);

phi = zeros(kteta,kt);

dmax = zeros(1,kteta);

teta = linspace (5*pi/180,pi/2,kteta);

N =12;

%

% magnetic permeability of vacuum

% thickness of the bus bar

% number of time increments

% number of increments on y

% number of increments on x

% number of increments on teta (initial
% angles tested)

% natural frequency

% discretisation of the time interval

% initial angle at end of 1/4 diamond
% hypotenuse of 1/4 diamond

% initial length of 1/4 diamond

% length of rectangle

% deformation rate

% amplitude of displacement at actuating
% point

% length of 1/4 diamond

% height of 1/4 diamond

% flux in the diamond
% flux in the rectangle

% total flux in the N coils

% height of 1/4 diamond in oscillation

%angle at the end of 1/4 diamond

% before oscillation

% number of coils
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for p = 1l:kteta

eo = h * cos (teta(p));
dmax(p) = (h"2-(e0-b)"2)"0.5;
uo = (eb/2+dmax(p))*1.2;

if eo+b<h
if eo-b>0

for i=1:kt
e(i) = eo + b*sin(w*t(i));
d(i) = (h"2-(e(i))*2)"0.5;
Dy =2*d(i)./ky;

for m=1:ky
y(m) = eb/2 + m*2*d(i)/ky;
B(m) = muo*1./(2*pi*y(m));
ex = e(i)./d(i).*y(m).*(
+ 2*e(i)*(1-y(m)./d(i)).*(y(m)>d(i));
phil(p,i) = phil(p,i) + 2.*ex.*
end
phir(p,i) = lo*sum(B)*Dy;
phi(p,i) =N * (phir(p,i)+phil(p,i
end

else q = teta(p)*180/pi;

while q > 360
q=q - 360;
end
q
break
end
end
end
subplot(211)

plot(t,phi(kteta/2,1:kt))
title 'phi (t) pour teta = 45°'
xlabel "* pi radians'

Dt=(t(2)-t(1));

for r=1.p-1
for i=2:kt;
dphi(r,i) = (phi(r,i) - phi(r,i-1)) /Dt;
dphir(r,i) = (phir(r,i) - phir(r,i-1)) /Dt;
dphil(r,i) = (phil(r,i) - phil(r,i-1)) /Dt;
end

end

subplot(212)

plot(t,dphi(kteta/2,1:kt))

title 'd phi / d t pour teta = 45°'

figure
subplot(211)

% initial distance between
% centers coil/bus bar

y(m)<d(i))
B(m).*Dy;

B
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plot(t,dphir(kteta/2,1:kt),t,dphil(kteta/2,1:kt))
title 'd phi / d t séparément dans le rectangle et
legend('rectangle','losange’)

subplot(212)

plot(t,dphi(kteta/2,1:kt))

title 'd phi / d t dans la spire compléte'

figure

M=max(transpose(dphi));

m=min(e);

%subplot(211)

plot(teta(1:p-1).*180./pi,M)

title 'max sur t de (d phi / d t), en fonction de
xlabel 'teta en degrés'

% subplot(212)

% plot(teta(1:p-1).*180./pi,m)

% title 'min sur t de (e), en fonction de teta’
% xlabel 'teta en degrés'

%
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APPENDIX F

NUMERICAL CALCULATION OF SENSITIVITY FOR VSC AND BLINEARISED

%%9%%% %% % %% % %% %% % %% %% %% %% %% % %% %% %% %0

%%%%

%%%%%%% %% %% % %% %% %% %% %% VCS B simulated ||nearl%G’d%%%%%%%%%%%%%%%%%%%

%%%%% %% %% %% %% %% % %% %% %% %% %% %% % %% %% %0

% Here, the coil is hexagonal. It is implicitly fas
% side c3, and actuated at its lateral summit s2 an
% it could be considered that the piezo is horizont

% It appears that w should not be too high, since i

% high accelerations. As much as possible, large de

% preferable on the dynamics point of view.

close all
clear all

% définition of B =bo + bl *y
bl =-1.8887e-3;

bo = 3.1280e-5;

