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SUMMARY

In this dissertation, the author presents the operation and development of active magnetic
bearings (AMBs), with specific focus on axtal AMBs. The project objective is the development
of an axial AMB system. The electromagnetic design, inductive sensor design, dSpace®
controller model design and actuating amplifier design are aspects discussed in this dissertation.

The physical mode!l constitutes two electromagnets positioned above and beneath a 2 kg steel
disc with an air gap of 3 mm on either side of the disc. The electromagnetic design is done

analytically and verified using Quickfield® finite element analysis software.

Inductive sensors are designed to obtain position feedback from the model. These sensors
measure the distance of the air gap between the suspended steel disc and the eléctromagnets. The
dSpace® 1104 controller board and software is used for controlling purposes. This dissertation
describes the system development from the Simulink® model to the real-time model, where the
dSpace® controller board controls the physical hardware.

The dSpace® controller sends out control signals via D/A ports to actuating amplifiers. The
actuating amplifiers then provide a controlling current to the electromagnets. The steel disc is
attracted or released according to the signal provided. The inductive position sensors provide

feedback from the model via the A/D port of the dSpace® controller to close the control loop.

The control performance of the model is evaluated through steady state analysis (static load test),
dynamic disturbance analysis (downward disturbance test) and step response analyses (amplitude
step response test). The step response analysis provide information about the time-to-peak,
settling time, percentage overshoot, natural frequency, damping ratio, damping constant and
stiffness of the model. The experimental results obtained agree with the expected theoretical

norms.

Future possible projects can be done on the improvement of the sensor (designing a sensorless
sensor), designing advanced control techniques for the axial AMB model by using the dSpace®
DS1104 controller and designing an axial AMB model for high speed applications.



OPSOMMING

In hierdie verhandeling verskaf die outeur die werking en vervaardiging van aktiewe magnetiese
laers (AMLs), met spesificke fokus op aksiale AMLs. Die doel van die projek is om 'n aksiale
AML te ontwerp. Aspekte aangaande die elektromagnetiese ontwerp, induktiewe sensor
ontwerp, dSpace® beheerder ontwerp en kragversterker ontwerp word in hierdie verhandeling
bespreek.

Die fisiese model bestaan uit 'n elektromagneet wat bo en onder 'n 2 kg staal skyf gemonteer is
met 'n 3 mm luggaping aan beide kante van die skyf. Die elektromagnetiese ontwerp word

analities gedoen en geverifieer met eindige element sagteware genaamd Quickfield®.

Die induktiewe sensor word ontwerp vir posisieterugvoer vanaf die model. Hierdie sensor meet
die grootte van die luggaping tussen die gesuspendeerde staal skyf en die elektromagnete. Die
dSpace® 1104 beheerderkaart en sagteware word gebruik vir beheerdoeleindes. Hierdie
verhandeling bespreek die stelselontwikkeling vanaf die Simulink®-model tot by die in-tyd

model, waar die dSpace® beheerderkaart die fisiese hardeware beheer.

Die dSpace® beheerder stuur beheerseine uit na die kragversterkters deur middel van sy D/A
poorte. Die kragversterkers verskaf dan "n beheerstroom vir die ¢lektromagnete. Die staal skyf
word dan aangetrek of laat val volgens die sein verskaf. Die induktiewe posisiesensor verskaf
terugvoer vanaf die model deur middel van die A/D poort van die dSpace®-beheerder om die

beheerlus te sluit.

Die doeltreffendheid van die beheerder word ge-evalueer deur middel van bestendige toestand
foutanalise (statiese las toets), dinamiese steuringsanalise (afwaardse steurkrag toets) en trap-
responsanalise (amplitude traprespons toets) op die model toe te pas. Die amplitude traprespons
toets verskaf inligting aangaande die piektyd, vestigingstyd, persentasie verbyskiet, natuurlike
frekwensie, dempingsverhouding, dempingskonstante en styfheid. Die eksperimentele resultate

wat verkry is stem ooreen met verwagte teoretiese norme.

Toekomstige moontlike projekte kan gedoen word op die verbetering van die sensor (ontwerp
van ‘n sensorlose sensor), ontwikkeling van gevorderde beheeralgoritmes vir die aksiale AML
model deur gebuik te maak van die dSpace® DS1104 beheerder en om 'n aksiale AML model te

ontwerp spesifiek vir ho& spoed rotasie.
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NOMENCLATURE

Abbreviations Definition

AMB Active Magnetic Bearing
LPV Linear Parameter Varying
AVBC Adaptive Variable Bias Control
THVD Total Harmonic Voltage Distortion
THID Total Harmonic Current Distortion
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Symbels Definition
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D3 Dj; Quter and Inner diameter of the coil gap respectively
Dinean Mean diameter of the coil gap
F Actual force developed by the bearing
i Fringing factor
h Effective air gap for the magnetic circuit
i Current in the coil
K., Equivalent stiffness of the bearing
K; Current stiffness of the bearing
L Length (axial) of the bearing
Leoit Inductance of the coil
if Leakage factor
L, Length of the wire in the coil
N Number of turns making up the coil
R Total reluctance of the magnetic circuit
Reoit Resistance of the total length of the coil wire at the temperature T
Ry Resistance of the total length of the coil wire at the temperature Ty
R, R; Reluctance of each air gap and of the ith. flux path respectively
Z Maximum possible displacement of the shaft in the axial direction with
magnetic thrust bearings
& Temperature coefficient of the resistance of the coil wire at the temperature Ty
A Permeance of a magnetic flux path
I Ho Permeability of a medium, Permeability of free space
pnFe Relative permeability of iron
p Resistivity of the wire material

g Magnetic flux and Frequency respectively



CHAPTER 1
INTRODUCTION

The Pebble Bed Modular Reactor (PBMR) is a small, safe, clean, cost-efficient, inexpensive and
adaptable nuclear power plant, using coated uranium particles encased in graphite to form a fuel
sphere (60 mm in diameter). In addition, the PBMR design makes use of helium as the coolant
and energy transfer medium to a closed cycle gas turbine and generator. Helium is used, because

it is radiologically inert.

According to the PBMR engineers, the use of normal bearings for rotational devices, would have
the result that contaminated oil particles would run through the system. Thus although the helium
is radiologically inert, the oil particles can make the process radioactive. If the oil particles

would somehow leak from the system it would cause serious illness or even death.

A solution to this problem is to use a magnetic bearing system where the rotor is magnetically
suspended. A magnetic bearing system has the advantage that it does not need any oil. This
advantage will prevent radioactive contamination of the system. This in turn makes the

surrounding environment safer in case of leakage.

A magnetic bearing system is a much cleaner and safer system compared to a conventional
lubricated bearing system and it requires much less maintenance. The project objective is to
develop a working axial AMB system, on which measurements and tests can be conducted in a

research environment.

Improvements on this project will lead to future research projects. This project together with
others will provide a knowledge base in the field of active magnetic bearings (AMBs).

This dissertation starts with a system design explaining al the different stages of the project,
followed by a thorough study on AMBs. The design of the model and induction sensor design
can be found in chapter 3 and 4 respectively, followed by the development and implementation

of the controllers in chapter 5.

The dissertation ends with a system evaluation and verification, followed by conclusions and

results. The appendices provide technical information about the project.

1.1
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1.1. PURPOSE OF RESEARCH

The main project objective is the development of a working axial AMB system. Secondary
objectives are the establishment of research capacity at the university and establishment of a

research laboratory.

1.1.1. ESTABLISH RESEARCH CAPACITY

There is a lack of knowledge in the ficld of AMB systems driven by dSpace® controllers. The
purpose is to establish research capacity which would lead to the offering of post-graduate
courses on AMBs. The research program will also facilitate Masters and Doctorate studies on
AMBs.

1.1.2. ESTABLISH RESEARCH LABORATORY

A secondary objective is to establish a research laboratory where future studies on AMB can be
done. The research laboratory will be used to solve problems that may be encountered at
industrial plants. Solutions and results can be obtained in the laboratory and a demonstration of a

working model can be given, before implemented at the plant,

1.2, ISSUES TO BE ADDRESSED

The issues that need to be addressed before fulfilling the main project objective can be divided in
4 stages. Figure 1.1 provides a block diagram of the basic layout of the project. This figure
shows the different stages of the project that will help with the explanation.

The controller (stage 1) receives the error signal as input and provides a control signal as output.
The power amplifier (stage 2) receives the control signal and sends out a signal to the axial AMB
model (stage 3). The axial AMB model consists of two electromagnets, one above and one
beneath a steel disc. Position sensors (stage 4) measure the position of the suspended disc and

provides position feedback to the controller.

More detail on the system design of the project can be found in section 1.4.
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_ Stagel | Stage2 Stage L
Reference *@ E% Controller T J AE:’?;;:;F %ﬁLAXStIJQeTBJ
l | Sensor FﬁgJ
; Dynamicsé

Figure 1.1: Block diagram of the basic layout of the project

1.3. RESEARCH METHODOLOGY

This project will be conducted in six phases: 1) Background study on the AMB, 2) Axial AMB
model design, 3) Position sensor design, 4) Controller development and implementation,

5) Results obtained and system evaluation, 6) Conclusions and improvements.

1.3.1. BACKGROUND STUDY ON THE AMB

A thorough study on AMBs needs to be done, with special attention given to axial AMBs. A
study on the first practical magnetic bearing, operation of an AMB, background on bearings and
sensors for AMB systems, benefit of magnetic bearings, limitations of magnetic bearings and
future AMB control technologies will therefore be done.

1.3.2. AxiAL AMB DESIGN

During this part the complete axial AMB model will be designed. A theoretical design of the
model will first be done, followed by a verification of the data using a finite element software
package. In the theoretical design of the model the specification of the model and core
dimensions needs to be calculated. The magnetomotive force and magnetic flux will be verified

using the finite element software.

1.3.3. POSITION SENSOR DESIGN
In this section the position sensor will be designed. A complete circuit diagram must therefore be
designed and explained. The characteristics of the sensor need to be determined and tests must

be performed to verify its functionality.
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1.3.4. CONTROLLER DEVELOPMENT AND IMPLEMENTATION
The electromagnetic suspension model dynamics needs to be determined before controller
development and implementation. The simulation design, analogue controller design and discrete

controller design can then be done.

1.3.5. RESULTS OBTAINED AND SYSTEM EVALUATION
During this stage a system analysis will be done. The model will be tested under load and
disturbance conditions. Finally the stiffness of the model will be measured as a function of

control parameters.

1.3.6. CONCLUSIONS AND IMPROVEMENTS
In this part some conclusions on the model will be formulated. The necessary improvements that

can be done on the model will also be discussed.

1.4. SYSTEM DESIGN

The system design can be divided into 4 stages. Figure 1.2 provides a block diagram of the basic

layout of the project.
Stage 1
AL Stage 2 Stage 3
' )
A A
Controllers DA - D
Discrete Lead and — : Actuating Axial
PID controllers Terminal Units AMB
: board (Amplifiers) Model
Analogue Lead and A/D o
PID controllers
Stage 4
Inductive
Sensor

Figure 1.2: Block diagram of the AMB system
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1.4.1. STAGE 1: ANALOGUE AND DISCRETE LEAD AND PID CONTROLLERS
This stage focuses on the design of the different controllers. The analogue and discrete lead and
analogue and discrete PID controllers will be designed and tested.

It was decided to use the dSpace® 1104 R&D Controlier Board for the discrete controllers, since
it is the leading standard in the world for controlling hardware. dSpace® is widely used in the
motor industry by manufactures like Audi, BMW and Mercedes. It has also proven to work for
controlling AMB systems with moving parts, which makes it ideal for future projects.

dSpace® controlling software (Controldesk®) will be used, since it is integrateable with
Matlab/Simulink®. The dSpace® controlling hardware consists of a DSP controller card with A/D
and D/A slots. These slots will be used for controlling the axial AMB model.

Software code can be written in Simulink® and after verification downloaded onto the DSP
programmable card. The system is then ready for real time interfacing and simulations. Data can
then be sent and received via the controller and adjustments on the system stability can be made

in real time mode.

1.4.2. STAGE 2: TERMINAL BOARD AND ACTUATING UNITS

The terminal board receives signals from the computer and sends them to the actuating units. It
also receives signals from the sensors and sends them back to the computer. The purpose of the
terminal board is to protect the computer and the dSpace® card from any high voltage spikes
coming from the actuating units. This board will also scale the input and output signals to the

correct amplitude for the dSpace® controller card.

The project was started by using PWM power amplifiers. The computer and dSpace® card was
protected against high voltage spikes by using an opto-isolator. Unfortunately the power
amplifiers did not perform to standard and it was decided to use power transistors as an actuating

unit.

These power transistors isolate the secondary high voltage/high current side from the primary
low voltage/low current side and makes it safe to connect the dSpace® controller to the rest of the

circuitry.
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For the axial AMB model two actuating units will be used. These actuating units consist of NPN
power transistors, attracting and releasing the suspended object. The one will be used to provide
the top electromagnet with the correct potential and the other one to provide the bottom

electromagnet with the correct potential to suspend the object.

1.4.3. STAGE 3: AXIAL AMB MODEL

The model will consist of a suspended object (in this project a 2kg steel base will be used) and
two electromagnets. The one electromagnet will be placed on top of the steel base and the other
one beneath the steel base. The steel base will be connected to a steel rod and will be able to

freely move in die axial direction. The steel base will not be able to move in die radial direction.

1.4.4. STAGE 4: INDUCTIVE SENSOR

Inductive sensors will be designed to provide position feedback to the controlling hardware.
These sensors will measure the distance of the air gap between the steel base and the
electromagnets. The focus is to suspend the steel base, thus the position must be controlled

precisely.

