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Abstract

Abstract

Linear drives provide many new attractive solutions for the material transportation
and processing in the manufacturing industry. With no mechanical transmission
elements, they enable high dynamics and rigidity as agelbw installationand low
maintenanceosts. That performance can give the linear motor system a better
precision, a higher acceleration and a higher speed of the moving part. Therefore, tF
material transportation and processing using linear mosoitudied and applied
increasingly in manufacturing industry.

For these applications, the linear motor is typically with stationary long primary
and a short moving secondary. As the secondary part is passive, no energ
transmission is required between theving and stationary part, avoiding the use of
brushes or inductive transmission. The motor type best suited for the mentionec
applications is the synchronous one with permanent magnets, because of its highi
efficiency, compactness, but most importarteaese it allows a higher agap.

In the usual approach, the linear motor is only used for thrust force production. The
guidance is usually implemented by a mechanical assembly. The guidance constrair
the movement to the longitudinal displacement, fixithgg lateral and vertical
displacement. yaw, roll and pitch. To achieve the necessary precision of the
movement, accurate mechanical guidance is required. Such the mechanical assemt
can be complex and source of high friction.

In this dissertation, a reseh of an active guiding system is presented. The
purpose of this research is finding out a solution for the material transportation anc
processing applications. The target is a linear drive system, which can reduce th
complicated mechanical structura.ddditions, the passive vehicle is also necessary.

The result of the research is Fyinchronous linear motors with long and double
sided primaries. In the system, the lateral displacement and the yaw angle ar
controlled while a simple wheeail system ikes the vertical displacement. This
combination of the magnetic and mechanical guidance offers a gooebffadaong
the complexity of the control, actuators and mechanics, when considering industria
applications. To allow multiple vehicles travelingnsiltaneously and independently
on the guideway (each vehicle is controlled by an individual part of the guidg),
the double side primary is separated into segments. With that structure, flexible
operating methods can be implemented. That is very usefptocessntegrated

material handling where different speeds of material carriers in each processing
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station are necessary. Another advantage of segmented structure is the energy saving.
The power is supplied only to the segment or the two consecetiyeents in which

the vehicle runs over. In one segment, each side of the primary is supplied by its own
inverter, allowing the necessary degree of freedom to control the lateral position and
the yaw angle in addition to the thrust control.

In order to mak the vehicle completely passive, a capacitive sensor is proposed
and implemented to measure the lateral position and the yaw angle. The sensor has
active parts installed on the guideay and passive parts on the vehicle.

The mathematical analysis and thieite element method (FEM) are used to
analysis the proposed system. With the analysed results, the control for the system is
investigated in detail. Hardware and software for the experimental system is
developed and implemented.

The analysed results anlde experimental results validate the proposed system.
That gives a new solution for the material transportation and processing application
using linear synchronous motors.

Vi
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Kurzfassung

Zum Transport und zur Bearbeitung von Gegenstanden in der
Verarbeitungindustrie bieten die LinearDirektantriebe zunehmend interessante
Losungen. Unter Wegfall mechanischer Ubertragungselemente ermoglichen sie hoh
Dynamik und Steifigkeit sowie VerschleiBnd Wartungsarmut. Diese Eigenschaften
ermoglichen den Linearmot@ystemen eine hohere Genauigkeit, hdhere
Beschleunigung und eine hohere Geschwindigkeit der beweglichen Teile. Daher wirc
der Transport und die Bearbeitung mit Linearmotoren in der Verarbeitungsindustrie
zunehmend erforscht und eingesetzt.

Fur diese Anwedungen werden normalerweise Linearmotoren mit langem
stationaren Primarteil und kurzem bewegenden Sekundarteil eingesetzt. Da de
Sekundarteil passiv ist, wird keine Energietbertragung zwischen den beweglichel
und stationdren Teilen bendtigt, und somit rade® Bulrsten oder induktive
Ubertragungssysteme vermieden. Der permanenterregte Synchronmotor ist der a
besten passende Motortyp flr die genannten Anwendungen, aufgrund seines hoher
Wirkungsgrades und Leistungsdichte, aber vor allem weil er einen Inbbhettspalt
ermaoglicht.

Ublicherweise wird der Linearmotor nur fiir Erzeugung der Schubkraft eingesetzt.
Die Spurfuhrung ist in der Regel durch eine mechanische Konstruktion realisiert. Die
Spurfihrung beschrankt die Bewegung auf die Langsachse. Bewegtimderau
Transversal und Vertikalachse (Gieren, Rollen und Nicken) ist durch die
Spurfihrung nicht mdglich. Um die notwendige Prazision der Bewegung zu
erreichen, werden hochgenaue mechanische Fuhrungen eingesetzt. Solct
mechanische Fuhrungen sind aufwenahg verursachen héhere Reibung.

Die Forschung eines aktiven Spurfihrungssystems wird in dieser Dissertatior
behandelt. Die Absicht dieser Forschung ist, Lésungen fir Anwendungen des
Materialtransports und Bearbeitung herauszufinden. Das Ziel ist einramgab,
der aufwendige mechanischer Strukturen vermeidet und dessen Fahrzeug passiv ist.

Das Ergebnis der Studie ist ein PB¢nchronLinearmotor mit langen und
doppelseitigen Primarteilen. Die seitliche Bewegung und der Gierwinkel werden
geregelt, wahrahdie vertikale Bewegung von einem einfachen-BalieneSystem
fixiert wird. Diese Kombination von magnetischer und mechanischer Fiihrung bietet
einen guten Kompromiss zwischen der Komplexitat der Regelung, des Aktuators unc
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der Mechanik in dem Fall derdnstriellen Anwendungen. Um mehrere Fahrzeuge
gleichzeitig und unabhangig auf dem Fahrweg fliihren zu kdénnen (jedes Fahrzeug
wird durch einen individuellen Teil der Fihrung kontrolliert), ist der doppelseitige
Primérteil in Segmente getrennt. Mit dieser B&tna koénnen flexible
Betriebsverfahren umgesetzt werden. Das ist sehr nitzlich im integrierten Material
Handling, wo unterschiedliche Geschwindigkeiten des Materialtrdgers in jeder
Bearbeitungsstation notwendig sind. Ein weiterer Vorteil der segmenti&itigktur

ist die Energieeinsparung. Nur das Segment oder die zwei aufeinander folgenden
Segmente die das Fahrzeug Uberfahrt, werden gespeist. In einem Segment wird jede
Seite des Primérteils von einem eigenen Wechselrichter versorgt, so dass der
erforderlche Freiheitsgrad besteht, um die laterale Position, Gierwinkel und
Schubkraft zu steuern.

Um das Fahrzeug vollstdndig passiv zu machen wird ein kapazitiver Sensor zur
Messung der lateralen Position und des Gierwinkels vorgeschlagen und umgesetzt.
Der aktve Teil des Sensors wird am Fuhrungsweg und der passive Teil am Fahrzeug
installiert.

Die mathematische Analyse und die FifiiementeMethode (FEM) wurden
verwendet um das vorgeschlagene System zu analysieren. Mit den analytischen
Ergebnissen wurde dieelgelung fir das System im Detail untersucht. Hardware und
Software fir das experimentelle System wurde entwickelt und umgesetzt.

Die analytischen und experimentellen Ergebnisse bestatigen das vorgeschlagene
System. Das gibt neue L6sungen fur die Anwendonige Materialtransport und
Verarbeitung bei Nutzung von Line&ynchronmotoren.

VIl
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INTRODUCTION

1.INTRODUCTION

1.1.Linear motor concept and applications

A linear motor can be defined as being the result of a cylindrical rotary electric
machine, which has been mentally split along a radial plane, unrolled and flattenec
[1]. The result is an electrical mank in which the primary and the secondary are
linear and parallel as shown filgure1.1. In contrast to a rotational electric motor, a
linear motor generates a linear force (thrust force) along its lengthher s no
torque or rotation is produced by the relationship between electric currents anc
magnetic field. By supplying suitable currents to the primary with a suitable
excitation in the secondary of a linear motor, they will move relatively in a linear
path. This makes linear motors have a number of advantages over rotational motor
in linear motion. Linear motors overcome most of the disadvantages of the most
commonly used linear motion systems, which consist of rotational electric motors
and ball screwsystems. The advantages of linear motors are high speeds or
acceleration rates, faster response, more stiffnegbput backlash and cheaper
maintenance free operation. Therefore, the linear motonssaen many application
domains

Invented in the elr days of the electri
motor, linear motor was firstly applied
public transportation area. The first line
motor applied in transportation was t
AAXI al Engineo de
Grafton Page (1812868)[2]-[4]. The later
developments were inventions of Alfre
Zehden (1905) [5], Hermann Kempe
(1935) [6] and Eric Laithwaite (late 1940:
Nowadays, many transportati systems ar
using linear motors like the Magle

propulsion .s.ystem, for. |nst.an(.:e, t Figurel.1l Imaginary process @plitting
Japanese Linimo magnetic levitation tri and unrolling a rotary machine to produ

or the German higspeed train Transrapid a linear moto{81]

Primary
section

Secondary
section



Linear motor concept and applications

Other transportation systems without magnetic levitation are Bombardier's Advanced
Rapid Transit systems and number of modern Japanese subways. One more
technology using linear mota in the roller coastel3].

Besides the public transportation applications, the linear motors are also applied in
lifting mechanisms and many motion control applications. With small limitations of
space andhe required height, the vertical linear motors are suitable for skyscraper or
deep mining elevators. Linear motors are also used in industrial or military lifting
systems. In addition, they are offered to use on sliding doors of trams, buildings or
elevatos [8]-[12]. Dual axis linear motors also produced and applied to the
applications that require -X motion, such as in precision laser cutting machines,
automated difing machines and others kind of CNC machine tools.

Many different types of linear motor exist due to a long period of developing time
for different applicationslf classified by structural geometf¥3], thelinear motors
can be split into categories as showrrigure1.2. Depending on the primary and the
secondary shape, a linear motor is catldsular linear motorwhen the primary and
the secondary haveouplingshape instead oflatbed shape inflat linear motors In
the two categories, the linear motors are builbimg stator (long primary) orshort
stator (short primary) categories. The long stator linear motors have longer electrical
supplied parts (primarywinding) in comparison with secondary parts. In this case,
the secondary parts are moving (moving tracitatic forcer). In contrast, the short
stator linear motors have longer secondary parts in comparison with primary parts
and moving primaries (movingrceri static track). The flat linear motors are further
classified intosingle siddinear motor ordouble siddinear motor by the number and
the arrangement of linear motor primary parts and secondary parts. If classified by
electrical characteristidinear motors have equivalent categories as rotational motors;
linear induction motors (LIM), linear synchronous motors (LSM), linear DC motors,
linear stepper motors, etc.

Assembly geometry

Long stator

N

Single side Double side Single side Double side

Long stator

Figurel.2 Linear motor categags[13]
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Altogether,many types of linear motor have been developed for any applications
until now. The researches to use the advantages of linear motors in practica
applications are continuing. In this dissgidn, a research to apply linear motor in the
process integrated material handling will be presented.

1.2.Linear drives for industrial material handling and
processing

As mentioned above, the linear motors are used today more and more in industrie
applicatioms because of their advanced features. With their advanced mechanica
structure over the rotational motors in linear motions, the linear motors have attracte
many interests in the industrial material handling and processing applications.

In industrial praluction lines, materials must be processed and transported betweer
processing stations. The raw materials are processed sequentially to transform from
raw state into finished parts or products. Each operation is done in one processin
station. Within theprocessing stations, for high precise operation, materials need to
be fastened when they are moving in and released when they are moving out. Th
final parts or products are completed at least after passing several stations. In betwe
the stations, theaww materials are transported by conveyor belts, mobile vehicles or
robots.

In traditional processing method, the materials are tightened and released in eac
operating station. That takes time of the process. In order to eliminate the significan
time-corsuming for tightening and releasing, material handling systems nowadays
have a newly developing trend. That is using the high precise mobile mechanism
which can stop or move precisely within the processing stations. With that, the
process can be operatesh the mobile mechanism in each processing station.
Therefore, the raw materials just need to be fastened to the mobile mechanism at ti
beginning of the processing chain and released at the end.

As the requirements mentioned above, the linear drivggaod option for the new
trend of the industrial transportation and processing system. By using the linear drive
[14] directly for processing and transportation without releasing aadljtesting the
work pieceswith a linear drive system will result in many benefits as follows:

e High productivity

e High dynamic and high precision (fepm)

e No mechanical transmission> reduced wear, assembling and maintenance

costs
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Figure 1.3 shows a simple example of combined transportation and processing of
materials with a linear drive system. In such applications, the following properties are
necessary for the linear drive system:

e On a gudeway (track), several vehicles travel with a high degree of

independency.

e Each vehicle is controlled very precisely (femm) when the vehicle operates

within a processing station.

e The carriage allows for movements following fzomtal, verticat curves or
closed paths.

A circular linear transport system for a concatenation of machine tools was
proposed already bji8]. However, the transverse flux induction machine, which
was designedor this project, needed very close -gap tolerances, i.e. a high
precision of the carriage way. Additionally, the reactive power of the inverter had to
be rather large due to the large-gap and thus the system was not optimal. In an
application likein Figure 1.3, the track passes through processing stations (Pl...P4).
In the processing stations, typically highecision positioning and high forces are
necessary. For higprecision positioning, position semsocannot be avoided.
However, outside of the processing stations, typically a lower precision in positioning
is sufficient. In these parts of the track, motion control without using sensors for
speed or position should be realized.

P1..P4: Processing stations
V,..V,: Vehicles
S: Switch

Guide-way

Figurel.3 An example of proposed linear drive system for combined transportation and
processing of materigd4]
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1.3. Aim of the study

With the advantages mentioned above, the linear drives provide nmamy n
solutions for material transportation and processing in the manufacturing industry.
Instances of application can be found for stretching of plastic films [15] or in material
handling [14][16][17]. For these applications, the linear motor is typically with
stationary long primary part and a short moving secondary [pdit As the
secondary part is passive, no energy transmission is required between the moving al
stationary part, avoiding the use of brushes or inductive transmission. The motor typ:
best suited for the mentioned applications is the synchronous one with permaner
magnets, because of its higher efficiency, compactness, but most important because
allows a higher aigap.

In the usual approach, the linear motor is only used for thrust force production. The
guidance is usually implemented by a mechanical assemlilg. mechanical
guidance constrains the movement to the longitudinal displacement, fixing the latera
and vertical displacement, yaw, roll and pitch. Such a mechanical assembly can b
complex and source of high friction.

