PONTIFICIA UNIVERSIDAD CATOLICA DEL PERU
ESCUELA DE POSGRADO

CONTROL FOR AN ACTIVE MAGNETIC BEARING MACHINE
WITH TWO HYBRID ELECTROMAGNET ACTUATORS

THESIS TO CHOOSE THE ACADEMIC DEGREE OF MAGISTER IN
INGENIERIA MECATRONICA

Presented by:
JOHN HUGO LOZANO JAUREGUI

Advisors : Ph. D., Ing. JULIO CESAR TAFUR SOTELO
MSc. JESUS ALAN CALDERON CHAVARRI
Dpl. Ing. ELISEO BENJAMIN BARRIGA GAMARRA

MAY 2021
Lima- Peru



© 2021, John Hugo Lozano Jauregui

Full or partial reproduction is authorized for academic purposes through any means or procedure, including

the bibliographical appointment of the document.



SUMMARY

This thesis work begins with the revision of state of the art about active magnetic bearings
(AMB), the mathematical methods used to obtain geometric and physical parameters that
will influence in the mechanical, electrical design and control system proposed by this
prototype.

The control system will activate the magnetic bearing to center its shaft, for which it is joined
a variable load in order to study the best control performance under different load over the
rotor proposed by requirements. When the rotor is not controlled in its own axis even though
variable load, a position error will occur that will be corrected by the program of a control

system that will center the shaft (rotor).

For this design was evaluated generalized AMB models [2], [3], [4] to validate the best
identification for this design, furthermore as a consequence to get the best performance for
the control system as it was achieved by generalized models and it was evaluated the
advantage of this AMB machine through “Two hybrid electromagnet actuators” and variable
load fixed to its shaft. For this reason, it was necessary to test a simple AMB with only one
electromagnet actuator [4], due to compare enhancement of hybrid characteristics for the
electromagnet actuators, for which, also it was evaluated how many actuators could be
necessary to join to an AMB system with the target to get the control. It means, in this work
there are comparisons between a simple AMB, generalized AMB models and this design,
owing to show the achievements of this design.

In order to show experimental results in state of the art, it is known that Siemens presented
Simotics Active Magnetic Bearings technology for wear free operation in large — machine
applications, regulated magnetic fields hold the rotor in suspension precisely without oil or
contact, to make this task, sensors capture the position of the shaft 16000 times per second
and a regulator adjusts the magnetic field to keep the rotor hovering precisely in the bearing

center [1].



By other side the author [4] describes the experimental results in which is proposed that at
low speed the bearing parameters are mainly determined by the controller characteristics.
While at high speed, the bearing parameters are not only related to the control rule but also
related to the speed. This may be due to the influence of eddying effect. [4]

Furthermore, by author [3], the algorithm to get fast responses in front of disturbances, the
disadvantages of these algorithms are given by not enough memory space to execute them,
due to computing time is short compared with rotor displacement response time, and it is
defined that it could be possible to execute the control algorithm through a real-time
operating system to obtain the desired response [3].

Finally, in reference [6] it is described about filtering every noise as additive white
Gaussian noise, by a predictive filter, which is obtained by analyzing Least Mean Square

(LMS) and feedback/feedforward algorithm.
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LIST OF SYMBOLS

: Rotor reaction force [N] m

: Mass [kg]

: Angle of deviation of the rotor to the z-axis [°]

: Angle of deviation of the rotor to the axis [°] g

: Force of gravity. [N]

: Angle between the reaction force of the rotor and the rotor shaft.[°]
: Current [A]

: Shaft length [cm]



INTRODUCTION

Nowadays, innovation is implementing many scientific fields, including science and
technology.

The objective of innovation is to find resources that reduce the inputs, components or
tools used in the field of industry, one of the many elements of machines is the rotor, which
rotates on bearing supports.

Continuous use, high speeds, the turning power of the rotors of machines change their
operation with respect to the loads they support, this generates the problems of efficiency and
wear [3].

Bearings are plenty used in different areas of engineering, such as automotive, robotics,
machine CNC (computer numerical control) etc. Notwithstanding, their applications are not
simple due to intricate environment like heat produced through friction increase working
conditions. For this reason, in order to choose a kind of bearing, it must to be known its
material properties, advantages and disadvantages, which generates a current technical

problem [6].

Although there has been a high level of technical quality in the development of bearings,
there are deficiencies because of wear (as friction consequence), maintenance and

lubrication, which reduce its rotation speeds [3].

The solution for these problems would be by improving the traditional mechanics bearings
through hybrids magnetic bearings, this function is based on the principle of passive
magnetic suspension of ferromagnetic body that (is stabilized) in positions by forces of
magnetic attraction after that it is needed more magnetic force and control of these forces,

obtained by electromagnetic coils.

The reason is avoiding mechanical friction, the active magnetic bearing makes more efficient
because it does not need maintenance which makes it very efficient in all technological fields
such as turbines, vacuum pump, cryogenic technology, biotechnology, robotics, milling

machines, nuclear and space installations [3].

It was designed a hybrid magnetic bearing in PUCP (student thesis developing in parallel to

this work: Bjorn Henrich, Enrique Aguilar) as a consequence of previous researches [6], from
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which was possible to study its physical parameters, geometrical characteristics owing to
design the control algorithm to achieve its desired position as requirements proposed in this
thesis. The target of the magnetic bearing means to center its shaft in parallel to its imaginary
axis while rotating movement, even though load added to the shaft. As a consequence, the
result that was looking for avoiding wear due to friction reduction furthermore to attenuate
shaft vibration, for this reason the purpose of this thesis is “Design, the control of two
magnetic bearings” through a right identification system and an appropriated control
algorithm for this hybrid AMB machine, and the specific objective is compare two
controllers for the system, such as proportional integral derivative controller (PID) and

optimal controller.

The position signals captured by position sensors when the rotor rotate around its imaginary
axis produce an error while it is compared with desired (required) position, therefore the
control system regulates the rotation stability on its axis, avoiding the friction. The main
impact is that the motor provides maximal power through the shaft because of no friction on

the movement transmission, this improves energy transmission at required RPM.
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CHAPTER 1

DESCRIPTION OF ACTIVE MAGNETIC BEARING

Active Magnetic Bearings are design to reduce the friction, the constant use of lubrication in
rotating machines, losses and pollution of the environment [9]. In this chapter, it will show
the classification of bearings and magnetic bearings, their components and function as a

prototype, in the same way machine.