1.5. SUMMARY
The focus of this project is to develop a working axial AMB system. For this purpose the project

is divided into 4 main stages. The different stages can be seen in the system design (section 1.4).

After these stages are finished the system integration will be done. Various disturbance and load
tests will then be performed on the system. These tests will provide us with useful information

about the operation of the axial AMB system.



CHAPTER 2
ACTIVE MAGNETIC BEARINGS

2.1. INTRODUCTION

Magnetic bearings have structured themselves in bearing technology over the past few years.
They take radial loads or thrust loads by utilising a magnetic field to support the shaft rather than

a mechanical force as in fluid film or rolling element bearings. [4]

A magnetic bearing system constitutes four basic components: (1) magnetic actuator, (2)
electronic control, (3) power amplifier and (4) shaft position sensor. In many ways, magnetic
bearing components resemble electric motors with the basic magnetic actuator being constructed

of soft ferromagnetic material electromagnetically activated by a coil of wire.

Magnetic bearings are non-containing, which means they have negligible friction loss, no wear,
and higher reliability. Magnetic bearings enable previously unachievable surface speeds to be
attained. Lubrication is eliminated, meaning that these bearings can be incorporated into
processes that are sensitive to contamination, such as the vacuum chambers in which many

semiconductor manufacturing processes take place.

2.2. FIRST PRACTICAL MAGNETIC BEARING

Professor Jesse W. Beams (1898 — 1977) developed the first practical magnetic suspension for
high speed rotating devices. These devices include high speed rotating mirrors, ultracentrifuges
and high speed centrifugal field rotors. [24]

Prof. Beams employed magnetic suspension as a means to carry out extensive experiments on
physical properties in areas of isotope separation, biophysics, materials science and gravitational
physics. He typically thought of ways to modify and improve experimental equipment. The

improved equipment then gave much better experimental results. [3]

2.1
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2.3. OPERATION OF AN AMB
Figure 2.1 provides a layout of the operation of an AMB. From this figure the stator, rotor and
flux path can be seen. AMBs work on the principle that ferromagnetic particles are attracted by

an electromagnet. The rotor of an AMB is made out of a material called ferromag.

This property of the rotor makes it ideal for a rotor to be supported by an electromagnet in the
stator of a motor. The purpose of the electromagnet is to apply a force on the rotor to maintain a

constant air gap, between the rotor and the stator. [9], {12]

Figure 2.1: Operation of an AMB [16]

As the air gap between these two parts decreases, the attractive force increases, therefore,
electromagnets are inherently unstable. A control system is needed to regulate the current and

provide stability of the forces and position of the rotor.

The control process begins by measurement of the rotor position by means of a position sensor.
The signal from this device is received by control electronics, which compares it to the desired
position during machine start-up. Any difference between these two signals result in calculation
of the force necessary to pull the rotor back to the desired position.

The position error is translated into two commands to the power amplifiers connected to the
magnetic bearing stator. The current is increased in the one power amplifier, causing an increase
in magnetic flux, an increase in the forces between the rotating and stationary components, and
finally, movement of the rotor toward the stator along the axis of control. While the current in
the one power amplifier increases, the current in the other power amplifier decreases with the

inverse effect. [7]
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Since the natural tendency of the stator is to attract the rotor until it makes contact, some control
action is required to modulate the magnetic field and maintain the rotor in the desired position.
The most common type of control involves the feedback of shaft position. This information is
then used by the control system to modulate the magnetic field through power amplifiers, so that

the desired rotor position is maintained even under changing shaft load conditions.

Power | - Differential |
Amplifier ‘ Sensing

Position
Sensor
Reference

Signaln é 3 W ’77 -F.’_iant

LControIIer

A/ Bearing
Rotor

DiA ‘ Bearing __ 9 /, -
— Stator [ //’

Power
Amplifier

Figure 2.2: An active magnetic bearing system [16]

An AMB system constitutes electromagnets, position sensors, a control system and power
amplifiers, as shown in the figure 2.2. The bearing actuators and sensors are located in the

machine, while the control system and amplifiers are generally located remotely.

2.4. BACKGROUND ON BEARINGS AND SENSORS FOR AMB SYSTEMS
To provide support in more than one direction, magnetic poles are oriented about the periphery

of a radial bearing. This is shown in figure 2.3.

Radial bearing construction is very similar to that of an electric motor, involving the use of
stacked steel laminations, around which power coils are wound. Stacked laminations are also
used in the rotor to minimize eddy current losses, which are a very small source of drag in a

magnetic bearing and cause localized heating on the rotor.
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Radial Sensor

Shaft

Radial Rotor

Figure 2.3: Magnetic poles for support [5]

The sensors are also oriented about the periphery of the stator, usually inside a ring or individual
tubes mounted adjacent to the actuator poles. Position sensors are used, that measure the distance
of the air gap between the sensor and the rotor laminations. Two measurements are taken for

each radial axis and the rotor center position is calculated by means of a bridge circuit. [2]
A typical rotating machine will experience forces in both the radial and axial directions.
Typically, a 5-axis orientation of bearings is used, incorporating 2 radial bearings of 2 axes each,

and 1 thrust bearing. The orientation of these axes is shown in figure 2.4.

w2 V2

\

w1

V4 W4

zZ2 Non-Drive End

Drive-End Z1

/

V3 W3

Figure 2.4: 5-axis orientation of a magnetic bearing [22]
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Thrust bearings provide a magnetic flux path in the axial direction, between 2 stators oriented on
either side of a thrust rotor (or disc). This is then mounted on the rotating shaft as shown in
figure 2.5. An axial sensor measures the position of the shaft.

/ - - ‘ L Axial Sensor

kf’* Shaft

Thrust

Stator — Thrust Disc

Figure 2.5: Thrust bearing [16]

2.5. BENEFITS OF MAGNETIC BEARINGS

2.5.1. HIGH RELIABILITY

With magnetic bearings there is no contact between the rotating and stationary parts, meaning
there is no wear. In most cases failure modes are limited to control electronics, power
electronics, and electrical windings. These components have design lives far greater than that of

conventional bearings.

Magnetic bearings are fitted with protective back-up bearings. In addition, magnetic bearings
have built-in overload protection. Magnetic bearings can signal process control equipment to

stop the machine instantaneously in the case of excessive load.

Magnetic bearings provide high reliability and long service intervals in time critical applications
for semiconductor manufacturing, vacuum pumps, and natural gas pipeline compression

equipment. {25]



ACTIVE MAGNETIC BEARINGS 2.6

2.5.2. CLEAN ENVIRONMENTS
In a magnetic bearing system, particle generation due to wear and the need for lubrication are
eliminated. There is therefore no chance of contaminating a clean process with oil, grease or

solid particles. [17]

Magnetic bearings offer a dry, clean and economic solution for semiconductor fabrication
equipment, vacuum pumps, gas and air compressors, and various other turbo machines that

require submersion in a process fluid, even under pressure.

2.5.3. HIGH SPEED APPLICATIONS

The fact that a rotor spins in space without contact with the stator means drag on the rotor is
minimal. That opens up the opportunity for the bearing to run at exceptionally high speeds,
where the only limitation becomes the yield strength of the rotor material. [17] Please note

windage losses under limitations of magnetic bearings (section 2.6).

2.5.4. POSITION AND VIBRATION CONTROL
Magnetic bearings use advanced control algorithms to influence the motion of the shaft and
therefore have the inherent capability to precisely control the position of the shaft within microns

and to virtually eliminate vibrations.

2.5.5. EXTREME CONDITIONS

2,5.5.1. TEMPERATURE
The magnetic bearing system is capable of operating through an extremely wide temperature

range. Magnetic bearings can operate as low as -256°C and as high as 220°C, thus allowing
operation where traditional bearings will not function. [1]

2.5.5.2. CORROSIVE FLUIDS
Magnetic bearings can operate in corrosive environments by means of canning both the

stationary and rotating parts. [27]

2.5.5.3. PRESSURE
Magnetic bearings are virtually insensitive to pressure. They can be submerged in process fluid

under pressure without the need for seals, as is the case with conventional bearings. Magnetic
bearings can also operate in vacuum where their operation is even more efficient due to lack of

windage. [4]
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2.5.6. EQUIPMENT DESIGN, DEVELOPMENT AND TESTING

A magnetic bearing system can be used as an exciter, where the bearing force is modulated for
deliberately exciting vibrations. The excitation force is applied to the rotor without contact and
can be measured precisely. This makes magnetic bearings a valuable tool in equipment design,

development and testing as well as in rotor dynamic research. [23]

2.5.7. MACHINE DIAGNOSTICS / SMART MACHINES

In order to function, a magnetic bearing must determine rotor position, rotor vibration and
bearing load. This information is processed into an electronic database which provides an output
to the end users, such that there is a constant knowledge of the operating state of the machine.

This allows the user to detect incipient faults, plan maintenance and optimise performance. [17]

2.5.8. ELIMINATION OF OIL SUPPLY
Magnetic bearings do not require oil lubrication so they are well suited to applications such as
canned pumps, turbo-molecular vacuum pumps, turbo-expanders and centrifuges where oil

cannot be employed. [4]

2.5.9. VERY LOW POWER CONSUMPTION AND VERY LONG LIFE
There is no contact between the rotor and stator, this means no wear. Where fluid film bearings
have high friction losses due to the oil shearing effects, magnetic bearing losses are due to low

level air drag, eddy currents and hysteresis.

Also the losses associated with oil pumps, filters and piping are much greater than the power
associated with controls and power amplifiers. Overall, magnetic bearings normally have an

order of magnitude lower power consumption than oil film bearings. [4]

2.5.10. LOoW WEIGHT
A recent study of aircraft gas turbine engines indicates that the elimination of oil supply and

associated components with magnetic bearings could reduce the engine weight by approximately
25%. [4]
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2.6. LIMITATIONS OF MAGNETIC BEARINGS

2.6.1. LARGER BEARINGS

Magnetic bearings have a specific load capacity (maximum load per unit of area of application)
lower than most conventional bearing systems. This results in bearings which may be physically
larger than other similarly specified bearings. Therefore magnetic bearings have a lower load

capacity. [20], [4]

2.6.2. HIGHER COMPLEXITY AND COST
The higher complexity of magnetic bearings often means the initial purchase price is higher than
competing technologies. However, magnetic bearings life cycle cost can often be less than

traditional bearings. This is particularly true where the alternatives are exotic bearings. [5], [4]

2.6.3. REQUIRES ELECTRICAL POWER

Magnetic bearings require power to drive the control systems, sensors and electromagnets. [25]

2.6.4. WINDAGE LOSSES

At high rotating speed, windage (friction between moving parts and air) becomes a problem. For
inline electric motors the circumferential speed needs to be limited not due to the material
strength but due to high windage losses at the motor surface. These windage losses increase

linearly with the pressure. [13]

Modern flywheel uninterruptible power supplies has an useful power delivery for 10 to 50
seconds, a maximum surface speed of 122 m/s and losses over 1 kW for windage losses not in a

vacuum. [14]

2.7. FUTURE AMB CONTROL TECHNOLOGIES

Future AMB control technologies are likely to be driven by: (1) higher operating speeds, (2)
lower power loss, (3) greater use of available clearance, (4) generalised actuation, sensing and

control and (5) control of unbalance response.
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2.7.1. HIGHER OPERATING SPEEDS

Magnetic bearings already permit higher operating speeds than conventional bearings. However,
demand for even greater speed is likely to be strong, e.g., for energy storage flywheel systems
for electric vehicles. Higher rotational speed implies a greater rotor gyroscopic effect which
results in the plant being linear parameter-varying (LPV).

2.7.2. LOWER POWER LOSS
Lower power loss is especially important for high-speed applications since rotation of the rotor
in a supporting magnetic field can cause significant losses. These result in both reduced machine

efficiency and excessive rotor heating.

For some applications, rotating losses can be reduced significantly if the AMB is operated with a
bias flux. However this gives a low (zero) minimum force slew rate (i.e., time derivative of

force) and has an obvious impact on both rotor stabilisation and disturbance rejection. [18]

A common approach to improve the force slew rate is to introduce a bias current (or flux g).

With a bias, the actuator may also be accurately modeled as linear. The disadvantage of

operation with a bias is the associated ohmic loss in the coil (IR* « ¢#?), rotating hysteresis loss

(¢ @), alternating hysteresis loss (o ¢'®), and eddy current loss (< ¢°). [26]

For high speed rotating machinery, the eddy current loss is dominant; herein we refer to it as the
rotating loss. This rotating loss may result in excessive rotor heating. Moreover, it results in
decreased machine efficiency. Thus, operation without bias is appealing in applications where

efficiency is critical, for example energy storage flywheels. [26]

2.7.3. GREATER USE OF THE AVAILABLE AIR GAP
Most industrial magnetic bearing systems use a large air gap during operation. A larger air gap
(e.g. lmm) results in greater actuator linearity near the centered position and thus simplifies

control design and tuning.

However to reduce bearing size, weight and power consumption, it is desirable to use a smaller
air gap during operation. For some applications, such as precision positioning platforms, the

required motion may be large and use of a large air gap would be impractical. [18]
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2.7.4. GENERALISED ACTUATION, SENSING AND CONTROL

Usually for every axis of motion there has been a devoted sensor, actuator, amplifier and control
system. That is, each function of a magnet suspension has its own dedicated component.
Recently there has been a shift away from this approach. For example, magnetic actuators are

used to inductively sense position as well as to apply forces.

Motor and bearing functions are achieved with a single actuator. Direct digital control of
amplifier switching is used to eliminate the separate amplifier servo-control loop, thus uniting
the amplifier and rotor controllers. The advantages of these generalised actuation, sensing and

control methods are reduced cost and increased design flexibility. [10]

2.7.5. CONTROL OF UNBALANCED RESPONSE
Control of unbalanced response is an area of intense research over the last decade. This is a
considerably more mature area and substantial laboratory and industrial experience already exist.