In this thesis, a study of an actigriding system is presented. The proposed
guiding system is used for permanent magnet synchronous linear motors (PM SLM
with long and doublesided primary. The lateral displacement and the yaw angle are
controlled while a simple wheeail system fixes he vertical displacement. This
combination of magnetic and mechanical guidance offers atgadeloff among the
complexity of the control, actuators and mechanics, when industrial applications are
considered. To allow multiple vehicles traveling simultarsdy and independently
on the guidevay (each vehicle is controlled by an individual part of the guidg),
the double side primary is separated into segments. With that structure, flexible
operating methods can be implemented. That is very useful segsantegrated
material handling where different speeds of material carriers in each processing
station are required. Another advantage of segmented structure is the energy savin
The power is supplied only to the segment or the two consecutive segmehish
the vehicle runs over. In one segment, each side of the primary is supplied by its ow
inverter, allowing the necessary degrees of freedom to control the lateral position an
the yaw angle in addition to the longitudinal position. With this aeearent, the
mover can be kept passive avoiding any energy transmission system to it (besides ft
the sensors).

Together with the guiding system, the sensor system is also studied in order ftt
make a complete passive vehicle. As the requirement of the gusgsiem, sensor

5
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system must be able to supply three feedback parameters, namely: lateral position,
yaw angle and longitudinal position. To eliminate either the supplying energy or the
data transmission, the sensor system must have the active part omdbevay,

while the passive part is mounted on the moving vehicle.

1.4. Organization of the dissertation

According to the aim of the study, the thesis will be introduced in the main
chapters as follows:

In chapter2, the topologies of the linear motors will be presented in order to find a
suitable topology for the material transportation and handling applications. Based on
the current state of art, a new system is proposed. Finally, a list of studying matters,
which have to be solved in order to implement the proposed system, is established.

Chapter3 is the descriptions of the experimental system. A prototype of the
proposed system is realized with the combination of comaleproducts and
institute developed products.

The system is analyzed by mathematic calculations and finite element method
(FEM) simulations in Chapted. The results are verified with the practical
measurement the experimental setup.

In chapter5, the control method is proposed. Parameters of regulator units are
calculated based on the proposed contr ol
parameter are tharerified with a Matlab simulation model.

In chapter6, the control method is implemented in the experimental setup.
Verifying experiments are executed to test the proposed control method on a
prototype system.

Finally, a new sensor system, which can make the vehicle passive, is studied and
presented. The complete structure, mathematical analysis and practical experiment of
the sensor system are introduced in chapter

The conclusions are given in chapBein the chapter, the summary of the works in
the dissertation is presented, and suggestions for the future works are quoted.
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2.PROPOSED SYSTEM

2.1. Topology of linear motors applied in industrial
material handling and processing

After a long period of development linear drives are manufactured in many
different kinds, suitable for different applications. For industrial materiatilivan
and processing, the properties of linear drives need to be analyzed to make suitab
choices. In this section, the two main distinguished categories of linear motor (shor
primary and long primary) are firstly analyzed. Then the suitable lineae div
chosen for the study in this dissertation.

In shortprimary linear motors, the winding is mounted on the moving part. Hence,
the shorprimary linear drive requires active vehicles i.e. energy and information
must be transmitted to the vehicle. Th@usons for energy transmission can be
running cables, sliding contacts or contllss (inductive energy transmission). The
running cable solution is not applicable in industrial material handling and
processing, as the vehicle has to travel long dismrand closed paths. In many
industrial production environments, sliding contacts should be avoided because of th
safety for workers, maintenance or exploding protection. In the -pharary
category, the contatess energy transmission is a suitablepmsal. Figure 2.1
shows the contadess energy transmission for shprimary linear motor proposed
in [14]. In the figure, the static part supplies electric energh wonstant frequency
for the transmission system. On the moving part (vehicle), a power electronic systen
iIs used to supply the energy for the winding. Beside the energy transmission, ¢
contactless information transmission system is necessary. The tseroffithis
proposal are:

e The number of the converters and control units is equal to the number of
vehicles plus the converter feeding the conlas$ energy transmission.

e Position sensing is much easier and cheaper when auxiliary energy is
available on bard of the vehicle.

e The passive track plus contdess energy transmission may cause lower
costs than a long active track, especially when an induction machine is used.

The drawbacks of this system are:
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e Because of the energy transmission system and tHsoard inverter, the
vehicles have high weight and big volume.

e The power limitation of contadess transmission system and the vehicle
weight reduce the dynamic of the vehicle.

Contact less energy transmission
'"< Medium frequency

Passive track (stationary magnets or induction rail)
Figure2.1 A short primary gstem with contaeless energy transmissipiv|

With the above characteristics, the shmitmary linear drive can be a good
solution for applications with a long track, low number of vehicles and low
accelerabn.

In order to overcome the drawbacks of the sparhary linear drive, the long
primary one can give solutions for high acceleration, passive, lightweight vehicles by
using an active track. The system does not need energy or information transfer to the
vehicles. Because of its higher efficiency, compactness, but most important because it
allows a higher aigap, permanent magnet excitations are usually used in the system.
For use in industrial material handling and processing applications, the prifriagy o
system is separated in to segments. This ensures that:

e Each vehicle can be controlled and moved independently by one or two
contiguous primary segments.

e The reactive power can be reduced (save energy) by switching off the stator
segments not carryirany vehicle.

The proposed lonrgrimary systems are presentedrigure2.2. In order to control
the vehicles, each segment can be fed by dedioaeders Figure 2.2 a) or
multiplexedinverters Figure 2.2 b). With these structures, one vehicle is controlled
independently by one feeding segment, when the vehicle is within the segment or by
two feeding segments, when the vehidehe transition area of the segments.

8
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't Off On On Off On off On off
' Active track (separated segments with dedicated inverters)

'Passive vehicles_ Vehicle1 Vehice2

e e e

b) Multiplex inverters

Figure2.2 Proposed long primary topolog4]

As mentioned above, several table topologies are applicable for industrial
materi al handling and processing. I n
mot or o, the research on |l ong primary
industrial material handling and processiis presented. The research is done with
double side longprimary linear motor for high thrust force applications. Magnetic
guidance is studied to avoid precise mechanical guidance.

2.2.State of the art

Regarding to the introduction in chapterthe research of this dissertation relates
to the control of the magnetic thrust and lateralgaip in a synchronous motor with
|l ong stator and fApassive movero. With
the vehicle( nei t her el ectric energy nor I n
example, can be used in material processing.

This topic is one part of the wide area of magnetic driving, levitation and guidance.

We have to distinguish between rotating and linear driVlaere are many interesting
documents in literature of rotating drives, concerning magnetic bearing and bearinc
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less motors. They are also related to the research topic, but in this subsection, they are
not discussed in detail.

With linear drive, these & z

Lift force

functions Vertical position
X

Thrust
Longitudinal position

e thrust force
e |ift force and
e |ateral force

generation can be realized
combination or be separated
subsystems. With combine
realization, parts of the actuator (cc
magnet) are used jointly to gener Figure2.3 Basic functions of electrical linear
some basic functions. motors

The lift force and lateral force can be generated with control, without control or
with hybrid methodg$19]-[24]. The realization without control is based on repulsive
magnetic forces. These forces can be set up between the same polarity of poles of
permanent magnets or with the aid of superconducting magnetic coils. By usi
electradynamic levitation or nuflux coils [19][20], passive magnetic guidance can
be provided for one or more degrees of freedom. The drawback is the degeodenc
the longitudinal speed i.e. it does not provide guidance at standstill. The
superconducting magnetic bearii22] is a passive guidance method that works even
in standstill, but it requires a cryogenic ®yst instead. In addition, more
destabilizing forces occur when the levitation is implemen®3]. Therefore, the
levitation is not concerned in this dissertation in detail.

As mentioned above, the applicationtbfs research deals with linear drives for
industrial material handling, consequently hggeed maglev trains are not dealt. The
research is mostly related to machine tools and building applications. Research in this
area will be discussed in the nexbsactions.

2.2.1. Research from other institutes

As already stated, studies based on only one basic function, e.g. on thrust generation
only, such a$25], is not the forcus of this worlAlmost all the studies mentied in
this subsection try to handle with several basic functions.

In [26], a linear drive with active translator is handled as showfigare 2.4, in
which three basidunctions: thrust generating, vertical lifting and lateral force are

10
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realized by separate components. In the active translator, four magnet modules asst
the magnetic levitation and the guidance of the table. The levitation and the guidanc
here are im@mented by a combination of permanent magnets and electrically
excited magnet.

iron yoke (opposite
yoke not shown)

magnetic
modules
secondary parts of

linear syncronou
direct drive

primary part of
linear syncronous
-\ direct drive

(22
) ij e

N

R\ o
\\FJ’
.\\.\ .‘..'.'.... |II T
]
machine frame &
%,

Figure2.4 Linear drive with active translat¢26]

permanent-
magnets

roller bearing —<_ 1~

As shown inFigure 2.5, a homopolar synchronous linear mof@r] is described
with contactless energy supply for the active translator. The upper p&igofe2.5
shows a lifting magnet for the levitation together with basic function of lateral
guidance. The combination of lift force and lateral force is also performg&Bjn
which is shown inFigure 2.6. However, the lateral guidance [&7] and [28] is
uncontrolled.

Rack
\ Bearing
”\‘ magnet
Linear
driver
\
AN
Energy / Track
transmission rac
Authors: W. Evers, G. Henneberger
Figure2.5 Non-contact energy supp[27] Figure2.6 Lifting and guidingin [28]
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The lifting and guiding functions are solved Figure 2.7 of [29], where the
permanent magnet is lifted ig-direction and guided irg-direction by controlling
the electromagnets. In this approach, an active vehicle is required in order to supply
power for the electromagnets and the control system.

Magnet Sensor y Electromagnet The combination of the lift force due
1z attractive normal force and the thrust, wh

,&,A [ I are generated by an asynchronous s
Y stator motor with necessarily active vehi

as discussed if80], is another solution. Thi
is shown inFigure2.8.

Amplifier H upper guide-roller H
M [ = )
Controller \\\
Stem : secondaryback-iron :
Base *
uidewa:
lower- - g Al-
guide- | .reaction
target | roller —————— PIUT.'L'-
il
A
table X

|

primary
winding

135

A

Figure2.7 Lifting and guidingin [29] Figure2.8 Lifting and guiding in[30]

In the arrangement d¥igure 2.9 [31], [32], the repulsive force is applied by the
same polarity of magnetic poles in order to lift the vehicle up @witltontrol)k m.
Thrust is produced by a synchronous long stator double side linear motor with
internal ironless permanent magnet cugoDue to the ironless magnetic cursor and
the permanent magnetic lifting system, the normal and the vertical rigifiitre
guidance system are very low. Consequently, only small separated actuataits
sensoil are included in the vehicle (active vehicle) for lateral force generation. The
actuators have to generate small forces in the directions orthogonal to iba mot
(normal force) to align the bogie.

12
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T
(Y
B
B
T
[T
%

o ®
RF e o | @/ij_m

j bogiek Magnetic guide (moving part), lateral positioning sensamn magnetic guide
(unmoving partyy lateral reference guide, electromagnetic actuatqy, statorg cursor
Figure2.9 Lifting and guiding in31][32]

In [33], an overview about the different arrangement of linear asynchsoiso
given. In contrast to the above studies, a long stationary primary is analyzed tc
generate the thrust and the normal force for a material transportation system witl
very high accelerating rate. The magnetic lift force is not necessary, because th
vehicle is equipped with wheels.

In addition, supporting wheels and guiding wheels are used for the vehicles of the
project Anew rail t 4],h3b)p &nd [§6} witl? a dpecialb o r
feature. That is a doubkded linear asynchronous machine implemented in an active
vehicle.

z
()
7
F Container V2
A’ —
y o Vehicle
N S N ks S N
PM
=4 S04 > d e
T2l | e | e ] (3
= =>/L-1 I e e 4 o T D T 1)

Stator Coils

R R R R

i) i i)
] 0T it Control)
] 1 Unit

b IMMS-G; Integreted Maglev Micasuring — DSP (TMS$320C32) PWM Inverter %ﬁ\
Figure2.10 Supporting whealin[37] Figure2.11 Elevator in[38]

Similarly, supporting wheels are used in the vehicl@8@f. The synchronous long
stator linear motor generates thrust force and with the help of its ironless stato
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winding a repulsive force to reduce the axle load. This principle is showigume
2.10.a. In order to acquire feedback signals for the axle load control, force sensors
and radio transmitters are inserted in the vehleigufe2.10.b).

In Figure 2.11, the ropeless elevator fronj38] is shown. The lateral position of
elevator cage is guided in the elevator shaft by fofees F.4, which are produced
by current supplied coils of contrel permanent magnets (CMP). The guidance is
established by controlling the positiong;( &2) simultaneously. The positions are
controlled by actuating the currents of the CMPs. Nevertheled88]nnot many
results are shown. With the proposed structure, only simulation results for a sensor
less control of the lateral position is shown. In addition, an active translator (elevator
cage) is necessary.

One of the ifst products has been already commercialized for material handling
based on linear motors is shown&®]. The synchronous long stator motor produces
the thrust force. To produce lateral force, permanent magme used. The vertical
force is supported by wheels. With them, the vertical force of the magnets boost the
axle load i.e. friction and abrasion are increased.[74)], some other similar
commercial productsom MagneMotion are introduced.

2.2.2. Research in our department

The studies on linear direct drive have been realized in our institute in many years.
In summary, these are as following works

a) Parameter adaption for high dynamic control of short stator synmirson
linear motorg440][41][42][43]

b) Modelling by Finite Element Method (FEMp compensate the cogging
forces and perturbation due to the segment transition of long stator linear
motors[44][45][46].

c) Speed sensdess and position control of long stator linear synchronous
motor[47][48][49][50][51].

Il n a), 1t 1 s shown that, the parameter
field of characteristics to make a fast optimal current control. Without that adaptation,
the deableat control will be unstable by machine saturation. The required field of
characteristics can be established by measurements or by results of FEM calculations.

In b), an example of a synchronous long stator linear motor was implemented to
develop contromethods and to get experimental verification. The linear motor can
be controlled high dynamically and precisely even under the following conditions:

14
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e strong and quick varying asymmetric phase windings,
e strong dependency of parameters and produced forcesuiop.
e saturation.