1.1. Bearing
Bearing is a mechanical element shown in Figure 1.1 found in all machines where are gears,
its function is to reduce the friction between an axle and the parts connected to it by means

of a rolling, which serves as support and facilitates its movement.

Figure 1.1: Mechanical bearing designed by SKF [1]

1.2 Mechanical support
Mechanical support shown in Figure 1.2 is considered a unit that includes at least one bearing
or more, that supports an axial load rotational movement by means of the fixation of some

bearings.
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Figure 1.2: Mechanical support with mechanic bearing SKF [1].

1.3 Types of bearings
Depending on the type of contact, in the Figure 1.3, bearings can be fabricated by ball
bearings (3a), cylinders (3b), sliding(3c), bearings that are constantly lubricated(3d) and the

type where there is no contact which are the magnetic bearings due to magnetism. [1].

Figure 1.3: Classification of mechanic bearing SKF [1].

1.4 Magnetic permeability
Magnetic permeability is the relative increase or decrease of the magnetic field of a body
compared to another body of the same or different material. Magnetic permeability is

determined as the magnetic flux of a material between a magnetic field [5].

1.5 Lorentz force

The Lorentz force is generally used to produce torque in electric machines such as motors to

initiate the movement of an axis.
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1.6 Maxwell force
Maxwell’s force is hidden by the magnetic suspension technique that is produced by

electromagnetic forces that are controlled by an electric circuit.

1.7 Flotor

Flotor is a type of term that suggests that there is a magnetic levitation. This case is found

when there is an axis floating due to electromagnets, this axis is called a float.

1.8 Magnetic levitation
Magnetic levitation is a position without any mechanical contact shown in Figure 1.4, where
the gravitational force is balanced only by magnetic forces. The floating axis called float

remains stable by means of forces that are produced by electromagnets. [5]

Figure 1.4: Magnetic levitation without contact.

1.9 Principles of magnetic bearing functions

In the magnetic bearings there are interacting components such as a sensor that measures the
displacement of the rotor in the X, y, z, coordinates a microprocessor that functions as a
controller derives a control signal from the measurement, by means of a power of an
amplifier, this control signal is transformed into a control current, and the control current acts
on the electromagnetic coils generating a magnetic field, which when these magnetic forces
act carries a flare to a proposed theoretical axis[7]. The magnetic forces cause the rotor to
remain in a levitating position. The law of control of feedback is responsible for stability and
suspension. Stiffness and damping can vary widely according to the sensors, actuators and

control system [7].
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1.10 Position sensing

The use of different types of sensors is defined depending on the position of the medium
where it will act and the measurement precision that will be required [5].

Among the sensors types are the following: optical sensors, capacitive sensors, eddy current

sensors and inductive sensors.
1.11 Types of magnetic bearing
1.11.1 Magnetic bearing

Magnetic bearing supports a load using magnetic fields to perform the functions of levitation
shown in figure 1.5, centering and thrust control of rotor, magnetically levitating the
suspended rotor as a float. The main advantage of magnetic bearings compared to mechanical
bearings is that they are non- contact. Therefore, magnetic bearings don’t require lubrication
and are not subject to mechanical friction wear. For applications involving high speed
rotation, significant energy is lost due to friction when using mechanical bearings, while
properly designed magnetic bearings exhibit near zero losses. Applications for magnetic
bearings include wheel energy storage systems for intermittent sources of renewable energy,
compressors, turbines, pumps, generators and motors. Compared to conventional bearings a
magnetic bearing has many advantages, such as no friction, no abrasion, no lubrication, high

speed, low noise, high precision, and long life. [9]

Figure 1.5: Rotor system with 2 magnetic bearings.
1.11.2 Active magnetic bearings
The active magnetic bearing consists of multiple electromagnetic coils attached to a
ferromagnetic stator. In the Figure 1.6, is shown the position of the active magnetic bearing

components, such as sensor gap, electromagnet, and rotor. The coils are arranged in such a
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way that the poles are adjacent, maximizing the magnetic flux through the rotor, a
ferromagnetic is attached to the shaft to provide the flow path and attractiveness magnetic
forces while minimizing the formation of eddy currents. [9]

The active magnetic bearings need a control system, that works with data obtained by
position sensor, the control system regulate the electrical energy emitted by electromagnets.

The disadvantage is the active magnetic system needs a constant source of electrical energy.

Figure 1.6: Active magnetic bearing [9].

1.11.3 Passive magnetic bearing
Passive magnetic bearings, works with magnetic field emitted by permanents magnets such
as ferrite magnets and neodymium magnets. This magnetic force is not controllable.
Depending on the position being implemented, stabilization in radial, axial and tilting
directions is possible [9].
An advantageous feature of passive magnetic bearing is the constant suspension shown in

Figure 1.7.

Figure 1.7: Passive magnetic bearing.
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1.11.4 Hybrid magnetic bearing

Hybrid magnetic bearings are the operation of active magnetic bearings with passive
magnetic bearings. [9]

The innovation in the industry is growing and with the passing of the years it is improving
quality, performance and efficiency, in this thesis it is shown the optimization of mechanical
bearings, which come to be the hybrid magnetic bearings. For the development of hybrid
magnetic bearings, the following subjects are needed, which are mechanical static and
dynamic, advanced mathematics to find physical and geometric parameters, control methods
and software for simulation and programming. [9] For this reason in this thesis work is
implement a control system for hybrid magnetic bearings using the advantages obtained from

active magnetic bearing and passive magnetic bearings.

1.12 Siemens Model.

The active magnetic bearings allow a stable levitation of the rotor without contact, the
levitation of the rotors is achieved by the appropriate electromagnetic forces an active
magnetic bearing consists of components, sensors measure the displacement of the rotor from
its reference position; a microprocessor like the controller derives a control signal from the
measurement, the power amplifier transforms this control signal into a control. Current and
the control current generates the magnetic forces inside the drive magnet in such a way that
the rotor remain in it is suspended position [2].

Siemens company presents an active magnetic bearing system for industrial machines, such
as high- speed motors, industrial turbines and compressors.

The rotors for the applications remain suspended in the center of the bearing without friction
or wear. To achieve suspension, the sensors record the axis position 16,000 times per second
and a controller adjust the magnetic field to keep rotor floating precisely in the center of the
bearing. Exiting also on rotors weighing several tons rotating at maximum speed can be
maintained in a position defined by the user. Simotics Amb technology is a highly efficient
and suitable solution for large machine applications.