Generally the goal has been to reduce either the applied forces or the rotor vibration.

Herzog et al. propose a generalized notch filter which can be inserted into a multivariable
feedback loop to reduce the response of the control system to rotor imbalance so as to avoid

actuator saturation. [10]

2.8. SUMMARY
Magnetic bearings have structured themselves in bearing technology over the past few years.

Industries, small companies and even the everyday man can benefit from the advantages of

magnetic bearings.

High reliability, clean environments, high speed applications together with advantages in

position and vibration control are only a few of the advantages of magnetic bearings.

Like any other bearing, magnetic bearings also have limitations. Larger bearings, higher

complexity and higher cost are a few of the limitations of magnetic bearings.
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AXIAL AMB MODEL DESIGN

3.1. INTRODUCTION

When starting an axial AMB model design it is important to know the specifications of the
model. These specifications together with the core dimensions will be used to obtain a theoretical
design of the model. In the theoretical design the number of turns in the coil and the thickness of
the copper wire can be calculated. This is then used to obtain the dimensions of the

electromagnet.

To verify the calculations a finite element package (Quickfield®) is used. The design of the
model is done in this package and the total flux density, strength and energy density is verified.

3.2.  SPECIFICATIONS OF THE AXIAL AMB MODEL
In this section the mass of the rotor will be calculated and a summary of the specifications of the
model will be provided in a table. From this table the number of turns needed for the coils and

other important model parameters will be calculated.

Figure 3.1 provides the basic layout of the base and shaft. The aim is to vertically suspend a steel
base between two electromagnets. For this purpose it was decided that a shaft should run through

the middle of the steel base, thus keeping it from moving in the horizontal direction.

At start certain values was chosen for the radius and height parameters. The complete model
design was then done. New radius and height parameters were chosen to best fit the current

model and the process was repeated, until the optimum model was found.

For this design we will use the last radius and height parameters as starting values. They are as
follow:

r;=70mm

r2=5mm

h;=15 mm

h; =130 mm

3.1
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Figure 3.1: Rotor calculation

The volume of the complete rotor (base + shaft) is given by:

y

rotor

=(7r-r12 'h1)+2'(75'r22 -h,)

=770 .15+2-7-5% 130 mm*
=251327.4mm’

The density of Bright steel is 7.8 x 10* kg/m?, therefore the mass of the rotor (base + shaft) is:

-V

Myoor = P

rofor

= (7.8x10°)251327.4x107° ) kg
=1.96kg

~2kg

Table 3.1 provides a summary of the model specifications for the design of the electromagnets.

The design of the electromagnets is for steady state and the dynamics is verified in section 3.5.

Rotor base diameter 2-ry =140 mm

Rotor shaft diameter 2:r;=10 mm

Length of base A;=15mm

Length of shaft hy;=260 mm

Mass of rotor (base + shaft) Myoror = 2 kg

Working distance {=3 mm

Maximum attraction distance lnax = 6 mm

Axial disturbance force No specific force (System over-designed)

Table 3.1: Summary of model specifications
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3.3. CORE DIMENSIONS

It was decided to use a pot core type of electromagnet with a centre hole due to the symmetrical
nature of the force exerted on the rotor. The dimensions that have to be considered are shown in
figure 3.2 with /; the leakage flux path length and / the main flux inner and outer path length.

From this figure it can be seen where and in what direction the magnetic flux flows.

Top
electromagnet

Base

Figure 3.2: Basic structure of the magnet core

The y-dimension of the core will be determined as one of the design parameters when the
window area needed for the coil is determined. It is assumed that there will be leakage flux of
10%. Bearing this in mind and with the distance / given as a specification, the distance /; must be

chosen such that the leakage flux is only 10% of the main flux.

The only way this can be achieved, is to design the reluctances of the two flux paths to be equal.
This is mainly attempted by keeping the air path lengths of the main flux and the leakage flux the
same. To minimize the chances for the core material to saturate, steel with a maximum flux

density of 1.8 T will be used. Figure 3.3 shows the dimensions of the core to be used.
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Figure 3.3: Dimensions of the core

3.4. 'THEORETICAL DESIGN
After the core has been specified for the magnet, the next step would be to determine the number
of tums needed in the coil, to generate the required force to levitate the rotor at a distance of

3 mm and to attract it from a distance of 6 mm.

The force needed to lift the rotor is given by (1).
F=mg
=2.9.8 (D
=19.6 N~ 20N

The inner area of the core (figure 3.4) is given by (2).
4, =7 -n’)
=7-(0.015% —0.008%) m* )
=505.796 x10° m’

The outer area of the core is given by (3).
A, =@l ~rd)
=7-(0.05% —0.045%) m* (3)
=1.49x10° m?
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n

N

Figure 3.4: Area of the core

The flux required to lift the rotor is determined using (4).

=L{_+_]
2.u | A, A, @

=2-20-47x107-377.61x10° Wb
=137.77x107°* Wb
where 4, is the inner core area, 4, is the outer core area, 4, is the permeability of free space and

g is the flux required to lift the rotor.

Due to the 10% flux leakage assumed, the total flux required would be:

100
& —%‘xiﬁ

=—19£x137.77 Wb )

=153.078uWb
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It is important to verify that the core of the electromagnet does not saturate. The flux density of

the inner and outer core is calculated using (6).

B, = L3 B, = L
At AO
153.078x10° 153.078x10°°
=T =——— (6)
505.796x10 1.49x10
=0.303T =0.103T

The reason for the low flux density is because the model was over designed. For an optimum
design, the inner and outer areas must be chosen much smaller. This will result in larger values

of the flux density. The end result will be a more cost effective model.

From the B-H curve for Bright steel in figure 3.5, it can be seen that the core is far from
saturation. From this curve it can be seen that bright steel saturates at approximately 1.8 T.

20
1.5 [
S 1.0 |
m
0.5 [
e 1 1 1 ]
0 2000 4000 6000 8000

H (A/m)

Figure 3.5: B-H curve of Bright Steel [21]

The equivalent magnetic circuit of the magnet is typically as given in figure 3.6 with %2, the
reluctance of the leakage flux path, %, the reluctance of the inner flux path and . the reluctance
of the outer flux path.
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Figure 3.6: Magnetic circuit of the electromagnet

The total magnetomotive force (mmf) required to set up the desired flux in the airgap is given by

F=¢-% )
with g, the total flux in the circuit and .%, the total reluctance.
The reluctance of the inner air path is given by (8).

!
Hod,

=

_ 0.006
47x1077 -505.796x10°
=9.44x10° AYWb

At/Wb (8)

The reluctance of the outer air path is given by (9).

!
#OAO
0.006
= /Wb 9
4rx1077.1.49%10° ©)
=3.204x10° AtYWb

F =

Since a 10% leakage flux is assumed the reluctance of the leakage path must be 10% of the

reluctance of the main path. The reluctance of the main flux path is the sum of .%Z, and %,
HE=F+%
] (10)
=12.644x10" At/Wb
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The reluctance of the leakage path is thus is given by:

A+
A+F+ 3,

-'--%=[9?+92{%- } an

{

¢I : ¢t

=0.1137x10° AtWb

The total reluctance %, is then given by (12).

% =l &+ )y )]

(12)
=11.378x10° A¥Wb
Using (7) it is determined that:
F=¢: ‘g‘?
=153.078x107° -11.378x10° At (13)
=1.742x10* At
The number of turns in the coil is determined by using (14).
F=N-I (14)

A current of 1 A is chosen since it can easily be supplied. It would however be necessary to
verify that the coil inductance does not impair the control performance. The choice of 1 A
current results in the number of turns to be, N = 1742, Therefore 1750 turns was chosen for each

coil.

The current density (J) in the wire is chosento be 3 A/mm?”. The diameter of the wire d,, can thus
be calculated using (15).
il
Jr
=1t mm (1)
3-m
= 0.652 mm
~0.7 mm

Copper wire with a diameter of 0.7 mm is therefore selected to be used for the magnet coil.
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To determine the steady state voltage needed for the electromagnet to operate, the resistance of
the copper in the coil has to be determined. We have already specified the current at which the

magnet will operate and thus the required voltage can be determined using Ohm’s law.

We calculate the resistance of the wire by using equation (15) and therefore the cross sectional
area (4,) and the electrical resistivity of copper (p,) has to be calculated, before the resistance of

the wire can be calculated.

Average circumference of the coil:
C,.=2m,,
=2-7-20 mm (16)
=125.66 mm
The length of wire needed is given by:
l,=C_. ‘N
=125.66x10"-1750 m (17)
=220 m

The cross sectional area of wire is therefore:

A4, = Jr-rw2
=7-(0.35)> mm® (18)
=384.8x10° mm?

The resistivity of copper at an assumed temperature of 50 °C is determined using (19).

P, =pﬂ(1+acT)

=1.6x10°(1+0.00393-50) Om (19)
=19.22x10° Qm
The resistance of the coil is then given by:
R — pc 'lw
A,
-9
_19.22x10 _320 20)

384.8x10

=10.99 Q
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The steady state voltage needed for the coil can then be determined by:
V=iR
=1.10.99V
=109V
=11V

03y

The y-dimension of the core can now be determined. The total area 4, of copper to be used in
the coil is given by (22).
A =A,-N
=384.8x107* -1750 mm’ (22)
=673.4 mm’

To insert the coil into the pot core type electromagnet with a centre hole a bobbin with the
dimensions given in figure 3.7 will be used. Due to the area taken up by the bobbin, the window
width of the coil will be reduced to 28 mm.

28
————|

30

— I

Figure 3.7: Coil-bobbin of electromagnet

The y-dimension, y, of the coil window is then calculated using (23) with X the filling factor
taken as 0.47.

(23)
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The inductance of the electromagnet is calculated by (24).
N’ o4,

L=
I
_1750%-47x107 .997x10"°
- 2-3x107
= 639.48mH

24)

The final dimensions of the electromagnet can be found in figure 3.8. All the values are given in

mm,
100
1?
s
1;
28 16 51 60
5 7
<+ <+
v
v

Figure 3.8: Final dimensions of the electromagnet

Table 3.2 provides a summary of the potential, current and inductance with an air gap of 3 mm

and 6 mm. These values will be used in the design of the controller.

3 mm 6.59 V 06A 639.48 mH
6 mm 1099V TA 319.74 mH

Table 3.2: Summary of the steady state value at 3 mm and 6 mm.
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3.5. QUICKFIELD® ANALYSIS AND DESIGN VERIFICATION

This section provides analysis information about the electromagnet. The tests were performed
using finite element analysis software called Quickfield®. This educational software has a
limitation of 200 nodes on the mesh and thus the model had to be broken up in pieces to be
analysed.

The Cartesian coordinate system was used and the model was created using the dimensions
defined in figure 3.8. Edge labels and vertex labels was created using the magnetic potential
equation 4 = 4,, where Ay = Ox + Oy Wb/m. Three main data block sets were chosen namely:

Air, Coil and Steel. The following values were used for each.

3.5.1. AR

Table 3.3 provides the air parameters.

Permeability (relative parameters) =1, =

Area (Simulated window area) S =277 cm*

Field source i=0A/m’

Electrical charge density ‘ p=0C/m’

Magnitude and directional coercive force of magnet My=0 A/m, D=0 Deg

Table 3.3: Parameters of the air

3.5.2. CowL

Table 3.4 provides the parameters used for the coil.

Permeability (relative parameters) pe=1l, =1

Area (Simulated window area) §=14.28cm’

Field source current density I=1750 Ampere-turns
Conductor’s connected In parallel

Magnitude and Directional coercive force of magnet My=0A/m, Dy=0Deg

Table 3.4: Parameters of the coil
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3.5.3. STEEL
Figure 3.9 provides the B-H curve used for the steel.
| B 3[3;1-.;q,sgg_fq_iLgﬁa;:geaf A

BT
18
1.6
i 0.9 00
R 1.12 1100 -

1.2 1.25 1300

10 i 1.4 1500 .

' 1.55 2000
1.72 4000 -

08 _
1.77 5000

U'ET'; A 18 7000
T R AL EEEL SRR EERT R
0.2 - dmm oo b b

0

Figure 3.9: B-H Curve for steel

3.6. RESULTS OBTAINED USING QUICKFIELD®

Results were obtained by analysing the model at different local values and contour integral paths.
Figure 3.10 provides a magnetic vector potential plot of the model. Only one half of the
electromagnet was used for analysis. This half of the electromagnet has a C-shape.

From figure 3.10 it is clear that the maximum potential is inside the C-shape electromagnet. The
right side of figure 3.10 provides a color spectrum of the magnetic vector potential A. The value
of A is used to determine the magnetic flux density, magnetic field strength and energy density.

Figure 3.10 also shows the magnetic flux distribution. The distance between the flood lines
increase with an increase in the distance from the electromagnet. The magnetic flux is the
highest where the flux lines are the closest. This can be seen between the steel base and the

electromagnet.



Magnetic
flood lines

e (C il bobbin

Steel base =

Fotential
A [10>wb/m)

Figure 3.10: Potential plot’

The local values of the inner and outer core sections can be found in table 3.5. From this table it

can be seen that the flux densities of the inner and outer core sections are way below the

saturation point of Bright steel given as 1.8 T in figure 3.5.