The important thing is the compensation of varying forces, when the moving part
passes between segments. Therefore, lookup tables, which are generated by fie
calculations, are used for calculating the reference values to compthesitituence
of thrust forces. A control algorithm based on field oriented control technology is
implemented in the experimental sgt in order to verify the method. Besides this a
composed system of controller, interface bus, inverters etc. was delielope

In ), a highly important subject for linear drivesspecially for long stator drives,
Is solved. It is well known that large research and development attempts to eliminat
the sensors in rotating motors have been performed. Nevertheless, the gesision
of rotating motor is a relatively compact device. In contrary, the position sensor of a
linear machine extends along the guvdgy through a typically harsh environment.
The cost for the linear position sensor (encoder), especially for passiviesels
disproportionately high. This is a strong motivation for seitsss control. In
addition, the difficulties of sensor less methods are solved in PM rotating machine
with surface mounted magnets. Thus in c), the main study is finding solutions to
solve problems caused by end effect, low coverage of the stator magnetic carrier an
the transition between the stator segments.

2.3. Proposed system

2.3.1. Target of research

This study deals with production and control of the thrust force and the lateral
guiding of synchronous long stator linear drives with passive and wdggdorted
vehicles, which can be used in material handling and processing. The lateral guidin
of the vehicle is controlled by electromagnetic forces. That will simplify the
mechanical structuref the long roadway, as no lateral precision guidance is required
anymore. By the doublsided stator, no vertical force is created.

2.3.2. Proposed structure

The proposed approach is shown Rigure 2.12. In the guideway, two long
doublesided stators are integrated. The double stators are applied to produce thru:
and guiding force. It is not like conventional double side motors, which are arranged
tightly to both sides, our linear motor have a larger distance betlweemd stator
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sides. Due to this, not only the lateral posit®nbut also the vehicle yaw angel
(heading angle) can be influenced by the proposed control.

Mover As in Figure 2.12, the long
(Vehicle-Passive) ) . . .

J stator is divided into man

Primary L , Primary R segments. For each segme

there are two inverters, or
supplies power for the left sic
and the other supplies the rig
side of the stator. Th
segmented arrangement allo

/ & ] \ many vehicles movin(
uide-way ) . .
\ independently in a guideay. In
Stator Magnet carrier Stator order to reduce the enert

losses, only the stators of tl
segments, in which vehicles &
located at the observir
moment, are supplied wit
power.The others are in standl
mode.

<
D

Segment n+1
Segment n+1

In the initial part of this work
the lateral position and vya
angle sensors are commercis

W
x
L
z3 ”
' available inductive senso

Figure2.12 Proposed approach mounted in front and back of tt

vehicle. Later on, they will be replaced by a new type of capac#@nsors, which

are developed in this work. As mentioned before, this is only one of several possible
constructions to study the magnetic guidance and the new capacitive sensor design.
The study can lead to further considerations on advantages and disgégaof
various designs to find the cheapest solution.

c
-
c
]
£
@
/]

2.4.Program of the work
2.4.1. Control duty.

With the proposed structure mentioned in the previous section, the indidldual
axis currents are supplied to the both primaries. Gkexis currents, on one hand,
16
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produce the thrust following the guideay direction -direction). On the other
hand, they control the yaw angel of the vehicle by controlling the difference of both
feeding thrsts around zero. That control can keep the vehicle parallel to the guide
way axis. Withd-axis currents, the normal forces are produced to keep the center of
vehicle coincide with guidgvay center (middle of the statorse.g. laeral position
0=0).
Altogether, there are three coupled control duties to realize

e X-position,

e lateral controls =0 and

e yaw controly =0.

During the movement ofhe vehicle from one feeding segment to the next, it
covers twes t at or segments simultaneousl! vy,
magnets at the old segment decreases and the coverage at the new segment increa
At that time both segments are suppligdht means controls for both segments (i.e.
four stators, eight current components) must be coordinated together, such that tr
three control duties are produced-ardinately 1.x-position, 2.Lateral control
(6=0), 3.Yaw control (»=0). These three control duties have to be fulfilled not

only in one stator segment but also during the transition between two stator segment:

2.4.2. Lateral position sensor and yaw angle sensor.

In the aboveoutline, to implement control duties, beside the available actuators
(inverters + stators) the actual value of controlled qualitiexi.gy, y are required.
In this thesis, adsic sensor system was developed and investigated.

One difficult condition of the sensor is the demand that neither information nor
auxiliary power is transferred between vehicle and stationary environment (passive
vehicle). To fulfil the duty, only sens® for lateral and yaw control are tested and
examined. For thex-position sensor, one of the methods studiefb#}[53] can be
applied.

To get the lateral positiop and yaw angley, we can use many different sensor
principles, particularly inductive or capacitive. In this thesis, a new capacitive sensor
will be introduced later on. Fumrhmore, other principles (not in this thesis) are
possible i.e. inductive sensor method, seitsss method. The best solution may be
found when the advantages and disadvantages of different sensors are compar
together.

17



Progran of the work

2.4.3.

Work steps

With the duties mentized above, the study program was arranged in following

steps:

18

Linear motor prototype assembly: Stator selection, Inverter components,
Position sensor fox-direction, Mechanical design and construction.

Control parameters calcuilan.
Development of the control method: Implementation and test.

Design of the new capacitive sensor for lateral position and yaw angle
control.

Documentation.



EXPERIMENTAL SETUP

3.EXPERIMENTAL SETUP

To implement the experimental setup as proposed in chapgecombination of
the available equipment in the market and-delfeloped products of the institute
was implemented. In this cpeer, the experimental setup system is introduced in
three main parts: Mechanical structure, Electrical system and Control system.

3.1. Mechanical structure
3.1.1. The motors

The linear motor, which is used in the experimental system, is a commercial
industrial linear motor. The motor is an assembly kit motor, i.e. the motor
components consisting of separate prirsgygtions (LSE10G 0614) and secondary
sections (LSM10G 0615) as irigure 3.1 are separate parts. The primagacton
consists of an iron core and distributed thpbase windings. It is completely
enclosedby composite material. The main parameters of the prisacyions are
presented ifrigure3.2.a andTable3.1.

Figure3.1
a. Primarysection
b. Secondangection
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Figure3.2 Linear motor dimensions a. Primary b. Secondary

A sggment of the secondasections consists of a galvanized base steel body, which
serves as magnetic return path. The permanent magnets are bonded to it. In this
design, the secondasections with four poles (four magnet pieces) were chosen.

Detailed paranters are presented kgure3.2.b andTable3.1.

TABLE 3.1 LINEAR MOTOR PARAMETERS

Parameter Value Parameter Value
Primary section Slots per section 42
Wp x Hpx Dp (mm) 504x65x44 Winding arrangement Distributed
Nominal voltageUy (V) 540 Number of coils per phase 13
Nominal currently (A) 2.9 Number of turnger coil 30
Peak current max(A) 21.3|Pole pitch (mm) 36
Thrust forceFr(N) 210| Tooth pitch (mm) 12
Maximal thrustFrmax(N) 1270 Secondary section
ResistanceQ) 2.34 W x Hsx De (mm) 144x60x17
Inductance (mH) 11.0l Nr. of magnets per section 4
Weight (Kg) 7.6| Magnet material NdFeB
Pole per section 14! Wh x Hnx Dy (mm) 34x30x4
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3.1.2. Construction

The structure of the experimenwtstemwas designed and built in the institute,
based on the proposed system and the available commercial components in tt
market. Following the proposal, the experimental structure is designed, as a long
stator doublesided linear motor. The aluminiumrgfiles are used to build the
machine frame in order to reduce the processing and installationFRiguze 3.3 is
the drawing of the mechanical structure Figure 3.4, the photo of the experimental
structure is shown. With that structure, theerimental setip consists ofwo main
parts: The system basement (guvdey) and the vehicle (mover).

The system basement is a frame to fit the components of the experimamal se
e.g. primarysections, stationary parts of the-gap sensors and of the incremental
longitudinal position sensor. In addition, the system basement has a function to
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®

Figure3.3 Drawing of mechanical structure
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Figure3.4 Mechanical structure of the experiment setup

constrain the vehicle in the vertical movement. The system basement was built with
two parallel aluminium wall$ along the guidevay of the vehicle. On each wall

side, the primary sectiorks were fastened consecutively to make a line. Each pair of
primary sections, in opposite, composes a primary segment. The experimental setup
here wasconstructed with two primary segments. On the top of the aluminium walls,
two round iron rodd were attached to make a running way for the vehicle. A
magnetic incremental tapm was pasted on the top of the left wall to give the
measuring reference fohe longitudinal position sensor. Under the left primary
sections, a small aluminium wall was installed in order to give a reference for
inductive airgap sensors.

The chassi® of the vehicle was built from aluminium profile. It has four wheels
p , whichallow the vehicle move freely in the horizontal plane created by the guiding
rods when the vertical displacement is fixed. In the lower part of the vehicle, there are
two secondangectionsq facing the primansections. That arrangement forms a
synchronos linear motor withdoubls i ded st ator s. Il n the mi
side, the longitudinal position sensor was installed. Thgaprsensors were fixed
in the front and the back of the vehicle opposite to the small aluminium wall.

With the stucture described above, the experimental setup allows to implement the
proposed experiment with magnetic guidance for the vehicle described in the later
chapter of this document. The main parameters of the mechanical structure are in
Table3.2.
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EXPERIMENTAL SETUP

TABLE 3.2 MAIN PARAMETERS OF MECHANICAL STRUCTURE

Parameters Value Parameters Value

System basement Length Ly (mm) 238
Width WE (mm) 354{ Weight my (kg) 6.5
Length Lg (mm) 1764 Wheels distances (mm) 183x219
Height Hg (mm) 194 4 Lateral sensor distance (mm) 263
Nr. of primaries per side 2| Nominal airgap (mm) 1.5
Vehicle Max airgap (mm) 2.4
Width W (mm) 224 Max longitudinal position (mm 1008
Height Hy (mm) 152.5

3.2. Electrical structure

3.2.1. Power supply

The power supply for the experimental setuped by a three phase four wires

N

L1 ¢

L2 - [ 230V
L3 ® Circuit breaker

| ‘

Control
Main switch PC

N~ ) — —=
S A T === [Pt
16bit Electronic
3x380V RS485 Bus power supplies

Line filter I I I I

N M M| o
I: | DC link
Infeed module ® oo oo ool e—o Inverter module
NE6SN1146 P o—o0—90—o——9o—eo—9—o 4X6SN1123
Lo

_hﬁ
(s

Figure3.5 Power supply for experimental setup
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(with neutral) power in the laboratory. It has the duty to supply power to the inverter
system, controller system and electronic system as shbigtine 3.5.

First, the thregohase wvltages are supplied through three fuses, which are used to
protect the completely experimental setup from over current. The-phese
voltages are then fed to a thyglease main switch. After the main switch, the three
phase voltages are connected ttheeephase line filter and then supplied to the
inverter system. Another part of the power supply, after the main switch, is to feed
the control system and electronic power suppliers (DC adapters). The voltage
between phase L1 and the neutral is suppbedne phase line filter. Output voltage
of the filter is used by the controller system and the electronic power suppliers.

3.2.2. Inverter modules

Most of the power for the experimental setup is supplied to the inverter system.
The inverter system then genesselitable output voltages to feed the linear motor.
Normally, it supplies two primargections.When the vehicle crosses the junction
point of two segmentst feeds foumprimary-sectionssimultaneously.

As described in subsectidh2.], the inverter system has a main function to feed
the four primarysections of the LSM. Further, the inverter system must have the
ability to communicate with the controller in order to form a closed control loop for
the propose experiment.

In order to supply the four primaisections, the inverter system has one rectifier
module (infeed module) NE6SN1146 and four inverteodules (power module)
6SN1123 from Siemens. The details of the modules are presefitéd. in

The communication of the inverter module is executed by an electronic board. The
board is a seltleveloped interface board mounted in the inverter module. The
interface board alsceplace of theoriginal commerciakontrd unit in each inverter
module. Functions of the interface board are presented clearly in the next subsection.

3.2.3. Inverter interface

The inverter interface has the duties to control the inverter module, to
communicate and transfer information to the corgrollTherefore, the inverter
interface needs four main functions:

A Generate PWM signals for the power module (IGBT) gates,
A Acquire measured data,
A Communicate with the controller,
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EXPERIMENTAL SETUP

A Protect the inverter (over current, over temperature etc.).

Because of experiméal requirements, all the calculations and the regulation tasks
are done by a central controller (a PC) instead of microprocessors for each inverte
module. That requirement could not be satisfied by any commercial inverter control
unit. Therefore, in theexperimental setup, each inverter module has one inverter
interface board (11B), which was developed by colleges in our insfitG{E4].

Replacing the control utnin the inverter module, the IIB has a function to generate
PWM signals. The PWM signals are generated by using the time values receive
from the controller. The signals are used to drive six IGBTs of the inverter module.

In the 1IB, there are three AChannels in order to acquire the measured data. The
data include two phasmurrent values and a position value. They are acquired and
sent to the controller via the communication bus.

As mentioned in the two previous functions, the IIB has to receive tagti
values from the controller and send the acquired data to the controller. That require
the IIB needs to be able to communicate with the controller. Therefore, a
communication module is implemented in the [IB. The module communicates with
the controlle by a 16bit parallel busEach bit of the bus is transferred by one pair of
wires using RS48%&ansceivers

The main protected functions of the IIB are the over current and the over
temperature. They protect the system from serious damages. In add#idi® gives
also some other protections i.e. the communication is broken; one of requiremen
signals from the rectifier module is missed.

The photo of the IIB is shown ifigure 3.6, and the details are describad
appendix Al.

Equipment Bus Sensor inputs Power supply n n :l Inverter Bus 16Bit RS485
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Figure3.6 Photo of an Inverter interface board (11B)
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3.2.4. Sensor system
The information required for the system to execute the control is
Al nformation about vehicleds position
A Information abotielectric currents.

To control the vehicleds motion (guidart
guideway, the information about vehicle positions needs to be evaluated. In the
proposed system, they are the positionxidirection (longitudinal position), iny

direction (lateral position) and the yaw angle.

In the first part of the experiments, the lateral position and the yaw angle are
measured by two inductive agap sensors. These -giap serors are eddy current
displacement sensors from LION precision with ECA100 amplifier and U18 probe,
shown in Figure 3.8a. The sensors havel®V nonlinear outputs and 100 kHz
bandwidth. The U18 probe can measurairange from 0.781r to 5.0mmn with a
resolution 0.02% i.e. precision 0.gf.