AMB technology from Simotics is widely used in the oil and gas industry, as well as for

power generation.
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But it is also a good choice for any industry that uses high performance machines and fast
execution with speed electric motors. Simotics AMB technology is mainly used in

compressors for the transport and storage or gas or liquefaction. [2]

Figure 1.8: Simotics AMB — Siemens Technology[2].

Reviewing the national investigations, the research thesis “Optimal control for a prototype
of an active magnetic bearing system” [7], where it announces: “The implementation of the
model and successful real-time control, also it is known that the implementation of its control
reports high instability in low frequencies, which suggests that in high frequencies it has
better results in the implemented control. In this thesis an estimator was implemented that
filters the noise of the position sensor that is within all the presented control algorithms.

Furthermore, that prototype has a bearing support as it is shown in figure 1.2 [7], a DC motor,

besides the electromagnets without passive magnets, as it is depicted in the figure
1.3 [7].
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Figure 1.9: Parts of active magnetic bearings [7].

Figure 1.10: Prototype of active magnetic bearing controlling a rotor [6].

Likewise, in the research thesis: “Physical parameters identification for a prototype of active
magnetic bearing system” [7], The author considers: “a simple structure with an active
magnetic support in a vertical position and without gravity forces, this model allows to
identify mechanical and electrical parameters to obtain an idea and identify industrial
equipment. Neural networks are used to identify the parameters including configuration data
and error minimization in a time if 5 seconds, then the time to identify and update the
parameters is around 1.6 seconds that it is possible to include this identification within the
control system.

The error of identifying parameters with neural network and transfer functions is around

3%, it is good estimate of the response. [7]

1.13 Magnetic Bearing model to develop
Futures projects include an industrial prototype with precision sensors and better control for
a better accuracy in the results, considering into account the operation of an engine that only

transmits torque forces and the radial impulse to design and assemble a prototype of active
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magnetic bearings including the central mass between them. All the aforementioned
information will be considered for the study that will be developed regarding the design of

two magnetic bearings to center an axis to an imaginary axis. [6]
1.14 Development of Magnetic Bearings
The active magnetic bearings for this thesis work use 4 position sensors, 8 electromagnetic

coils, a variable load an engine that will transmit the movement to the rotor that will work

between the magnetic bearings.

Figure 1.11: Rotor system with 2 hybrid magnetic bearings
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CHAPTER 2

MATHEMATICAL MODELING FOR THE HYBRID MAGNETIC
BEARING SYSTEM.

In this chapter is explained the theoretical and experimental dynamic of the hybrid active
magnetic bearing system studied.

To understand the dynamic of the hybrid active magnetic bearing, it is proposed the diagram
block to show in Figure 2.1, when it is used mechanical and electrical differential equations
to obtain a process dynamics solution for acquire a range of physics and geometric

parameters for the transfer function of the system obtaining 8 range of values “g”.

Figure 2.1: Diagram block function to obtain geometrical y physical parameters

2.1 AMB geometrical and physical parameters analysis.

In Figure 2.2 is depicted the scheme connection between the shaft, motor and electromagnets,
that are main components of the hybrid magnetic bearing of this thesis.

Otherwise, its geometrical parameters are “L” which is the length of the shaft (Im), “D” is
its diameter (0.3m). This scheme helps to get a general understanding to elaborate the setup

in order to describe it by physical laws, besides, it is connected the DC motor, that has a
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power of 1Hp, with the shaft through a coupling which absorbs reaction between motor and
shaft.

Figure 2.2: Mass with levitating rotor with magnetics bearings.

In order to propose the mathematical model of the system, it was necessary to know the
physical and geometrical parameters, under requirements, for a non-flexible case, it defined
4 electromagnetic forces with resultant forces FM 1, FM2, FM3, FM4, for each electromagnet
shown in Figure 2.3.

Furthermore, it is necessary to describe that as consequence of not balanced system (when it
is not achieved the control yet) and gravity force over rotor, the reaction get components in
axis “X, Y and Z”; in otherwise, every electromagnetic force as components in every axis

too as shown in Figure 2.3.

Figure 2.3: Free body diagram that apply on the rotor.

Therefore, the mathematical model for the magnetic bearing, was obtained through the

proposed system, when the rotor turns itself around axis “y”, and produce an angular

translation ©O.
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Figure 2.4: Dynamical analysis [3].
Therefore, with the static model shown in Figure2.4, for it the following equations describes
the mechanics of this system. Otherwise, its physical parameters are described by physical
laws.
The initial conditions in the equation (1) describes where R is a resultant force between rotor
and motor, and FM is a magnetic force for one electromagnet by equilibrium rotational when
the electromagnetic system is activating but the motor is off and gravity force mg, is given
by initial conditions.
Rsina + FM1sinB—mg =0 ... (1)

Solving equation (1) with the static condition, the sum of forces is zero, it is obtained by
equation 2, 2*, decomposing the resulting force FM1, it is obtained equation 2 in axis X, and
equation 2* in the axis y.
For x axis:

Rcosa = FM1cosB ... (2)
For y axis:

Lmg = FM1sinB2L ... (2¥)
Classical mechanics of balance, where the summation of forces for not translation r and for
not rotation 8, because the magnet force was activated, but the rotor no yet rotate, therefore

it can obtain the acceleration in (3) and (4).

FEl
SF > %
Erz...(3)
F—--2
While 2 di
mdi . .
e = Rsina + FM1sinB —mg ... (4)
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Where the components of equation (4), Shown the dynamic equation there are an acceleration
in direction of axis z, because the equilibrium is start to be broken, the acceleration is equal
magnetic force FM, R is a reaction the contact with motor to get a transmition and mg is a
gravity force.

Solving the equation (1) in (4) it is obtained equation 5, were:

mdz
dat?

=mg — FM1(0) sinB + FM sinB —mg (5)
Where magnetic force FM1(o is the initial condition for the system in equation (6) were Kz

is the distance variation in millimeters, and Ki is the variation of current in amperes.

mdsz
dt?