SPECIFICATION | LOCAL VALUE CALCULATION | LOCAL VALUE CALCULATION
(INNER CORE) (OUTER CORE)
Potential A =0.0018812 Wb/m A =0.0012067 Wb/m
Flux density B=030714T B=0.21597T
Strength H=3221.6 A/m H=1298.9 A/m
Energy Density w= 25101 J/m’ w= 75.348 J/m’
Permeability ur=75.869 ur=138.44

Table 3.5: Local values of inner and outer core

Table 3.6 provides the contour integral path calculations. From this table the values of the

mechanical force, mechanical torque, flux linkage per one turn, magnetomotive force and

magnetic flux can be seen.

! This picture is available in full colour on the CD, available on request.
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Mechanical force f=547742 N

@ =30.764 °
Flux linkage per one turn w=0.001642 Wb
Magnetomotive force F=2844.05 At
Magnetic flux @ =206.6 x 10° Wb

Table 3.6: Contour integral path calculations

The model has been simulated with a depth of 100 cm, but the real depth is only 31.42 cm
(2-7-r,). Therefore the calculations obtained with the Quickfield® simulations must be fitted

with a factor of 0.31.

If the areas 4; and 4, in equations (8) and (9) decreases with a certain factor, then the reluctance

& will increase with a certain factor. This will result in a factor increase in the magnetomotive

force F given by equation (13). The magnetomotive force obtained with Quickfield® is

844.05 At. If the values of the areas decrease, then the magnetomotive force obtained with
- Quickfield® will increase. This value will be close to the theoretical value of 1742 At.

If the areas 4; and A, of equation (4) decrease then the magnetic flux ¢ also decreases. The
magnetic flux obtained with Quickfield® is 206.6 uWh. If this value is fitted with a factor of 0.31
the result is 65 pWb. This value does not correspond with the theoretical value of 153.078 uWb.

Appendix D provides graphs of the mesh of the complete system (figure D.1), potential
(figure D.2), flux density (figure D.3), field strength (figure D.4), energy density (figure D.5) and
permeability (figure D.6) for both the pot core type electromagnets. From these figures the forces

exerted on the complete model can be viewed.

The total mechanical design of the axial AMB model can be found in Appendix C. In this
appendix detailed dimensional drawings of the construction of the complete model and a 3-D

drawing of the complete model can be viewed.
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3.7. CONCLUSIONS

The depth parameter in Quickfield® can only be measured in block format and has a fixed value
of 100 ¢cm. This caused a problem in terms of the accuracy of the data obtained. The data had to
be fitted by with a factor of 0.31. A further limitation of the Quickfield® software, was the
limitation in the amount of nodes that can be used. The software used is a student version of

Quickfield® and has a limitation of 200 nodes.

After fitting the data, the value obtained from Quickfield® for the magnetic flux does not closely
agree with the theoretical data. The data obtained from Quickfield® only provides us with an
estimate of what the magnetic flux must be and therefore the theoretical values will be used for

future reference.



CHAPTER 4
INDUCTIVE SENSOR DESIGN

4.1. INTRODUCTION
In this chapter the design of the inductive position sensor is done. The sensor will measure the
distance of the air gap and provide position feedback. The aim is to maintain a uniform air gap

between the bottom and top electromagnets.

The sensors must be designed for a linear response between the position and the output voltage.
The sensors must be noise insensitive, temperature independent and sensitive to any change in

position.

4.2. POSITION SENSOR DESIGN

Figure 4.1 shows the inductive sensor configuration used to measure the position of the steel
base. The focus is to keep the steel base in the middle of the two sensors, thus vertically
suspending it. The inductances L; and L; in figure 4.1 is a function of the air gap length

d

-X

(L, =L, and L, =L, Ed—). [15] The impedances thus change with a change in the air
+x

gap length. This change in impedance will be used to obtain a change in the position sensor
output voltage.

(I

Figure 4.1: Position sensors in the AMB model [15]

4.1
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4.3. DETAIL ON THE CIRCUIT DIAGRAM

Figure 4.2 shows the sensor block diagram. This diagram describes the basic principle of
operation of the sensor. The complete position sensor circuit diagram can be found in
Appendix B. This circuit will be used to measure the amplitude of v; (as shown in figure 4.1).
The following explanation pertains to figure 4.2 and Appendix F.

ENp iRl

Highpass Filter Notch Filter Active Rectifier Lowpass Filter

Figure 4.2: Sensor block diagram

A 33 kHz sinus wave is generated by a waveform generator (ICL8038). The signal generated has
a THVD = 1% and THID ~ 1%. This signal is fed to a precision amplifier U2 (TL082). This

amplifier is used as a follower to provide current to the two inductors L; and L.

These inductors are connected to function as a voltage divider. A difference in the inductance of
L; or L;, provide a difference in the output signal v;(#). If the inductance of L, > L; then the new

output signal vinew(?) > viou(t) and the inverse, if L, < L; then vinew(®) < viou(t).

This signal is fed to a precision amplifier U3 (TL082), which provides high input impedance and
also helps not to overload the coils. Precision amplifier U4 is a second order Butterworth high

pass filter. This amplifier filters out all the low frequency noise on the system.

Flux coupling takes place, because the position sensor coils and the electromagnet are located
very close to each other. This problem is solved using a notch filter. Precision amplifier U5

(TLO082) is a second order Butterworth band pass filter (also known as a notch filter).

The position signal is passed through the notch filter, while any noise from the electromagnetic
coil is filtered. A Butterworth filter is used, because it has a flat amplitude response in the pass-

band and a steep cut-off response in the stopband.
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Precision amplifier U6 (TL082) is an active rectifier. The active rectifier functions as an ideal
peak detector and provides a d.c. output that is smoothed using a 47 nF capacitor. A low pass
filter {, = 1 kHz) and difference amplifier can be used to filter out any high frequencies and to

center the output around zero. Precision amplifier U7 (TL082) is a non-inverting amplifier used

to adjust the gain.

4.4. CHARACTERISTICS OF THE NOTCH FILTER

After the design calculations have been performed, tests must be performed on the notch filter to
verify that it is working properly. For this purpose the maximum output amplitude of the notch
filter was determined. A frequency spectrum around this maximum point is then plotted. This

plot can be seen in figure 4.3.

From figure 4.3 it is clear that the center frequency is at =33 kHz and the —3dB points are at
~29.5 kHz and =36.5 kHz. This corresponds with the chosen 7 kHz for the —3dB point, done
during the design calculations. The 33 kHz centre frequency can also be seen in the phase plot of
figure 4.3. The waveform generator can now be verified to see if it is working at 33 kHz.

180
w
-]
o :
L) N
E :
L .
[ ]
[} X
£ .
a
: ; : . REIS :
Frequency {Hz}

Frequency (Hz)

Figure 4.3: Characteristics of the notch filter
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4.5. (CHARACTERISTICS OF THE ACTIVE RECTIFIER

Figure 4.4 is an AM modulator that is used for the calculation of the characteristics of the active
rectifier. The signal v;(?) of figure 4.2 is multiplied with a signal Bsin(wn,t). The new signal v,(?)
is then passed onto the highpass filter shown in figure 4.2. The frequency of the modulator (w,,)

is then varied and the output obtained can be seen in figure 4.5 and figure 4.6.

- Bsin (w,t)
v,(t) _@ V(1)
O B o -l }
Multiplier

Figure 4.4: AM modulator

The purpose of the active rectifier is to convert the a.c. voltage to a d.c. voltage. With low
frequency signal multiplication the result is a changing d.c. voltage proportional to the positive

envelope of the rectified a.c. voltage. This can be seen in figure 4.5.

Input and Output [V]

R e e e e
8.4s B.6s 0.8s 1.8s 1.2s 1.45 1.65 1.8 2.0s

Time [s]

s 8.2s
& U(UPAIONT) - U(CH:2)

Figure 4.5: Active rectifier with low frequency signal multiplication
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Figure 4.6: Active rectifier with high frequency signal multiplication

With high signal multiplication the output does not follow the input signal. A constant d.c.

voltage on the positive envelope can be seen in figure 4.6.

4.6. RESULTS OBTAINED
Figure 4.7 provides a picture of the top half of the AMB. In this figure the direction of the

magnetic fields can be seen. If the steel base in figure 4.7 moves towards the coil, then the

inductance increases and the sensor output decreases.

| Coil

Magnetic field

—— Steel base

Figure 4.7: Top half of the AMB showing the magnetic fields
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Figure 4.8 provides a graph of the output voltage (v) of the sensor with a change in the air gap
distance (x). The data has a linear response. Therefore a straight line fitting can be done on these

data. The resulting equation can be seen in the figure.

Steady state characteristics of the sensor
(Plot of output voltage vs distance)

—~ T ‘irT_U;T—
tw j_ — 4; ( Iﬁi_‘

N fﬁf HEEREREEER R ]

0 0.5 1 15 2 25 256 3 35 4 4.5 5
Air gap distance x [mm]

Voltage [v]

Figure 4.8: Plot of distance against output voltage for f =33 kHz

The output voltage simulations of the sensors were done in PSPICE® and the results can be
found in Appendix F. Figure F.1 gives the output of the sensor with L; = L;. In this figure the
input signal is 3 V, the signal measured at the output of the coils is 1.5 V and the output of the
system is 7.5 V. When L; < L the amplitude of the output signal increases and when L; > L; the

amplitude decreases.

These results are verified with a digital oscilloscope. Figure G.1 gives the output of the sensor
with L; = L,. The d.c. output in this figure is 7.625 V. With the impedance L; < L the output of

the sensors increase and with the impedance L; > L; the output decreases.

Figure G.2 provides the sensor input and inductor output with L; = L;. From this figure it can be
seen that the input is 1.909 V and the output is 950 mV.
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4.7. CONCLUSIONS

The position sensor is designed to measure the distance of the air gap between the steel base and
the electromagnets. The distance between the air gap and the output voltage has a linear
response. This makes it ideal to use the sensors over a wide air gap range. The output of the

sensor will be used as input for the dSpace® controller card.

The position sensor can be used in various applications, because it is not dependent on
temperature change, insensitive for dusty environments and sensitive to change in position. A

disadvantage of the sensor is that it is sensitive to magnetic noise.

This noise can be classified in two categories, internal and external noise. The internal noise is
generated by the system itself, which provides the main concern, because the magnetic bearing is

one large nonlinear field.

The external noise is noise generated by any system in the vicinity of the sensor, like motors and
generator which relies on magnetism. Therefore care must be taken to minimize these kind of

noises.

Improvements on these sensors can be achieved by using a full wave rectifier instead of a half
wave rectifier, using a higher order notch filter to obtain a faster cut-off frequency and increasing
the signal to noise ratio (SNR) by using components less sensitive to noise in the specific

frequency band.



CHAPTER 5
CONTROLLER DEVELOPMENT AND IMPLEMENTATION

5.1. INTRODUCTION

The focus of this chapter is the development and implementation of the controllers. In fulfilling
this purpose, dynamics of the electromagnetic suspension model will first be done. Concepts
about the static characteristics of the electromagnet and parameters used for dynamic modelling

will be discussed.

The simulation design of the PID and lead controllers, followed by the analog design of the PID
and lead controllers will then be done. The different components will be discussed and the

necessary Bode diagrams and simulations will be done.

This chapter ends with the dSpace® implementation of the PID and lead controllers. The
different component used for the simulation will be discussed and the simulation will be

implemented to run as a real-time application.

5.2. ELECTROMAGNETIC SUSPENSION MODEL DYNAMICS

For any given current i(#) in a winding with inductance L, the magnetic co-energy is 1/2L[i(t) .
Thus if this winding is put on an electromagnet which is separated from a ferromagnetic object
by a distance z(2), the force of attraction between the two magnetised bodies is equal to the rate
of change of co-energy with respect to the distance, i.e. F, = dWn(t)/dz = d/dz{%L)[im()]}

where im(?) is the current through the magnet winding with nonlinear inductance L(z).

Fixed electromagnet

Coil inductance
L(z) o
|| Fo +AF(1)

L
() =z, + Az (1)
T

Suspended steel
base+rod »

i, () =i, + Ai(t),
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If the magnet is fixed and a ferromagnetic object, of mass m, is free to move (figure 5.1) the
force of attraction will be towards the electromagnet. Thus if the excitation current is
independent of variations in winding inductance, the vertical motion of the suspended object is

described by

ma())=F, ~mg =i, OF .2 ‘”‘(Z)

To obtain a linearised version of the above equation, the magnet current i,(#) may be assumed to
have two parts: a steady-state component (ig) which generates the vertical attraction force at an
equilibrium point (i zg), and a much smaller component Aif#) which provides the attraction force
for variations around (is z). Thus for small perturbations Ai and Az around this equilibrium

point, the restoring force may be expressed as

AF, = oF, At oF,
oi oz
zioiL—(Q Ai + l a 5 ) Az +second —order —terms
dz |, 2° dz

5

Since the inductance L(z} is inversely proportional to the reluctance in the magnetic circuit, the
constant k,; is always negative. The above expression for the restoring force may also be derived
through experimental force-distance-current characteristics of an electromagnet shown in
figure 5.2. For very small excursions around a nominal operating point, the vertical attraction
force may be expressed as -Af = kpAi — k Az where the values of the slopes k;; and k,; may be

obtained from the calibrations of the respective x and y axes.

intreasing current
u_d
[+
4 o
2 <
c
2 k-
g ¢
g &
E 8
=
poA
[:]
ncTEasing
air gag
slope: k;
P Girgap , z [ current | i

Figure 5.2: Static characteristics of the electromagnet [20]

a) Force-distance characteristics at constant current

b) Force-current characteristics at constant airgap
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Thus if the movement of the suspended object in figure 5.1 is restricted within the linear force-
current-distance curves, the linear motion of this electromagnetic suspension in the vertical
direction is described by

1.,dL(z
mg:izg d(z)

and  mAz(t) = —kAi(t) + k,Az(0)t

where

kit = kip = kiand ky; = k2 = -k,
If a true current amplifier is used to generate the excitation current, then, in a first analysis, the
magnet winding may be treated as a small resistance in series with the high output resistance of
the power amplifier. Thus if R is the total resistance on the output side of the amplifier, the
transfer function of the suspension system may be expressed as [6]

k, AV(s)
ms’—k | R

AZ(s) = —{

REEEI

where & is the voltage to current gain of the amplifier magnet combination. The above transfer
function shows that a suspension system using ferromagnetic attraction forces is unstable in
open-loop owing to the pole on the right-half s-plane [+V(k/m)], and feedback of at least position

(airgap) is needed to achieve stability.