The two airgap sensors are arranged in front and rear of the vehicle. They measure
the distances to éhaluminium reference wall mentioned sabsection3.1.2 and
generateoutput voltagesvhich are nonlinea function dhe distancesThe voltages
result in nonlinear values in the control programme by AD comgeitee nonlinear
valuesare then linearized by a lookup table, which is generated by calibrating the
sensors with practical measurements. The calibration is performed with precision
feeler gauges. Blades of the gauges are inserted in between the vaebdidleea
primary. That gives higlprecision references for the -@ap between the vehicle and
the primary. At each reference position, output values of thgagirsensors are
captured. The position references values and the captured values are thaocalibrat
data of the sensors. The calibration data are then interpolated in Matlab in order to
generate the lookup table. The twogap sensors with the loakp table can give the
linearized values of the vehicle front and reargaips. The mean values okthont
and rear aigaps are used as the reference for calculating the vehicle lateral positions.
The different values of the front and rear-gaps are used as the reference for
calculating vehicle yaw angles. In chapi#&rthese sensors will be replaced by a
capacitive sensor in order to implement a total passive vehicle.

The longitudinal position is measured with a magnet incremental sensor £LS29
200LSSTO0301 from Sensitec, shown ikigure 3.8.b. The sensor contains an
anisotropic magneteesistive (AMR) length sensor and a-li8 interpolationIC. In
use with a magnetic linear measurement scale with 1 mm pitch, the electronic
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EXPERIMENTAL SETUP

delivers two 96degree phase shiftedctangular signals A and B. The resolution can
be configured up to 8192 increments per pole through the configuration interface of
the processing unit. In a typical application like the experimental setup, the resolutior
is set to 200 increments per pole.ithe sensor’s resolution &/m. The sensor

provides the longitudinal position for the vehicle position control and reference
information for the field oriented control (FOC) method. In addition, the time
derivative of the vehiclgosition is used as the feedback value for the speed control
loop.

The three phase supply currents in the output of one inverter module are measure
by current sensors. The current sensors used in the experimental setup are curre
transducers LAR25-NP from LEM, shown inFigure 3.8.c. The sensor has 25A
primary nominal current and 25mA secondary nominal current with the accuracy
+0.3% of the full scale. In the experiment, only two of thréexge currents of each
inverter module are measured. The two output signals from current sensors are fed
two analogue channels of the 1IB. They are amplified, converted to digital values anc
are sent to the controller of the system. In the controllerthind current of the three
phase currents is calculated from the two other current values.

a. ECA 100 c. LAH 25-NP

Figure3.7 Sensors used in the agt

3.2.5. Controller

The controller of the experimental system has the duty toractpedback signals
from the plant and send the control signals according to control algorithms to the
inverter interface board. To simplify the system configuration, the system parametel
setting, the control algorithm, the data acquisition etc., a paremmputer (PC) is
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used as a controller. The PC executes the control function and communicates with
the other equipment by an interface card.

The control PC used in the experiment system is a normal commercial computer.
As other closed loop control systs, the PC has functions to receive feedback
signals from the system plant. The feedback signals consist of three phase currents of
inverter modules, the lateral and longitudinal positions of the vehicle and the vehicle's
yaw angle. Moreover, the PC recesvalso reference values from the user interface.

With the feedbacks and references mentioned above, the PC calculates required
output currents for linear motor primaries. The required currents are outputs of P and
Pl control loops implemented in a PC twh program. The control loops are
standard cascade loops of position controls, speed controls and current controls in the
lateral position control, the longitudinal position control and the yaw control. In
addition, there are some coupling values addecbtrect the required currents. The
required currents are then realized by corresponding PWM time values, which are
then sent to inverter modules for PWM modulations.

RS485
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Figure3.8 Photo of VCI board

In orderto perform the communication function for the controller, an auxiliary
circuit board is used. The board is a departmentdssiéloped product named
Vehicle Control Interface (VCI)54][46], shown inFigure3.10. The VCI helps the
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control PC to transmit and receive information from the IIBs. In addition, it acquires
longitudinal position directly from the position sensorsaloontrol process, the VCI
transfers data to each 1IB in evel)Qus. The transfer protocdias a time slot of

10us, so in100us the VCI can transfer data to maximum 10 IIBs.

3.3. Software
3.3.1. Operating System

Based on the basic requirements of the experimental setup, Linux operating systel
has many advantages in comparison with the others. Therefore, Linux was chosen
the operating system for the experimental control PC. The Linux operatirggmsyst
which is used in the system, is a Veetamux Soho distribution using the Kernel
2.6.18.

First, the experimental operating system in this setup must have the ability to
support basic software functions. For this requirement, Linux can support:

A Documemary readwrite software with Open office, KDE (PDF file
reading),

A Analysis Software (Matlab, Scilab),

A Programming Software (C, C++ with GNU compiler, Interface with GTK+,
GTKmm, CLX¢)

These are all the basic requirements of a control PC for the expehkment
execution, documentation and analysis.

Another important characteristic of the control system is the stability and the real
time control. In this aspect, Linux has many advantages in comparison with othel
operating systems. Because Linux is epeur® software, Linux has fewer system
crash problems as the others do. On the other hand, Linux has less attack from virt
and malware because of its character and number of Linux user. Therefore, Linux i
stable operating software. To be ofsmurce softwa, Linux allows the users
interfere with its kernel. Hence, it is easy to implement the real time control
applications in Linux by adding a real time extension module to Linux kernel. There
are some different approaches to transform Linux into atirealoperating system.

In this thesis, the Redlime Application Interface (RTAI) was used as the solution
for the Linux realtime operating system.
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3.3.2. Real time control software

An important function of the digital control system is the 4teak control i.e. the
sample time is critical. The reime control of the experimental setup executes
within a sample time. In one sample period, the VCI sends requests to get
information of the inverters and the vehicle. The information sent back by the IIBs is
transferredto the PC. Last, the PWM timing values for the inverter modules
responded from the PC are sent to the IIBs. In the setup, all thogenrealontrol
works are implemented by the VCI firmware, the 1IB firmware and a RTAI patch
[46][54].

The realtime communication of the system is performed by the VCI and IIB
firmware. In the communication system, the VCI has functions of the bus master, and
the 1IBs have functions dbus clients. The bus master and clients implement data
transfers in every 100us. A set of data transfer is implemented in 10us slot, so the
VCI can manage 10 IIBs. All the data then transferred to the control PC by 100us
interrupt subroutines. With the comunication, the system can implement a 100us
sampling reatime control.

USER SPACE

Linux Process Linux Process
(User Interface)

FIFO

KERNEL
SPACE

Linux-Kernel  Real-Time | Real-Time . | Real-Time
Task

HARDWARE
VCI Board

Figure3.9 Linux RTAI architecture
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In addition to the communication system, the #teak is performed by the real
time operating sstem LinuxRTAI [55]. By adding a patch into the Linux kernel, all
the hardware interrupts are transferred directly to the user programme without delay
The system architecture is presentedrigure 3.9. That allows implementing a real
time control programme in the system.

With all the firmware and the software mentioned above, the experimental setug
was implemented a retime control system. The complete system is qme=d in
photos inFigure3.10.
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Figure3.10 Complete experimental system
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The magnetic guidance LSM model

4. MATHEMATICAL MODEL

The mathematical model is the basic requirement for the amabfs the
experimental system, the simulation and the controller designs. In this chapter, the
geometrical and physicaharacteristics of the experimental system are analyzed and
presented in equations. The results are then compared with the Finite E£lemen
Method (FEM) simulation results and experimental measurements.

4.1. The magnetic guidance LSM model

4.1.1. The experimental system in the horizontal plane

As in the experimental structure presented in chaBteghe vehtle can freely
move on the horizontal plane formed by the guiding rails while the vertical
movement is constrained. With that structure, the setup can be simply presented in
the horizontal plane by a geometrical figure as presentEgjure4.1. In that figure,
the main parameters of the experimental setup and also forces and torques acting on
the vehicle are presented.

The figure describes the vehicle simply as a light blue rectangle. The sections of
the secondargmagnet) are depicted by black lines on both sides. The two parallel red
lines represent the primary sections. All geometrical parameters of the experimental
system required for the model analysis and calculation are presented in corresponding
symbols. Tle orange rectangle shows the desired position of the vehicle in the control
process. At that position, the vehicle is in the middle and parallel with the-gaigle
i.e. the leftside airgap (d..) and the righside airgap (dir) are equal, or the
vehicleds centerl i waycenterina.ci des with t he

I n order to determine the v@hisusédea8s po
shown in theFigure 4.1. The origin of the coordinate system is placed on the

centerline of the guidevay. The vertical axis@x) is parallel to the guidevay, and
the horizontal axis Qy) is perpendicular to thguideway . The wvehicle
position is referred to this coordinate system. The center position of the vehicle
referred toOy axis is called lateral positiorny(). The center position referred fix
axis is called longitudinal positionx{ . The angle between t he
and the gudavay 6 s center | i ne y) $he aim bfltre contyola w  a |
process is to cdrol the lateral position and the yaw angle to zefe-Q, y=0) and
to change the longitudinal positionaccording to control requirements.
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Figure4.1 Forces and Torques on the vehicle

4.1.2. Forces and torque on the vehicle

Except the vertical forces, which are constrained by the rails, all the other forces
acting on the vehicle are presentedrigure4.1. All these forces make the vehicle
move and rotate in the horizontal plane. Therefore, the performance and analysis ¢

these forces and torque are necessary in order to design suitable controllers for ti
vehicle.

In parallel to the guidavay, the &ngential forces comprise the lsitle tangential
force (Fr.) and the righside tangential force Hrr). They are formed by the
interaction between the magnets and the tpresese currents. The intensitidstioese
forces depend on the magnets, thegap between primary sections and secondary
sections and the primary currents. Consequently, these forces can be controlled
changing the currents in order to push and pull the vehicle ifDxhdirection. In
addition, the torque generated by these tangential forces can be used to control tt
yaw angle of the vehicle.
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The forces, which are perpendicular to the gwi@dg, are named normal forces.
These forces have opposite direction ba @y axis with Fy. on the left side and

with Fyr on the right side. Each normal force here includes three components: the
normal force caused by the permanent magnet on the prinsaythe normal force
caused by the primary currents on the back iron; and the normal force caused by the
primary currents on the permanent magnet. The first component depends on the
magnet and the agap (.. and dir). It is uncontrollable and need to be
compensated in the control process. The second and third components are dependent
on the currents and the @ap. They can be varied by controlling the primary
currents. Hence, t0Oydirestientfcande coniralledrnotiwe me n t

current dependent componentghe normal forces.

An uncontrolled torque appears on the vehicle when the vehicle is not parallel to
the guideway. In this condition, the agap between the agnet and primary section
I S not homogeneous along the magnet 6s
distribution, which depends on the -gmp at each position, is varying along the
magnet 6 s | en g Fituredlsby iwrawe cueven Thes groduces the torque
MnL and Mnr on the vehicle. This torque can be compensated by the difference in
thrust forces as mentioned above.

4.2.Forces and torgue calculation

As a resit of the progress in the field of powand signal processingjectronic,
the field oriented control (FOC) is applied widely in the alternating current (AC)
motor drives. FOC techniquesalizedby fast microprocessors have made possible
applications of mductiormotor and synchronous motor drives for khggrformance
applications. Therefore, in this thesis, the FOC metfu#][57][58] is used to
analyze the linear motors and control the linear motor system like in the case of
rotating drives. The control is based on projections, which transform aphase
coordinate system into a two coordinatk énd g coordinates) system moving with

the PM of the machine.

In the following analysis, all calculations of the forces and torque are based on
threephase currents transformed to a current vector indtheoordinate system in

order to reduce the number of variables of the experimental setup. This simplifies the
calculations and cut down the number of controllers of current control loops (from 3
to 2). The projection of a three phase symmetrical compamienthe dq coordinates

Is presented in appendix B1.
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4.2.1. Current density and flux distribution

The highaccuracy calculation of the forces and torque acting on the vehicle is
difficult and requires a lot of computing power. It can ba& nowadays, with high
power computers and simulation software. In order to compute the forces of the
linear motor, required for controller parameters design, the calculating process is
simplified by several assumptions.

The analysis is done with thewstture presented irigure4.2. Because both sides
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Figure4.2 Fields distribution in the aigap of the linear synchronous motor

of the vehicle are symmetricahd analytical structure presents only one side of the
vehicle. It can be considered like a single flat linear permanent magnet synchronou
motor (LPMSM). The analysis will be referred to two directionxs () and two
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coordinate axesXnOym, X0ys). The coordinates0ys is the static frame fixed to
the linear motor primary and the coordina¢g0ym is the moving frame,ted to the
permanent magnet of the linear motor.

First, the slotted structure of the LPMSM is simplified by assuming smooth
structure, i.e. the primary of the linear motor has isotropic magnetic properties.
Moreover, in order to simplify the magnetic airccalculations, the primary iron and
the secondary back iron are assumed to have an infinite permealiity).
Therefore, the primary permeability is infinitg{=0), i.e. the primary reluctance is
zero. The magnetic circuit is simplified in the area defined dhy+ dv, from the
primary surface to the secondary back iron surface as showgure 4.2. In
addition, the regions containing magnats considered isotropic, with

JPM = UM o = Lo With 1av =1 (4.1

Second, the field distributions of the linear motor are assumed sinusoidal.
Therefore, in the analysisnly the fundamental components of current distributions
and magneto motive force (MMF) are considered. With the assumption that the
permanent magnet is a constant MMF source as presentétyune 4.2.a and
appendx C2, the fundamental component of MMF distributigiiy caused by the
PM is given by

Fapm (Xm) = ﬂ,/\/lpM sm@ Sln— Xir (4.2
T 2r T
where 7 is the pole pitch,
7p IS the magnet width,
Mbm =H:-dw is the equivalent MMF of the PM per pole,
74 1s coercive force.

The corresponding equivalent current distribution along the longitudinal permanent

magnet,X-axis, is given by

APM (Xm) = Xn = _MPM Sm( b )COS@ Xm (4.3)

Consequently, the remanent flux density of the magnet is also assumed to have
sinusoidal distribution. It is defined as follows.