= (KzZ + Kii ) sinB = (K, Zo + Kiig )sin B

The general equation for one electromagnet, the dynamic equation of z axis is:
M = Ky sin B(Z — Zo) + KisinB(i; o) .. (7)
The magnetic force given by the figure 2.3 is:
Fu,= Kr + Kil... (8) It
is represented by variation of the distance and current:

fzzudz=z—zo

.9
i 4. . ,
Jydi=i=lo_ )
Translation equation reference are shown in the equation (11)
7:;122 = K, sinB(z) + K;sinB(i)... (11)

Solved the equation (11) it is obtained:

2
;dTg = —Lmg + 2LFM1sinB ... (12)

2
% = —L(2sinB(K;Zy + K;ig)) + 2LsinB(K;Z + Koi) ... (13)

Equation of rotation for the system is:
Izd3

20 = 2LsinBK,(Z — Zo) + 2LsinBK;(i — i) ... (14)

If:
6=06-60,

2
29 _ 71sinBK,(Z) + 2LsinBK;(i)

ar? ... (14%)

[ =L8 forall® — 0...(15)
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-7

L% = SinBK,0 + 2LsinBK;i... (16)

Using (11) and (16) the mechanical equation for only one electromagnet, is given by (17).

[3]

d%z

(m 0) de? (KzsinB 0 )(Z) _ ( K;sinB ) 17
0 Iz/\a% | 0 K,sinB)\@/) ~ \2LsinBK;) "~ a7
dez

Furthermore, using laws of Kirchhoff is obtained the equation (18) that related an electrical

current with a voltage signal, the electrical current, (i) for the hybrid system be determined:

— 4
v=RI+LZ .. (18)

It means (17), (18) Mathematical model AMB

For the matrix 2 Electromagnets are shown in the matrix equation (19):

d’z
m 0 0 0\
0 I, 0 0\| =
0 0 m 0| ax |
0 0 0 /| a
d26,
dt?
K,sinB 0 0 0 z
0 K,sinB 0 0 6, \
0 0 K, sinB 0 x |~
0 0 0 K.sinB/ \0x
K;sinB, 0 0 0 iy
0 2LK;sinB, 0 0 i (19)
0 0 K;sinBy 0 iy |
0 0 0 2LK;sinBy/ \ix

The same matrix for equation (19) is the equation (20)
(¢ (@) (5 »)(2)-()
0 Ly/\dl, 0 Ry/\I Va) .. (20)

In addition to this, the nature of the magnetic force from which it is derived has been studied.
The following equation (21) is obtained, the magnetic force is a function of the position and
electrical current parameters give in (21)
Fm(x, i) = —ksx + kii... (21)
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The detail of obtaining the system of equations is shown in the annexes (equation 17), from

where is obtain (22):

d?z

m 0| a2 K,sinB 0 ) 7\ _ ( K;sinB ) ,
(5 1) 20 ( o ksing) (o) = (2LsinpK,) D @
de?
However, in this case the system can only be described by any of the following both since it

is a system of one degree of freedom.

Likewise, in the electric circuit, Ohm's Law can be proposed, taking into account the next,

[YPPs2)

when voltage “v” is the resistance per electrical current “I”” added, “R” is a resistance:

— a
v=RI+LG (23

Therefore, taken from the equation (12), the particular case for translation, which explains
the simple system dynamics.
. B (t-t0)
mZ — k, cos(B)z =k;cos(B)v/R1(1 — eL1 )... (24)
Therefore, in order to estimate the constants, it is necessary design parameters, using system
identification techniques.
With this, this model will be used to define the physical model. The calculations will be

analyzed in detail when selecting the preliminary project to be used later on.

2.2 Analysis of electrical equation
Analysis of 8 hybrid electromagnetic actuators positions around the rotor in the axis x,y,z;

which is divided into 2 parts.

Figure 2.5: Magnetic bearing position.

For electric equation (25):
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R; _
=2 —e 5T L 2s)
It’s know the model given by:
d?x(t) dx(t) _
F+yd7+kxt =0 ...(20)

System identification for the system shown in the Figure 2.5 is explained mathematically in
equation (27), where define that response time(t) near 70% (it is looking for in order to avoid
overshoots and to get short response time), and L is delay for excitation signal, because the
hybrid magnetic bearing system has inertia, kp is the proportional constant between step
response and electrical excitation. Is the proportional relation of output variable in function

of the input electrical excitation showed in Figure 2.6.

Figure 2.6 Step response and establishment point of AMB.

y k _
29— B o-ls o ] < ]

U Ist+l .. (27

Iy(s)+ yis) = kpUgs) ... (28)

Where the differential equation (29) in the time domain obtained by figure 2.5:
1dy(t)
2=+ Yo = kpUg - (29)
For the AMB system the diferential equation in the time domain is obtained by experience:

ady(t)
dt

Modulated Functions in equation (31)
p(t) -1_p@®) -2 p@®)
ald"F + azd“ 1 ey + a3d” zm +--am = F(t) ... (31)
Responses in time by excitation (frequencies or spectrum, depends on the type of calibration)

Analysis for rotation tendency with degree of freedom, in equation (32) shown the electrical

current I, mass m. [3]

d*(t)

m 0 dt? _(szinB 0 ) Z\ _ (kisinB 0 (iz)

(0 I) dZe,(t) 0 k,sinB (Gz)_( 0 2]51'an1') Lo - (32)
dt?
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For the active magnetic system, the resultant forces are emitted by each hybrid
electromagnetic coil, which is shown in Figure 2.7, where FMz is the electromagnetic force
resulting from an electromagnetic coil with an angle 3 and for another electromagnetic coil
FMz2 is electromagnetic force resulting with an angle 2 , and the resultant force between

rotor and motor is R, with an angle 6

Figure 2.7: Sample of the shaft with a force that is produced by 2 active magnetic bearings.
md? =) — k,sinBZ, = k;sin Bi, ... (33)
R
md?Z0 — ,sinBZ, = k;sin B[ (1 —en ¢ m)] .. (34)

Therefore, to solve this differential equation to archive geometrical parameters for one

electromagnet effect.
72(t) =z + 2. (35)
The general equation for the system is given by equation 36:
md? 22 — k,sinBZ = kisinBi)... (36)
Where:
m- is a mass

Bi- is the angle between the magnetic force and the axis.

22
md dt2: Is the mass multiplying the derivative of the position

2.3 Analysis of electrical components:

Initial conditions:
o> mg ... (37)
“©” it is flexible
0 — 45°
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[ki]~1
In the Figure 2.8 shown the linearization between the magnetic force and the current, where
the initial load has the initial uses initial value of current io, when the magnetic force increase,

the electrical energy increase.

Figure 2.8: Linearization between the magnetic force and the current.

Where for the system it considers mass as 1 kg: mg—
lkg 10=10A
i=€[10...30]4
For Kz

Figure 2.9: Linearization between the magnetic force (T) and distance (mm).