5.3. SIMULATION DESIGN OF THE PID CONTROLLER
The complete axial AMB system is composed of two magnetic coils, two actuating units, two position
sensors and a steel disc suspended by magnetic forces. This principle is shown in figure 5.3.

i Power Supply 1
l L
| v
. . \ Current ]
Magnetic Coil 1 - Power Ampilifier 1
Sensor =
“ _¢x_ AR L .
X =0—> i T Steel Base ‘ » dSpace signal w
I ¢ processor

T

Sensor | e —
T
Power Amplifier2 |
- i

Magnetic Coil 2 -

Current

] —
J ﬂer Supply 2 |

Figure 5.3: Complete AMB system
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A position sensor measures the position of the steel base from a reference position. The control output
determines the current that the actuating unit must supply to the magnet. The electro-mechanical part of
the axial AMB system can be described using a force equation. The nonlinear single-input-single-
output is represented by the state-space model:

x, =1/m- f(x,,u)

Y =X

where  is the current input, m the mass of the steel disc. f(x,u) is a nonlinear function and shown in

figure 5.4.
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Figure 5.4: Nonlinear AMB characteristics [11]

Because of the highly nonlinear system it is normally linearised at an operation point:

mi=ki+kx+F, —mg

where x is the air gap between the steel base and the magnetic coil, F, is the external disturbance force,
k; is the current gain and k; is the position stiffness. This equation can be presented as a block diagram
with positive feedback of k. This means that the system is unstable without a feedback controller. [8],
[11]
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W + e
: PID Controller

Figure 5.5: Linear block diagram of the AMB system with one controller

The force equation has two states so that a PD controller should be sufficient. However, to eliminate a
steady state error a PID-controller is needed. The control system usually contains a current controller
too, but because of the small time constant compared to the rest of the system it can be neglected.
Figure 5.5 gives a linear block diagram of the AMB system with only one PID controller.

From figure 5.5 the complete system with two PID controllers can be designed. Figure 5.6 provides a
block diagram where both PID controllers are implemented. PID controller 1 is for control of the top
electromagnet and PID controller 2 is for the bottom electromagnet.

4—>‘ P1D Controller 1
e

w o+ e - v 1 \F
— PID Controller 2 by

Figure 5.6: Block diagram of the AMB system with both PID controllers
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Calculation of Kar and Kaz2

\

15 R - - : 1

E

05 L T

Current i [A])

0.5 ] _ |

) LT T ERERENEN
0 10 20 30 40 50
Potential [V]

Figure 5.7: Calculation of K;; and K>

From figure 5.6 the simulation model can be created. Figure 5.7 provides a graph of the current
versus potential. A straight line fit provides the equation i = 0.06 V. The equation F, = 79.2i -20
for the K;; constant is obtained from figure 5.8. Kj; is the current gain of the top electromagnet

and a working current of 0.5 A was chosen.

Calculation of K;; (/ = 0.5A)

Fa=792i-20
100 - 1 — : \
g | | ]
\
IE ‘ o L 2 el
@
3] . ,—‘L‘,/ -
e 1
c .
L ;
t :
g
E |
< | ! :
f f T : T

0 014 02 03 04 05 06 07 08 09 1 1.1
Current i [A]

Figure 5.8: Calculation of X;; for / = 0.5A
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Calculation of K., (/=0.5A)
50 _ | 7 _F-= 13273.2x- 7.5
£ 40 ! - B
8 30 - .%.7,_*
s 2 M '
s e’ — S
% 0 7: : ‘. . :
£ -10 - ' : -
£
< 20 — :
' -0.002 -0.0015 -0.001 -0.0005 0 0.0005 0.001 0.0015
Airgap (x-0.003) [m]

Figure 5.9: Calculation of Kj; for /= 0.5A

Figure 5.9 provides the equation F = 13273.2x — 7.5 for the straight line fitted through the data.
The constant K, is the position stiffness for the top electromagnet and the working current was
chosen at 0.5 A.

L |
Calculation of K, (/ = 0.05A) '
—_ 1 . . Fa=804i-02
= ﬂ | | |
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- 1 Py . 0 —_ e
£ o2 : -
- \
< '0-4 _l' I " - . A :
0 0.01 0.02 003 004 0.05 006 007 008 009 01 O0O.11
Current i [A]

Figure 5.10: Calculation of K;; for 7=0.05A

From figure 5.10 the relation between current and attraction force are obtained. Kj; is the current
gain for the bottom electromagnet and it was chosen to work with a current of 10 times smaller,
because of the gravitational force adding up with this electromagnet. The current is chosen at

0.05A. The straight line fitting provides an equation F, = 8.04i — 0.2.
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Calculation of K, (/ = 0.05A)

F=13267x-0.075
3

«*

o
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&
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b ooeo
N = N w
L
I

Figure 5.11: Calculation of K, for /= 0.05A

The equation F = 132.67x — 0.075 was obtained with the straight line fitting of the data in

figure 5.11. Xj; is the position stiffness for the bottom electromagnet. The current was chosen at

0.05 A.

Figure 5.12 provides the complete simulation model. This model will be used to obtain the
correct constants for the PID controllers that will be used in the real-time simulation model.
Different constants were implemented and the model was simulated using a signal generator with

a square wave as input for the system. The best result obtained can be seen in figure 5.13.
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Figure 5.13: Output of the complete Simulink® model with discrete PID controllers

The best values obtained from the simulation for the first controller is Kp; = 10, Ky = 1,
Kp; = 0.3 and for the second controller is Kp; = 100, K;; = 10 and Kp; = 3. From figure 5.13 it is
clear that the model will suspend and follow the square wave input signal. The firing of the PID

controllers can be seen each time the input signal changes direction.

5.4. ANALOG PID CONTROLLER DESIGN

In this section the analog design of the PID controller from the simulation constants will be done.
Only one standard controller will be designed with variable resistors. The gain of the different

stages can then be changed to get the best result.
C1

150p

adiustable
wmm—é—z_—f\j\f\v,—-—m—«
100k

o}

4
Difference_Signal © VWA =] o730

1Kk ANy

o~

~.

S0 Summing1i
Vi
L1

O
+12v

Figure 5.14: Proportional gain (Kp)
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Figure 5.14 provides the proportional gain Kp. The value of the resistors was calculated as

follow:

. 3
Gain(K,)=— Summmg.l =E=100x1§) ~100
Difference Signal R1  1x10

It was decided to place a low pass filter of =10 kHz at each stage. The capacitor value was

calculated as follow:
1 1
f-= - : - =10.610kHz
2.7-R2.-Cl1 2.7-100x10°.150x10
c3
~{}
!i;?o adiustable
n
-12v =5 AAN
R4 4 12v 100k
Difference_Signai © WA— t\‘“\? TLO72/304/TL R5 T
2.2M - 4
/"- ﬁ";\fo\;( \'\V“JLO72{301}T1
V -
—. Jiy S Summing2
s P
Towd I
+12v = us 8
+12v

Figure 5.15: Integral gain (X))

Figure 5.15 shows the integral gain (X)) of the PID controller. The first op-amp serves as an
integrator with 7 =1/R4.C2=1/2.2x10°-470x10~° =0.98 ~1 and the second is an inverting
amplifier with gain of 10.

The resistor values are calculated as follows:

i 3
Gain(KI)= : Sulnmlngz =R_6_:100><1(:)5 =10
Difference Signal RS 10x10

The value of the capacitor (C3) for the low pass filter was calculated with:

1 1
2.7-R6-C3  2.7-100x10%-150x1072

f= =10.610kHz
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Figure 5.16: Derivative gain (Kp)

The first operational amplifier in figure 5.16 serves as a differentiator with

T =1/R8.C2=1/2.2x10°-470x10~° =0.98 ~1 and the second is the gain of the derivative.

The resistor values are calculated as follow:

Summing3  RI10 _ 100x10° _

Gain(K,) = — - = = =10
Difference Signal R9 10x10
The calculation of the capacitor C5 was done as follow:
f= ! L =10.610kHz

2.7-R10-C5  2.7-100x10° -150x10~2

A capacitor C4 was added to the design of the differentiator. This capacitor makes the
differentiator react as if it is an active differentiator. The cut-off frequency was calculated as
follow:

1 1

/= 2.7-R8-C4 2.7-22x10°-68x107

=10.610kHz
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Figure 5.17: Summing of gains

The final stage of the PID controller design is the summing of the gains. The different resistor
values are calculated as follow:
R12 R12 R12
Control Si =——F8 ingl+ ——3S ing2+——=S ing3
ontrol Signal |: 3 umming R7 umming?2 R11 umming :l

10x10° ) 10x10° . 10x10°
- - Summing] + - Summing2 + 3
10x10 10x10 10x10

= —[Summing1+ Summing2 + Summing3]

Summingle

The calculation of the capacitor C6 for the low pass filtering was done as follow:

fe 1 _ 1
2-7-R12-C6 2-z-10x10*.1.5x107°

=10.610kHz

The complete circuit diagram can be seen in appendix B.
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5.5. ANALOG LEAD CONTROLLER DESIGN
The lead compensator has the transfer function
G.(s)= K(s+2z)
(s+p)
The uncompensated system transfer function will be used to obtain the constants of the lead
compensator. For this purpose the transfer function of the plant G(5) must be obtained.
Figure 5.18 shows the block diagram of the compensation network.

| e
+ o Compensator Plant

| - : H(s) «—

Figure 5.18: Compensation network
The plant transfer function G¢s) is obtained by analysing the transfer function of the magnetic

o ona L

:I[K"K‘}+K‘X me _

bearing block in figure 5.5.

ms’ ms®  ms®
:>I[KK} X[I—L:!+—"-Ig—
ms ms® | ms
KK,
X ms’ mg

] ]
ms ms
&l
_1ms® |
mg=0 1- Ks
m.5'2

500
st ~0.05

G(s) = %

~G(s) =
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A gain K must now be chosen to satisfy the steady-state requirements. This gain was chosen to
be K = 10. The Bode diagram of KG{s) can now be drawn, where the amount of necessary phase
lead can be determined. Figure 5.19 provides the Bode diagram of KGf(s).

The phase margin (&) can be calculated by using the margin command in Matlab®. The value of
0, was calculated to be 1.2217 rad/sec. The value of @ can be obtained by using the phase

margin and the equation

sind, _a-1)
(ax+1)

The value of a was calculated to be 32.1634. The total magnitude gain of the system is
20 log a dB, therefore we expect a gain of 10 log a dB at @, The frequency w,, can be obtained
by plotting -10 log a.

Figure 5.19: Bode diagram of KG(s)

The plot of -10log a provides a straight line of -15.07 dB. This straight line can be seen in
figure 5.19. The crossover frequency (®.) is then calculated as 170 rad/sec. The complete

Matlab® source code can be found in appendix H.
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With a = 32.1634 and w,, = 170 rad/sec the constantsp and z can now be calculated.

z=5
p=0,a @
964.1
~170432.1634 and =
oeat 32.1634
=964. =29.98

The lead compensator then looks as follow:
_K(s+z)
(s+p)
_100(s +29.98)
{5 +964.1)

G(s)

A gain of 100 was chosen, since it is desired to have a steady-state error for a ramp input equal to

~1% of the magnitude of the ramp. ( K :i=—A—=100
g 0.014

88

The analog design of the resistor and capacitor values can now be obtained from the following

equations:
1
1‘ =
_RI+R2 mmJE
~ R2 I
R2 _ 1 1704/32.1634
R1+R2 32.1634 =1.037x107%s
Choose C =200 nF
e R1-R2
R1+R2
1.037x107* = RL o
32.1634
R1=166.77k2

and therefore R2 = 5.35 kQ2

The complete circuit diagram for the lead controller can be found in figure 5.20.
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166.77k
C1

Difference_Signal Lead Out

R2 < 5.35k

Figure 5.20: Lead controller circuit diagram

The gain of the lead controller is:

3
Gaine K2 _ 535x10 o031
RI+R2 166.77x10° +5.35x10

5.17

Figure 5.21 provides the circuit diagram for the proportional gain (K). It was decided to use a
variable resistor in the design of the gain (K). The gain can then be changed to obtain the best

result.

TLOS2 Tg’z"
@ ;\\"“- H
Lead_Out Ve

\fi?>———'»—-{) Control_Signal
AV

4l

u3 l -12v
R1

ANy

800k

AR
\‘v' \/"\ -

R2 1.5k

Figure 5.21: Proportional gain circuit diagram

The resistor values are calculated as follow:

3
Gain= R1 = M =333.33 (With R1 being the variable resistor)
R2 1.5x10
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i i EostE bRt

Figure 5.22: Lead controller Bode diagram

The lower breakpoint frequency for the lead controller is:

1 1

= = =47Hz
2-7-R1-C  2.-7-166.77x10%.200x10~°

S

The upper breakpoint frequency for the lead controller is:

1 1
" 2.z-(RI|RYC 2-7-(166.77x10° || 5.35x10%) - 200x 10~

=153.5Hz

/2

5.6. SIMULATION DESIGN OF THE LEAD CONTROLLERS
In this section the analog lead controller will be converted into a discrete lead controller. The
simulation design of the lead controllers will be done by using the complete Simulink® model

with discrete PID controllers (figure 5.12) as basis for the simulation.