%

eb =3e-3;
kt =100;
ky =40;
w = 10000;

t = linspace(0,4*pi/w,kt);
tetaO= 45*pi/180;

h =1e-3;
eo = h*cos(teta0);
lo =5e-3;
td =0.02;

b =td*(lo+2*e0);
e =zeros(1,kt);
d = zeros(1,kt);
phil = zeros(1,kt);
phi = zeros(1,kt);
phir = zeros(1,kt);
N = 140;

%

for i=1:kt
e(i) = eo + b*sin(w*t(i));
d(i) = (h"2-(e(i))*2)"0.5;
Dy = 2*d(i)./ky;

for m=1:ky
ys(m)= m*2*d(i)/ky;
y(m) = eb/2 +ys(m);
B(m) = bo + b1*y(m);
if ys(m)<d(i)
ex = e(i)./d(i).*ys(m);
elseif  ys(m)>d(i)
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ex = e(i)*(2-ys(m)./d());
else

ex =e(i)
end

phil(i) = phil(i) + 2.*ex.*B(m).*Dy;

end
phir(i) = lo*sum(B)*Dy;
phi(i) = N*(phir(i)+phil(i));
end

% Plotting phi et dphi

subplot(211)
plot(t,phi)

title 'phi(t)'

xlabel 'temps (s)'

Dt=(t(1)-t(2));
dphi=diff(phi)/Dt;
subplot(212)
plot(t(1:kt-1),dphi(1:kt-1))
title 'd phi/d t'

xlabel 'temps (s)'

% Plotting d et e

figure
plot(t,d,t,e)
legend ('d','e")
xlabel ‘temps (s)'

% Plotting velocity and max acceleration

vit = diff(2*d)/Dt;
acc = (diff(vit)/Dt)/9.81,;

figure

subplot(211)

plot(t(1:kt-1),vit,t(1:kt-2),acc)

title 'dynamique maximum (barre supérieure)'
xlabel 'temps (s)'

legend (‘vitesse (m/s)','accél. (Nb de g)")

tetal(1:kt)=teta0*180/pi;
subplot(212)
teta=180/pi*acos(e/h);
plot(t,teta,t,tetal)
legend('teta’,'teta0")
xlabel 'temps (s)'
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APPENDIX G

ANALYTICAL CALCULATION OF THE SENSITIVITY OF THE RC+SC

This notice of calculation starts froeguation 20for the current,, derived in section

4.2.1, andEquations 21for B, and22 for es stated in section.2.2

I = LS'n’Sin,G(t) Equation 20
R
B, =y.i,.n Equation 21
d
e =- P _ —iﬁ gr . dgs Equation 22
dt dt e

Substitutingequation 21 into Equation 22, the latter becomes:

e = —%y. i,.n,. S.cos(I:F’:r : gs)(t) Equation 29

With &.8)0 = g +B(t) = g + ot Equation 30
_ d(. T .

Then e =-y.n. Sa(lr .CO{E +,8(t)D Equation 31
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The shift gives: e =y.n,. S%(ir (t).sin,B(t)) Equation 32

e=y.n. S(wcos,é’(t). i, (t)+sin ,B(t)%ir(t)j Equation 33
And d I(;t(t) = wZBRrS d cosB(t) Equation 34

FromEquation 20. Then pluggind=quations 20and29 into 28;
e=yn. {@sin B(t) cosB(t) +@sin A(t) cosG(t)J Equation 35

Y2 «’.B.S%.n’n

=sin S(t) cosp(t) Equation 36

Introducing the numbers; of coils in the statoand using a trigonometric identity finally

turns it intoEquation 23 presented in sectioh2.2

2 2
e = 14 wz'Bs aLEuL sin(2,8(t)) Equation 23
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rad