Trend lineal:
Fuz— kz(Z — Zo) ... (38)
Magnetic force:
Fu=fmi+ fmz ... (39)
Fu=ki(i — i0) + kz(z — 20) ... (40)
0.5mg = (i—10) + (z — 20) ... (41)
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z = 0.001m... requirement
zo=0.0003m.. proposal

5=i—10+ 0,007

i~14.993

The magnetic force to raise 1kg, depends on the current, which according to calculations
made it is defined that, the diameter of the isolated wire conductor should be < 1mm and the
amperage is between 10A to 20A.
Use differential equation for a one point:

2oy = (AeV:P + Be™VkBe) + (D + Ee8Y) .. (43)

Z regarding time:

Figure 2.10: Regarding time in Z(mm) and operation time (ms).

trcomputer < tp < tm < trsensor < to < 200ms

Where shown this in the Figure (2.9) the computer time (t7computer) response is minor than
processing time (tp), the processing time, is minor equal than sampling time (¢m) in the
same way, sampling time must be minor tan response time sensor (t7sensor) considering that
response time sensor is minor than operation time (to) and the operation time is minor than

200 ms.

2.4 Analysis of magnetic permeability.
Reference to the calculations made, the following is defined:

Magnetic permeability, magnetic field strength(H) [3]:
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i~14.993
— 0.4mnl

H . (44)
Where: n°: number of turns of a
solenoid
L: length
I: current
_04nl «
=5 (44"
_ 0.4 114.993
"= T 30H
n = 6 turns

The magnetic field increase outside the solenoid is due to the sum of the field generated by
the solenoid and the magnetic field end to the magnetized bar, this new field is called
magnetic induction or induction flux density.
B=poH+ poM ... (45)
M: component of the field due to the bar, intensity of magnetization. po
: Free space permeability
o = 4w1077T % (45%)

m
""a: Tesla meter by ampere.

Types of conductive wires.

Conductors electrolytic cooper 99.99% minimum purity, annealed hard, the solid is chosen
since the wiring generates a lot of heat.

In conclusion with the respective calculations a cooper wire that can withstand 30 amps will
be implemented.

Calculation to determine the diameter of the wire:

Safety factor: 25%
d=30+25% (30) =37.54

It is defined that the type of wire is 6 awg with a diameter of 4.11 mm with an electrical

resistance of 1.293934 ohms/km

2.5 SENSOR
To choose the position sensor to be used in the prototype of a magnetic bearing, the following

types of sensors are proposed: position sensor, induction sensor and nanosensors, each sensor
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will emit parameters with a margin of noise and error, and by obtaining this data the

comparison will be made to define which sensor is the optimum for the prototype presented.

2.5.1 Position sensor

Proximity sensors are switches because they determine the presence- absence of an object.
This means that they produce a digital output or on/off instead of a continuous measurement
of the position. In this thesis it will focus of the position sensors and not on the switches. In
other words, the sensors emit an electrical signal proportional to the position along a
measurement path. [14]

2.5.2 Induction sensor

When comparing the position sensors, the inductive sensors can move the electronics away
from the detection area.

That allows the sensor to be placed in hostile environments and its electronics in another

position less adverse. [14]

2.5.3 Nanosensors.

The use of nanosensors for the proposed prototype is the efficiency of the response of the
data obtained, with the nanosensor will be obtained position variation measurements with
high precision that will optimize the responses of each parameter to perform the optimal

control of the prototype [3]
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CHAPTER 3

Control position for the AMB

In order to achieve the control position for the hybrid AMB machine of this thesis, it is

described its control analysis as dependence of mechanical and electrical subsystem

3.1 Control analysis

To develop the control, it is known a block diagram for a system AMB [3] which is shown
in Figure 2.1, where I(s) is an electrical excitation signal, O(s) is the response signal, C(s) is
the controller, MT(s) is the mechanical plant’s transfer function for the system, and S(s) is
the transfer function for the sensor. It is necessary to remember the sampling time was less
than response time of the system as requirement of this work, therefore Laplace analysis

helped to algebra operation.

Figure 2.1 Block diagram of the identification system.
By algebra is obtained from the block diagram, the equation 46, for which “O” means the
output of the system:
[1(s) — S(s)0(s)] C(s)MT(s) = O(s) ... (46)

From which it is achieved equation 47:

is) i C(s)MT(s)

1(s)  1+C(s)MT(s)S(s) ™ (47)
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In last equation, for a case PID controller, it is considered sensors, actuators and controller
system, nevertheless for this work it is considered an enough fast response in order to assign
a gain behavior, so the transfer function it is considered as S(s)=Ks therefore in the
characteristic equation for a classic PID model is reduced at following equation, in that “m”
represented shaft’s mass. Electrical current coefficient K; and displacement coefficient K.
From [3] was analyzed the general case, therefore from that reference it was reduced poles
numbers for this specific case 8 electromagnets the transfer function as K; for 8 actuators

separately, is the integral constant of the PID controller.
Ki
ms2+Ky

(Kp +5+ Kq 5)( J+1=0 ... (48)
as reduction equation (48):
(m S2+ Ky)( Ka $2+ KpS+Ki) KiKstmS2+ Ky=0... (49)

Working for a PI Controller, that means: [3], were Kp is a proportional constant,K; is the

constant of current, and Ks is a constant of sensor.

3 (1+KiKyKy) o | (KyKpKiKs) Ky(KIKL-Ks+1}:
KpKiKs mKp KK MK KKy

S

0... (50)

While it is compared with third order polynomial model, it is necessary to recognize “wo” as
the natural frequency assumed (expected for the system, “e€” as the capacity to overcome
inertia (as damping effect) and “a” the coefficient which joins equations (49) and (50), to get
comparison with main polynomial model showed in equation (51). As it was analyzed for
the author for a generalized case so in this context the redactions are for 8 degrees of Freedom
in given equation in which every component has a matrix 8x8. [3],

S3+ wo(2e + a)S? + wo?(1 + 2ex)S + a w3 =0 ... (51)
Otherwise, KpK and a can be obtained as functions of "wo” and “e”

(1+KiKyKy)

KKK, =wo(2e+a) ... (52)

(KyKoKils) _ ) 2(1 4 2eq0)... (53)

mKp K Ks
Ky(K[KiKS+1) _ 3
T awy”... (54)
From equations (52), (53), (54) it is obtained: [3],
_ 1 _ Ky
T 2e 2me’”’ (55)
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it means

mwo—Ky Jo—2Kye
KL _ ( 0 y) y

T KyK(Ks—mwe)a—2K1KyKse (56)

For this reason, was possible to find K:: [3],

Ky
( )1_mw02
mwo—Ky Z——ZKyc
K; = - ,fy .. (57)
- 2
KyKj(Ks—mawj) ";f’“ +2K KyKse
Therefore [3],
K
K;KyKS+K—‘£
Ky =———+..(58)
mszg o

And finally, was possible to get the controller PI defined by its parameter proportional and

integrative. This controller helps to find the right identification while system is stable.