4 .
BR(Xm) = BRN;S"‘(% ij (4.4)

where: /& is the actual remanent flux density of the magnets.
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To analyze the reaction forces between a primary and a PM, the displacemer
betweenthe origins of the primary coordinates (static fram@ys) and of the PM

coordinates (moving fram&,0Yyn) is called X . Hence, the remanent flux density of
the magnet presented in thatst frame is

A(x) = zS'RNfsin[z (X mj @5
/4 T

where: X = Xn+ %,
% Is the displacement between origin points of the static and the moving
frames as shown iRigure4.2.

Third, the calculations with the entire harmonic of the MMF are complicated, and
they take a lot of computing time. They are necessary only in the linear motor desigr
calculations in order to optimal thmwer losses, the ripple, the noise, etc. However,
with the aim to design controllers, only the fundamental component of the MMF
time-space distribution is used for forces and torque analyses in this dissertation
Hence,the analysisassums that only thefundamental component of the primary
MMF generates forces on the secondary.

o) Miia Y Miia o] Miia

2 Ry 2 2

% MNiia iy Niia Miia
©0 I3 EEtEl 2 CI004 2

Current distribution of
phase A
Niiy Fundamental component
\ of phase A’s current distribution
0 Xs

Figure4.3 MMF generated by one phase current.

The fundamental current distribution of the primary in one phase (phase A) is
presented inFigure4.3, and the fundamental components of the tipiegse current
distributions are expressed in equati¢hs)-(4.8).

2N,
AnX)=—*

T

k ,.cos€- x_) (4.6)
T
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2N1|B 27r

Kk .. cos@ X3 4.7)

As(X) =

Ao(x) =2 ”&N%§&~§} (4.8)

where i,,ig,ic: are instantaneoualuesof the primary currents,
N:: is the number of series turns per primary slot,
k,1: isthe winding factor at fundamental wave,
7 is the pole pitch.

In general, the threphase currents are arbitrary. However, in this thesis, the three
phase currents are modulated by the field oriented control (FOC) method ileethe
phase currents are transformed frordcpcurrent vector without zero component by
inverse Park’s transformation as it is presented in appendix B2. The fundamental

component of the primary current distribution is the algelsam of the threphase
current distributions, as presented4tD).

Aa(%) = AAX) + A LX)+ A4 d X)

2N,
=—=2.cos@, K, - cosfxS )
T T
2N s 2Ty oo x -
T 3 @ T 3
2N|

4
“~Ma k.. -
i 0086, - ) “ COS% 773 (4.9)

where i, is the instantaneouwslue of the primary current vector,
Os is the instantaneous phase of the primary currents in the static frame.

Reducing the right expression of the equai®), a simple current distriltion
equation is presented {4.10).

A (x) = 2k 1{cos(9 + 2, oo~ x,)
/A
+cos@s+£xs—4—”)+ cosf—Z x_ )
T 3 T

+cos(9$+£xs—8—”)— cosd?-zxs}
T 3 T

3Nllaka)l COS@ _ Xs )

T T (4.10
The fundamental component of primary current distribution can be rewritten in the
moving frame X;0ym by
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A (%) =N s Ty (4.11)
T T

where: Gn=0s—2% is phase of the current distribution in the moving frame.
T

In order to calculate the fundamentahgmnent of the MMF, the primary core is
assumed nosaturating. Therefore, the MMFs generated by the fundamental current
density are sinusoidal, and the primary MMF has a relationship with the current
density as in equatiof.12).

d
Aa(xs)—% (412
Consequently
3N,i K .
Za() = [Adx=— = =lsin -~ % x)+ C (4.13)

The integration constanC i s determined t he condi
magnetism; the integral of the flux along the-@gap is zero. In the next subsection,
the MMF _Z.(Xx,) will be used to calculate flux along the -g@p. Solving the

Gaussob6s e maghetismin the agap willlyiee the value o€.

4.2.2. Magneto motive force and flux in the airgap

In Figure 4.4 the simplified model of one side of the linear motor, based on the
current distribution (current covega), is presented. In this figure, the current
coverage wave4 and the MMF wave# along the xaxis are represented in red and
greencolor respectively. The secondary flux density wakk is represented in blue
color.

In this model, the two axes as mentioned above are useg;-thes in the primary
and the xy-axis in the secondary. The secondary displacemggit defines the
distance between the origin of both axes:

Xn=X—% (4.14)
(for the X to Xy, axis transformation the angle of the sedary will be neglected)

Using the simplified model, the MMF and flux in the-gap are defined and
calculated as following.
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d \ dr
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eSS I 12 ’
ﬁ o : xm

Figure4.4 Simplified model of one side of the linear motor, based on the cuteasity.
a. The air-gap
The airgap along thex,-axis is the function of position:
d. X% =do+ M X% with —pr<x<pr (4.15)
where do is the airgap at the center of the secondary, is the slope of the
secondary n=siny) and| =2pz is the length of the secondary. The valueglof

and m are limited to the condition where the secondary hits the primary, i.e. it must
be d|_ Xn >0.

The airgap referred to thes-axis yields:
d % =do+m(x— ¥ with —pr<x—%<p (4.16)
b. Flux of the air-gap and secondary

The flux in the aigap is assumed similar to free vacuum space all along the

primary and the permeability of the primary and secondary yoke is assumesl
Then, the anhgap flux density is,

B = /4 (4.17)
and the flux density in the magnet is,
By = Be(X) + thopindh (4.18)
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Where 7{ and 74, are the akgap and PM magnetizing field, respectively, is
the vacuum permeability, angy,, is the PM's relative permedby. Due to the
former assumptions,

B =8 (4.19)

Assuming a differential slice of the magnetic system (motor) showigure4.4,

having awidth dx, an equivalent magnetic circuit can be considered as shown in
Figure4.5 (¢ denotes flux, &2 reluctance andh, the stack height).

The MMF over the algap and the magnet is:

F X =0, X+ A7y (4.20)
By substituting(4.17) and(4.18) into (4.20), it yields
d
F X =— % B+ Gy B — B X (4.21)
Ho Hotim

Solving the equatiofd.21) for the airgap flux density, the result is

_f()%)ﬂMﬂo+dM5R(Xs)
AKX = d 0+ o

F =R+ 7 (. —¢Rr)
d|_ d|v| -

F= + -
Loy T ” HoLIm hdes(¢L o)

f:$&+ Chv (B - R) F =L +0Ou /e — v LR
Ho oL Ho4N

Figure4.5 Equivalent magnetic circuit.

Now, as mentionedarlier, the integral of the flux along the-gaip must be zero,
le.

[T A& (x)dx =0 (423

Pr+%
The airgap MMF (#) equals the MMF generated by the fundamental current
density shown in(4.13). Therefore, by using# = _%; in (4.22) and substituting into

(4.23), the equatior(4.23) can be solved in order to obtain the integration constant
C= f(y,0,). For a constant agap, i.e.m=0, it results inC=0. For nonconstant

air-gaps, the closed form o€ is too complex. Thus, the numerical computation is a
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Forces and torque calculation

good solution for solving the equatiqd.23). Moreover, the yaw anglg: of the

expeimental system changes in a small boundary because of the mechanical limit.
Hence,m is assumed zero, i.e. yaw angle is neglected, in the following mathematical
analysis in order to simplify the calculation.

4.2.3. Magnetic energy and face calculation

The force, in this subsection, will be computed by a virtual work principle ¥n a
differential slice of the motor.

Generally, the energy stored in a magnetic field is defined by the volume integral
1
w=> J‘ 25V (4.29)

Based on the calculation in subsectbf.2 the assumptiofd.1) and the neglect
of the yaw anfg effect on the aigap d, (X) (assumem=0), the airgap flux density

IS represented by

B X :f()(s,)/LIO+dM5R()(s)

dio+dy
The magnetic energy on a differential slice along xbvaxis calculated following
(4.24) and(4.29) is:

dW:%ﬂ?{Lb’Ldgmg—;ﬂﬁM B- B(¥ dyd;

1
=5W 7480 + 74y B- %) dy dx (4.26)

with z4, =1 (4.25)

where h, is the magnetic stack width
B.(%) is the remanent flux density defined(#5) as the function o, .

The density (per length unit) of the magnetic energy is:

;. dw 1
Wzazéhz 77,1_;6’|_d|_+7{M KL_'KR()S) C1\/I (427)
SubstitutingZ{ and 7, in (4.17)-(4.18) to (4.27), it yields:
.1
Weg 5O+ B-5(x%) " d, (4.28)

The force densities (pdength unit) are obtained by derivations (@f28) with
respect to the movement directions and in constant flux condition. For the
longitudinal movementg along Xs-axis, it yields the tangential force density:
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dw
d)% s-const Mo d)g
d 4
o T T
And for the lateral movement,, it yields the normal force density:
dw
R =~ad =—2L5Lz (4.32)
L | 5 =const Ho

The total tangential and normal force on one side of the motor is obtained by
integrating(4.30)-(4.31) along the active area of the stator:

F=p o F d)g_lzerﬁ*d“‘l\iaﬂmgl | SII‘](@ 7; >gj (4.32
FN:p XOHF,dXs— 2.2 pdhzr d 2
T Ho Y+ Uy
(4.33

(1652d2 + 9Mﬂ0 I‘%}lg + 246)RNdM I$g:lglf[0ia COSQS_% XO )

The equationg4.32) and (4.33) are represented simply with constant vall@s
K>, Kz, Kz in follows.

K, K )
F=——2—i_sin g,.—= 4| .
T4, +d, ( X°) d+d, ° (439
1 : : T
Fo=— | K,+Kj2+K _z
N (dL+dM)2( 3+ ].Ia+ JaCOS@s TXO)j
1 Y )
=m K; + Ky (ig +'§)+Kéd (4.39)
Where ig =i2C0S@s—Xo ), iq =iaSiN@s—FXo),
T T
and
Ki === Nikiih puo, Ko == GduNik,ih
2 T
Koz —0 1 e duk N E.
T° Lo V4
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4.2.4. Linearization of the force and torque equatiors

The forces on equatidid.34) and(4.35) are a nodinear function of the variables:
the airgap (d.) and the primary currents. In order to deyeh control block diagram
and to design suitable controllers, it is useful to linearize the equations regarding to
the movement of the vehicle in longitudinal directior-direction) and lateral
direction (y-direction).

a. The total normal force

As represented ifrigure 4.1, the variation of the lateral positiof causes the
changing of the left and the right @aps in opposite directiorlherefore, the
linearization below is executed separately for the left and right sides regarding to the
change of the lateral position.

Calculation for the right side

Replacing variables i(4.35) with the variakes of the right side and with the right
air-gap dir = W+ the linearized right normal force is

oF,
Furin = FrRi r B2
NR | NFJ(>20+ 25 |.s
= K;+ Kli:R +Kj r 1 5~ % 3 (4.36)
Yo + Oy Yo+ dy

Calculation for the leftige

In the same way, the linearized normal force of the left side is calculated with the
left variables and the left agap di. = b - 5.

oF,
F in = F + N o
NL| NL‘(;:() 25 |
= K3+K1ia2L+KJdL 1 7 T % 3 (4.37)
Yo + Oy Yo+ dy

where: Fun are the linearized normal forces of (L) left side, (R) right side,
lax, Ixare thedg-currents of leftand rightprimary,

lax :\/i§x+i 2 are the primary currents of lefind rightprimary,
Yo IS the airgap of left and rightside, when the vehicle is in the middle of
the guideway.
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The total normal force acting on the vehicle is the differerficeoomal forces on
the left and rightside in opposite directions. From equati@h36) and equation
(4.37), the total normal force acting upon the vehicle is

4K, K,

FNL,Iin - FNR,Iin = 30 + 2 iezxL_i iR +—22 s
dy + Y dy+ % i+ ¥
2K o 2K .
+——L— I§L+|§R o+ sy H g0
dy + Yo
And presented in a simple way
FNL,Iin - FNR,Iin =Cruo + Cry iiL_ iiR +C g a1 v
+Crng T +iog 6+Cg lat+i v 6 (4.38)
4K K K
where: Co,=—"3—; C,=—"—; Cos=—"—;
dy + Yo dy + ¥ dy + ¥
2K 2K
Cena :—13 ; Cens :—23
dM + Y% dM + Y%

b. The total thrust and torque

Besides the normal forces, which are perpendicular to the PM, the tangential force
lie on the surface of the PM and along the gwidg. On the vehicle, the two
tangential forces of both sidesopiuce the motion and the rotation of the vehicle on
the X0y plane. Therefore, the sum of two tangential forces produces a thrust force
and the difference of them produces a torque.

As assumed in the previous subsection, the infleerfca small yaw angle can
be neglected. With the yaw angle=0, the airgap is constant along the longitudinal

X-position, so the tangential forces can be calculated as itesemed in(4.34).
Therefore, the thrust forces on both sides are presented simply as

F =K,—9% 4.39

TL 4dM+yo—5 ( )
[

F. =K, —® 4.40

TR 4dM+y0+§ ( )

where: ki are the thrust forces of lefind rightside.
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Equatbns of motion

Using the same linearized process as for normal forces, the linearized tangential
forces of left and right sides are

K, . K .
Fin = 4+ S
L d, + Y qL d, + Yo 2 qL (441
K, . K .
Frin="—"—lgr— i 4.42
TR d, +y * dM+y02q (4.42)

The equations(4.41) and (4.42) are simplified by means of the constant
coefficients:

K4
CI——I'l dM + yo FT2
The thrust force and the torque impact on the vehicle are the functions of

difference and sum of linearized tangential fongessented by

K
dM+y02

Frin — Frin=Cen iqL_i 9R +Cpp qL+i RO (4.43
Frin + Frin= Cen iqL+i qR +C o qL_i RO (4.44)

All the linearized equations in this subsection are used in the hagter in order
to design controllers for the experimental system.

4.3. Equations of motion

In following, equations of motion are the basic dynamic equations of the vehicle
presented in théigure 4.1. With all the faces acting on the vehicle, which are
defined in sectiod.2, t he dynamic equations of wvehi
three degrees of freedom like below:

9 Fr - Fre _£4F

Yaw rotating motion: @y =— > 54 (4.45)
Lateral motion: m = Ry, - Rr—4F, (4.46)
Longitudinal motion: mx= kK, + E;—4F, (4.47)

where: ©: is the moment of inertia of the vehicle,
m : is the mass of the vehicle,
b : is the width of the vehicle,
I . is the distance frorthe centre of the vehicle to the wheels,
Fr, Fx, Fy: Friction forces in rotationx- and y-axis.
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4.4. FEM simulation

4.4.1. Finite element nethod

The finite element method (FEMYO] is a numerical technique for finding
approximate solutions of partial differential equations (PDE) as well as of integral
equations. The solution approach is basedeeitbn eliminating the differential
equation completely (steady state problems), or discretizing the PDE into an
approximating system of ordinary differential equations, which are then numerically
integrated using standard techniques such as Euler's m&tiogeKutta, etc. With
that characteristic, the method is useful to solve many technical problems, including
electromagnetic problems. In this section, the electromagnetic forces on the vehicl
are simulated by Maxwell 2D program.