The analog and discrete transfer function for the lead compensator has the form:

K, (s-5,) »G.(2)= K,(s-zp)

Gels) = 5—5,) (s-z,)
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The equation G.(s) = 100(s+20)/(s+929.1) was obtained from the analog design of the lead
controller. The values of z; and z, can be obtained from (1) and (2). A sampling time of
7=10.0001 s = 10 kHz) was used.

z, =€ =0.998 (1)

z. =e* =0911 ?)

P

The constant K; can be obtained by using (3).
lim Ka(s—so)_ lim K (z-2y)
50 (s-5,) z-1 (z-2z,)

X (3)
aSo _ K({I_zo ]

s, l—zp

The discrete transfer function of the lead controller then looks as follow:

_935.69(z - 0.998)
z-0911

G.(2)

The discrete PID controller from figure 5.12 was replaced with the discrete lead transfer function
to obtain the best values for the constant K. X = 95.69 was found to be the best value for the top
electromagnet and K = 287.07 for the bottom one. These blocks can be seen in figure 5.23.

A OE £8¢2-0.958; s A 287.07{z-0.998) X
z0.911) {z<0.911}
Top Discrate Bottom Cisorste
Lead Coniroiler Lesd Controller

Figure 5.23: The top and bottom discrete lead controllers

Figure 5.24 provides the simulation output of the discrete lead controllers. From this figure it can
be seen that the position output follows the input signal. The firing of lead controller 1 (for the
top electromagnet) and lead controller 2 (bottom electromagnet) can also be seen in this figure.
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5.20

Figure 5.24: Output of the Simulink® model with discrete lead controllers

5.7. FINALISING THE ANALOG DESIGN

The final steps of the analog design are the design of the difference circuit and the actuating unit.

The difference circuit centres the sensor signal around the zero point. The output of the

difference circuit will then change form -10 to +10 according to the position of the steel disc.

]
i Attenuation !
. network | SH12V
' Ro . TLO82
1 . |\\ 8
Sensor O- T\ 9 P
LV S e Ve
) . : s //“—'*——0 Difference_Signal
: 10k 1 [15n | %
1 ~
' i 4
]
s B U4 L_q2v
i R2 R1 TR
Reference_Voltage O—\\/A ANA Feedback !
e . 10k__ ___network
C1
515{3

Figure 5.25: Difference circuit diagram
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Figure 5.25 provides the difference circuit diagram with the necessary component values. The

design and calculation of the resistor and capacitor values are done as follow:

The voltage divider attenuates Viepsor 50 that V. = mVsepnsor, Where

R1
m=
R1+R2

The difference output signal is calculated as follow

R1+R2 R1
VD{J}rmce _Signal = _RT m VSensar - E VRq’erence__Vohage
R1+R2 RI % Rl
= R2 R1+R2 Sensor ~ TRE VReferenceiVolmge
R1

- R? (VSen.err - RefermceﬁVoilage)

With R1 =10 k2 and R2 = 1 kQ the total gain is

3
Gain:R—1= lOXlg =10
R2 1x10

The capacitor/resistor pair serves as a low pass filter with frequency:

1 1

f = = - ~=10.61 kHz
2.7.RI-C1  2.7.10x10° .1.5x10"
+45V .
1\
<
1N4001 7 D1 :’,L
L
ri. @
Control_Signal © AVAVAY |h
600 2N3055

Figure 5.26: Actuating unit circuit diagram
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The circuit in figure 5.26 controls the current in the electromagnetic levitation coil L. The
2N3055 transistor has a beta of more than 50, which is sufficient to drive loads of up to 2

amperes without any additional circuitry.

The base resistor R1 provides current protection. It limits the output current demand on the op-
amp. The op-amp works at 12 V and the base terminal is 0.7 V. Therefore the maximum base
current will be I, = (12 — 0.7)/600 = 18.83 mA.

The actual maximum value of the base resistor that can be used depends on the maximum

collector current required and the gain (beta) of the transistor.

5.8. DSPACE® PID AND LEAD CONTROLLER DESIGNS
In this section the PID and lead controller designs for the dSpace® controller will be done. The
constants obtained from the simulation of the discrete PID controller will be used to design the

real-time model.

It was decided to choose the sample time (7s) of the real time interface (RTI) at least 7 times the
bandwidth of the sensor. The bandwidth of the sensor is =1 kHz, therefore fsreqt sime > 7 kHz. The
sample time was chosen at TSreq/ fime = 0.0001 {Sreat ime = 10 kHz).

The real-time Simulink® model can be seen in figure 5.27. In this figure the sensor signal enters
the dSpace® controller at ADC port 5. Upper and lower limits of -10 and +10 are then placed on

the signal.

The signal is then passed onto the sensor calibration, where the gain and reference position of the
sensor signal can be fine tuned. The signal “sensor2” is then passed onto the position reference

of the model. By changing the value of this constant, the steel disc can be moved up and down.

This signal is then passed onto the different PID controller stages. The constants: “Constant1”
and “Constant2” change the working position of the controllers. By changing these constants, the

amount of work done by the electromagnets can be changed.
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A lower limit of zero has been placed on “Control1” and “Control2”. This will prevent the output
from going negative. The controller 1 signal is then written out to actuator 1 via port 1 of the
DAC and the controller 2 signal is written out to actuator 2 via port 3 of the DAC.

] I A
_—5%_1—. FID > - .D_' CAC
Gainz

Gaint Cisrete - 10V 0S1104DAC_C1
PIC Controller!  Saturation autputt Dutput to actuator 1imogal

0 a >I> e > = m,;»b—-b DAC

Canstant Gain3 Disorete 810V Gains "CS11040AC. €3
PiD Conboller2  Saturation cutput Cutput to sctuator Zéimodel
% Sﬂ
senser? | it g ot SEnE0R ADC

-10 - 10V

T 051104A0C CE
Saturation input

trput from senscrs

Senscr calibration

Figure 5.27: Real time PID controller Simulink® model

For the real time lead controller Simulink® model the discrete PID controller blocks of the above
figure are replaced with the discrete lead controller blocks shown in figure 5.23.

5.9. STIFFNESS OF THE MODEL

In this section the open loop stiffness and current gain of the model will be evaluated. The
stiffness of a bearing characterizes its spring-like behaviour, i.e. the ratio of the supported load

with respect to the resulting displacement of that load.

The term is based on the understanding that a bearing is a mechanical element. In classical
bearings the stiffness stems for example from the elasticity of the oil film or the deformation of

balls and inner ring of a ball bearing.

In an AMB the force is generated by a control current, which can be adjusted to the needs and
opens a novel way of shaping the stiffness and even the overall dynamic behaviour, and thus the
term “stiffness” may not be the best way to describe the performance of an AMB, but is still used

for comparison reasons with classical bearings.
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One way of obtaining a high static stiffiess is by applying PID-control. In that way, the current i
and implicitly the force as well, is shaped depending on the displacement x of the rotor within
the air gap as [19].

i=Px+1|xdt + Ddx/dt

The integral part of the PID control brings the position x to the same value before and after the
load step, and thus the rotor shows a behaviour that cannot be obtained with classical bearings
(figure 5.28). The time constant for that compensation cannot be made arbitrarily small without
increasing the stiffness constant P and the damping constant D.

Looking at the bearing only, its static stiffness has become infinite as under stationary load there
is no displacement, as long as the maximum carrying force is respected. For comparison, the
behaviour without compensating integrator is shown, as it would correspond to a classical

bearing with spring/damper characteristics as well.

displacement

X without integrator
0 l with integrator
MLoad

time

Figure 5.28: Step response of rotor position to a change in load force with PD and PID control. [19]

From figure 5.9 the open loop stiffness of the system can be calculated. The working distance of
the disc is chosen at 3 mm. Therefore the open loop stiffhess £, of the system is:
k., =—
x
_20.18418
0.003

=6728.06 Nm™

where F' is the attraction force of the electromagnet, x is the distance of the air gap and £, is the

open loop stiffness of the model.
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The natural frequency of k, can be obtained by using the open loop stiffness &; and the mass of

the system.

kg

Birsy =

_ [6728.06
2

=58rads™

where wngg is the natural frequency of &;, k; is the open loop stiffness and m is the mass of the

disc.

Open loop stiffness (k ;) of the model
. 500000 * -
E
F 400000
= N
a8 300000 — _
3 *
£ 200000 ? *
g 100000 - "

0 : 924440409000 000000 ¢
0 0.001 0.002 0.003 0.004 0.005 0.006
Displacement [m]

Figure 5.29: Stiffness k, of the model with increasing displacement

Figure 5.29 provides the open loop stiffness &, of the model with increasing displacement. The
open loop stiffness &, of the system increases dramatically when the distance is changed from

3 mm to 1 mm and decreases dramatically when the distance is increased.

The working current of the disc at 3 mm is 1 A. The gain &; can be calculated as follow:

k. =—
4
_ 80.764

1
=80.764NA"

where £; is the gain, F is the attraction force of the electromagnet and i is the current.
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Current gain (k;) of the model

180 : -
160 —— . P |
140 - +* -

120 +- * -
100 - - ——e?

Gain k; [N/A]

0 0.5 1 1.5 2 25
Current i [A]

Figure 5.30: Current gain k; of the model with increasing current

Figure 5.30 provides the current gain k; of the model with increasing current. The gain %; of the

system increases linearly with an increase in the current.

5.10. CONCLUSIONS

In this chapter the PID and lead controllers were designed and implemented successfully. The
analog model was integrated and the complete system of figure B.2 and figure B.3 was built and
tested. Both analog models provided stable suspension of the model. Appendix G provides

oscilloscope printouts of the controllers.

The dSpace® real-time Simulink® model was downloaded onto the DSP controller and the result
obtained can be found in chapter 6. The Simulink® model provides useful information about the
constants of the real time model and these constants can be used to suspend the model in real-

time.



CHAPTER 6
RESULTS OBTAINED WITH DSPACE® AND SYSTEM EVALUATION

6.1. INTRODUCTION
This chapter focuses on the results obtained with the dSpace® DS1104 controller and the
complete system evaluation. The dSpace® software Controldesk was used to obtain results and

load and disturbance tests were performed for system evaluation.

6.2. DSPACE® CONTROLDESK INTERFACE

Controldesk is a software package of dSpace® where the user can perform experiments and
automate test operations in a platform environment. Controldesk provides graphs and buttons
for easy use, but the source code must still be written for each device used. When working in the
real time interface (RTI) of Controldesk care must be taken with defining the correct sampling
time, solver type and block reduction for each device otherwise the processor will stop

responding.
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Stop ! Settings. . |
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Figure 6.1: Layout of the Controldesk interface

? This figure is best viewed in full colour on the CD. File: dSpace.jpg, available on request.

6.1
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Figure 6.1 provides the layout of the Controldesk interface. This figure is divided into 4 parts.
Part 1 provides the capture variables and simulation state. The capture variables window makes
it possible to display sampling of input and output variables in Controldesk. It was chosen to
make this window visible, with a sampling length of 0.01 s. For monitoring the model in real

time, the delay levels were chosen as zero.

The simulation state (SimState) window makes it possible to stop, run and pause the real time
controller at any time. This is quite useful in case of an emergency. Care must be taken when
working with SimState, since it writes real time code (RTC) to the processor. This RTC stops the
processor and clears the memory. The run button must be pressed, which will reload the RTC to

the processor, before analysis can continue.

The second part provides the voltage output of actuator 1 and actuator 2 and shows the input
signals to PID controller 1 and PID controller 2. The voltage output of actuator 1 (for the top
electromagnet) is close to zero and therefore it is releasing the disc, while the voltage output of
actuator 2 (for the bottom electromagnet) is close to 10 and therefore it is attracting the disc. This
is correct, since the disc has moved above the reference point and needs to be attracted

downwards to stay in suspension.

The two graphs in part 2 show the input signals to PID controller 1 and PID controller 2. The
signals of these graphs are labeled Controll and Control?2.

Part 3 shows graphs of the output of the sensor and input signal to actuator 1. These signals are
labeled sensor2 and Actuator 1 in figure 5.27. The graph of the output of the sensor provides
useful information about the position of the steel disc. The input signal to actuator 1 is the signal

just before it leaves the dSpace® controller.

The gain and constant turn butions are the gain and constant variables used for sensor
calibration. Changing these values will change the reference position of the steel disc. The slide
bar labeled constant reference actuator 1 provides the value of the constant parameter in

figure 5.27. This value changes the reference position of actuator 1.

Part 4 shows the PID constants for actuator 1 (left side) and actuator 2 (right side). Changing the
values of Kp, Ky and K changes the values of the PID controller in real time. There is no delay

time and no need for waiting for the code to be written down to the dSpace® controller.
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Two on/off push buttons has been inserted, one for actuator 1 and the other of actuator 2. These
push buttons send out a zero output when the off button is pressed. These buttons are quite
useful, because there is no need to wait for the RTC to be written down to the processor and all

the parameters stay the same.

When using SimState the parameters are reset and reloaded onto the controller. This usually
takes a while. The slide bar labeled constant reference actuator 2 and graph labeled input to

actuator 1 (lower) is the same as for actuator 1.

6.3. SYSTEM ANALYSIS
In this section the system will be evaluated with square waves as inputs for the different systems.
Only the discrete controller could be simulated in dSpace®. The necessary oscilloscope printouts

for the analog controllers can be found in appendix G.