4e?(KgKj—1)

Kj
K,(Ks—mmg)(1—mw02

K, = KyK; K, + K [1 + 1...(59)

)—41{562

3.2 Model Predictive Control Analysis

Results obtained in this thesis work help to get a control under requirements looked for,
nevertheless, not fast response as it could be obtained by a predictive model, either way such
as by an Optimal Predictive Control described in following lines. For this reason, it was
studied, simulated and experimented by optimal analysis for the main control in this thesis.
The heating propagation because of friction in bearings is a problematic that can be improved
while the AMB is controlled by an optimal PID controller, which coefficients are calculated
by analysis of strategic solutions of the optimal models that represents the main system in
this work (electromechanical system) [3]. That means, in this research was necessary to work
with strategies of Model Predictive Control (MPC) joining both subsystems (mechanical and
electrical) for the main algorithm, the strategy was an internal identification system while
adaptive control coefficients/weights looked for the right control. Therefore, it is generalized
for a nonlinear function “f” and internal variables “x(t)” due to excitation “u(t)” as function
to time “t” As it was analyzed for the author for a generalized case so in this context the
redactions are for 8 degrees of Freedom in given equation in which every component has a

matrix 8x8.

d”;(t” = F(x(®)u(t), 8)... (60)
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By other side the general response “y(t)” correlated with “x(t)” and “u(t)” through a nonlinear

function “h”

y(t) = h(x(t), u(t), ©) ... (61)

€

Also, while trajectory road “Rs” as input excitation “r
RT = (1111111 D)7 (k) ... (62)
So, analyzing costing function “J”, according to achieve the optimal desired position. [3],
J=(Rs—=Y)I(Rs—Y) + AUTRAU... (63)
In which this expected position is
Y =FX(ki) + ¢AU... (64)
Otherwise, [3],

1T$T(Rs — FX (ki) + AUT($Td + R)AU... (65)

J = (Rs— FX(kd) (Ri— FX (ki) — 2AU

In that, “F” and “®” are matrices that contain all physical parameters of the system (as joining

matrices above regard identified result). [3],

aaA_]u = =207 ((Rs — FX (k) + 2(d"d + R)AU... (66)
So
a1
—2o = 0...(67)

From which, the optimal excitation signal in order to find the optimal response is given by
[3],

AU = (dTP + R)~1$T(Rs — FX(ki)) ... (68)
The total systems (mechanical and electrical subsystem) were controlled through following
scheme of general cascade controller as shown in Figure 2.2 by [3], in which “G; and G>”

are the controllers, furthermore, “G3 and G4” are the subsystems of all the AMB model.

Figure 2.2 Control cascade model for the total system.
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CHAPTER 4
SIMULATION RESULTS

4.1 Control position results

Figure 4.1 System control scheme for simulation of hybrids magnetic bearings.

It was achieved the control by experimental analysis as consequence from simulations
achieved, as it is depicted in Figure 4.2, for which the curve in color black shows shaft
rotation while there is not magnetic force influence, it because of any hybrid electromagnet
actuator was activated. Therefore, it is possible to see impulses such as overshoots which
give as result the necessity to get a position control in order to get movement stable and
balanced transmission; furthermore, it is shown by green curve the result of the main control
designed while it is activated only one of the hybrid electromagnet actuators, besides by red
line it is shown better performance (reduced overshoots) owing to the position sensor
measure rotor movement while there is activated both hybrid electromagnet actuators. That
means, the simulation expected best performance control when the main algorithm is
executed when both actuators are activated, it likes to be owing two load between both
actuators.

By other side, in order to test simulation results, there are shown figure 3.3 and figure 3.4 to

describe experiments results achieved.
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Figure 4.2 Model Predictive Control Simulation result (as dependence of identification
methodologies) for the AMB prototype. [3]

In magnetic bearings system, the results of a system comparison are shown in Figure 4.3,
without control, with control of an actuator and with control of two actuators, where the
position sensor senses the y axis and is obtained the signal of black color, which indicates
that there is no control in the system, and its oscillation is 1.38 mm to 1.42 mm and 1.32 mm
to 1.50 mm maximum. When activating the control system with an actuator, the green signal
is obtained, decreasing the oscillation between 1.39 mm to 1.41 mm, which is a range
attenuated to the imaginary axis. In the same way a second actuator is activated, in vertical
position to the first, giving a red signal, which greatly influences the attenuation obtaining

an oscillation of 1.305mm to 1.405 mm, values that approximate the imaginary linear axis.
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Figure 4.3 Comparison between the signals emitted, without control, with control of an
actuator and with control of two actuators.
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CHAPTER 5
Experimental results

Figure 5.1. System control scheme for the experimental hybrid magnetic bearings.

The position sensors in the active magnetic bearing system are located two for each magnetic
bearing, in each one the sensors form an angle of 90 degrees at the imaginary axis point, in
Figure 5.2 are shown the signals of the 4 sensors that were located 2 mm away from the rotor
, obtaining results of the experimental control system[13] by the PID controller where it is
observed the measurement of the sensor does not approach 3 mm, noting that the control
system fulfills its role of centering the rotor, and it is concluded that there are overshoots to
be reduced using a more precise control that attenuates the signals obtained with the

Imaginary axis.
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Figure 5.2. Control position for every axis given by classic PI controller [12] With
the PI controller, its obtained overshoots, which have to be reduced to obtain the desired
position of 2 mm for the system, the overshoots were produced due to the hybrid
characteristics of the electromagnetic actuator, for which an optimal predictive control was
used to find the correct adaptation coefficients obtaining an optimal position control for the
desired position for the system, in the Figure 5.3 shown the 4 signals obtained by the position
sensors around the axis, noting notably considering the attenuation with reference to the

imaginary axis.