0,0

0,00

7,5

0,13

15,0

0,26

22,5

0,39

30,0

0,52

37,5

0,65

45,0

0,79

52,5

0,92

60,0

1,05

67,5

1,18

75,0

1,31

82,5

1,44

90,0

1,57

97,5

1,70

105,0

1,83

112,5

1,96

120,0

2,09

127,5

2,23

135,0

2,36

142,5

2,49

150,0

2,62

157,5

2,75

165,0

2,88

172,5

3,01

180,0

3,14

187,5

3,27

195,0

3,40

202,5

3,53

210,0

3,67

217,5

3,80

225,0

3,93

232,5

4,06

APPENDIX H

Table 13: Data collection for the flux in the stator

Ir
0,00E+00
4,24E-03
8,41E-03
1,24E-02
1,63E-02
1,98E-02
2,30E-02
2,58E-02
2,81E-02
3,00E-02
3,14E-02
3,22E-02
3,25E-02
3,22E-02
3,14E-02
3,00E-02
2,81E-02
2,58E-02
2,30E-02
1,98E-02
1,63E-02
1,24E-02
8,41E-03
4,24E-03
3,98E-18
-4,24E-03
-8,41E-03
-1,24E-02
-1,63E-02
-1,98E-02
-2,30E-02
-2,58E-02

avg flux
density

0,00E+00
3,45E-07
1,61E-06
3,38E-06
5,29E-06
1,30E-05
1,34E-05
1,82E-05
2,69E-05
3,44E-05
3,66E-05
5,85E-05
7,03E-05
5,92E-05
4,12E-05
3,61E-05
2,58E-05
1,69E-05
1,39E-05
1,04E-05
5,52E-06
4,06E-06
1,53E-06
4,56E-07
0,00E+00
3,56E-07
3,09E-06
3,43E-06
6,21E-06
1,29E-05
1,35E-05
1,75E-05
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flux in
stator

0,00E+00
6,90E-08
3,22E-07
6,76E-07
1,06E-06
2,60E-06
2,68E-06
3,64E-06
5,38E-06
6,88E-06
7,32E-06
1,17E-05
1,41E-05
1,18E-05
8,24E-06
7,22E-06
5,16E-06
3,38E-06
2,78E-06
2,08E-06
1,10E-06
8,12E-07
3,06E-07
9,12E-08
0,00E+00
7,12E-08
6,18E-07
6,86E-07
1,24E-06
2,58E-06
2,70E-06
3,50E-06

dFlux/dBeta

0,00E+00
1,23E-06
2,32E-06
2,81E-06
7,35E-06
6,20E-06
3,97E-06
1,03E-05
1,24E-05
7,41E-06
1,84E-05
2,57E-05
5,35E-07
-2,22E-05
-1,76E-05
-1,18E-05
-1,47E-05
-9,09E-06
-4,97E-06
-6,40E-06
-4,84E-06
-3,05E-06
-2,75E-06
-1,17E-06
-7,64E-08
2,36E-06
2,35E-06
2,38E-06
7,23E-06
5,57E-06
3,51E-06
1,01E-05

s=ed/l

0,00E+00
-3,69E-06
-6,96E-06
-8,43E-06
-2,20E-05
-1,86E-05
-1,19E-05
-3,09E-05
-3,71E-05
-2,22E-05
-5,52E-05
-7,72E-05
-1,60E-06
6,67E-05
5,29E-05
3,53E-05
4,40E-05
2,73E-05
1,49E-05
1,92E-05
1,45E-05
9,14E-06
8,26E-06
3,51E-06
2,29E-07
-7,08E-06
-7,05E-06
-7,15E-06
-2,17E-05
-1,67E-05
-1,05E-05
-3,03E-05



240,0

4,19

247,5

4,32

255,0

4,45

262,5

4,58

270,0

4,71

277,5

4,84

285,0

4,97

292,5

5,11

300,0

5,24

307,5

5,37

315,0

5,50

322,5

5,63

330,0

5,76

337,5

5,89

345,0

6,02

352,5

6,15

360,0

6,28

In yellow are the cells where the value was reconttd to zero, since no simulation

-2,81E-02
-3,00E-02
-3,14E-02
-3,22E-02
-3,25E-02
-3,22E-02
-3,14E-02
-3,00E-02
-2,81E-02
-2,58E-02
-2,30E-02
-1,98E-02
-1,63E-02
-1,24E-02
-8,41E-03
-4,24E-03
-7,96E-18

2,67E-05
3,45E-05
3,57E-05
5,87E-05
7,03E-05
6,02E-05
4,10E-05
3,60E-05
2,59E-05
1,65E-05
1,40E-05
1,04E-05
6,30E-06
3,82E-06
1,53E-06
4,55E-07
0,00E+00