In solving PDE, the mainhallenge is to produce an equation that approximates the
equation needs to be studied. However, the solution of the equation has to b
numerically stable, i.e. errors in the input and intermediate calculations do not
accumulate and do not cause the tasglloutput to be meaningless. The FEM is a
good selection for solving partial differential equations over complicated domains
like the electromagnetic one. Therefore, the FEM together with real experimental
measurement was used in this research in ormlevetify the reliability of the
theoretical calculations above.

Maxwell® is the premier electromagnetic field simulation software from Ansoft
for engineers tasked with designing and analyziigy &d 2D electromagnetic and
electromechanical devices such raotors, actuators, transformers, sensors and coils
[59]. Maxwell uses the accurate finite element method to solve static, frequency
domain and time varying electromagnetic and electric fields. A key benefit of
Maxwell is its automated solution process where users are only required to specify
geometry, material properties and the desired output. From this point, Maxwell will
automatically generate an appropriate, efficient and accurate mesh for solving the
problem. This proven automatic adaptive meshing process removes complexity fromn
the analysis process and allows engineers to benefit from a highly efficientpeasy
use design flow. For these reasons, the simulation used Maxwell 2D for analyzing the
electromagetic forces influencing the vehicle of the designed experimental setup.
The analytical work is simplified by supplying the software with the geometries and
the material properties of the experimental machine, which are presented in chapter .

47



FEM simulation

4.4.2. FEM model of the experimental setup

The geometries of the simulation are taken from the real parameters of the
experimental setup ifable3.1. With these parameters, a FEM model was drawn in
Maxwell 2D as shown irigure4.6. Instead of regarding many particular parts of the
experimental machine as presented in cha@erthe simulation figure here
concentrates only the electromagnetic pamisich generate the magnetic forces on
the vehicle. They are the PMLSM primaries and secondary. The primaries consist of
the primary iron and the primary winding mounted on the guidg. The secondary
consist of the PMs and the back iron mounted on &idis of the vehicle.

P T N I
stator™ /\ /| {1 NAVS
i £ i | I 5 N ] [
: =

e i

[ 7 P

PM back-iron Vehicle

N N

’TW
£ N
S . )
stator/ W SHSE 7l

back-iron\ Vehicle

T T AU T

stator

Figure4.6 LPMSM model for FEM simulation

48



MATHEMATICAL MODEL

The primaries in the model include two stator cores and three phase windings ol
the left and rightside of the guidevay. The simulation ses the drawing in the
horizontal plane with the parameters taken from the experimental system. The
material set for the stator cores is rmrented steel 1008 with the-B curve as in
Figure4.7. The windings areet up as pure copper, and the surrounding area of the
PMLSM was set as air environment.

In the vehicle, there are two secondary segments at both sides. Each segme
consists of a back iron and four permanent magnets, which are arranged in an arre
along the vehicle. The back iron is also set up as steel 1008, and the permaner
magnets are set up as NdFeB. In the PM array, the magnet directions of two close
magnets are put in inverted directions.

The FEM model depicted iRigure 4.6 was used to simulate the characteristic of
the experimental LPMSM. The simulation results were used to verify the validity of
previous analytical model.

Wiindon

ARES  Minimu J— Intercept
w0 [3a00s 0 pre——— o5 - ; - R - - .
B0 3 o tesla
Round Off
0 I I I I I I

1
Moxwll 20 Version 10.0.070 Copyeight 1994-2003 Ansoft Corporation 0 0.5 1 1.5 2 25 3 3.5 4
at I g o H (Ampere/meter) x10°

Figure4.7 B-H curve: a. Editingnterface b. Curve

4.4.3. FEM results

With the model described above, the simulations were done for three different
cases in order to verif yd2tTheehret simutagos 0
cases are théhange in the lateral position, the change in the angular pbgsef ¢the
primary currents and the change in the longitudinal positign The simulations are
described further in detail as following.

Fir st | t he ef fect of t he vehicl eds |
simulation, the stators of the simulation model were established with no current. The
vehicle position in they direction (lateral positiony) was changed from-1.2mn to

1.2nr, when the yaw angler was constrained at zero. Due to the changing of
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lateral position, the normal forces generated by the PMs of thateftrightside are

not balanced. Therefore, the normal force influencing the vehicle is nonzero and
depends on the lateral position. The result is present&iure 4.8 with normal

force as the function ofy. The normal force changing line generated by the
simulation is shown in green colour. The simulation result is linear as expected in the
theoretical calculation presented in the blue colour line. The difference between the
two linesis caused by the simplifying assumptions in the analytical calculation and
simulation material.

800 ! ! ! ! !
600
400

200

Normal force (N)
(=]
T

-200 [

-400

-600 [

Calulation
: : : - | = FEM simulation
-800 ] ] ] ] ]
-1.5 -1 -0.5 0 0.5 1 1.5
Lateral position 6 (mm)

Figure4.8 Normal force generated by the PM, as the function of lateral pogition

Second, the simulations were implemented to verify the validity of the normal
force and the thrust calculations in the moving reference frame.

At the beginning, the vehiclebds right
phase currents:

iA :laS|n(93),
ig =iaSin@s—120 ),
iC :laSln(gs— 24(9 :,

while the left stator currents were set to zero.
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The simulation was done by fixing the vehicle at several lateral positions
(6=0mm; 5§=0.5Mr ard 5=1.0nIr). At each lateral position, the electrical phase

¢s of the three phase currents was changing f8o 360>. The vehi cl e
was arranged at arlgitudinal position so that the normal force was highest, when
equals zero, i.e.Xp=0. This means thelq approximately equalsia and iq

approximately equals zero. With this setting, and iq vary correspondingly to

cosine and sinefunction when the electrical angl& changes, i.e. the normand
thrustforce will change accordingly.

The simulation results of normal forces presented in green lines are shown ir
Figure 4.9. They are compared with the theoretical calculation results presented in
blue lines. In both case the results are quite similar with the changing of the
electrical phase. The difference of the results is caused by the selected PM material «
the FEM simulation. Because the software library has no material, which has exac
parameters like in analyat calculation, the PM material was selected with nearest
parameters. Therefore, the normal force generated by the PM in the FEM simulatiot
is less than the one in the analytical calculation while the normal force generated by
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the primary current almost matches with the analytical calculation. That why, there
are differences in the offset of the normal force tssulhile the amplitudes are
similar. It is clearer when the resultsfigure4.8 are considered. The difference of

the normal forces generated by the PM in the analysis and simulation is small when
the absolute ae of the lateral positiond) is small. As a result, the difference of

the normal forces resulted igure4.9a is not considerable when the lateral position

is zero. The greater latdrposition (¢=0.5nr and 5=1.0mir) is the bigger
difference in the results of the normal forces, as shovAngimre4.9b and c.

To have more notions about the effectipfand iy, the change of the normalnd
thrustforce according to the electric angle was simulated. The simulation was done at

S5 =0mIT, % =0mmn and & =0+ 360F. The results show the forces as the function of
6s in Figure4.10.
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Figure4.10 Varying of Normat and Thrustforce
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As the longitudinal position)g) is zero, the changing of the current’s pha&é (
results in the changing of thdg currents as following:

g =12aCOS0s—ZXo )=i 2 COSfs
T

(4.48)

iq =i4SINEs— ZXo ) =i aSiNGs) (4.49)
T

By substituting the equatiorg.48), (4.49) into equationg4.34) and (4.35), the
normal force and thrust force can be drawn as functions of the current’s phase in
Figure4.10a. The simulation results fhigure4.10b show the same characteristic as
the mathematical analysis. The difference in the amplitude of the forces is caused by
the material paraeters as mentioned in the previous simulation.
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The last simulation was done with an unchanging curi@nt Q or DC), when the
vehicle moves alongx-direction in the middle of the guideay from O to —2¢
(=72mr). This causes the variation @g-currents as sinusoidal functions:

g =1aCOS@s— ZXo )=i a COS{E X0 (4.50)
T T

iq =14SIN@s— 2o )=i asiNCZX0 ) (4.51)
T T

Therefore, the analytical forces and simulation forces should be the same as th
results inFigure4.10. However, the simulatioresults presented iRigure4.11a are
different. In comparison with the analytical force lines and the previous simulation
force lines, the simulation force lines here are not smooth because of the coggin
force geerated by the stator teeth. This effect is seen more clearly in the simulatior
results inFigure4.11b, when the primary currents equal zero.

Thrust force
- - Normal force|

Thrust force
: Normal force

Normal force and Thrust force (N)
Normal force and Thrust force (N)

1 1 1 1 1 1 1 - I I I I I I I
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Longitudinal position x (mm) Longitudinal position x (mm)

Figure4.11 FEM-Simulation of Normal and Thrust~orce vs. longitudinal positioX
The analytical calculations show some deviations from the SEMilation results

but they can be used for the control design, as for the control go&k0.agreement
Is acceptable.

4.5. Practical measurement

In order to verify the validity of the calculations and simulation above, an
experimental setup was constructed. Due to the installation cost, the experiment we
implemented to measure only the normatéas the function of lateral position and
stator currents instead of all three experiments as the FEM simulation had done.

In Figure 4.12, the structure of the verifying experiment is described. There, an
aluminium arm (2) is mounted on an axle (1) placed in the middle of the-guage
The arm can rotate easily around the axle. At the end of the arm, the vehicle (3) i
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fixed with two screws. By this, the vehicle moves mostlyyirdirection inside the

limitation generated by two primary stators (4), whereas the movemantlirection

Is almost zero. Because of the small space limited by the stators and the length of the
arm, the rotating angle of the vehicle reiieg to Ox axis is very small. Therefore,

the vehicle in the experiment can be assumed parallel to the stator. In the middle of
the vehicle, a force sensor was attached to measure the normal force in some
experimental cases. Thaqto of the experimental setup is showirigure4.13.

(2)

Rotating shaft

LM TINTIN TN
(4) Left stator

Figure4.12 Verifying experiment structure.

|
I >
=

LRN Force sensor

Figure4.13 Verifying experiment photo.

First, a verifying experiment was done with no primary current when the vehicle
moved in they-direction fromQ to 1.5mir (the other side is mirrored). At neero

lateral positions § =0mIr), a normal force on the vehicle occurred because of the
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unbalance between letind right normal forces. The result presentedrigure4.14

Is the normal fore as the function of lateral positigh (red line). The output normal
force is proportional to the lateral position. The slope of the measured lingure
4.14is about in the middle dhe slope of the FENesult inFigure4.8 and the slope

of the analytical calculation, i.e. FEM result and analytical result both deviate from
measurement, but in opposite direction.
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Figure4.14 Relation between force and gap at current is zero.
Second, experiments were done in some fixed lateral positions with changing
currents. In the experiments, the lateral position was fixedsafl.0nnr and
o =0.54nn, when the electrical angle of the primary curre@A (amplitude)
changed from0° to 360. The results are presentedrigure4.15. The results show
the same performance of the normal force on the vehicle regarding to the changing c
primary currents. The differences between the analytical calculation results and th
experimental results are caused by the simpldigslmptions mentioned #12.1 As
in the assumption, the linear motor has a smooth slot structure i.e. the normal forc
generated by a constant current vectordiapcoordinates i, =const) is constant
when the vehicle moving along the primary. However, the real slot structure causec
different normal forces with constany in different longitudinal positions, and the
experimental results hereeameasured in only one longitudinal position. In addition,
the aim of the experiment is measuring the qualitative performance of the system
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Thus, the mechanical structure was not well designed to measure the force with high
precision.
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Figure4.15 Relationship between normal force and electrical aggle
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5.CONTROLLER DESIGN

The main target of the controller in this dissertation is the ability to guide the
vehicle in the horizontal plane by a magnetic guiding system without any extra
mechanical or magnetic structure. With reference to the mathematical model
analyzed and examined in chapter 4, a control method will be proposed in this
chapter. The block diagram and calculation will be presented in the following
sections.

5.1. Control block diagram

5.1.1. Proposed control method

The proposed control method of each plang snt be based or
characteristic. Thus, the PMEM force and torque equations in the previous chapter
will be analysed and rearranged in this subsection in order to derive a propose
control method.

In chapter4, the system was analysed, calculated and presented by mathematice
equations. The equations were then verified by the FEM simulations and
experimental measurements. The simulation and experimental ragtdevith the
calculated results; thendth the validity of the mathematical equations is confirmed.
With the limitations of the real experimental setup, the linear equad®38), (4.43),

(4.44) give the approximate behaviour of the system. In the description of the
experimental system, the vehicle has three degrees of freedom (DOF) to move on tt
horizontal plane created by the two guiding rails. They are the lonmgaludovement
in the X-axis, the lateral movemed in the y-axis and the yaw rotatiop around

the z-axis. In order to prop@sa control method for the system, the three equations
(4.38), (4.43), (4.44) were rearranged to present the thmestion axes aghe
functions of the currenti, is, i, .

The thrust force is derived from the equation (4.44), and the results is
Fx=FrL+Frr=Kxi x+K xpi, - (5.1)
where F is the force impacting the vehicle kraxis (thrust force),
and Ky =Cer1, Fp =Crr2.