Figure 5.3. Control position for every axis improved by Optimal Controller. [12]
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CONCLUTIONS

In this thesis was designed a control algorithm for two hybrid magnetic bearings of 8
electromagnets and 4 position sensors, with a proposed disturbance of a variable load, load
that emulates the actual loads of the compressors, transport belts, turbines etc.

For these reason, hybrid magnetic bearings require robust control, which reduces the
vibrations of the rotor at the moment of rotation. In the chapter 4 presents the system without
control, where is observed a nonlinearity. Therefore, a control system has been realized, that
offers better results of stability in the system, in chapter 5, the experimental analysis of the
stability hybrid magnetic bearings was used to reduce friction and obtain a better stability, by
means of PID cascade controller, which was designed the correct parameters against the
mentioned disturbances, obtaining a better position of the rotor with reference to the
imaginary axis. It defines that, there are disturbances due to frequency changes in the rotor
speed, as well as the disturbances proposed due to the variable load. Due to the changes of
speeds, it is observed that the PID controller is not robust, for which an optimal predictive
control is used to find the correct coefficients of adaptation, obtaining an optimal position

control for the desired position.
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Appendix A

Initial conditions:

Rsina + FM1sinB =mg ... (1)
Rcosa = FM1cosB ... (2)
By equilibrium (rotational) R-
reference

Lmg = FM1sinB * 2L ...(2%)
az
XF -5
7 ..(3)
F -
while & 7@
md;

ez = Rsina + FM1sin B -mg

)]
Where R sin @ y mg- constant
Equation (1) in (4)

madz . .
e - mg - FM; , sinB + FM;sinB —mg .5

Where: FM1( initial condition

2
2% = (KyZ + Kii ) sin B — (K, Zo + Kiig ) sin B (6)
Dynamic equation of the z axis
a2 ‘ _ .
a = KzsinB(Z = Zo) + KisinB(ii = o) )

Magnetic force given by this model
Fur=Kr + Kil ... (8)

It is represented

Variable of the current

zZ
[L42=2-2

P
fdi=i=io

Translation equation,



md2

= K;sinB(z) + K;sinB(i )

dt2 (11)
R- reference
ag .
Tl Lmg + 2LFM15mBm (12)
% = —L(ZsinB(KzZo + Kiio)) + 2LsinB(K;Z + Koi)m (13)
Equation of rotation
Izd5 . , .
if:zumwKAZ—Z@+2mmBm@—%)“U@
If:
0=0—00...(14%)
Izd} . . .
ﬁ = 2LsinBK,(Z) + 2LsinBK;(i) (15)
l=L6 VO-0.. (15%
l-Z
Izdg . . r
el sinBK,0 + 2LsinBKji . (16)
Joining (11) and equation (16)
Mechanical equation for a system
d?z
(m 0) daz | (KzsinB 0 )(Z) _ ( K;sinB )(_)
0 1z/\| a%e 0  K,sinB)\g) = \2LsinBK;)
de? .. (17)

Furthermore 1=?

— a
v=RI+LE (13

It means (17), (18) Mathematical model AMB

For 2 Electromagnets: (matrix)
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Appendix B

V For all calculation:

(

o) () + (

v = ]iR[' + Li

dal;

dt

o i€[1..8];i€

2 o
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Solution:
di;

v = IL'R[' + Li o

.. (23)
Solution by integrals
Lidl; + I;R;dt = Vidt  (24)
Lidl; = (Vi = IiRi)dt ... (25)

dl; _
LG = dt ... (26)

Where:
Vi—IiR; = Z; .. (27) Deriving

with respect to the current:
av; d d
. (Rl =2+ (Zy)
dv;
dl;

... (28)
=0

b



Vi=V=cte
I} dZj

0 -k ar; dl; ., (29)
dZi=—Ridl; ... (30)

(27) and (30) in (26)
1 1 _
L'_(_Edz") =dt (31)

[Z[_
_Ldz
e
Rz L...(32)
dz; R;
Zo gt
z Ly ... (33)

zj R;
InZf,==7E Gy

R

L () =~ 3 (t=to) (35)

R
oo™ 36

Zo
PRI Ri_
Vl V}:[ll — Li(t tO)“. (37)
Tht=to)
Rice_g,
Vi=Ril; +Vie 4 ... (38)
R:
—z,(t=to)
Rily =V;=Vie i (39

Vi

Ri .
—(1-e 5T L 40)

It’s know following model:

d?x(t) dx(t) _
m—e TV e thx =0 ... (41)

d?x | ydx(t)  k .
letna Ta*o =0

Where values replace them:

1=a
L=b. 43)
L3
m = O (44)

b
Model over damping < b* — 4ac > 0 { y(¢t) = ez (A e + Be™™)

... (45)
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=a= (g)z T € (46)

b
Damping © b* —4ac = 0{ y(t) = e72'(A + Bt) __(47)

b
Under damping < b* —4ac <0 { y(t) = e 2 (Acos ) + Bsin Qt) ... (48)

. (b\?
=0=i-() .. (49) Solving
the know model:
d?x(t) dx(t) .
T TV e ke =0 (50
x(t) = cie® + Czebt ... (51)
dx(t)
Zt = c,ae™ + Cybe’ (52)
@x®) _ 2 at 2, bt
— = C1a e® + C,b%e .. (53)
(52) and (53) in (41)

m(c1azeat + C2b2ebt) + y(c1aeat + C2bebt) + k(cieat + C2ebt) =
Isomorphism to solve
ci(ma2+ya+ k)e® + c2(mb2+yb + k)ebt=0
Performing a Laplace inverse transform [~1
c;(ma? +ya + k)ﬁ + co(mb? + yb + k)ﬁ =0 (54)

ci(ma?+ya+k)(s —b) + c2(mb?+yb + k)(s —a) =0... (55)

Comparisons to find the parameters
w.S+...=...5+...Solving

the coefficients to demonstrate the three cases:

ma2+ya+k...(56)

A= -yt y24(m) (k)
=T m .. (57)
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System identification

Yo _ kP ,-Ls o, L <]
Us s+l ... (58)

Iy@s) + y(s) = kpU(s)... (59)

Modulated Functions

a,dm" p®) a,d™ 1 2O

- )
drn a1+ azd"™* s o am = F(t) ... (60)

dtn-3
Y(t) =?

American model:

Responses in time by excitation (frequencies or spectrum, depends on the type of calibration)

Analysis: Rotation tendency with degree of freedom.