5,34E-06
6,90E-06
7,14E-06
1,17E-05
1,41E-05
1,20E-05
8,20E-06
7,20E-06
5,18E-06
3,30E-06
2,80E-06
2,08E-06
1,26E-06
7,64E-07
3,06E-07
9,10E-08
0,00E+00

1,30E-05

6,88E-06

1,85E-05

2,64E-05

1,15E-06
-2,24E-05
-1,85E-05
-1,15E-05
-1,49E-05
-9,09E-06
-4,66E-06
-5,88E-06
-5,03E-06
-3,64E-06
-2,57E-06
-1,17E-06
0,00E+00

-3,90E-05
-2,06E-05
-5,55E-05
-7,93E-05
-3,44E-06
6,72E-05
5,55E-05
3,46E-05
4,47E-05
2,73E-05
1,40E-05
1,76E-05
1,51E-05
1,09E-05
7,71E-06
3,51E-06
0,00E+00

makes sense when the currgris naught. In blue is the overall sensitivity bétsensor,

in V/A.
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APPENDIX |

%%%% %% %% %% %% % %% %% %% %% %% %% % %% %% %% %% %% %% %% %% %
%%%%%%%%%%%%%% RC+SC output signal analysis %% %% %P0 %% %%
%%%% %% %% %% %% % %% %% %% %% %% %% % %% %% %% %% %% %% %% %% %

clearall
closeall

% All calculations below are based on the simulateghut of the "Rotating
% Colil + Fixed Colil" device

w=4000; % frequency of rotation (rad/s)
k=48; % length of the signal
Fs=w*k/(2*pi); % sampling frequency
t=(0:k-1)*2*pi/Fs; % time sample: 1 period
angleb=linspace(0,2*pi,k+1); % angle sample:1 period

%

% data acquisition: sensitsiggal

%

% the sensitivity signal is the output signal deddy the input current

s = xlsread(C:\Documents and Settings\Cyril Babinet\Mes
documents\Etudes\GIT\Thesis\Ansis\flux_vs_anglerraitator’ 2,'L2:L49).";

%

% fft of the sensitivignal

%

K=k; % samples for fft

f = Fs/2*linspace(0,1,K/2+1); % vector of the frequencies

S = fft(s,K)/K; % Discrete Fourier Trans. of s
sl = ifft(S,K)*K; % Inverse Fourier, for checking
P = S.*conj(S)/K; % The power spectrum

%

% reconstruction with imagipart

%

Ki=12; % number of peaks used (1 to 12)

91



s(49)=0; % final point of the signal
ri=0; % reconstructed signal

cri=-2*imag(S(2:2*Ki+1)); % coefficients of the peaks
for i=2:2:2*Ki

y=sin(i*angleb).*cri(i);

ri=ri+y;

end

%

% Filtered signal with fundamentdfiency only

%

s2w=sin(2*angleb).*cri(2);

%

% Signal rectified and integratedt 4*pi

%

sri=(2*sum(abs(s))/48).*ones(1,49);

%

% plotting

%

% Plot signal, fft/ifft reconstruction, and differee
figurel= figure;

subplot(211)

plotll = plot(t(1:k),s(1:k),r;

xlabel(time (s))

title('s: sensor sensitivity signal over one pejiod

subplot(212)

plotl2 = plot(t(1:k-1),s1(1:k-1),'r',t(1:k-1),(skt1)-s1(1:k-1)),'b";
title('signal reconstructed with inverse Fourier andrgrro

xlabel(time (s))

legendl = legend{gignal, 'error}, 'Position;[0.150 0.1190 0.1286 0.1551]);

% Plot single-sided amplitude spectrum and angle of

figure2 = figure;

subplotl = subplot(2,1,1,...
'XTickLabel'{'0','2''4','6''8','10,'12,'14''16''18''20''22''24'"},...
'XTick',[024 68 10 12 14 16 18 20 22 24 25]);
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box(on);
hold(all’);

plot21 = plot(2.*pi.*f./w,2.*abs(S(1:K/2+1))); % 2(*abs): because one shows half of
the spectrum due to symmetry

title('Single-Sided Amplitude Spectrum of;s'

xlabel(Frequency (factors of W)

ylabel(|S(f)]);