0.002; Square wave input signal

0.0011

y fm]

0.0001

-0.001 1

-0.002- ¢

time [s]

0.0021 Discrete PID output signal

0.001 1

y [m]

0.0001

-0.001 1

-0.002" ! + = ' = —

time [s]
|

Figure 6.2: Discrete PID controller output signal with square wave as input signal

Figure 6.2 provides the output of the discrete PID controller with a square wave as input signal.
A square wave was given as reference signal for the system and the output was obtained from the

Sensor output.
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0002 Square wave input signal

0.001 1

0.0
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-0.001 1
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Discrete lead output signal
0.002 1

0.001 L : |

y [m]

-0.001 1

-00024 ¢ + + } + + ' 4 + + —_—
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Figure 6.3: Discrete lead controller output signal with square wave as input signal

The frequency and amplitude for the discrete lead controller (figure 6.3) was chosen the same as
for the discrete PID controller (figure 6.2).

In figure 6.4 the discrete PID controller output with a step response as input can be seen. From
this figure it can be seen that the discrete PID controller a time-to-peak 7, = 37.5 ms and a
settling time T = 100 ms.
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Figure 6.4: Discrete PID controller output with an input step response

The discrete lead controller output with an input step response can be seen in figure 6.5. From

this figure it can be seen that the time-to-peak 7, ~ 30 ms and the settling time 7; = 130 ms.

Oscilloscope printouts of the analog PID controller (figure G.6) and analog lead controller
(figure G.8) output signals with step response as input signal can be seen in appendix G. From
these figures it can be seen that the time-to-peak and settling time for the analog PID controller
are T, = 60 ms and 7, = 190 ms respectively. For the analog lead controller 7, = 40 ms and
T, = 180 ms.
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Figure 6.5: Discrete lead controller output with an input step response

6.4. LOAD TEST PERFORMED ON THE MODEL
The load test was conducted by placing different size weights on top of the steel rod of the model
and to observe what impact the downward force (Fzwn) Of the weights has on the amount of

current necessary to keep the steel disc in suspension.

For this test the reference air gap (x) is chosen between the steel disc and the bottom
electromagnet (as seen in figure 6.6). Four 1.25 kg weights and one 500 g weight were placed on
the model. Table 6.1 provide the data obtained with the load test.
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Figure 6.6: Load test performed on the axial AMB model

Figures 6.7 and 6.8 provide the analog lead and PID controller outputs under load conditions. To
obtain these graphs, the analog controllers were used for controlling purposes and the position
sensor output was fed into Controldesk through the A/D port of the dSpace® controller. Figure
6.7 was captured under a load condition of 3.75 kg. The steady state error e =~ 1.5 mm and

the air gap x = 1.5 mm.
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-0.0024 ¢ + 4 + T + + e + + + |
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| time [s
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Figure 6.7: Analog lead controller output under load conditions
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Figure 6.8: Analog PID controller output under load conditions

Figures 6.8, 6.9 and 6.10 provide graphs of the controller outputs taken under a load condition of
3.75 kg. The steady state error for the PID controllers (figures 6.8 and 6.10) is =0.1 mm, while
the steady state error for the discrete lead controller (figure 6.9) is =1.4 mm,
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Figure 6.9: Discrete lead controller output under load conditions
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Figure 6.10: Discrete PID controller output under load conditions
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Table 6.1: Data obtained with the load test
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Table 6.1 provides the current to air gap and steady state error relation with different weights.
From this table it can be seen that the steady state error stays zero for all the controllers up to an
added mass of 0.5 kg. The steady state error for the PID controllers stays zero up to an added
mass of 2.5 kg. When the weight increases to 5 kg the steady state error increases to 3 mm. The

steel disc at this stage lies on top of the bottom electromagnet.

6.5. DISTURBANCE TEST PERFORMED ON THE MODEL
In figure 6.11 the system is evaluated by applying disturbance forces on it. A 500 g ball falling
from different heights is used as disturbance on the system to see if the system can recover from

the disturbance force and stably suspend the disc again.

The ball falls from a distance defined as x4y, which provides a downward disturbance force of
Faown and a reaction force of Freacion. The downward deviation of the steel disc is defined by

X40wn. Figure 6.11 illustrates the disturbance test setup.

Xbai

v
] F"“""’"T_H v Fom [

Electromagnet 1

Sensor
1
F
| P

~ Steel Disc (2 kg) [

leom - ‘ Sensor i Xdoun
b2

Figure 6.11: Disturbance test on the axial AMB model
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Figure 6.12: Analog lead controller output under disturbance conditions

Figures 6.12 and 6.13 provide outputs of the lead controllers under disturbance conditions. An
arrow shows where the force has been applied. The ball height x;.,y = 5 mm was chosen and
figures 6.12 and 6.13 were captured accordingly. The ball height of =5 mm produced a
maximum downward deviation of Xgo» = 1| mm for the analog lead controller and

Xiown = 1.25 mm for the discrete lead controller.

0002+ Sensor Output
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0.001 1
E ' l e.~02mm
R T L B Aol lotrtslotutviplolvivivielstsivlpivtvieltatl-L L CEL LAt 1: L
0001 Paun =125 mm N
00024 ————————————t—t———————————————t———
00D 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 18 20
time [s
n s

Figure 6.13: Discrete lead controller output under disturbance conditions

Figures 6.14 and 6.15 provide the output of the PID controllers under disturbance conditions. A
disturbance force of xp,; = 10 mm was chosen for the analog PID controller (figure 6.14) and
produced a maximum downward deviation X4, = 1.2 mm. A disturbance force of x4,y = 20 mm
was chosen for the discrete PID controller and produced a maximum downward deviation of

X40wn = 2 mm. The steady state errors for both PID controllers are zero.
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Figure 6.14: Analog PID controller output under disturbance conditions
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Figure 6.15: Discrete PID controller output under disturbance conditions

Table 6.2 provides the disturbance output of the system with a ball falling from different heights.
The maximum deviation and steady state error stays the same for all the controllers when the
height of the ball is between 1 — 2 mm. When the ball falls from a height of 25 mm, the steady

state errors for the PID controllers are zero. The steel disc at this stage is hammered down onto

the bottom electromagnet.
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Table 6.2: Data obtained with disturbance test
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6.6. EQUIVALENT SPRING-MASS-DAMPER CALCULATION

The AMB system is equivalent to a spring-mass-damper system. In this section the calculation of
the spring-mass-damper constants are done. Appendix E provides the calculation of the
equations for the constants for the spring-mass-damper. Block diagrams and signal flow

diagrams can be found in this appendix.
The following equation was used for the calculation of the natural frequency (ws).

2

4 T 7’ 4

T =—o T =—— m, =+ —
T o, e 1-¢7 "\ [T)

where T is the settling time, 7, is the time-to-peak, w, is the natural frequency and { is the
damping ratio.

The following equations will be used for the calculation of the damping constant and stiffness of
the model.

b k
2w, =24 2 Cu
¢o, m @y ==
~b,, =2lw,m ok, =wim

where b,, is the damping constant and %, is the stiffness.

Table 6.3 shows the system output with variation in input step response amplitude. This table
provides information about the time-to-peak, settling time, percentage overshoot, natural
frequency, damping ratio, damping constant and stiffness of the different controllers with

variation in the input step response amplitude.

Figures 6.4, 6.5, G.6 and G.8 provide graphs of the discrete PID, discrete lead, analog PID and

analog lead controller outputs respectively with an input step response.
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6.7. RESPONSE OF THE DAMPING AND STIFFNESS CONSTANTS OF THE SYSTEM

In this section the stiffness constant (k.,) and damping constant (b.,) of the discrete PID
controller will be evaluated with a change in the proportional gain (X,) and derivative gain (Xp).

Figure 6.16 provides a graph of the stiffness constant with a change in the proportional gain.
From this graph it can be seen that when the proportional gain of the discrete PID controller

increases, the stiffness constant also increases.

: Stiffness Constant with change in proportional gain

70000 -

60000 .

50000 .

3 40000 -

30000 e - .

20000 . * TS

10000

0 T t L r L L L L i L 1 L ! *
0 5 10 15 20 25 30

Ke

Figure 6.16: Stiffness constant with a change in the proportional gain

The experimental data of the damping constant with a change in the derivative gain can be seen
in figure 6.17. From this figure it can be seen that an increase in the derivative gain of the
discrete PID controller, leads to an increase in the damping constant. This figure has an almost

linear response.

Damping Constant with change in derivative gain

300
250 2
200

& 150 * ® -

100 —————— -
50

*

0 0.5 1 1.5 2 25 3

Figure 6.17: Damping constant with a change in the derivative gain
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6.8. CONCLUSIONS

The dSpace® Controldesk interface provides useful signal information at different operating
points. The signal coming from the sensor, input signals to the controllers and output signals
going to the actuators can all be seen in Controldesk. A model can be designed and tested in
Simulink®, before it is downloaded onto the real-time controller.



CHAPTER 7
CONCLUSIONS AND IMPROVEMENTS

7.1.  CONCLUSIONS
The depth parameter in Quickfield® can only be measured in block format and has a fixed value
of 100 ¢m. This caused a problem in terms of the accuracy of the data obtained. A better finite

element package must be used in the future.

Quickfield® does not make provision for 3 dimensional simulations and therefore only two
dimensional simulations can be done. For accurate results a 3 dimensional package must be used.

Software packages like Ansys® and Algor® must be looked at.

The induction sensor is used to measure the distance of the air gap between the steel disc and the
electromagnets. The distance between the air gap and the output voltage has a linear response.

This makes it ideal to use the sensor over a wide air gap range.

The model was started by using PWM power amplifiers and an induction sensor for position
feedback. This provided serious problems, since all the noise/switching generated by the PWM
power amplifiers was carried onto the induction sensor. The model was then earthed, shielded

cables were used and the power amplifiers were shielded in any way possible.

Although the PWM power amplifiers and induction sensor work perfectly when driven
separately, they did not want to work together. This problem could not be fixed and it was
decided to switch the optical sensors, but the same problem occurred with the optical sensors.

Somehow the noise generated by the PWM power amplifiers gets into the system.

Finally it was decided to throw out the PWM power amplifiers and use power transistors instead.
The induction sensor was brought back and the system was tested again. The amount of noise in

the system is now al lot less that with the previous attempts.

The dSpace® Controldesk interface provides useful signal information at different operating
points. The signal coming from the sensor, input signals to the controllers and output signals

going to the actuators can all be seen in Controldesk.

7.1
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dSpace® provides a real-time interface (RTI) between Simulink® and Controldesk, making it
possible to design and test a Simulink® model before it is downloaded onto the real-time

controller.

From the steady state error (e,;) obtained during the load test (table 6.1), the conclusion can be
made that the PID controllers are the better controllers, since it has smaller steady state errors.
The lead controllers are also suspending the disc, but it has larger steady state errors.

From the data obtained for the disturbance test (table 6.2), the conclusion can be made that the
PID controllers are also the better controllers (in terms of the e). The lead controllers also

recover from the disturbance, but have larger steady state errors.

7.2. IMPROVEMENTS

The project objective was to develop a working axial AMB system, on which measurements and
tests can be conducted in a research environment. This objective was met and it is now possible

to make improvements on the system.

Possible future projects can be done on the improvement of the sensors (designing a sensorless
sensor), designing advanced control techniques for the axial AMB model by using the dSpace®
DS1104 controller and designing an axial AMB model for high speed rotation.

Improvements on the sensors are possible by increasing the linear area of the inductive sensors,
increasing the signal to noise ratio (SNR) and improving the bandwidth of the sensor. The linear
area can be improved by using a full-wave active rectifier instead of a half-wave active rectifier
and obtaining the optimum impedance for the desired air gap. This optimum impedance can be

calculated by using the following equations: L, = L, i and L, =L, d .
d-x d+x

Increasing the SNR is possible by increasing the frequency and by designing a notch filter with a
steeper cut-off (higher order filter), using integrated components with a high SNR and using
components which are not sensitive to noise in the specific frequency band. Care must be taken

with the value of C7, since it determines the amount of ripple in the output of the sensors.
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The project can further be improved by designing advanced control techniques for the dSpace®
controller. For this advanced control techniques fuzzy logic control, sliding mode control,
advanced PID control, H” control, adaptive variable bias control, advanced adaptive
autocentering control and Mu synthesis control can be looked at. These advanced control

techniques can all be implemented in the dSpace® real-time interface (RTI).

The designing of an axial AMB model for high speed applications can be taken a step further.
Principles like hall-back effects, flux-canceling effects and using electrodynamic suspension

(EDS) with electromagnetic suspension (EMS) can be investigated.