The lateral force is the difference of the norfioates presented i#.38)
Fs =P —Fnr=Ks-is +Fsp 0,751, (5.2)
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where Ks=Cg3 and
F&p(é"y’io"iy):CFN1§+CFN2 12— 2% +C py 1 2H 3R 4C gl oH S

Derived from the equatio(.43), it attains the torquel() impacting the vehicle
from the tangential forces

b , :
where b is the gap in between the two PMs of the vehicle,
bCer2 bCer1
K =——= Kp=——-.
/4 2 7P 2

In these equations, the forces and torque impacting the vehizleaxis (Fx), VY-
axis (Fs) and yaw {,) are presented by proportional relations with the current
variables ix, is, i, and the nolinear functions Ky-i, -8, Fsp 8,7iisi, |
Kp, -i5-&. The current variablesy, is, i,) have relations with thelg-currents of
the LM primaries presented {®.4) and(5.5). The dqg-currents of the primaries are

distinguished by subscripk for the left primary and subscripR for the right
primary.

ix+i}/. : iX—i)/.
lgL = ; lgr= ; (5.9
T2 T2
. Is . Is
|d|_:—; |dR:——; 55
> > (5.5
Therefore,
ls =ldL —I dR; i;/:i qL—i aqR = qL‘i‘ af (5.6)
Il n addition, with the | inear dynami c ¢

(4.47), the controllers for the three DOFs suggest the useadiesd cascaded Pl
control method. Assume that the inverters are used to generate the required currents
in a very short time in comparison with the dynamic motions. The cascaded PI
controllers of the vehicle motions are presented in equations(&@jrto (5.12).

iz =K o(V v)+kpv fv-va 57
i =kon(e—e) 42 [ (") (58)
Iy =Kpo (0"~ ) +kT—T° j;(oo*— w)dt (5.9)
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V= Kox(X— %) (5.10
e =Kps(5—9) (5.12)
® =Ko, (y"=7) (5.12)

where: ix, i, i, are reference values of current for three DOF motion,

V, ¢, w are the reference values of three DOF motion velocity,
X, &,y are the reference values of three D@@tion position,
ko.., T are the constant parameters of the Pl controllers.

In the proposed control method above, the nonlinear parts of eq(@&idpn(5.2)
and(5.3) are considered as perturbations. This consideration can cause a reduction i
the control quality of the system, especially when the valueg aind y are
significant. In order to improve the control quality, compensation of the perturbations
needs to be implemented by decoupling and feed forward calculations in the
controllers. Detail of the methods is clearly représénn the next subsection by
block diagrams.

5.1.2. Block diagrams of the control system

In this subsection, the control system is described by block diagrams. In the bloc}
diagram, the LSM characteristics presented by the equations in chapter 4 ar
representedis a set of elementary blocks. The proposed control methods and the
limitations for the system are also presented in three different block diagrams.

Using the dynamic equations of the ve
of forces and torque wittegard toy and ¢ in chapter 4, the LSM block diagram is
produced and presented in the right part (yellow areafigure 5.1. The small
friction forces on the weels have been greatly simplified to be proportional with
vehicle velocities in the horizontal plane. The instability of the open loop caused by
lateral offset distancg and yaw angle/ is not difficultto recognize by the positive

feedback through the coefficient€n1, Cenz, Cena, Cens, G and Cero.
Consequently, hte closed cascaded control loops as mentioned above need to b
employed.

The basic structure of the control system for each of the three DOF matigh (
y) presented in thBigure 5.1 is a cascaded control system. The internal loops of the

system are the current control loops using field oriented control (FOC) medhod (
and g-currents) The superposed control loops of the current control are the speed
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(dx/ dt, ds/dt and dy/ dt) control loops. It is assumed here that the sensor signals
of the positionsx, y and $ are available. The lateral positiog’ and yaw anglex)
signals are supplied by industrial inductive sensors and afterwards suppaesklhy
developed capacitive sensor. Besigeand y, the longitudinal position X) is

supplied by the incremental magnet position sensor. The time derivatives of the
positions, vhich provide feedback speed informatiok, (5 and ), are obtained by

either approximate differentiate or by an observer structure, that is described in the
right-hand side of tl block diagram ifrigure5.1.

The output signal of the controller for the longitudinal velocitk/(dt) is the
reference value for the sum of current values in dhaxis of the left and right
primary (ix). The combination of read]-currents caused by leads the vehicle with
o =0 moving by the total forces ix-direction Fr_ + Frr.

The controller for yaw angle velocitgly/ dt sends out the reference value for the
difference between the current values in ¢jraxis of the left and rightprimary G;).

The accompanying realj-currents caused b)'r; in the primaries control the
difference between the left and the right tangential forces to generate a sbtation
moment on the vehicle around-axs in the middle of the vehicle.

The reference values of thg-currents {q, iqr) are determined from the
relationship in equatio(b.4) and presented in the block diagram.

The controller of the lateral velocityd$/ dt) returns the reference value for the
difference ofd-currents in the primaries to contrtile lateral position. From the
output of ds/dt controller, thed-current references are extracted to generate the
corresponding normal forces on the 4edind rightside of the vehicle against the
lateral moion. In this approach, the twid-axis currentsif, igr) are simply mapped
to half of the difference value with inverted signs a&bif).

The external control loops are the position control logps (-, X- controller).

The position controllers receive position reference valges x/*, X ) from the user
interface and feedback value§,(y, X) from system sensors to calculate the speed
references. The referenca® then supplied to the corresponding speed controllers.
Because of the strong coupling and positive feedback with regard to the lateral
offset distances and the yaw angle/, the proposed control systediscussed till

now can work only at poor dynamics. Hence, extra signals are added to the reference
signals of the current controllers kiigure5.2. The signal are the estimated values of
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the perturbationKy, -1, -8, Fsp J,7,isi, and Ky, -i5-6 mentioned in(5.1)-(5.3).
They are used to counteract the positive feedback in the cepsiteim and decouple
the effect ofs, y, X on the control qualities of the others. In the decoupling blocks,

Cen1iCrn2€ Crrié ar e t he esti mat ed constant ¢

~

iAdR,iqR,iAdL,iAqR are estimated from the feedback currents of two phases, instead of
threephases as usual.

In the block diagranfrigure5.2 described above, the control system of the vehicle
iIs assumed a linear circuit according to the linearized coefficients. The current
controllers are assumed to haave@ery small delay time. It is also useful to consider
that the current controllers can generate the combinatiodgeéurrents linearly

proportional to the reference value. With these assumptions, the control signals of th
velocity controllers @5/ dt, dy/dt and dx/ dt) can be implemented to guide the

vehicle as presented in the block diagifaigure5.2.

With the limited curent supplies of the inverters, the limitations of current values
are also added as iRigure 5.3. Here, thed-currents are given higher priorities
versus theq-currents, i.e. in operating under the current limitation, most current is

used in thed-axis to produce enough normal force against the magnetic attraction
between the permanent magnets and the primaries.

licn < I mex (5.13)

lign| <1 Bax—i & (5.14)

where g, Igx are thedg-currerts of the left and right primary,
I max 1S the limited current of the inverter.

However, the normal forces must be high only at the beginning when the vehicle
leaves the rest position, from one side of the gwdg to the middle offte guide
way. When the vehicle is in the middle of the guidgy, the requiredi -currents are
small; most current can be used in tjeaxis to guide the vehicle moving in the

longitudinal direction.
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5.2.Controller design

The motions of the vehiclmust be controlledh the horizontal plane. The control
structure as mentioned in the block diagrams is a field oriented control (FOC) without
(Figure 5.1) and with decoupling Higure 5.3). The standard cascade Pl control
structure of the rotating machine is also used in this LSM system.

The equipment and the structure o ttontrol system were described in chapter
The controller and the control algorithm were implemented on a PC running Linux
RTAI operating system. The sampling frequency of the control system ksiZ0
(100usper sample). Although a digital controller is used, the design and the tuning

of the controller are still performed in thedemain (continuous) using the theory of
linear control system. The controller is discrete using the Tlis&ar transformation
given by(5.15).

2z-1 217"

~N —_———

~ =— 51
T z+l Tlsz® 619

5.2.1. Current control loops

According to the previous subsection, the control system usesldadiiented
control method to control the three DOF motionsFigure5.4 is the block diagram
of the implemented current control algorithm. The control algorithm is used to
control independently the current and iq of the linear motor in thelg-reference

frame. The outputs of the current PI controllevé,(/;) are transformed to three
phase eference voltages. The reference voltages are fed to a Space Vector Puls
Width Modulation (SVPWM) to generate the inverter switching times. The
switching times are then sent to the inverter interface board to generate the desire
currents.

Iq O Vd
L_______J
o d-q Vabe| 3 5|
* ld . — o — § =
lq v, a—B > £
:éC)_ q »n -
& L | ESTIMATE 5 LINEAR
: FLUX ORIENTATION | ENCORDER
g s
d-q iib
| 3 1A
PC -

Figure5.4 Current FOC block diagram
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With the structure of the current control presented above, the current control loops

in each segment consist of tveb-current loops and twa-current loops of the left

and rightprimary. Figure 5.5 shows the simplified current control loops of one
primary segment using a Pl controller, where the couplings betwgeaxis are

assumed

where Ts is the sampling timg56].

t o

be

compensated.
reaction time) is modelled as a first order lag element with a time corstarit.5ls,

The converter gairK; is the relationship
between the numerical evaluation in the computer (digital controller) and the real

Her e,

t he

output voltage. In the experiment, the used resolution scak 4080 for the
complete line to line voltage (2/3 DDk voltage). The experimental LSM also gives
Ly =Lg=Ls. Then,K¢, Ke, Te are obtained fron(s.16).

ig ()
ig ()

iz (s)
lq (S )

The PI's parameters of both current loops are calculated by the criteria of

2 1 1 La Lg Ls
"3 2000 "R "R R R (519
E(s)
o @5+ K. ! k |%0)
P s Tp-s +1 - T, s+1
PI controller Control delay Motor winding
E(s)
PRCATERY K. 1 k. |«®)
P oTs Tp -s+1 it I, -s+1
PI controller Control delay Motor winding

Figure5.5 Simplified curent control loops.

amplitude optimuni61][62]. The results are similar as given(§117)
T.i=T;

a first orde lag element ir{5.18)

66

Kp_i

Ls

" 2.Ke-Ke-Tp'
With the calculated PIl’s parameters, the current control loops can be simplified as

(5.17)
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1 1

Fv_id(S) = Fv_i = ~
Jaf9)= a3 215-5°+2b- s+l 2Tp-s+1

(5.18)

5.2.2. Speed control loops

The speed control loops are here concerned with the three DOFs control loops

They consist of a longitudinal speed control loog-¢ontrol), a yaw speed control
loop (-control) and a lateral speed control logp-€ontrol). Due to the decoupling

network, eachantrol loop is assumed to be independent of the others and has its owr
controller.

In the cascaded control method, the speed control loops are superposed on curre
control loops. The speed controllers provide the reference signals to current contrc
loops. From the block diagrams in the previous subsection and the simplified current

control loop in(5.18), the speed control loops are presentedrigure 5.6. In the
figure, the friction forces are assumed as disturbance.

i

i —idr EM((;-) _
K, (T, 55 +1) I - I 1] 1 ()
- Iy 2Tps+1 s e m s
5
PI controller Current loop Plant
iz i 7,6)
Kp_;'f(]}_j' "i"f‘l) 1 g.c ’L i 1 ;/(S')
- Ii ;s 2Tps+1 p M - m| s
Ve
PI controller Current loop Plant
f;L -H";R Ea’x (‘1)
Ky (T s 41) 1 - | T )
N T iss 2Tps+1 Fﬂ e m s
X
PI controller Current loop Plant

Figure5.6 Speed control loops
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With this structure, Pl controllers are proposed to control the speed loops. The
open loops have integrating behaviours. €fae, the Pl controller parameters are
tuned for symmetrical optimum. The PI parameters are presented(5.21).

m

m
-0 ° ° P27 8.Cons- 2Tb . 16 G- o (519
m m
T ,-42H=8T%; K= - ;
i_y D D p_o 8-9-CFT1'2TD 8.b. G- T (520
2
T =4-2=8T; Kpy=oo m (5.21)

8.Cr-2b 16 G- o’
The PI controllers, with the parameters above, reduce the speed control loops

acting as first order lag elements, which are give(bt2)

1

I:w_g' (=F (9= R (9~ m (5.22

5.2.3. Position control loops

The position control loops are the superposed loops on the speed control loops.
The controllers of the position control loops generate reference signalg’(, X)
for the speed control loops. The transfer functions of all speed control loops are the

same; the block diagram of the position control loops is presented simpl¥igsiia
5.7.

POSITION SPEED CONTROL

CONTROLLER LOOP PLANT

6* J/* x* 6 '}/ X
1 1

- —> K, > —> - =
_ 1+8-Ip-s S

Figure5.7 Position control loops
As position controllers, P type controllers are used. The gain values of the
controllers are obtained by criteria of amplitude optimum preskeni(5.23).
1

p_o p_y p_Xx 2 (8-I-D ) (5 23)
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5.3. Control system simulation

In order to check the viability of the proposed system, a simulink simulation was
moddled in MATLAB following the mathematical calculations. Then controllers
with the parameters calculated according to the previous subsection were
implemented. The whole system with controller was simulated to verify the proposed
LSM.

5.3.1. Simulation model

To gd the characteristics of the wvehi
linear motor model is created in MATLAB Simulink asRigure5.8. The model was
created based on the mathematical model of the propsgstem in thedq-
coordinate system. Inputs of the model are theand q-currents of the PM LSM
primaries. The input currents are firstly used to calculate amplitudes of thausgmat
currents in the leftand right primary (ia., iar). In addition to the primaries currents
and the output valuess( y), the input dg-currents are then the inputs of the
simulation model, which are supplied to a multiplex block (Mbl&ck bar). In the
model, the normal forces and the tangential thrusts are calculated by the nonlinee
equation (4.34) and (4.35). They are represtbiefour function blocks f(u) in the
middle of the figure. The thrusts and forces make the vehicle move in three degree
of freedom as presented in dynamic motion equations (4418y). Outputs of the

Normal Force L (EQ4.34)

In1 > fu)

Outl
— | 2
Subsystem S dE
alta
. » f(u) Integrator Integrator1
_; oun Normal Force R (EQ4.34)
In ormal Force ;
n
@ Subsystem1 dola’
IdR
€D, ;
>t [HeCD
€D, Integrator3 gamma
IgR
D (1)
gamma'
= delta
Signal table _
u[1l=l_L > W
u2l=l_R gamma Tangential force L (EQ4.35) 1 _@
u[3J=l_dL s X
u@d]=l_dr P f(u) Integrators
u[5]=1_gL Tangential force R (EQ4.35)
ul6l=I_aR
L=l LSM with both side stators. x
u[8]J=gamma Parameters are in file statical parameters of LMS.xls
—

Figure5.8 The simulation model of the experimental LSM system
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model are lateral positions(), yaw angle {), longitudinal position X) and their
corresponding speeds.
The wholesystem model is developed to study some characteristics of the

PM SLM and the ability of the designed controller. In the completed modegure

5.9, the PMSLM model inFigure5.8 is packed as a block with four current input
signals {a., idr, iqL, igr) @and six motor state variable outputs, (s, 7, 7, X, X).