%plot angle

subplot2 = subplot(2,1,2,...
'XTickLabel'{'0",'2','4''6','8','10",'12",'14''16','18''ZAD,,'24,"},...
'XTick',[024 6 810 12 14 16 18 20 22 24 25]);

box(on);

hold(all’);

plot22 = plot(2.*pi.*f./w,angle(S(1:K/2+1))./pi); % no 2*...
title('angle of S in complex plarg

xlabel(Frequency (factors of v)'

ylabel(angle (factors of pi)

% Plot real part of fft

figure3 =figure;

subplotl = subplot(2,1,1,...
'XTickLabel',{'0','2','4','6','8",'10",'12",'14','16','"18','ZA2;,'24,"},...
'XTick',J0246 8 10 12 14 16 18 20 22 24 25]);

box(on);

hold(all’);

plot31 = plot(2.*pi.*f./w,2.*real(S(1:K/2+1)));

title('real y(t));
xlabel(Frequency (factors of v)'
ylabel(real part(Y(f)));

% Plot imaginary part of fft

subplot2 = subplot(2,1,2,...
'XTickLabel'{'0",'2','4''6','8','10",'12",'14''16','18''ZAD,,'24,"},...
'XTick',[024 6810 12 14 16 18 20 22 24 25]);

box(on);

hold(all);

plot32 = plot(2.*pi.*f./w,2.*imag(S(1:K/2+1)));

title('imag y(t));
xlabel(Frequency (factors of v)'
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ylabel(imag part(Y(f)/pi));

% Plot power spectrum of the signal

figure4 =figure;

subplot(1,1,1,...
'XTickLabel'{'0",'2','4",'6','8",'10",'"12",'14','16','"18','ZA2,,'24,"},...
'XTick',[0246 810 12 14 16 18 20 22 24 25]);

box(on);

hold(all’);

plotd=plot(2.*pi.*f./w,(P(1:K/2+1))); %f(1:K+1),P(1:K+1)

title('Power spectrum of)s'

xlabel(Frequency (factors of W)

ylabel(P = fft(s)*conj(fft(s)));

% Plot reconstuction with imaginary part

figure

plot(angleb,s;',angleb,rib’,angleb,(s-ri)g’); % ,angleb,-rif,'c+:'

title('"Reconstruction using coefficients of sin(fw)'

xlabel(angle (rad)'

ylabel(amplitude (V))

legendl = legend(§ignal: s'reconstructiohyerror},'Position,[0.3661 0.745 0.1286
0.1551]); % ,reconstr: -rif'

% Plot filtered signal with fundamental frequenayyo

figure

plot(angleb,s:’,angleb,s2wh’);

title('Filtered signal with fundamental frequency only’

xlabel(angle (rad)

ylabel(amplitude (V))

legendl = legendignal: §'fundamentd}, 'Position,[0.3661 0.745 0.1286 0.1551]); % ,
‘reconstr: -rif

% Plot signal rectified and integrated over 4*pi

figure

plot(angleb,abs(s),angleb,srib);

title('Signal rectified and integrated over 4jpi'

xlabel(angle (rad)'

ylabel(amplitude (V))

legendl = legend{{ectified;'integrated,'Position’,[0.3661 0.745 0.1286 0.1551]); % ,
'reconstr: -rif’
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w10 s: sensor sensitivity signal over one period
1 T T T T T T T T T

1 1 1 1 1 1 | 1 1
0 0001 0002 0003 0004 0005 0006 0.007 0.008 0009 0.0

time (s)
w10 signal reconstructed with inverse Fourier and error
1 T T T T T T T
signal
0.5 .
errar
0 -
05} 4

1 1 1 1 1 1 | 1 1
0 0001 0002 0003 0004 0005 0006 0.007 0.008 0.009 0.01
time (s)

Figure 48: Signal and reconstruction trough inverse Fourier fochecking, in V/A

% 107° Single-Sided Amplitude Spectrum of 5
4 T T T T T T T T T T T T
3k -
=
& 2 .
1F -
U | 1 1 1 1 1 1 | — L —— |

0 2 4 B 8 10 12 14 16 18 20 22 24
Frequency (factors of w)
angle of S in complex plane

angle (factors of pi)