The model can further be improved by using precision eddy current probes, intergated
displacement and velocity probes and designing a sensorless sensor. Improvements on the
actuating amplifiers can be done by using PWM power amplifiers or investigating linear power

amplifiers.
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APPENDIX A
PHOTOS OF THE AMB MODEL

dSpace® 1104 Controldesk

Controller

AMB model

A

Actuating units

Sensor box

Electromagnets Inductive sensors

Steel disc Shielded cable

Actuating unit

Figure A.2: Close-up of the Axial AMB model

Al
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Figure A.4: Actuator unit
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Figure A.5: Lead controllers

These photos are best viewed in full colour. All of the photos in this section are available on the

CD, available on request.
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Figure B.2: PID controller with active differential gain



CIRcUIT DIAGRAMS B.3

e A
1 e 1
1 o 1
] = w 1
~ = 1
“ m \.,.J,I\_J o | 1
g v ¥ .
.8 5 A "
) M 1
' i
1 15 1
o<« ) 1. =) QMm .
1 ] by o © 1
I 2 1
[ O U U - P e et e e e e e e ] 1
[ indeedied ittt ddientls sttt ittt il -
)
|
1
_ | _
'
' ey “
“ R ¥ wmu m » !
1 m + + o ! I~ m 1
oy e & o' T 1
" = o~ - V/A. ]
1 o o AY 1
.- S/ AS '
1 = ol A '
1 o vz .
1 m.. A 1
L B AW
'
g 2
1 M “
1 - A
o2 & "
=] y] 1
1
- — A “
o I
; m 2 MM Cnnm I
1 — i
_ "
! I
! I
! 0
N '
e
! 1
b 1
! 1
) 1
1 I
! '
1 w \ w 4 ]
i ow / oS3 8=2 |
_ oo d Moo 23887
" m\ o “
1 R + VA D i
1 ) 1
5 _
v =1 “
| Q - 5 1
" % © -~ 4Mk 1
- T ke "
.- !
= ' & “
1 D m u0n @ '
] - w, i
] = 1
<]
) o S o |
! ST 2 "
i 5 "
— s
_ o 2 !
“ 3 _
_ 5 :
1 7)) 1

Figure B.3: Lead controller and actuator circuit diagram



APPENDIX C
MECHANICAL DESIGN OF THE AXTAL AMB MODEL

This section gives additional information about the mechanical design of the project.
Figure C.4 gives the total construction of the model. From this figure it can be seen where the
basis plate and steel rods (figure C.1), middle plate (figure C.2) and top plate (figure C.3) fit in.

Figure C.5 gives a 3-D view of the complete axial AMB model. From this figure the suspended
disc (blue), top and bottom c-shaped electromagnets (green), magnet coil (red) and position

sensor (brown) can be seen.
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Figure C.1: Basis plate and steel rod




MECHANICAL DESIGN OF THE AXiaL AMB MODEL
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Figure C.3: Top plate
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Figure C.4: Total construction of the model



MECHANICAL DESIGN OF THE AXIAL AMB MopeL C.4

Figure C.5: 3-D view of the complete axial AMB model®

Figure C.5 provides a 3-D drawing of the complete axial active AMB model, showing both
electromagnets. The left electromagnet is a cross-sectional view showing the coil (red), the core
(green) and the steel rod (blue) running through the centre. The placement of the inductive

sensor (brown) can be seen on the right side of the steel base.

? This picture is available in full colour on the CD, file: Model complete2.gif, available on request.



APPENDIX D
QUICKFIELD® ANALYSIS OF THE MODEL

This section provides additional information on the Quickﬁeld® analysis done in chapter 3. From

these figures the mesh, potential, flux density, field strength, energy density and permeability of

both the c-shaped magnets can be seen.

Figure D.1: Mesh of the complete system

Figure D.1 shows the electromagnets viewed in geometry mode. The total number of nodes was
limited to 192. The mesh is the small green lines filling up the rectangles. The circles show the

spacing needed to create the mesh. The air parameter was designed with 2 cm spacing and the

coil and steel parameters was designed with 1 cm spacing.

D.1



QUICKFIELD ANALYSIS D2
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Figure D.2: Potential of both c-shaped magnets’

Figure D.2 is viewed in analysis mode. This figure was analysed with a potential color map, this
is shown on the right side of the figure. From this figure it can be seen that the positive coil

parameter has the most potential, whereas the negative coil parameter has the least potential.
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Figure D.3: Flux density of both c-shaped magnets*

Figure D.3 shows the flux density of both the c-shaped magnets. From this figure it can be seen

that the highest flux density is between the electromagnets and the steel base.

34 These pictures are available in full colour on the CD, available on request.



QUICKFIELD ANALYSIS
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Figure D.4: Strength of both the c-shaped magnets

From figure D.4 it can be seen that the strength H is the highest between the electromagnets and

the steel disc. The strength H = 29686 A/m at this point.
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Figure D.5: Energy density of both the c-shaped r'nagnets6

The energy density also reaches it maximum between the electromagnets and the steel base.

maximum energy density w = 564.76 J/m’.

>8 These pictures are available in full colour on the CD, available on request.
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QUICKFIELD ANALYSIS D.4

Figure D.6: Permeability of both the c-shaped magnets’

From figure D.6 it can be seen that the maximum permeability is inside the steel base. This
maximum permeability is p, = 4260.3. Care must be taken with the values obtained with the

Quickfield® simulations, since the depth parameter for these simulations are in block format.

The electromagnets have a cylindrical shape with diameter of 100 cm, therefore the results
obtained with Quickfield® is not precisely correct and have to be fitted. The results give a good

estimate and can be used for verification purposes.
Quickfield® does not make provision for 3 dimensional simulations and therefore only two

dimensional simulations can be done. For accurate results in the 3™ dimension a software

package like Ansys® would be better.

7 This picture is available in full colour on the CD, available on request.
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QUICKFIELD® ANALYSIS OF THE MODEL
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these figures the mesh, potential, flux density, field strength, energy density and permeability of
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limited to 192. The mesh is the small green lines filling up the rectangles. The circles show the

spacing needed to create the mesh. The air parameter was designed with 2 cm spacing and the

coil and steel parameters was designed with 1 cm spacing.
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APPENDIX E
CALCULATION OF THE SPRING-MASS-DAMPER CONSTANTS

This appendix focuses on the calculation of the spring-mass-damper constants. Calculation of the
constants of the system with one electromagnet will be done first, followed by the calculations of
the system with both electromagnets.

E.l SYSTEM WITH ONE ELECTROMAGNET

@1 ORIy

Figure E.1: Block diagram of the system with one electromagnet

Figure E.1 provides the block diagram and figure E.2 the signal flow diagram of the system with
one electromagnet. These figures will be used for calculation of the constants.

Figure E.2: Signal flow diagram of the system with one electromagnet

The paths and cofactors obtained from figure E.2 are calculated by (1) and (2).

k k,

P=— A =1 4
ms

P2=ﬂ A, =1 (2)
ms

where P and P; are the paths and A; and A; are the cofactors of the paths.

E.l



CALCULATION OF THE SPRING-MASS-DAMPER CONSTANTS E.2

The loops are calculated by (3), (4) and (5).

k
L=—% (3)
ms
k,k,
L,=—-2" @
ms
k k,
L=-—"+ (5)
ms
The determinant of the graph is given by (6).
A=1-(L +L, +1;) ®)
The gain formula is given by (7).
T(S) — PIAI +P2A2
A
k k, .
ok Kk,
— ms ms 7
kx kP k" krki ( )
l-—5+——5+
ms- ms® ms
k, (k,_s +k, )

_ m
. k k,
s’ +[k’k' )54_(#_"_::)
m m m

Standard form of root equation is given by s +2¢w,s + @}, where { is the damping ratio and w,

is the natural frequency of the system. Standard form of the spring-mass-damper equation is

b k
given by s’ +(ﬁ)s+(——e’iJ , where b, is the damping constant, m is the mass and £, is the

m m
stiffness of the system.

b ,
Therefore: « Kk, nbg =k K,

m m

k, kk—k,
and e PN TNk, =k ok ~k,

m m

k k -k . : :

Further @, =, —" and 2w, = kK, o= kk _ k ki \m

m m 2w, ZJkP k,—k,



CALCULATION OF THE SPRING-MASS-DAMPER CONSTANTS E.3

E.2 SYSTEM WITH BOTH ELECTROMAGNETS

Figure E.3 provides the block diagram and figure E.4 the signal flow diagram of the system with
both electromagnets. These figures will provide the basis for the calculation of the spring-mass-
damper constants. The parameter iy in figure E.4 represent the bias current.

—&—e-0X

Figure E.4: Signal flow diagram of the system with both electromagnets

The paths and loops obtained from figure E.2 are given by (8) and (9).

ky &, -k, | k k, k |
p==ri p Rtk Kok p 5% p Kotk _kok ®)

ms ms ms ms ms ms

k k k,k, ko k,

Ll:mgz’L2=m;2’L3=_W’L4=_ ms s Ly=L,, Ly=1L, ®)



CALCULATION OF THE SPRING-MASS-DAMPER CONSTANTS E4

The calculation of the gain formula, determinant of the graph and cofactors of the paths is given

by (10).
PA, +PA, + BA +PA,

A (10)
A=1-(L,+Ly+L,+L,+Li+ L), A =A,=A,=A,=1

T(s)=

The gain formula is given by (11).
2k, 2k,

2
T(s)= ms ms
(s) 1_[%_215,!:,_:2};,3;;,.)

(11)

ms 2 ms 2 ms

) 2k, k, + 2k ks
© ms® + 2k ks + 2k k, - 2k, )

Therefore from the root equation and the spring-mass-damper equation constants can be
obtained.
2k k, 2k k -2k,

D™ s+ P

g(s)=s>+
A " (12)
=5t Hg4 2
m m

The damping constant b, and stiffness k., can be found in (13).
b, =2kyk,

(13)
k,, =2k, k, -2k,



APPENDIX F
PSPICE® ANALYSIS OF THE INDUCTIVE SENSOR

1.01ns 1.84ms 1.06ms 1.08ns 1.10ms 1.12ms 1.14ms 1.16ms 1.18ms

Time

Figure F.1: Output of the sensors with L; = L;

The d.c. line in the figure F.1 is the output of the sensor. The sine wave with amplitude of 1.5 V
is the input signal of the sensor and the sine wave with amplitude of 3 is the output of coil L; in
figure B.1. Figure F.2 provides the output obtained from the active rectifier. A sine wave with
amplitude 1 V was given as input and the dc output was obtained.
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APPENDIX G
OSCILLOSCOPE PRINTOUTS OF THE SENSOR AND CONTROLLERS

Figure G.1: Oscilloscope output of the sensors with L; = L;

The signal with amplitude of 1.5 V and frequency of 33 kHz is the input signal to the sensor and
can be seen in figure G.1 and figure G.2. The d.c. signal is the sensor output in figure G.1 and
the signal with amplitude of =3 V is the output of coil L; as shown in figure B.1.

y

Figure G.2: Sensor input and inductor output with L; = L,

G.1



OSCILLOSCOPE PRINTOUTS G.2

Figure G.3: Lead controller output with a positive air gap

The d.c. line in figure G.3 and figure G.4 is the output from the sensor. The other signal is the
output of the lead controller. In figure G.3 the bottom electromagnet is attracting and the top one
is releasing. In figure G.4 the top electromagnet is attracting and the bottom one is releasing.

Figure G.4: Lead controller output with a negative air gap



OSCILLOSCOPE PRINTOUTS (3.3

Figure G.5: Input step signal for the system with an analog PID controller

Figure G.6: System output signal for a step input (PID controller)

The analog PID controller has a time-to-peak 7, = 60 ms and settling time 7 = 190 ms.



(OSCILLOSCOPE PRINTOUTS G4

Figure G.7: Input step signal for the system with an analog lead controller

Figure G.8: System output signal for a step input (lead controller)

The analog lead controller has a time-to-peak 7, = 40 ms and settling time 7= 180 ms.



APPENDIX H
MATLAB® SOURCE CODE FOR LEAD CONTROLLER DESIGN

$8electing K gain
K = 10;

¥Transfer function of the cncompensated systen
nung = [-500]; deng = {1 0 -0.05]:

5Calculation of the phase margin
[hum,den] = serieg(K,l,nung,dend) ;

w = logspace(-1,4,200);

[mag,phase,w] = bode (mum,den,w):
[Gn,Pn,Wcy,Ucp] = margin(mag,phase,w);

fAdditional phase lsad
Phi = -(110+Pm)*pis180;

%Compute the walue of alpha
alpha = (l14sin(Phi)}/(1-3in{Phi))

%Plot -10log{alpha} line to aid in locating Wm
M = -10%logl0O({alpha)*ones(length{w),1l):

%Final plot and labels

[mag,phase,w] = bode (num,den,w);
semilogx(w,20%logl0(mag),w, M),grid
xlabel (' fregquency [rad/sec])’'), y¥label('mag [dB]')

The above source code is for the design of the lead controller (section 5.5). The Bode diagrams

can be seen in figure 5.19 and figure 5.22,




APPENDIX I
DATASHEETS, CATALOGS AND MOVIE CLIPS

I.1. DSPACE® ACE 1104 ADVANCED CONTROL KIT (ACE0]-e.pdf)

1.2. DS1104 R&D CONTROLLER BOARD (ds/104_flyer2002_en.pdf)

I1.3. MLIB/MTRACE® FUNCTIONS (dspace-catalog2002_mlib-mtrace.pd]f)

I.4. CONTROLDESK® SOFTWARE CATALOG (dspace-catalog2002_controldesk.pdyf)
1.5. 4N25 OPTOCOUPLER/PHOTOTRANSISTOR (4N25.pdf)

L6. ICL8038 WAVEFORM GENERATOR/VOLTAGE CONTROLLED OSCILLATOR
(ICL8038.pdf)

1.7. TL072, Low NOISE DUAL J-FET OPERATIONAL AMPLIFIER (7L072.pdf

I.8. TL082, GENERAL PURPOSE DUAL J-FET OPERATIONAL AMPLIFIER (7L082.pdf)
1.9. 2N3055, SiLICON NPN HIGH-POWER TRANSISTOR (2N3055.pdjf)

1.10. MOVIE CLIP 1: SUSPENDED DISK WITH NO ROTATION (Suspending_no rotation.avi)
I.11. MOVIE CLIP 2: SUSPENDED DISK WITH ROTATION (Suspendingl_rotating.avi)

1.12. MOVIE CLIP 3: SUSPENDED DISK WITH ROTATION (Suspending?_rotating. wmy)

1.13. MOVIE CLIP 4: SUSPENDED DISK WITH SQUARE WAVE INPUT (Suspending square

wave.avi)

All the above datasheets and catalogs contain technical detail of the project. These PDF, AVI
and WMV files are included in the CD, available on request.
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