)
(m 0) Tatz | (kzsinB 0 ) (Z) _ (kisinB 0 ) (iz)
0 [/\ 40 0 k,sinB ) \6z/) — 0 2lsinBki / \i,
dt? ... (61)
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Figure 2.5: Sample of the shaft with a force that is produced by 1 active magnetic bearing.
Working for:
22() . . 1 i R
md e k,sinBZ; = k;sin Biy, .. (62)

“Ri_
mdzi? — k,sinBZ, = k; sin B[=> (1 et tD))]
dt R ... (63)
Therefore, to solve this differential equation to archive geometrical parameters for one

magnet effect.
20 =2"+2" (64

Z,(f) =?

220 _ oo -
md 0 k,sinBZ, = 0... (65)

2
1 d=z(t) 0dz(t) k

az Tmoae  mS B =0 (66

Where:

ks, .
¢==5SmB 67

F=kid +kiZ ... (68)

2 02 Kz _ 4k .
b*—4ac =0 4(1)( msmB)— msmBm(69)
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& k2> 0 (Over damping)
The sign must be positive, if it’s negative it implies that system is not stable.

e 0= @)2 — ¢ ... (70)

A, B, there are obtained through 2 conditions

0= \/i (0) — 4(1)(— == sinB)

Q=2 /EsinB
m ... (72)
kz.sin B _ 5 |kzsinB
z(t) =AeNm TyBe T m 'tm (73)

.. (71)

Z(to=0)=A+B=Zo...(74)
Zp(t) =7
ZHo

Zp = Kilimp(1 —e ) ... (75)

Zp(t) = D + e~t... (76)

dzp(t) _ - —ft
w —Fe
dz’p(t) _ | g2 —ft
az - TFTeT(7g)
V Vo =R
m(F2e~™) — k,.sinB (D +e™™) = k;. sinB— — k;.sinB—e L1 ¢
Ry Ry
Vo vV, =R
—k,.sin B De ™ (mF? — KzsinB) = ki.sinBR— —k;.sinB—elit
1 1
_ 5. Y
b= k”'lez ... (79)
R;
F= . s0)
2 . S &
mF+< — KzsinB k,,,.smBR1 @D

State of the rotor, mass m:
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2r(t) _ dF
Md dtz ~— dt (82)
darF,
_

If:
F =F1+F2
-r=f(x1y,2)
r = f(x1x2y1y2, z122) ... (83)
F=Fi+F2+F3+ -+ Fn... (84)

r = f(x1x2x3, ... Xn,Y1, Y2,y3, ..., YnZ1, Z2, Z3, ..., Zn)
" = f (XN, YN, ZN )

ar
(t) 0
dt *

... (85) In

our case:

d?z(t)
dt?

a +bz:D+fg(t).

.. (86)

2
220, 22O | hz =D+ fg(t)

dt? dt

.. (87)

v? - reference point



z(t) = [x(0), y(©), 0(t), d(O)]"

a 0 0 0 x(t) y 0 0 o\ [/x(t) x(t)
00a 0 0)a|y@® |, (0 v 0 0)ly® | [¥®]|_
0 0 a 0|0 00 vy 0flo® o(t)
000 a 0 000 ¥\ 0

/D

L\ /b 0 0 o\ /[91()

Dy l[o b 0 0)]| 920D

D; {0 o b of| g3(t)

Dy) N0 00 b/Aga®)]  (gg)

So in this case while:

Z(t) = [x1x2'x3, ...xnryl,yzryg, ...,yn,el, 62, 63, ey On, (l)l’ (])2, (1)3, ey (l)n,]T“. (89)

Az + Az + Bze = D"+ FGey  (90) General

equation:

2 z(t) . . . .
md o k,sinBZyy = kisinBi, CH

220
md dt?: Is the mass multiplying the derivative of the position

oy — Yo _ Vo =K(e-to)
(:”'(t)_k REE ... (92) To

solve this differential equation for a one point:

2@ = (Ae Vet + Be~VaP) + (D + Fe™#) ©3)

Vo ki

b “kzR... (94)

_ k[BVO
R *~kaB___(95)

B=90° or 0°

Fu=kzZ + kii... (96) mg
=2Fm ... (97)

54



2.3 Analysis of electrical components:

Initial conditions:

lo=mg ... (98)
O be flexible
0 — 45°
[ki]~1
Where: mg= lkg
i0=10A
i=€[10 ..30]A
Diameter of the current wire: 1mm
10A—m(10)
m~1lkg
For Kz

Trend lineal:
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Fuz— kz(Z — Zo) ... (99) Magnetic

force:

FM:fmi+fmz... (100)
Fu=ki(i —io) + kz(z — zo0) ... (101)
0.5mg = (i — 10) + (z — z0) ... (102)

z = 0.001m... requirement
zo=0.0003m.. proposal

5=i—10+0,007... (103)
i~14.993
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Appendix C

This is a conductive wire for the electromagnetic coil.
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Sensor Sharp

Is a requirement of the prototype.
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Appendix D

ANALYSIS OF PARAMETERS CALCULATED MATHEMATICALLY
WITH PARAMETERS OBTAINED EXPERIMENTALLY:

The DAQ, of national instruments module will be used to obtain the acquisition data with

sensor SHARP.

The electronic components used for this test are:

Power supply 12v

Motor and axis of prototype of active magnetic bearing controlling an axis by author

ARAGON, motor high and low speed.

Potentiometer 1M regulated to 200 ohms

Led

Relay Protoboard

Sensor Sharp.

Performing the test and obtaining the following data by the data acquisition DAQ of national

instruments.

The test one is done with a voltage of 2.5 and with a current of 1.68 amps that comes to be

the low speed of the motor and the test 2 is done with a voltage of 2.5 and with a current of

1.70 amps that comes to be the speed high engine.

Figure 5.1 Program for data sampling using national instrument software.

Data obtained from the sample of parameters without electromagnetic coils control:

1 Engine test with low speed:
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Figure 5.2 Sensor response SHARP with a motor at low speed

2 Engine test with high speed:

Figure 5.3 Sensor response SHARP with a motor at high speed.

In both cases of the test shown and the answers obtained, there is noise in the signal that must
be filtered to obtain the data with precision, for which a control system is needed. For which
is going to take the reference of sensing for the sampling of the signal of the following way:
We Will use two SHARP sensors located around the rotor to be sensed, the angle of position
between them Will be 90 degrees, in the same way we Will use two electromagnetic coils
located perpendicular to the sensors that when activated, will produce forces that Will make
the signal obtained at the beginning change since there are forces that modify the initial

response obtained.
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