_1 | 1 1 1 1 1 | 1 1 1 1

1
0 2 4 B 8 10 12 14 16 18 20 22 24
Frequency (factors of w)

Figure 49: Amplitude in V/A and phase of the Fourier transform
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real part(Y(f)

0 2 4 G 8 10 12 14 16 18 20 22 24
Frequency (factors of w)

x 107 imag y(t)

imag part(Y (f)ipi)

_2 1 1 1 | 1 1 1 1 | 1 1
0 2 4 B 8 10 12 14 16 18 20 22 24

Frequency (factors of w)

Figure 50: Real part and imaginary part of the signalm V/A. The real part (cosines) is negligible.

- _m-h- Power spectrum of s

frt{s)*canj(fft(s))

P=
(]
1

U | 1 1 1 1 1 1
0 2 4 B g 10 12 14 16 18 20 22 24

Frequency {factors of w)

Figure 51: Power spectrum of the signal. The harmonics are naoiegligible
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=
*x 10

Reconstruction using coefficients of sin(nw)

amplitude ()
L]

signal: s
reconstruction
error

2 3

4

angle {rad)

Figure 52: The reconstruction using only the imaginary patr (sines) is fairly accurate

%107 Filtered signal with fundamental frequency only
B T T T T T T

signal: s

fundamental

amplitude (v

_B | | | | | |
0 1 2 3 4 5 b T

angle (rad)

Figure 43: The reconstruction using only fundamental wasts power
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w107 Signal rectified and integrated over 4*pi

B T T T T T T
rectified
? o ]
integrated
5 - -
=
A
=]
s i
=
E
o -
1 1 1 1 1
2 3 4 5 6 T
angle {rad)

Figure 44: The signal rectified and integrated over 2 revaoitions gives the desired output
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APPENDIX J

STRESS IN THE ROTOR DUE TO CENTRIPETAL ACCELERATION

Figure 53: Top view of the rotor and polar coordinates

Calculation of the acceleration

Velocity: \V(r) =r t%; =r wgg Equation 37
'J
Acceleration IQ(r) _vlr) d(rw)gg +r w—2 Equation 38
dt dt dt
IB(r) =-r (uzg Equation 39
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Figure 54: Centripetal acceleration (top) and subsequent distouted force on the rotor (bottom)

Distributed force: ﬁ (x)=-p IBS Equation 40
Force: F (x) = J.XL/Z f (x)dx =-pS J.XL/Z F(x)dx =w’'pS LL/Z xax Equation 41
2
F(X):lan,OSq[Xz])L(/2 :la)z,oS{L—xzj Equation 42
2 2 4
2
Stress: J(X) _FO)_1 a)z,o(L - ij Equation 43
S 2 4
Maximal stress: g, =0o(x=0)= % W pl? Equation 44
o, = 466x10°Pa Equation 45

With S the area of the section normal to thaxis, andp = 233x10°Kg.m~the density

of the rotor (silicon), and parameteis= 4x10°rad.s™ and L =107m from Table 1Q
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APPENDIX K

OPTIMISATION OF THE NUMBER OF COILS ON THE ROTOR

R needs to be estimated. If it is necessary to asaehe resistance of the winding of the
rotor, adding resistors would concentrate heatijghti®on, whereas acting ok, the area
of the section of the conductor, would distributeThen there will be no resistors and the

resistance will only be due to the resistivigyof the coils. Ifl; is the length of the

winding of the rotor andl; is the length of one coil, then

R = 'OAlr = 'O'erl Equation 46

Then e = @B, ”f;' S Gin@aw) Equation 23
Becomes: = o8 nrrllfl S'yA .Sin2A(t)) Equation 47
e Un. A Equation 48

Now n, = er = 4\/% OA™ Equation 49
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With h the height of the set of coil (s&&gure 55), limited to half of the height of the
rotor if the set of coil covers the entire surfatehe rotor. Andd, is the diameter of the
conductor constituting the coiEquation 49 also implies that the distance between two

coils is taken as equal to one diameter of conduBEteentually, one gets:

e U Aj/z Equation 50

Figure 55: Zoom on the set of coils of the rotor near thepper edge
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