The PMSLM is comected with the converter block (input) and the measurement
block (output). Here, they are simplified as first order lag elements. The measuremer
system has a duty to supply feedback signals for the control system, and the convert
receives desired cumevalues from the control system.

The model of the control system is built according to the left part of the block
diagramFigure5.3. The control model is separated into three control loops to control
three DOFsindependently with feed forward control to compensate the coupling
between the control values. The feed forward block diagram is based on the estimate
parameters of linearized equation (4.38, (4.43) and (4.44). Each DOF is controlled b
three cascaded otrol loops: current control loop, speed control loop and position
control loop.

5.3.2. Simulation results

With the simulation model mentioned above, simulations were done to verify the
proposed control method on the mathematical model of the PM LSM. The
simulatons consist of separated controls and simultaneous control as follows.

At first, the simulation was done with separated controls. Each DOF of the vehicle
was controlled from starting value (rest position) to desired control values while the
two other conwls were constrained, i.e. only one positioi 6r y or X) is

controlled, the other two positions were modelled to be constant. At the beginning,
the system was started with opesition at rest valuef=-1.2mrr or y=-8.0mrad

or x=0mr), and the two others were constrained at zefe-Qmmn, y =0mrad,
x=0). At t=0.1s, the control position was set for desired val® £0mm or

;/* —Omrad or X =200m). The simulation results are presented in turfFigure
5.10-Figure 5.12. In the figures, the lateral positions), yaw angle {) and
longitudinal (x) are shown as functions of time.

In Figure 5.10, the lateral position was controlled from the rest position

S =-1.2mrr to the reference positiofi = 0. In this control, only thel -currents are
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Figure5.10 Three DOFs in separated confidlateral position.
a. Lateral position; bdg-currents.
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required to control the lateral position, while thjecurrents are zero, as shown in

Figure5.10b. The simulation results show a good control quality in lateral position
control (Figure5.10a). There was a digtbance at the beginning of the simulation
when the vehicle was in the rest position. The phenomenon is caused by th
compensation currents from the decoupling structure. The currents make the vehicl
move toward the centre of the guiday, i.e. the latexl position ¢) trends toward
zero. However, this reduces the compensation currents. Therefore, the vehicle move
back to the rest position, and the system here establishes a balance between t
normal forces generated by the camgpation currents and the other forces.

The simulation results of yaw angleg X control are presented figure5.11. The
yaw angle was controlled fromy=-8.0nrad to y=0mrad with a high
performance, as shown Kigure5.11a. In the simulation, only the difference of the
g-currents is used in order to control the yaw angle aqjtearrents {q, iqr) are
symmetrical with respect to the horizontal axis, i.e. the sum ofjtberrents is zero.
The d-currents are alsoot necessary in this case. These are showigire5.11b.

The longitudinal position X) control ability was consider in the third simulation.
The results are shown Figure5.12. The controller leads precisely the vehicle to the

desired positionX =200mn (Figure 5.12a). The slow dynamic of this control in
comparison with the two otheontrols is the aim of the design. In order to limit the
acceleration of the vehicle, the absolute value of maxingpurrent is restricted

under 12A. This causes a reduction in the control dynamic. Maeoa lowpass

filter used in the speed loop is another cause. The filter is used to eliminate noises ¢
speed feedback signal, which is the derivative of an incremental sensor signal
Therefore, a high timeonstant filter is required. Finally, the dynamof the
longitudinal position control must be lower than the two other in order to improve the
qualities of the motion contrakigure5.12b shows thedg-currents of the simulation.

The d-currents are not necessary for longitudinal position conkgo{r=0). The
g-currents are the same in order to generate thrust force by the sum of the tangenti

forces and not gendmatorque on the vehicle. In the figure, the limitgpcurrent can
also be recognized.
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Figure5.12 Three DOFs in separated confrdlongitudinal control.
a. Longitudinal position; bdg-currents.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

75



Control system simulation

Second, the simulation rd&iin the case of simultaneous control were performed.
In this simulation, all DOFs are controlled simultaneously from the rest positions to
desired positions. The parameters here were set for the same parameters like in the
case of the separated contrdds the beginning, the vehicle was at the rest positions
(6=-1.2nmm, y=-8.0mrad and x=0mr). At t=0.1s, all the control positions

were set for desired valueg (=0mr, » =0mrad and X =200mr). The vehicle

was controlled to move centrally and parallel to the middle of the guége The
results display the response of the vehicle position in three DOFs as functions of time
in Figure5.13-Figure5.15.

In Figure5.13, all the three controlled variables are presented. They show the same
performance as thesults of separated controls do. That means the proposed control
method can eliminate the coupling of the three DOFs of the simulation model. Each
control variable § or y or X) can be controlled independently.

In Figure5.14 andFigure5.15, the response currents of the primaries indhend
g-axis with regards to the simultaneously control simulation are presented. Here, all
the dg-currents are required instead of using the currents of only one axid {itre
g-axis). As in the figures, thel -currents are required when the vehicle is controlled
to move from the rest position to the middle of the gwidg. The d-currents are
zero when the vehicle is in the middletbé guideway (5 =0). The difference oQy-
currents is necessary when the controller is steering the vehicle parallel to the guide
way (y=0), and the sum ofj-currents is used to push the vehicle along the guide
way.

As the results of the simulation presented here and many other simulations, the
proposed control method could be suitable for the mathematical model of the PM
LSM system. The linearized decouplipgrameters in (4.38), (4.43) and (4.44) can
compensate well for the nonlinear equations (4.34) and (4.35) used in the vehicle
model. This leads to the watbntrolled results of three DOFs control. Altogether, the
simulation results are the foundation taplement the control method of the real
experimental system in the next chapter.
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Figure5.13 Three DOFs in simultaneous control.

I



Control system simulation
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MAGNETIC GUIDANCE EXPERIMENTS

6. MAGNETIC GUIDANCE EXPERIMENTS

The simulation model of the plant in chapfers based on the analytical model,
which was derived in chaptdrusing several simplifiations. The proposed control
method shows acceptable results in the simulations employing this simplified
analytical model. In this chapter, the control method will be implemented in the real
experimental setup presented in chafterhe implementation and the experimental
results will be shown in the following.

6.1. Implementation of control method

Figure 6.1 presents the structure of the experimental setup, the implemented
software and control method used for the four aspects: structure, hardware, softwat
and control algorithm. The experimental equipment and setup were already outline
in chapter3. In this section, the implemttions of the equipment and the software
will be shown.

The real experimental setup was initially assembled with one primary at each side
of the guideway. These two primaries compose a guiding segment for the vehicle as
in Figure6.1. This structure allows executing the experiments in three DOFs control.
Later, another segment was added in order to conduct experiments with the vehicle i
the transition area. One inverter supplies each primary aphiaese voltagesinga 5
kHz switching frequency. The switchingitervak are generated by the inverter
interface board (11B) with timing values transferred from the vehicle control interface
(VCI) through the addressed bus communicating system. The timing valuesitare se
to each 1IB separately with its own address evd§s. In each I1IB there are three

AD converter channels. The first two channels (channel 1 and channel 2) of each IIE
are used for current feedback signals from each primary. Tigectannel (channel

3) of the two |IBs are used for agap sensors. These current signals andagr
signals are sent by IIBs to the VCI after receiving timing values (eM@@ys).

All the inverters mentioned above are controllgdome PC based controller. The
controller is a standard PC with INTEL 1.7 GHz processor. The control signals for
the inverters and the feedback signals are transferred through the Vehicle Contrc
Interface board (VCI) in a standard PCI slot. The VCI sewigching times to the
inverters and receives the feedback currents from each inverter, together-vgtpair
values of the two inductive sensors throughit§ communicating bus. It also
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MAGNETIC GUIDANCE EXPERMENTS

receives incremental signals from the position encoder through an auxiliary port. This
exchange of data with inverters of one segment and the control software takes plac
every 100us under control of amnterrupt service routine (ISR). The VCI generates
one interrupt request (IRQ) to communicate with inverters of each segment every
100us. Therefore, the sampling time of each inverter control lod@@s.s.

The catrol PC works under Linux Soho kernel 2.6.18 operating system with
RTAI patch. The control program was written in C language. The user interface was
programmed by Glade program for GTK+ toolkit. Regarding the control software, the
algorithm was implemente as shown by the light green areaHRigure 6.1. As
mentioned in the previous chapter, the current controls were implemented by usin
the field oriented control algorithm with antindup Pl controllers. The delsiare
depicted in appendix B3. The other superposed control loops were also implemente
with PI controller for speed loops and P controller for position loops as shown in the
figure. Decoupling control can be applied by enabling switches S1, S2 and S3.

6.2. Lateral position control

With the implemented prototype above, the proposed control method was
implemented and tested step by step. At first, the controller for each DOF was
implemented in the control program. In this section, the experiment with the
contrdlers in lateral position control loops will be presented.

In this experiment, the vehicle was kept parallel with the guide in a
longitudinal position by the same mechanical structure used for the normal force
measuring experimenEigure4.12, Figure4.13). Only the lateral position) of the
structure could move freely in thg-direction under the limitation of two $tas. The
two other DOFs ¢ and X) were constrained in fixed positions. This arrangement
enables the lateral position controller to be tested independently in the experimente
system.

The control method wasmplemented only in lateral position loops with P
controller for lateral position and PI controller for lateral speed as presented in
chapter5. The reference values for current control loops were implementedeb
left- and right dq currents:

ldL = dr= (6.1)

E
2
ig. =igr=0 (6.2)
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Lateral position control
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Figure6.2 Lateral position control results  Figure6.3 Lateral position control results
from left rest sidea) Lateral positiono; b) from right rest side) Lateral positiono; b)
d-current of left and right primary; ¢)q-  d-current of left and right primary; ¢ Q-

current d left- and right primary. current of left and right primary.
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The experiment was conducted by with the vehicle starting in the rest position on
one side of the guideway. At t=0, the controller started, and the lateral positi

reference 5" was set to zero. The control system guided the vehicle movement to the
middle of the guidavay (& =0). The experimental results are presentefigure6.2

and Figure 6.3 as the results of the vehicle moving from the-laftd rightsides of

the guideway. In the figures, thelg-currents of the primaries are also presented. All

the resultsare plotted as a function of time.

The experimental results show the independent lateral control ability as the
simulation in chapteb did, in the qualitative aspect. The system can control the
vehicle leavingthe rest position to the middle of the guigay. In the experiment,
also only the difference ofl-currents was required in order to generate the normal
force while theq-currents were zeros. These shibw ability of the controller in the

case of independent lateral position control.

However, the experimental control quality here has a big difference in comparison
with the simulation results shown Kigure5.10. In this experiment, the controlled
lateral position §) has several oscillations before the steady stat&lghturrents

figures, thed-currents are not zero when the vehicleéha middle of the guidavay
(6=0). These caused by the imperfect mechanical structure. The experimenta
holding structure Kigure 4.12, Figure 4.13) cannot keep the vehicle absolutely
parallel to the guidevay. Therefore, the rest position of the vehicle was changed to
o=40.4nr in order to improve this condition. The structure also changes the
parameters of the control system. Nékeless, the controller designed with the ideal
condition of the vehicle was used in the experiment, i.e. the vehicle can move freely
and parallel to the guideay at Xx=0. This causes the oscillation in the lateral
position control.In addition, the imperfect mechanical structure makes the normal
force generated by the PMs is not equal zero when the vehicle is in the middle of th
guideway (5=0). Hence, the lateral currenis] is reqiired to generate a force
balance with then PM’s normal force®#0, i.e. d-currents are not zero.

6.3. Yaw angle control

In the experiment to verify yaw angle control loops, the lateral position was fixed
in the middle of the guidevay. The motion of the vehicle in the longitudinal
direction was also constrained when the yaw anglecould change freely. This was
realized using the mechanical structure showrrigure 6.4. In the structure, the
centre of the vehicle was fixed with an axle. The axle was arrested in the longitudina
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Yaw angle control

position in the middle of the guideay by a balbearing that allowed the vehicle to
only rotate around its centre.

>

I |

Figure6.4 Testing seup of yaw angle control

Similar to the lateral position control experiment, the control program here
implemented only the controller for yaw angle control loops. The current reéeren
values in this case were obtained(6y8) and(6.4).

id|_ :idR:O (63)

iq|_ = grR= IE (6.4

The experiment was done by controlling the yaw angle from the rest position
(y ~10mrad) until the desired value)(=0). Experimental results are displayed in

Figure 6.5 with yaw angle %) and dg-currents as a function of time. The results
show good control quality in yaw angle control usgpgurrents.

In this experiment, the yaw angle wastolled well from the rest position to the
desired value, as shownkigure6.5a. The control quality here is almost the same as
the simulation result iffigure5.11a is. The mechanical structure in this case causes
not much problem as it does in the experiment with the lateral position control. The
structure does not change the vehicle parameters, e.g. moment of inertial. Therefore,
the controller parameters designed witbal condition of the vehicle are used in this
case without any effect to the control quality.
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The experimental results figure 6.5b and ¢ show the role of thg@-currents in

yaw anglecontrol while thed -currents are zero as expected from the simulation and
analysis.

2

-

Yaw angley (mrad)

0 0.1 0.2 0.3 0.4 05
a) time (s)

Figure6.5 Yaw angle control results.
a) Yaw angle
b) d-current ofleft- and right primary
c) g-current of left and right primary

There are two small differences in this experiment results in comparison with the
simulation results ifrigure5.11. First there is a delay at the beginning of the control
process. It is caused by the control electronic system. When the controller is no
active, the VCI card does not communicate with the 1IB cards. Therefore, all the
feedback signals are at random valud@sis makes the output of the PI controller
saturate at a limited value. At the moment, that the controller is started, the output o
the PI controller feeds immediately the saturated value to current controllers. The
current controllers react with that s@ by generating an opposite yaw currenj (n

the direction that increases the yaw angle. However, the mechanical structur
constrains the vehicle not to rotate more. After a short delay time caused by the ya\
speed filter andime constants of the controllers, the controllers regulate yaw current
( ) to the correct direction. The yaw angle starts changing toward zero when the yav

current crossing zero. Thus, the yaw angle is constant in a short tineebeginning.
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